-1- METHOD AND APPARATUS FOR ANGULAR- RESOLVED SPECTROSCOPI C LI THOGRAPHY
CHARACTERI ZATI ON  FI ELD [0001] The present invention relates to nethods of
i nspection usable, for exanple, in the manufacture of devices by

| i t hographi ¢ techni ques and to nethods -&f manufacturing devices using

| i t hographi c techni qgues. BACKGROUND [0002] In a manufacturing process
using a lithographic projection apparatus, a pattern (e.g. in a nmask) is
i mged ont METHMIS AN & HIMRATESHORSGSE AR R SOL VEYESPECTROEEOPRI  Of
radi ati on-sensitive material (resist) by the changes of either optical
properties or surface phTHOGRAPEDECHABAGTERIZAEKINt. Alternatively,
the inmaging step nay use a resistless process such as etched grating or
nano-inprint technology. Prior to this inmaging step, the substrate may
under go V@E[OUS procedures, such as primng, resist coating and a soft

bake. After exposure, the substrate nay be subjected to other procedures,
such as alf98sk - expodbe prdserk envepPEBe]ateseto ehatipors wf jnspedian dsddd dormaxdmple,
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Such a paybarQafideanBseriic liRfquader go various processes such as etching,
ion-inplantation (doping), netallization, oxidation, chem cal-nmechanical

polishing, etc., all intended to finish off an individual |ayer. If several
| ayers argﬁ&i&g'% then the whole procedure, or a variant thereof, wll
‘have to beepdated-—For each new | ayer. Eventually, an array of devices

w il be prmggnt on ; “ﬁo}? Vi : epar at ed
fromone gnoﬁher byh{;@@gﬁlﬁt&lﬁ%@gﬁ%ﬁ&%ﬂl iaCI n %?’?Cs%rﬁ%‘?ﬂ englgs’ f§he

i ndi vi duabatteew (g sn aosask bie imegadtonth Dsubatrataithat &rat lestrpeeddlBtovarcpbnsg lavet c.

[ 0003] The asurenent and i.nspection step after devel gpnent  of the resi st
(or substf Gl gy PRy TRteRa (ess béffthf‘effhéﬁsq%@f eithexoghipal @TQRSTESS of Furfach e
because i L4 i (ol - i { on
subat  at cLTERORps Shhekdlid MierARER, Rk STe oo HGTRE TRINIRNER, C
det ect anyuchasgzhedpriiag vheme-itipeinpetiedspyl Bribihte thie wahgipe step,ehé aibsirge
faulty. If a uf ficient nugber of target areas are faulty, the substrate
can be st PPBHEIE? VAHES PEIGEENRR GUch BHTHRING gspleoatipoandf soRdhske- M itgy
correctly ' } ]

b ocess. S{srug e SRR YL CofclcRid biHBCRRBRRRS, Rl of BRbH ABoRE bike
measur ene(REB), 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 tayer. If several layers are requiréd, 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




-2- may allow errors in the lithographic apparatus, e.g. illumnation
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 fromtfe patterns printed in resist.
Detection of a fault does not always lead directly to its cause. Thus, a
variety of off- line procedures for detecting and neasuring errors in the
| it hography : i . i
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t est patt éo hsdetectgd ancatormected fordh puloskqakint £:qr08mtes. Fioidves ns@l eirogdn tisuch of f -
i ne techgi@yes take time, often a considerabl e ampunt, during which the
end pr odudROgEPhiG apparasannqisasiy) be dsiscisel on Auantitisd Wieryiia Prisnpted ¥he
measur enent.; . S,
ones mhicE&%%ﬁ§%g&§gggﬁégﬁg§F$g¥??h§9£§%%£p¥ﬁg%gg?c%%ggﬁggﬁg%%% pggﬁges,
for det ectlinagranduraefs defetiingerdonsining dierd infthe gthaphipbicappantat e, knaiva.
usual ly preferred, [00041 Scatteronetry is one exanple of an optical
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a fixed anigkecasigacd upetinoofeh avavstiaagt mousi alring Whichthedndhaaibang | i ght
source such as xenon, deuterjium or_hauggen based |ight source such as a
xenon ar c Heapparatseviflibeed ap ygknownegualityentd theamnsaguiemenidesilisere whdd quel y

i nci dent. 1 e- - scat teronetry neasu the properties
of scat t ef gty SRFEEIfnG ERENE BREHTUCE e uRASH! B R R &
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[00071 The structure giving rise to a reflected spectrumis reconstructed,
e.g., usi HﬂlaHVé‘,aﬁPfﬂF‘Pq’re regression or by conparison to a |library of patterns
derived b jyrul at i nstruction i avol ves, m ni.m zation a_cost
funct on. TN o or SBsaBRERTS GheFlanile Lo R AHENER Bhrihedbardaf BE i

st r uct ur essed IBLInAME mEANFRRENiQRFTD GiEoveblafl THRFOMS twé AR RertdMbimetrfnal ysi s
(RCWA), though light scattering can also be cal cul ated by other " techniques

such as Fi9§P#8ugs ff erence Tine Domain (FDTD) or Integral Equation
t ggﬂz: gﬂg@olﬁgogggg mg;%gé:c%[gs%ptichsc%&gr\gpneg{/] gllezelsurrgsst le\ﬁl%%erstﬁag E) s%ra gr% Eight
at a fixed angle as a function of wavelength, usually using a broadband light source such as
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 2 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 Ii.brary 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

w




only detect one wavelength at a tine so spectra with nore than one

wavel ength have to have those wavel engths tine-nultiplexed, which

i ncreases the total acquisition tinme taken -3- to detect and process the
spectra. In spectroscopic scatteronetry3- an extended |ight source wth a

| arge etendue is used. Since a small grating nmust be illumnated with a
smal|l spread in angle of incidence, a lot of light fromthis extended
source is I.Sccf I i I t hat
oo S ERk g L Wl bk 0L LS, ARl L

t hr oughputwithl f lagetdndacquisad. Simes atshiigramng miobenNluntingedaas rsaimnpreagsul t s
m ght not be stable. SUMMARY [0009] Accordingly, it would be

advant age 5184 @fingidenes) alot phlight Srpmydisexirndpdepuste is maatsdy THgresvlts indgw and
grating s [ rating. i nt) during
manuf acturEi gﬁgf:p%%@?@tg?e%gt&)?\g% %e?‘ﬁa"glf) g%ﬁ?‘%lﬁ%ﬁﬁ%}é@@ﬂﬁvﬁ%&%@ﬁem of an
angl e resahyftos fe6lighpt. IfshartPu@iiditioh Bmes frelchbRakihk araturphamnedsutik magti gh NA
(nunerical aperture) lens. Projection systemaberrations, etc. can al so be
neasur ed PAtRrsE@Me. to be corrected or conpensated for. [0010] Enbodi nents
of the present invention may enconpass hardware that is capable of

measuri ng angl e-resol ved spectra at nultiple wavel engths sinultaneously, of
carryi ng SUMMMEEY Si on scatteronmetry and a focus neasurenent nethod for an

angle resolved scatteroneter, and of neasuring intensity noise of a
radi ati onl®8%Ur ce wi Arcadingly, it genbthordvanteggpus Hor exaemis teproridsadnetbed of of

the present _invention y _enconpass _ applications.of the hardware including
measur i ngmg\a}seurnlngf VY %Ypﬁrﬁﬁg@%%% Sﬁ%&ﬁf@%ﬁ (561?{1 a%%?ﬂﬂ%?srygl%%}rysa{’gtat ered |ight
and meas uamgaﬂn@@aiuhng in@u HBRREO VEK RS hﬁf[?%loit{ff?ra&i)é k@hgfyuepnmtdseenrad hi gh

diffraction orders of scattered light. Al t hough specific reference
may be magkat agidicsolveshapeetomn frea piesl pling (oe backppeal atans) efcclighiNAg to t he

invention,n the manufacture .of. 1Cs, _it._should be explicitl under st ood
hat suonCuhesFAPRIIER fhe MiaiRyichhuemabRtiiie. o st Rp b ckoutl Sy o,
it may be wwkeyedo drhi@sdhiact ure of integrated optical systens,

gui dance and detection patterns for magnetic domai n nenories,

l'i qui d-cr P8t di spFapogmsatsof thepiresehi inmentimgmedyi encompasd hardstage thihie ski | | ed
artisan vvillblap reci ate in . the context of s glt.er ativ
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appl i cat i 58 eﬁ%“@ngfa%%ﬁ%%éﬁoé‘feﬂépw@ﬁt guiple W\%‘%i%%t So mu ?@O“Sﬁ}’r ®his text

shoul d becarrying 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 éf 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.




consi dered as being replaced by the nore general terns "mask", "substrate"
and "target portion", respectively. -4- [0012] In the present docunent,
the terns "radiation" and "beani are used to enconpass all types of

el ectromagnetic radiation, including ul#draviolet radiation (e.g. with a
wavel engt h of 365, 248, 193, 157 or 126 nnm) and EUV (extreme ultra-violet
radi ati on, havi ng a wavel ength in the range 5-20 nn), as well as

e.g.,
particle , Suc i r td Of ans, BRI EF_DESCRI PTI ON OF
THE DRAW E@Ef 0013] *héﬂﬁodé%@n%ﬁf‘og@?&t ﬁg%‘%rﬁl\%e ﬁ?ﬁ%ﬁ%wgﬁ PGS %FégéR?i bed, by
way of exaningpasoall ypewwf dledi@htgaeivaadiation enAehRNPIRAYioRE rAeHRRRL.LCwlk AW Ngs
in which correspondiégg@4r ef erence synbol s indicate corresponding parts and

in whi ch: ayeieagthpf 8. Hpil &t er 6|mn)r@grfe{b\ﬁi@m|@mjngm~m&pta?h@ﬁm @g. t hat
b - f or.m. di ngt . i nent o
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t he gener alecopebainisng princi ple of neasuring an angle resolved spectrumin
the pupil plane of a high NA |lens according to an enbodi nent of the

i nvention; [0017] Figures 4a and 4b depict the use of an enbodi nent of the
present i R8P i -1 2 [0018] Figure 5 depicts the use
of a non- po g beant s C€ 0 jupl ing off a portion of a

radi at i on [daesm accoBgibaginidhtdT REPQEIEWilIHow REddsEMRAt bPhay Bp%ﬁﬁ;lf' gure 6
depicts a wavel ength nultipl exer according to an enbodi nent” of the

i nvent i ononlyouEbyelficger e the ahepinpenying sehomhiendreivinge muivhichlcemespoadingr di ng t o

an enbodi of he .l pventi on; 021] Figqure,8 depicts a knife edge at an
i nternedi a grte%(i% Sé"é‘ttbogs|”éﬁ51“8§‘88%%?58?%8n$ B‘L%Fr?ngé‘?rﬁ'gmhnent_ of the invention;
[00221 Fi giangs 9a aP%_u&bl d@ﬂ&t@ﬁ11&@%%%65@&%[155@%11%5!tﬁht%{hylﬁa%ﬁ&%' on beam

according to an enbodi nent of the i'nvention, Figure 10 depicts a
det ect ed PeriB! pmediof faegosding & 4if eraleadimentond dier isverttion;

[0015] Figure 2 depicts a scatterometer;

[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 accordifig 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;




scattered spectra according to an enbodi nent of the invention; [0024]
Figure 11 depicts a scatteroneter with two illum nation spots according to
an enbodi ment of the invention; -5- [0025] Figure 12 depicts an

el li psometer according to an enbodi nent-50f the present invention; [0026]
Figure 13 depicts a scatteroneter for detecting images in the pupil plane
and the inmage plane according to an enbodi nent of the present invention;
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| i t hogr aphhenfomj ecti on apparatus useable in a nmethod according to an
enbodi ment _of the invention. The apparatus conprises: [0029] a radiation
syst em Ex,[0026] for &igypt i depies peentieromednr foredetacPne shages awl thethupi plaae gnd DUV

radi ati on i i I rticul ar | so_conprises radi ati on
source LA?thT %8?12%9? %0:6 gcﬁn%gi %@*‘Eﬁ‘f‘%ﬁ’ﬁ%‘%@ Sﬁ%ﬁ Ig?e%?np ided with a mask
hol der f oroo2napl di ng Figue@BKddcté &n Gratifg bdriag bEiwic@d pieRBEs kRfing0 a first

positioning device for accurately positioning the nask with respect to
itemPL; [00311 a second object table (substrate table) WI provided with a

substrate ]Q@ @ % E@ } a substrate W(e.g. a resist-coated silicon
waf er), faD Aﬂ%b gac ﬁb.&gecond positioning device for accurately
posi tioni ng2ghe subgigiad F—‘sdMefnlatiéeﬁ@ﬂﬁﬁﬁcts&%th&g&_ﬁﬂﬂ?&—?mje[cﬁ@ﬁ'gﬂ)pa@at% HeB1k 1:ON

a

system ("projection lens") PL (e.qg. refractive lens system) for imaging
an irradi aredthgshaceprgingde an kmbadisienief e inyeatianaThe eppportts omgises. g.

conprisin or nore dies).of the substrate W [0033] .As here _depicted,
t he appar g?ogglei s of “a t FAHSHHY @tgmt]?)biﬁ(félf ﬂ?phﬁj@[%pmie}pg?%h‘?%ﬁgé’?nask).
However, iratigRnge.gl DUM rafi@bo@| $0idasn &His parfi@fldrald Mo édfﬂ[?riseg QradeRHP! €
(e.g. wwth a reflective mask). Alternatively, the apparatus may enpl oy

anot her kiseiic®EA; patterni ng device, such as a programmable nirr or array of
o oduces WU of 1 ad: AcraRticthrale itk R baGrebE sl ek kT B cyst bm
(i 1'Tum naheKing dmaski MAQE. gdh f&fétegi’anﬁrcoﬁ‘ﬁéc%ﬁ t@@‘fﬁ“é‘t‘%osiﬁf)ﬁiﬁgﬁﬁﬁge fRndi tioning
means, such as a beam expander , for exanple. The illum nator

accurately positioning the mask with respect to item PL;

[0031] ' a second object table (substrate 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

I may comprise adjusting means AM for setting the outer and/or inner radial extent

(commonly referred to as s-outer and c-inner, respectively) of the intensity distribution in

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




IL may conprise adjusting neans AMfor setting the outer and/or inner
radial extent (commonly referred to as a-outer and a-inner, respectively)
of the intensity distributionin the beam In addition, it will generally
conpri se various other conponents, such6as an -6- integrator IN and a
condenser CO In this way, the beam PB i npinging on the mask MA has a
desired uniformty and intensity distribution in its cross-section. [0035]

It shoul d i%%fﬂf&trﬁ@ a‘i\é;lﬁfaoﬁcf‘&%‘té.% bigWae e H3 pi %gﬁl?glré%?l d qBYMREe Wi thin

t he housi ng of the t hographi ¢ projecti’on apparatu often the case
when t he dasitdesirell Anifsmatynardctteysityadifiribdtan iex@oplsepectibnt that it may al so
be renote fromthe |ithographic projection apparatus, the radiati on beam

which it pP88lices béishguiddy nofrdovithesagaF s thabthg sogee kAR by witlyp
e b . . Fmo RS
The sour ca{ bR drpibbidRhh S SR i ol LBE haP RIS G UNEN

enconpass [hoish mércutyhasp, HeenaiplOsbut (R0 IGhayTdie heamobBrembixekibentphic
intercepts the mask MA, which is held on a mnask table MI. Having traversed
the mask WEQICHI98 apRAAUREhA Eliation bRfr Wg¥ch Iharogress deingder infails apparatithi ch

f ocuses t gé’éb\?ﬁm Ig%up&i s%it?l‘bl% %'{rg&}ng%}lrrrt 'rsﬁ;&h% Igertspe%]aﬁg l?ssg e%.ttﬁe nygse %Errl] the
aid of the Second positioning déevicce (and an 1Thterferonetric Aeasuri ng

devi ce | F)he doigce [URSIxbEndradiee THE cEidht e eiBMEshdAg Sk @h&rYpas€bgth 0§0 as to
position different target portions Cin the path of the beam PB.
Si mi | ar | y thaspecepgsiase positioni ng devi ce can be used to position the mask

MA accur at[&J3¥] Wi th g‘ﬁé B%e(l:r{l rfl’tgosu%p g uﬁﬁfyﬁnt%;cetgtrs] ?hebl-lglg ri’]l l}lz[_rﬁa whick is ﬁ%lh%gl a

mechani cal'” "retriev o] nas froma nas ry, of “during a scan.

| n -gener almaskeb&BIT, Halinglthe08] ®6 bR M A 3hdMeanyWi Watdes BRoUgdahE g@fEcHbt h t he
aid of a |ong-stroke nodul e (coarse positioning) and a short-stroke nodul e
(fine posilensdhi whch fogrisehthgbeam B entph tasgat pgripads ef e substratei W uWathithe

However, inp t case, of .a stepper (as opposed to a step-and-sgan, appar at us)
the. sk Pt SRS TG it SRR REr RIS R PR RS BB P 0r oy
be fixed. shiR@3itlabibsvTeni sd RdvaPReiaicis I‘\e/%aéb R0 posdton Bifferdnt eirfdt @RI NDdeES:
[0038] 1. In step nbde, the mask table i s kept essentially stationary,

and an eftintke pails Rf thedgemiPB. Sirojlaty 8¢ fast ppsisioningwleyice ean ke wsed ¢ positidnash” )
onL e 2 SR B R B B A gl g L X
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the object tables MT, WT will be realized with the aid of a fong-stroke module (coarse

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 fo 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. In scan mode, essentially the same scenario applies, except that a

gtven 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' = My, in which M is the magnification of the projection system PL (typically, M =




given target portion Cis not exposed in a single "flash". Instead, the
mask table MI is novable in a given direction (the so-called "scan
direction", e.g. the Y direction) with a speed v, so that the projection
beam PB i s caused to scan over a mask iimge; concurrently, the substrate
table WI is simultaneously noved in the sane or opposite direction at a
~speed V= M/, in which Mis the magnification of the projection system PL

(typicall yig b 18 s énée/r@% relalilely thi3e {E?gé‘e{egl%mo%‘dcan 4 dBhdea O, T ar gel

portion C can e expose conpr ormi Wi on.
or nore priapagtio esmplontifteorsiasdiaien, of a substrate 6 may be determ ned u5| ng
a scatteroneter such as that depicted in Figure 2. In an enbodi nent, the
scat t er omeROr BYRPFIPSEISS T mecsaa‘pm a(sibitrage f? m@hb? detgdniacd vsingaur ce 2,

o ot on SEAROAALALLRR. Bl feclreHIRELR DO AR R R R

radi ati on source nma confi‘gure Z fhwith a

wavel engt koiprigés d lﬁa&tbaﬁ@ (Rhitedlidhiferagidhed k@ B WHi@t@reckh8dingdd &ab §d
radiation is passed to a sgectromater det ect or 4, which nmeasures a spectrum

10 (i nt en$ubsfratest. An exiended fﬂaébanﬁla@@ﬁ@@rgﬁdﬂ)ceomaytbwosﬁgmﬂm progfdedint ed

radi ati on tdis a, the or rofile giving to.the
det ect ed g%d;{l: run%aﬁlavqlgéwragclgﬁ%ﬁptlﬁ %ﬁsﬁ%r@?e%ﬁ%g CECEE] 9dve
Anal ysi s andlativans bhedto e{@ﬁét@&ﬁét@zrﬂé@é’ct&)ﬂ %mﬁ%éaé%s Wsllgé?:trﬁﬂ 1dj(rnﬁél¥s1tg
simul ated spectra as.shown at the bottom of Figure 2 n gener al

reconst r uét ’éFrﬁlOﬂtOﬁéfanlémﬁhmfth@mdﬁr teflected radtion & ros thisalaty, drdtracine

par anet er assuned fr m of the process by which the
structur e% ro% &M g9 ﬁ’ﬁ dg{%ﬁ?d gW‘b‘H?%l ’Eeé?%ghﬁft%*%g yiRigerut e to be
determ ne@of.l remwm Wsiseirﬁ%hflﬂlegl%gt‘ess{ltgpﬁq;y bifpanicst W&E QTBERY ofBY bE a

nor mal - i nci dence scatteroneter or an oblique- i nci dence scatteroneter.
Vari ants efmuead sractmas $hpwmy ﬂm lmﬁtobveoﬁfsgde innvgmeﬂal titwethe efcbesttucton, thes

nmeasured at_a S | e wavel en rather than the
reflecti oﬁe%etralga “‘.985%8 Sg’%‘%‘éﬁeés ‘i‘%&“‘e&mﬂ%‘?yﬁ ‘{% *povkdghe or
mor e embogF mRipkeel Ok ek theehielite WACHSId fayBEdnfy an‘e%I é}a?élﬁéf@ﬁs%rf thecONT i gured
to measuring a property of a substrate by neaSuring, Iane 40 of

a hi gh Nairpesgrs to be getepened/fromh thmscaﬁgba}etreﬁathved spect rum ref I ect ed from
| es and wavel engt hs, as shown

1 i gur el @ irhe. <t sforEd r s e L dance TSl SREES B ShARS gur o
i g Ve S SO BT
is measured at a range of angles of a single wavelength, rather than the reflection at a single
angle of a range of wavelengths.
[oo41] - 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




the radial position of radiation defines the angle of incidence and the
angul ar position defines the azinmuth angle of the radiation and any
substantially conjugate plane. The detector 32 is placed in the pupil

pl ane of the high NA lens. The NA is high and, in an enbodi nent, at |east
0.9 or at least 0.95. Inmmersion scatteroneters nay even have lenses wth
an NA over 1. [0042] Previous angle-resolved scatteroneters have only

dt j nSi f ' An_enbodi t th t
vent f on T ve Loy alefiel S ARE LR E it he rPoBEREFIRE wilbe anconsi v at a

range of anglesanetdhr piffepen Wa&&erﬁ@l&ﬁ@hﬁ%ﬂ?i@y malénclfdeahd REQSRY 6f trdRberse
di fferent wavel engths and angles may include the intensity of transverse

magnet i ¢ (MAFCEhd N} asaas saselestiic (1E) priyizpdlightiand thel phgset diffagneche phase
differ enc%eh%?%%emta%ﬁ'ﬂ\ﬂ%ﬁ%gﬁggjggfl arized light. [0043] Using a broadband

| i ght source one ange of light frequencies or

wavel engt he043] and t RS Dbread¥an€ GbRsBhrch §i DORS With @ wikblmbe 8f N8 a | arge
etendue, allowing the mxing of nmultiple wavelengths. The plurality of
wavel engt HaRenciss er Warelgrishidand hrefore af entorenis pdssiatwhidagivehakrge bandwi dt h

of , say, S§2 ing, therefore, of at |east 6). (i.e. twce the
wavel engt %e.nd%ggg(?waﬁ@%g%ﬁgg%%QPIBFI%P%CJ?’ @’F&Sﬁ%@a#a&zmaﬁfyf%fé?& Renghs i tg?ls of
an ext endeghatbatidaidhein $0Um6EdihRAL chdvs Reswiald df, YS! H%ndSA%acihiPer

bundl es. In this way, ang}lpe resol ved scatter spectra can be nmeaSured at

nul tipl e theasfeteenbatienst 2 0pbiratwiet the AvaBelengthp Sevarah ‘swarved’ @f gidiatamdah be

di fferent | es) .ma e red,. which contains nore informati on than a
2- D spect ¢ ﬁﬂe]ger&ﬁ%%tzoggpg%e){y%?j%ﬁ' r?dﬁ?twpﬁﬁ?ﬁcﬁﬁ“af Ea SR EGMEREIY HPS ner eases
et 1 0l 0gy bRidIGL ESthisOPAE WAES SosolvB@ ddhlieApSER] EAMRTEL L@ b ﬁﬂu@i@Od! ment of
the present invention is shown in Figure 3. The I1ght source 2 is focused

usi ng | en¥asglengshy indaralleb dgh Dl speetnine (eaedeniih dndrtwd @ifferant angle)anusied ont o
substrate_6_via a,m croscope o ctive ens%_bl$ The radiation is then

refl ect ed VPR Bartid qo§1§agl'§;fq1%r8t141t§gn%t{9pft R =4 $ASEBuy, bve@etr in the
back proj pEérafhtiBH Rl be mBhRRR Wich ﬁlcﬂara%rmétfbi@;#oée@?&o%gﬁhés@ spectrum

detected. The pupil plane 40 is at the focal engt the I ens systemlLl.
A. det ect B044dnd hi gh shitdremetensfanmindodonait of the ppespitlinpdnaoe is shdva ipupi |
the .pupi| plane of a

0 ane Vel £ ISR LD SILLAL ARS8 e LG punL L Elane 8 o

the refl egldds fddusdi orlts suH¥RIRE VN2 hiiGobdoe 6B LN £ A1 Padiation is then
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 2 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.




|
! integration time of, for exanple, 40 nilliseconds per frame. In this way, a
i two-di nensional angular scatter spectrum of the substrate target is imged
"on the detector. The detector may be, for exanple, an array of CCD
detectors or CMOS detectors. The procesging of the spectrumgives a
symmetrical detection configuration and so sensors can be nade

rotationally symmetrical. This allows the use of a conpact substrate table

because a et o - asu at _any rotatiqn
orientati Aﬂﬁgj gl ati vei}\ {e@@{%&é@ %Ié%l]g%rﬁh&%\lgpt}’?%e ¥ ?a‘?%g‘“t@ 88%0{%‘3@% @i e can
be neasur enleleyt ia tlcoahiad] s/ 05 - DOt BSEvahiIlORerafidh @s DOS ABOEAMOTHe t he

substrate. |l -9-Eé[ 0046] A set of interference filters 30 maybe avail able
to sel ect BfciiigegedHipr maygte tyngblsratber than eonapusirapesed bl digheyent filBrs- A Z&ingm or

even 'O‘A’ercoulﬁ%%'ﬁs&lsingtggd6fo%?%6?nr5‘a? ﬁ%{eﬁ’?gﬁ?tﬁéfgfe filter may be tunable

rat her than conprising a sé A grating could be used

i nstead ofjooame or rrqrnesmtr@tefsegbﬁm the Jehieétire 5{1@&%7314%&{21? peWlghtRt end (or
even the ref|ective surface 34) may be a grating. The “grating may be

printed s&Hng Ry bamriared sachethaprfien devalomemi essenés dfdrs ae éorhmdmédolaf sol i d

resist i The s. |ternatjvely be ched intq .the substrate. This

pattern i g‘%i% H;é—'lpst ?8%5&1‘% g a}ég&rgf'ilt&veib%? ?tﬁl%/eiddﬂtéﬁ\g%sugsqr‘i‘t?'hﬁﬁ? BHIL ISSPRRUBEL i on

appar at us to @afidticeBbdtlons ihelidbSlal Hfbip%ectﬁ))ﬁ%b%tﬁ%;ipaﬁﬂﬂldry t%‘f@blﬁ?%h&?
s

symmetry and the presence of such aberrations w mani f msel ves in

a vari at i aystam PLhmdgHuminetiogsyanielgy aniktbe paisergk pf sichebscatidne malteianifedat a of

the printed gratings . s us to reconstruct th atings. One or nore

par amet er Esheo v_ﬁsemgar gp?ﬁ@f m%gcae%ntg@gﬁnﬁg. Ca’fqtﬁ%g%ég SET getppdatagd thenput t o

the reconptinteg kiRgdik ASRSS rédoAScI M BT8R Gfc drhorRbhildids 5F &R 'ﬂé,or

other scatteronetry processes. [00481 Intransm ssion metallic grat ngs

wi t h rect 8isguas dinc shdthsandsbapdsexap hoinpni © thbmochstuctint proesss (GRBS)ovdedge shown

to exhi bi Bftﬁt rgn@lggitsco i nui ti@i, which are | ocated on Wod- Rayl ei gh

anonal i es®andPHEVER]R WS TPHEE SEHIC ARG AMRESSShi ch are referred to as

hori zont ajpoag)d ver tinGahssitbaaflidsHRRed SRPRR ldhicon and

w dt h of geaks in the specltrum calnglgg1 %Ii rectleﬁggﬁﬁgggg@?egﬁz{%%é for

bot h hor i pandtstuctared (VBBS) arakhowrewonhitdiesrong distditsuitizy, whibk areddéaéd ann  comi ng
ectrum anal yzed and one

of f a trapsmi,ssion metal .éc rrati? can have its sp ~and ¢
or nore p oﬁgifaiy%éghoafn P ifr”gt FHE! et PHS tderopgncenwhich pamigleregdde ant i nui ti es
locat ed ORbribgtalretveRaal Qirtle 3NRARh r&3nanfO SpRaM: ﬁbﬁﬂoﬁam{dﬂ?& Sakdh

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

tipon 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.




upon the variation of wavel ength or angle of incidence, giving an

addi tional propagating diffraction order. The greater the beamw dth, the
greater the | ateral displacenment of the beam [00491 An enbodi ment of the
present invention detects the spectrum-gmd creates a symetrical pupi

pl ane i mage from which the discontinuities can be neasured and one or nore
grating properties therefore cal cul ated. [0050] According to an enbodi nent

of the ' Vi 0N, LNE JSCARLERRIELE! RN e RUBRLES ! SCMASHI 8y bhig ppver | o

of two msaligned perro Ic structu

refl ect ed tspeaisilipiicd phengsyrpeeiby sb&dztﬁ@s b?h&bﬁﬂm@@sﬁrﬂlﬁe@%tﬁﬂé rédfectelie
overlay. _10- [0051] hi an enbodinent, the scatteroneter is adapted to

measur e t RECSUER prijorghe detggsion coaligynieqn, freasymmsirpbeipe rileiad & be exientafes by

cont | gur ot on et ikl e SRt SASEL B A o P R B 1 oy,

Thanks to dih@gsihams. mhwrodlateﬁtr@ghtwmwy% nRAsurdAYsaASHABRLA Yhel S Cl early
di stingui shable. This provides a straightforward way to neasure

m sal i gnrréaitmfigﬁ the gratings. [0052] One type of substrate pattern used is

h 4. I h i nt t f
Tt The arShl by i EroRHO PR P R Br vt T £ L albE T4 g
14 is knowacahd grdimga2eiringed cdPtop bPRIBile Mt b hidhihd %&%telc fi gIRBL wigown i n

Figure 4a, the radiation source 2 illumnates the o symmetrically
Wi th respé@i‘tpettdolgrﬁémgdﬂflab@wwtm Omldyflhe scatter ometry detector measures

scatter ion fr ver a thou a so whi ch il ] um nates
t he obj ecﬁ&%ﬁtm an ' @‘& 1 tﬁ%?rgg‘?‘émﬁ O%é% e fa[ g‘tﬁgﬁﬂla SPFNES 2ret r ol ogy
i s based Qﬂurhfh@temyg&mﬁm%c@[y RN FEEBAE Yo he shife n%ftﬁtﬂ'aﬁa greatter
spectrum Symmetric structures yi'eld symretric angul ar spectra and an

asymmet ry Spﬁtetwtt}aiworsmmewﬁaaer radiabey fromtseyeralrangles, dthgudher sicat t er
spectrum h| e e basi.s of erI a oI ogy using

angl e-r esol V¢ ejdmélg'é[ta? tﬁ%r%%” §f Irge i 8 iz gn lif%?)?sﬁ@ %ut ni sal i gned
gratings jgsand 14 Mﬁapﬁleaarogywﬁaaewﬂham&&ué@ewo@aﬁam&@ fh8he

asymmetric target. The resulting asymmetry in the angular scatter spectrum
i s detect @ﬂgwlﬁitﬂqatﬁﬁep‘:mghesmmmedmwwmldﬁyinmretm: aplolanspentréaglare 3 and

used to asymmetry in the target shows up as an asymmetry in the angular scatter spectrum. This

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 [y and the intensity of the radiation reflected off the
gratings is /.; 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




derive the overlay 22 in the follow ng 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 X1= Ov+d and X2 = OV-d, OV being the overlay 22. 100571 Wen
the gratingppajrs are aligned, the overlay is O and if the intensity of the
illunmination incident on the gratings is I,lIl and the intensity of the

radi ation feféligcted off the gratings is 1+1 in a fipst direction and | _t
in the opposite direction but in the sanme plane, when the overlay, OV = 0,
| +1 = | _| [00501L) [ 008} siHelhvevetay, fhe idtensitgMdiffer@icelis proportional.to (li2)oveAH59] For
a smal | oyFrlzyEMkh intensity difference is proportjonal to the overlay:

" - 1-1 =K X! .x?§§ Kis a constant and is proce§§)dependent and

therefore I%'rékdn(i%\égant[a%%%%rﬁé&s@é{:geglﬁertg%%@ﬁ]le#g{z@tu%ﬁ he overlay nmetrology with

the scatterone accor THE present invention, two

grating taemefs aremisee; oalbitd e bii@lay dveiolddy wilPHR séditeFirBlESicdldRpd a
second with the exact reverse overlay, So-the upper grating 12 is
di spl aced ¢ & eeodiment af dhehpresanh ayventian, tWating targetempestd; boe witk theot t om

grating 1 overlay in the first set-up is OV+d i stance 22 in Figure
4b) and t ﬁéé’e%%r%f"é"ﬁ Ty Figedb ?@&oﬁ?&o@e‘?@%&eie a%(ﬁ‘”&.‘“[‘ﬂ%@ﬁ SSHIe BT | Oved,
asymet ry grafthgd2 K @pidded(tdhhe BAFath&thddMhe Bight @81 FBIBACt Yo 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 j‘; ! j: 6)

[0063] The overlay can therefore be calculated using measurements of the
asymmeiry 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,) overlay
measuremment. 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:



k=K(Ov d). (5) [0062] The scaling factor K can be elimnated: A +A Ov=dA
A (6) [0063] The overlay can therefore be cal cul ated usi ng neasurenents of
the asynmmetry in the angle resolved scatter spectrum [0064] An advant age
of this nethod conpared to previously kimwn nethods is the fact that only
two gratings are required. Moreover, in principle, the nmethod can al so work
for 2-D gratings: in that case only 2 gratings are required for a conplete

(x,y) oven neas - i s, 1 .signj ficant | ovenent . co red to,
oy 6 g AL oL B Hines Mk Sl n B b OBk SR PR ML B0 the
anal ysi s @fa¥o®%RHeA¥d; HSd 5 T ' M N Ve

[ 0066] ngigpgtinétﬁﬁgggﬁgﬁi%%%Fgﬁiﬁgig?gkgﬁﬁggggﬁ(%gﬂ%ﬂ?§?bﬁgwgﬁgaé%x, y).
These grdoingsseaes periodic in two directions and their transmi ssions can
therefore be witten as a Fourier series: AX, Y) =nm(7) g(x, y) = &9
e 1(Px+CW%f@;ﬂyigg§Zk'apuhmgratings have an equal period and for sinplicity
the periods of tHe4gtati ngs have been normalized to 27c for the fol |l ow ng
calcul ations. The coefficients F,. and G q can be interpret@l as
diffractigﬂxghtigzgggiaﬁi$hat depend on the grating shape, wavel ength and
pol ari zation.” Th "Gratings overlap with a relative overlay ofxo andyo
in, respectively, the x and y directions. The total transm ssion t can be
witten ag X, - - = : .

e X+?o££?# § Y% 83130&1;0 glgﬁﬁeﬁpergg%an et Periol%hd T6 sl b et Be 8&iods of the

gratings have been normalized to 2n for the following calculations. The coefficients £, ,
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 x; and yg

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

. y)=f(x,y)glx - x5,y - y,)

=YY Y E,, G, o Mpmelasn) 8)
P oq

n m

where:
G:,,,q - Gp‘qej(m +q¥g) 9)
[0068] The variables can be adjusted as follows:

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

[0069] Substituting these expressions in the Fourier series of #(x, y) yields:
0)= LY SIS, G, bt
n m p q . (10)

— T —j(zzx+by)
T3
where;

T0=2F .G o (11)

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

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



Go4=CP. gei (Pxu+gYo) (9) [0068] The variables can be adjusted as foll ows:
ptn=a=p=a-n g+m=b=> gq=b -m [0069] Substituting these expressions in the
Fourier series of t(x, y) yields: t(x,Y)=JJZIFn.nGn, ne i((P+n)x+(g+mY)
[om~ P 4 (10) = X Ta bei(ae+by) | a bi3-where: E [~ Tnb FnnGa-nb-m (11) n
m Tab can be interpreted as the anplitude of the diffraction order (a,b).

It can be see that this anplitude generally depends on the overlay in the
x and y d| |on ffraction orders
runni ng |nmﬁﬁe X- d|Fég%?%qggp%ngg%%gwg@#%g&%¥wﬂgg%%lgéxdﬂF%&iz?%lloms can

al so be daenssidwed diht bnagdis Gat PUERE arl 41sd Beddtre f6h difedction ordEh if thwul d only
require an.adjustment of variables. [0071] For diffraction orders that run
in the x- @NF@E¥H8@5“6“@1mﬁb“ﬂéﬂeﬁhé@aﬁﬁﬁﬂt@h@H@ﬂGStmo diffraction orders a

V0 o A ng' ¢ RePelibn Grd i e Yeprertion Bl Pty rblinde 5 17

=ej - n ZZFmwoBHTractiont®ddrs @A) N m Ta, O =e-i ~oZl Fn, nG_a ei (nxO+n' YC» (13)

-N,-m
ZZ ) gilla-nlxe—my, )
noom (12)

—aO ZZ nom —a n, m (_a ”)xo""yu)

*jaxg

taking the factor €' in front of the summation yields:

= gi™o ZZ e Hmgemy, )
aO HH a n, m
- Jaxg Jinsg +my )
Lo=e ZZ nGogm € (13)
_Jm‘o Z Z J("xo ~my,)
—H.m 7a+11 m

[0072] Assuming that both gratings are symmetric in the x-direction:
F—n.m = F;:,m
G—n,m = Gn,m (14)
[0073] Using this property yields for the diffracted amplitudes:
aO_eJaquZ nm a n—m mﬂ+my0)
- jax - (15)
—a(} J OZZ "m a n—m J‘n)
[0074] The scatterometer measures the intensities of the diffracted fields, giving:
2
Lo =[Tovs (16)
[0075] Evaluation of this expression shows that the intensity can be written in the
form: |

=22 B, cosls, , —nx,—my,) |
= ZZ COS( +nx, — myo) | (17)




nm= ei

-oFn, nG ei (axa-mYo) a+n,-m -n m[0072] Assum ng that both
gratings are symetric in the x-directionn Fnm=Fnm(1l4) Gn.m
[0073] Using this property yields for the diffracted anplitudes: TO

Fn,mG@ n,-me' (" -YO) T =e"o~~F G_ ei("el&xa¥O) (15) -a,0nman,-rnm

[0074] The scatteroneter

gi vi ng:

wavel ength an

neasures the intensities of the diffracted fi el ds,

1,:.'0 = 1Ta,olz (16) [0075] Evaluation of this expression shows

' 0=77ZR mcos(--.,, -
t Qgt_t pr; O'\@&?ér}mefa@g@aeg% Bed B {?@oen& 85 e ngatm O*a%esmﬁu_hﬂ]na(f\l\aﬁ(ere v

e s B0 10 SRR GARE,  o BEALL TS Dapy L na o

['umnati o

and -1 or geédds ani Bihdmean 4asanros iy thl.x-diRgtio:uns in the x-direction: Ar

| i.0 cos(snm nxo-nyo)-~~Bnntos(sn, mnxo-nyo) (18)

-ny0)sin(nx@/ B/,

= ZZB"_”, cos(gn'm ~nXy, — myu)— ZZ cos( +nx, — myo) (18)
= ZZZBM, sin(sn,m ~ my, )sin(nxo)

n L

[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 x, and

Vg retained:

A4 = Z:Z:ZBH‘,n sin(amm —my, )sin(nxo) |
= Z Z 2B, . [sm(gn . Jeos(my, ) - cos( . Jsin(my, )]sin(nxo )

= 313028, e, )-cosle, . o "
= xZK: +K %Y,
where
Ko =>> 2B, sinle,,)
K, = Zmz 2mnB, , cosle, , ) @0
[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:

4, =x,K,+ K, x,¥,

(21)
Ay = y,K, +K x5,

[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 — is infroduced. This bias is applied in both the x and y

=11,0

n mn m=~~2Bnnsi n(sn




[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 pmand the
maxi mum overlay is of the order of 60 nm The expression above can
therefore be linearized and only the liffear terns in x0 and yo retained:
Ax = 2Bn.msin(En,m- nyo)sin(nxo n m1\\ r \ 1\ 12Bn,m[sin(--,,.
)cos(myO) - cos(--,,. )sin/ ~nmyo )]sm(nxo ) m-~y~ (19) 12Bn,m[sin(En, m)-

COS(--n.. dite¥tidny Foﬁ?qsy%&el\‘g)fé}%@ cﬁxlfﬁ%/\%gg ea%’Mt? anT:l S%Wa I &?ef}—lrg? nmil

K+Y = 2mBn, m cos(En, m/ ereis a
coupl i ng temating pﬁhanésymmﬂ yylsyrmnt:ﬂrgemxhedsercam:d gr@ﬂng par aleshoan hyincti on of the

-overlay via oullngterm | f the2Dgrat|ng has 90 rotation
Zyrmetry aftd 7 |}%W+I dﬂ'fxy@ )prjiF) zédi at 45, then we can wite for the

asymretry AI R & Hepx yectifpns = xoKo +Kxyx0y0 (21) A,, =Yo Ka
+KYxoYo [00 8] (heéfgqua g%rfs a{ fhgﬁ)t()am s for xy overlay r@d)' ology with
two 2-D grétinge Jaird+ Kp @Hﬁ 126 Oé/iﬁg#)atl ng pair, a bias of +

i ntroducedyin [o]9) r ng the second grating pair, a bias of
-dis int r%ducjgg(@@hlﬁw?ﬁ t/ ggpllegj in both the x and y -15- direction.

Four asymmetry terns can now be measured: An x and y asymmetry in the first
grating pei‘i)0r79land anTklsam‘cﬁSiOlasgﬂmmmyequaﬂQmewﬁ]e&)onutﬂ@loamsKg,[@g,l@anmé shown

as: Ax K%I/O‘/ i cag)l%(sg\/ea-go give the overla)y = KO(OV +d) +Rxy (O +dXQV +d)

[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 s.catterometer is preferably at least 0.9,
even (.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

(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. -




(22) AZx =KJOVx -d)+Kxy(OV -dkOV +d) A7Y =KO(OV -d)+Kxy(OV -dXOV -d)
[0079] This gives four non-linear equations with four unknowns KO Kn, OV
and OWy which can be solved to give the overlay. [0080] In an enbodi nent,
one or nore apertures may be provided t-o6the scatterometer to mmc
| i t hography exposure conditions when the grating pattern(s) was created.
The apertures nmay then be used in the creation of the angle-resol ved

' [ : : i USi th t ter.
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space betavemplel e redifisha a4 ¢n B Qubishatede TRR ALy diRw hm@thlm MAEasisRar fical ly,
the space between lens L1 and the substrate 6 as shown in Figure 3. The

li qui d maydetsstaramege. ATpasaibleduiuidibat falfiapchgequitementsriewnsieng t he spati al

bandw dt h he medj. n.the substrate.6 and,k the lens LI. This
neans that[%a?SLi ffragiléugﬁgt% h(\é?g\%cur n%go &VEh O_sdé'gﬁ'fat,ogfl}?rm SPARP1 18C U5 PTANE can
propagat e satthdxanraRtdttc? o Rgnithiand eisce JMHN itBHERE 2h® heQhtehS FREGRred
therefore, it becones possible to detect a higher diffraction order that

cont ai ns refiatiofe pdiiqheryoidsfsprabeaniztion botblems dnd ajlowrs iamgilummomﬁwmbhgm i on
than with,_f |le.. air in the space. [0082] The nunerical aperture
(NA) of tﬁgurgégﬁt?g%a&g%?&i s preferably at least 0.9, even 0.95 or above

1. [0083] (#0%GEr si Ng ThRQcHARAGRBGh &M Prise REn LR @ehm Whiiferdnh Hied
refracti ve[ index fluid increases the Pg{foati al Ipba_ndwfgdt h \o@P the medi um and
al | ows t haéppbfagaeplong off 2 portiog héthe ratiiftionderinemitediFomftbe rasiimiloh sourpé t ches.

h | itch that t agating fiyst. order spectrumis
U e e S T R T R T .
pitch of 1eHaMbeaRiis uGQrh %@9?&1 thelifresi drthC@kiaBbTBRs A &%éart]t%fom ter

reconstructed rating width of approximately 20 to 80 nm en | ooking at
a profil emaydi Zggptﬁql]b?tcoglmmxﬁte fon flectyatians 2, itdrsity pf the cadiatdhinrhensi on is t he

i d f K . th ' is t distance from one peak to the
e O R AR I Dk oL e L S anes, LLom one pes Lo, the
respect t e héih m@%aeRkRy behllri]learé %ﬁi ™ eﬁtﬁacfetécﬁ)r?snr'&hﬁ?e issg rtll?sitrg isq%i) This may

al | ow maxi nrum contrast in the et ector 1 mge. possi qui d that

ful fils sddferensgin eetivaharsl themwhpmperties 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-polanizing 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 pdrtion of the radiation beam to use it for
moniforing 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 demultipJexer between the substrate




[ 0085] Figure 5 shows, according to an enbodi nent of the invention, the use
of one and the sane detector to nonitor the source output intensity and
the intensity of scattered radiation, which avoids synchroni zation

probl ens and allows a real-tine conpensgtion for source output variations.
[ 00861 The scatteronmeter may conprise a non-polarizing beamsplitter and a
tilted mrror for coupling off a portion of the radiation beamemtted

fromthe radiat i : 0 asur nt wit he sanme. detector.
In an errboag? Irtr%n e,%aﬂ?%%f%th‘%sn{eg rgf{ﬁgf%}erg%&%ﬁ elngﬁggg%cr%\%?rg)htﬁtsbg&nﬁaSur%asur e the
i nt ensi ty safiultdieousadighingnoRaafor@igbn e sEER tREOMBheind MBY-RAe Ashabhed to

conpensate for fluctuations in intensity of the radiati on beam Advantages

of using t¥hdiseusied dopedéhevevrietath mulipldxat way ceyprsasdisnentva elpwenhpidcohgsi de

the main e m.ane that,.no extra detector is required and so
there is %Qg#ﬂkfﬁge& étr‘?@gglieﬁta%%ﬁ0631dls&’ﬁﬁl‘feﬁé%%%%‘g@ﬁﬁ“&é‘ ween a
reference [g®0pOr andha siitdck ateady theSBMEQEH sodRE it P@T&alﬁ% SpIRAni® N s that

el ectronics required to trigger, read out and store the reference signal.

Any i nt engrasack apupdad torisvargienpid multisiexedwherd Noiotpemseheaof fliseretd 0087] A

- pol I.ZlI | i.L.t 50 i t diati th i tt d
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is shown as inmage 36. The non- pol ari zZing beam splitter 50 also couples out
a porti onadkck-pejgctadickidcoplane die spasiyeietenfeot maybak gotinggr prisie rdipttgd woi se.
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the extent of the radiation portion and the mrror tilt ensures that the
radi at i on Mrasurementiof diffev¢ns ctawdlengtbnys longerthae tated thime-radiipitx@ibcbasmit chhe

trumis,i d onto. the detector 32 at th il plane of LI. [0088
P br vt ohE I Sirs s gt SnCUT T ad e SrBE RGP SORCGBIG: ac n i ngl o
wavel engt Folwi\rbasur R Sntidirdbd | §E a&hurg?}é%&%ﬁ%ew&&kﬁgéiggPlte?%f@xlke’cgﬁn done

sequentially and the different wavel engths woul'd be ti
However, &iamupilmidei Phesi mgreafptichlevetzveiney bt mserbalin degstaete plane oaigihjpyt .

il 1 pl exBPI-EOTCBRTI PLAteli ol SOUHE AF R 19dset 1 at o and a
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deuterium or quartz tungsten halogen light source is used. These sources have a large
ctendue 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 2 multiplexing grating is shown in Figure 6. Two light
sources S1 and S2 are transmitted through a lens system .2 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 illumination 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 enent placed at a pupil pt@ne. [0090] 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.
This splitd4 ; - ] i her : i ke.
[0001] "1 n 4 SnEeR AL A e SR Ene ok Barlhe (UG 08 P hpgpls ¢

pl aced at mihinraerkdiqdo) éepeslonbf gproxinary: 1. T hradhing pah sfivaivelban@nidtisiy be a
grating or prismadapted to accomopdate N di screte wavel engths each with a
bandwi dt hi)Corgsppngs Ejpﬁa@i“r?@%lﬁr width ebibe 1llunypetion; heamipd 3ed e, The wot 2 5X.

This may paxi.pj S f. an nded .| i.ght rce.  Measurenent of

di fferent %Sghéﬁ‘é‘%%?eﬁo@%g%@@r t%{g)&@ gmb%n%tlltsrg‘in r‘r%@?#&ﬁgfgﬂmb@%gﬁgreoqt can
be done athetdigtirgARthetd B, appiodineAeld 20RiAY If BAVBEL RGR(H oF th&iRhs LIGOL@NRME 1S

increased. [0092] In an enbodinent, the denultiplexer conprises a

di sper si véhepltharenith pf the epertuae haepinghé pypibpiene mOme boB3Fumdf epilicahatwadges may
be insert i.n the obj.ec l ane achieve well-defined separation of

angl e-r esﬁg?féa U eﬁ’le??fei ‘h?‘%ﬂ@tl%gﬁt mﬂ?téjt’?élpprfjéﬁ@a?ﬁlyﬁﬁzan embodi nent, an
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tungsten hal ogen |ight Source is used. These sources et endue
t hat gi vebe msedwf héioe. area that can be split into discrete wavel engths and
of fer nor | nfor ion di scussed ahove. The wavel engths may be in the
range of %%hto 88(33{3 T&H© 76?’(9(‘;}’@&1} SKAMBR o8 AU etk dergulp %rr@it%geﬁ?qt@}:h or
grating wWhia6hh ¢orBLpEsiN il 865816 o \Phiter i eTht | um nation
branch (orathe rad?gki%% patE betm%@%ﬂfhe s%ﬂ%¥g§5q§§%g{$ﬁ®ngghétrate 6 in
Fi gur e 2)damdtiplegeras singlaoto the nsitiplesen)sadpi that the gdeéhg ot plared bn gregiupilor  t he
space between the radiation path between the substrate 6 and the detector
4) to spal\?’ﬁ%ff gy no é‘b‘g&eéﬁ)@% ﬂgﬂmgb%ﬁslﬁgbﬁés dl?@@%‘]bﬁhe g5eHpg pthg Litirow

mul ti pl exinBgnad platifg 15 % SRRy - Wit sl and S2 are
transmtted thr gljlglhga I en%g%g%de%ﬁt%}égﬁ%{@’s? rllxgglalé&%f)tor%’g#v{ %%r??ggﬂ grating
16 whi ch wsvdlengtizeé. lobjdeCtin pheeatgect Blanadriag plahonbpashtsin foldest@pspiikh phealse 40
bef ore being_transnitted through a | ens system Ll to another object plane
42 and optiohHl ths sasplowhich should ke maffirigntly wistsrto gpoid Fpasiapfilieringiioameidc ont ai ns
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and the graigengglei Tikib widagesDemares iteit Brnagiedbd el stoiRr ERlcHim BPedchght that
wavelength is imaged on a different part of the CCD detectér 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 I2 is produced. Focus F is given as:




-18- is transmtted via the aperture in the pupil plane. For exanple, a

grating with 1200 lines per mllineter yields a dispersion of
approximately 1.2 nrad/nm An effective bandwidth of 4 ran corresponds to
a full angular width of the illum natior-beam of 3.33 nrad. The spot size

of the substrate 6 is approximately 40 mand its NA is 0.95. The beam
dianeter on the grating is therefore approximately 23 mm |f the focal
length of the lens 4l ;bs 100 nm then the width of the aperture holes in
the pupil|l plane i 333m If an illumnation fiber is usgd) then the
ilumnation NA nudit#é approximately 0.22. [0096] Clearly nmore than two
radi ati on ces (w i t | engt hs be used at i me.
[0007] | Fi TS bbb BBt e e B T R o e R s e

det ect i on defermined only@hce iiqRleh §inky thetiBeisSemef adnl K¥used irPf MidoRindaeabanat hs
is again shown. The denultiplexer is simlar to the nmuliplexer, except
that the ¢ Ihsgrecisepplieadkiinnetimppuipitt pl ane and not in the object plane.

The |i ght is dyffr. ed _hy the ting in the Littrow ., nount grating
16 s tr i g b@"f%ﬁ&?%nssu cg3 gt al %@ng}%%e%jagﬁmwg@@?ﬁh

wavel engt had drreeted RZiniodddriie g@iuaed petidd@podith 81 MeANBstARY. BRGhBkdefy el d
stops with n holes In =2 in this case), which should be sufficiently w de

to avoi d &ptbegrused by EreiiHyminatiay sputcesdhamaghios.my by lke mpelmessiof suBach hol e of

the field 4 | so_has a,wed 62 with.a yni que ,.wedge.angle.. This
wedge 62 LRt eRedS RT T AP Red Pl Suli BrmOuBeist R B Malpaton

wavel engt Bedn$ hidBrge do usth g d18h81Hm Pakbr. Mlowcher, BEDLSIBTMCLRn 8 wildie CCD
detector is based at the second pupil plane 40. 100981 Since the wedges 62

can def | ed abjsst fojbghmedswred ice. @ratiags poths sulistrate sgqnessé higbert dffraceal ordersan
efficientfilling.of.a detectar with 1y .angl e resol ved spectra.

[ 0099] InTI&?SgeC?ust%&o%Bqdéﬁ(g%?}&ﬁregaﬁfclpngﬁary@?ngﬁla??nghe targets shoul d be wel |
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objective is imaged on a detector with a double telecentric systemas
shown i n MigeE & e dduoindiombaam. More spwificaintthomindre mayrbeenfduoial ot theal |

mbodi ment s.. t.h i.s high: abl least 0.9. [001001 A knife ed
om0 e Y e LR ek i 0 ond A i g
obj ect " i MBgenglddia oREY e BRtehelastiRY GAlLd: il 18 dbfre tg?é-lg%]go;r hiy f e-edge

hel ps to focus the image of the radiation onto the su a or each
ori ent at i @gle, theedetasted spedtynni shifthn thesene diegiiomas (edipctet ofthd liy. Bpeaki ng,
intw . L . . : ) - .
1mages are detected and combined into differential equation, from which the illumination
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:

M (k)= [A(- )R, (k) + A(~ k£ k)R, (x)+A + A~k + Nk, IR, (x)]B(K) (24)
[00105) where:

A(ic) is the unknown illumination intensity at position k 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



hal ves) of the pupil plane 40 is sanpled. In the case of a defocus, a
difference in intensities 11 and 12 is produced. Focus F is given as: -19-
F-kl1- 12 (23) 11+12 [00102] The proportionality factor k is independent

of the imge and needs to be determ neth-only once, though since the focus
sensor can be used in an integrating feedback |oop, the precise value of k
“1s not inportant. [00103] Illum nation sources are not always honbgeneous

and nust Qﬁp‘faﬂéedcggg{h%%iurﬁ{ﬁ%iﬁ%gﬁéaﬁf%ﬁﬂeﬁi{}l;%1Qne‘?rder to guarantee precise

exposure o strates. onobgene may be caused by the

il lum nati ources thenselves, or by the roughness, of surface coatings
of refl ecp[@;igﬁi n t hZ‘ rieFEir?ﬂ%F Hbﬁﬂ?%ﬂnﬁgr“?{ﬁy Hﬁrcé‘meﬁg’é‘f o aﬁ@%ﬁehﬁgﬁgon of the

i I'1um nat ia@mninheamndasyiRee fie BN BRHWGzeaBhdikighMm M rror. However, this
normal i zation fails when the object to be nmeasured (i.e. gratings or the

substrate) I afe, 1y iffraction orders. These cause tool i.nhduced
shift error %?E_ %@e&ﬁﬁ?ﬁ%?l cations. In an enbodi nent, theref org,S?t he
scatterometrx system further conprises one or nore mrrors in the

i |1 uni nat i(@%eam Morsakizieg theingcapyrgmentd the ohiecs withyhopelgetdedirdisal on the
substrate table and may be nmade of alum nium These mrrors either tilt or
exi st at dMfier enk,(k} ifLIA(—dcrﬁnge)stil(a) gggﬁm(t—& kgl R, dk) | east two éggges
reflected Tfer angl e%. T [ yangheq; it he detecte pectrum
shifts in We(g}sar@(g?r ec?ll%)ﬁfaslﬁfog{g di rect’%nk)of {eﬁgc)ti |t. These i mages
are detected and conbined into differential equation, fromwhich the

i 11 uni nat i8A%1pr of i [ieapPe s¢r@ thadhclopssh inyba detsaljonEarrdiase pimegied pdhis

resul tant Il.llﬂlléﬁﬁ.hi ion profile is used to correct nmeasurenents of the
property of the reflected spectrumat higher diffraction orders. [00104]

The neasu ignal ., Mo(k)..is represented as: MO ..

(0 =t A ) Tac HeVPter) rhsRodefRiER Ridbs Riioas Pespn priy sHrinq bR HE wher e

A(K) i's t herouiiaedh ditib ik Ak kRRulaPfcBBSidnY. IkhAQB IO SrdbR (B8 AUPI |

pl ane; B(k) is the unknown optical loss in the detection branch of the

sensor; aReknoR qrertere ofithé fomot i on ef ficiency of the Nth order of the

grating object.
Al-k+ Nk,)

A(-k)
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[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 mitror, 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 +8,, 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 + AK))R,, (k)B(k)C(k:20) (28)

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




100106] In practice, the illumnation intensity varies because of a slowy
varyi ng inhonogeneous illum nation beam and surface roughness of the
optics and coatings in the illumnation path. The surface roughness of
optical coatings generally gives rise td-a grainy -20- appearance of the
illumnation beamin the pupil plane. ] [00107] A reference neasurenent may
be carried out on a highly reflecting alumnummrror, which yields the
fol I ow ng paeiask k @dihe ippidbland/Mok k) amadtick) b ( k) B(k) (25) [00108]
Normal i zi ng the neasurenent of the object wth the reference yields: M(k)
= Ro(k) +A(,kkq)RIAATA(-KkNKC)R'N(x) (26) MM (k) R (k) A(- k) RM (k) A(-
k) RM (k) ‘%Q‘igiégﬂ Lekcan be seen that the losses in the detectio@d9branch
are elimnated by this normalization. [00110] However, inhonogeneities in
the illuniemiélon ar € andgnagdi (Tishadcednth & thdwedisaubiolbf fHeasfldcar iRkessly (i . e.
the specul ar reflection). H gher diffraction orders retain an unknown
error ter AOfOrEREPBRASYRETKNKC) (27) A(- k) [00111] In order to elininate

this term the illumnation profile A(k) nust be calibrated as discussed
bel ow. [0Qﬂ%§4yj'e M por nmaybe a single convex or concave nmirror, or it nmay
be a pl ane rTof is actively tilted over a range of angl €3%uring

detection. Alternativély, there nmay be a range of nminors at different tilt
angl es. The neasured reflection angle may be in a radial direction (this
alters thghg??gﬂvudeﬂbk the tilt) or in an azinuthal direction (% S
alters th EQMLPPAQL the tilt). [00113] The method used to dee & i ne the
differential equation will now be described in 1-dinension. The extension
to 2 dinmensio is é&ivial. 00114] A reference mnor is_nmeasured for two
smal | Oppglerte@irﬁaP‘# o §TE SpUBpIpured per grgrosprve filtand smalqiegativedili t of this
tilt, thedgpasyegd pupil image will shift. Two slightly shifted inmages are
t her ef ore neasuréed:

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

data. For small tilts, an approximation may be:

y :
Alke+ A(k) = A(k)+ = Alk) (32)
[00118] Using this linearization yields for Q the differential equation:
oK) _ 1 da
Alk)  alk)dr 33
[00119] This equation is easily solved to yield:
k
k')

Alk)=ex ___Q( di’

(k) pLI A } (34)
[100120] 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:




Mre (k) = A(- k A(K))RM (k)B(k)C (k;+e) (28) [00115] Here, A is the shift
in the pupil plane, which generally depends on the -21- position k in the
pupi | plane. For an aplanatic system A(k)=2BM 1-kz (29) [00116] Cin
equation (18) accounts for the redistri-Blsti on of the reflected intensity

“and for an apl anatic system C(k;A) =1+ 29M (30) 1-k2 Qu(k)= MB -MO0 (31)

MO + MO where MO and MO are spectra measured at a small positi ve tilt
and smal | negative tilt respectively. [00117] Here, the subscript "M of Q
i's used tozerphasize that it concerns measured data. For small t3shts, an
appr oxi mat i or?Rmay be: A(k + A(k)) a A(k) + dA A(k) (32) [00118] Using this
| inearization yields for Qthe differential equation: Qk) 1 dA A(k) A(k)
dk (33) {0q10@[119] Tiedombslapd alithe suras Blsyaleolincady tithythelackral pkitior xexp( f
~(1) dk, (34) [00120] LL The above derivation can be easily extended to 2
di nensions, lIda practice, the neasured data is not continuous but is
digitized %5“1 ed data. However, this does not alter the concept derived
above. | 0012% In practice, a plane mrror nmay be enployed that)is _
nmechani cal ly:tilted using actuators. A nore elegant and sinple approach is
t he use of aRoncave or convex mnor wth a radius of curvature R_gng o

ogsition x. The local height of a curved mnor z is describe y:
l_ gtz?r gl Xp A concave or convex spherical alum?nurn 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.¢. 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




z 2R (35) [001221 The |l ocal slope of the surface 8 scales linearly with
the lateral position x: dx (36) X R A concave or convex spherical

al um num fiducial on the substrate stage therefore renders the calibration
strai ghtforward because the proper tilt23s sinply achieved 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 distribution in
a_conj ugatsfafd FMe: dh@pdd ¥bsSHBSs G fhe subdlral dfled tbg VaHARS i bR sﬁﬂ‘ﬂ%ﬁleatﬁt.
intensity distribution, the radiation source nmay conprise mechani cal

bl ades, spdeishipetioh$ruravoduhatier freramsplatd abisyhaaliahewh ibFigadbandnd stser s and
a zoomaxicon.(i.e. to create a ring of |aser light). the annular

radi ati on BaaR ‘%P@Fel?eaﬂyfth% 6%% agd & dogapothars {9 hegnithrgania of thepupd 1

| mpl enent igpgeannul ar radi ation has advantages over, say, inserting a bl ade,
because there is no light |oss because alnost all the photons are "used".
This is pd@xizgul ar | {he idepof headuring evagerltilighbaso whesfusdsheas kMol thi\dy are
used becalfuiie the&é/ t_em't f ewer hot ons than nore abundant |ight sources and
so | osi ng "% AR %efd%iaﬁwg%%ﬁﬁgtfb%h? BURibilane. Hothe peaspniembodimenttd aedsar |
this is ngtLigeaRk I i : i X | i4.hogr aphi c .t ool
suffers aq%%rtai %ﬁgﬂrlrdgluﬁtp wg?é 31;@!53%&?%0?2%%@8%?? agloﬁg\%\‘?er?‘ ’fl}lfgﬁ]i()%ﬁ%etsélr}i’iqc y.
Annul ar | icgist-hsiour thescathaddighh@ theipigieslagdisanswg e Piguroda. causi ng i nt er nal
reflections as blades mght. Internal _reflections require blocking to

avoi d | i gHfO14Ht ef act e logptiqunfitisie crass wall vanylilihe mehsirats tilt dehgdsghes resglich as

quadr upol @, d; ] i I . adv ages be used.
1001247 1| Goal HSRETA, LR bRl Bh BB P BB AT B fed 1t he
pupi | pl ameanfemdnitet dni ghknblhn ltitns obtkn@vigtage bdghomuiih Figl-aoB. A SmARtildh rect |y
accessi bl e and in(Practice the annulus is placed in a back-projected

i mage of ISSUPiia d9ss Apideadhiorarubstantinhilnpe changp imthenutlus ohlight dait tathenret er .

The advan o) i L St hat. the intensi f.the +1/-1
i ract oGt SR bt Rle Rlsb i ip {inihy Ra=b nEPt b e ' may
be separ ab#l.y pixebabiordet. to HO@BIRIA ddtbtsu D QHAINENME, (FBYalREs BtREer Qkels may

cal cul ating, variations in substrate tilt by putting a shaped obscuration

in the rath FHseniateebycune fifine &riengmpleay 8tingm quime thicwgh teendhrk-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 0 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 diﬂ;raction 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




Il 23 shape of the shaped obscuration on the substrate caused by
variations in the substrate tilt. The shaped obscuration may be, for
exanple, a cross-hair as shown in Figures 9a and 9b. It rmay, of course, be
any other shape and it does not have te2de in the centre of the pupi

pl ane. 1001261 The idea of neasuring wafer tilt is based on the fundanental
relation that a tilt in the wafer plane causes a shift in the pupil plane.

In the pregsit, LAl : - : ' scurat | i.s..placed in the
center of %tﬁlﬁetpi Il u?nghlgﬁq%r? eﬁrgg%ﬁﬁﬁ%?@@g%%%ﬁ%&tﬁ}aé c%%’eac(%’ b%crac@%egt-%ﬁrgia?fe in the
scat t er ed ardag i thicpupihelape fiat ol ageivadisBhBYR firft Jrd @i fraOFon. [OOH13ddbeRRE

| ocation of this cross will vary if the substrate tilt changes. As a

resul t, tFEC Biods ©F dkecensyclproinda i rupilidangerenid recelvp lighierom eiberzley o til t)
and an ac - known, tilf.t bt ai n_an i mage.as shown
M qur e Bt QEASY Eftadh o AR L bd b Be R Raling BRS ie ant a
shape chamgasiuramefe:t drepuplipiak. | i ght, but rather, it wll lead to a shift

of the pupil {)I ane image. This shift is generally small and of the order
of 0.1 pi X3 | n oflpanakigessaregisns usngdeceitronetehingolsamidasihigfthe t he val ues

b [ - [ | d e fitt f l.e. A
(i t11ng aPEeoietPp sngl PRl 5 b sl bhak PPtar AseiPEL ke s cage

of the anmulitsshe SdughpXIf schssiated @RI Be Matib RN dUshtediBYy BEHJIRRS UN €d.
[ 001281 The width and sign of these transiti onse%gandgg)%sedytgp cal cul ate

and cor r e&lEPs. gy cbpslingery of thetiavantion uses iuminatiors jomes to Ipojtdtiaplwaljtytdie
substrat e; red at nst.ant zer ti]t. [00129] Figure 10 shows
the diffrachy 8%?0& gﬁgs ng a Ssur?ﬁﬁi?te'pitrﬁ%Heétﬁ"(t%rroﬁe‘%ifétﬁBf”%@F é](’f“h@g?‘ﬁ’é{yr adi ation

with an adewdigen bil€RsbEEd SheetrimtitthOptutalinsofG Ak HAab S sl @RELed BB a
substrate. _Using an annul ar |nten5|£i}]l>'/1 di stribution allows the shape of the

i mges asSWRSAAL ihg spbsyiatee Tha plusalidy ohiduetinetiah Ispats mey dacentedndingmrdoupleeci se
nmeasur ene ¢ tratestidt. The i e .labelled 0 js the central

zer o- or deghlg]ﬁ %‘?tfoégfqe{)ﬂr %Wd)él.rmgg PRy %ro‘g?arlimgﬁ‘@o 85?%%’(“6 Y PRIREZGdmges

| abel | ed HRynindionkpa®Rd 2 are higher diffraction orders. These higher
diffraction orders are shifted with respect to the |lower diffraction order
and so ar @0ERSi er tloignisadwhews part ofthelseatteramedtterdlantyyarafTwes tlluaiiagtioh-spoand 2- D

{ ﬁa;[,muir g?\ |7(¥ Qr?;sgll(i]%{l Ib@anq rsp 11:Eert58 b%%?g geigg trgl?slmclgécﬁ é(;v\?rp th&éu%?ﬂhe ﬁigﬁ rmelm%;igal cases
aperture objective positioned in the pupil plane 40 onto the substrate 6. The reflected beam
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 ortho gonal components (Erg, Ery); 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




necessary to calculate a sinulated signal in every single position in the
pupi | plane, especially when snooth variations are expected. In these
cases, a coarse grid nmay be measured and a pixel interpolation technique
used to interpolate the overall shape &5-the -24- pupil plane. An annul ar
beamis nore advantageous in this case, too, because there are areas in
the pupil plane that only receive light fromfirst order diffraction. If a
bl ock bean ysed i i LN puRi: I woul d
receive. o R Gl bR PLARen C26 cBRpBhealdl f B8R terdy AR "Zer ot
order and nidweilfumisdtioarbdarch of thesicmger@netor, shouph tthgay dTRBEHE 8BRS sebnd he pupi |
pl ane. 100&31% Nor mal neasurenents using a scatteroneter involve measuring
the propértMEeiybrancdi ngl e target on a single substrate with a single

pol ari zat i t oneyil FEy J i,m.ts [ hput. o trates through
t he scatté@gﬁﬁtry; gh%gg%Tgﬂ#ﬁg}%§Q%§ﬁ%§2%5§88 ﬁ%@ﬁm%%ygﬁﬁggﬁﬁ%ht of the

i nvent i on Seméenitdtermdeteatdr OMARITRE a hixhIF@icaale, Be.h teakbiby 001000 frdmid nati on
‘spots onto a substrate. The detector of the scatteronefer simultaneously
detects aR*a§?: r esol ved spectrum of the plurality of illumnation spots
refl ected a s c f bstrate. Th lurality of illumnation
spot s nayt[)iorlc eat edF%tsl?eng %103}83'% ZHe ?r}glu %ﬁr%s Hegﬁg?#rﬁ’é‘foljb%oé'c%llﬁ HEn prism
for creat imgat wiglordsbiogd spdctrysdaplcatliptesictet. | A iMuARibHOA beRAtwath t80132] Figure
11 shows part of the scatteroneter hardware. Two illum nation spots 70 are
split in Baxgkengshs Lrand %0 thatsovitedsbiongh & #ahpatitizee 32 deflectetho fftghsubdimtdi gh

Cubst r ot e o PRl e BhGh S uRRE chmBSher Tt bebrishis e stign o esiages

62 that segpacaheplhife ahdehcARGhEle8SPkNeEr 3PARE ﬂﬁmihﬁio&lfb%ampaﬂviq%h%ﬂ& t he
wedges thensel ves being positioned in the internedi ate 1 mage plane 42. The
i Il umi nat fvénbdsaevether phash diffedaice dttetvdey thdEE GEDTMNpdiatzadebehmB IR goidHol

pl ane 40 . at. thﬁ&tgg Ot{h Filg;ére 11. Two, or .even nore, parallel measurenents
may t her ey BUC raFROWS 1 2-Td dsiepiopamyrand dhe gedspendant intepsitycariatiomaoneor a

si ngl e pohigkl Fik Qay. I Vet i, |.ines for
both TE airjlld ™ plol a?)i ggl'? ?gﬁpp%rgl‘@g}sﬂ(%gg% gt?[r)r%rﬁaﬁo e ﬁ%ﬁ%bﬁ\%ﬁ %eon

converts pdseedsbaple vombdreipaisiilerals toabtiipte ibiminatidmpofiteofioado,t Hhs, the
illTum nati on brggch further includes a first polarizer configured to
linear |y PEHER ZePOMEIGRATANEIST DA si{Abashten ) are sirtugUn frisepsttag 00 spl i t

the radi gt s HEchitd o I | conpenent.s .(ETE ,.a second

ool ari zer Gon fl |Sgur % 3 rﬁlg affd s8 tﬁehs?&%i]% ot TR EAN e 1§npr0\}ed!si[l!;9 operation 18
modeled with Jones vectors and matrices 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:

I
Et’nc zl: } (37)

1
[00137] Basts vectors cofrespond 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 amplifude

and the phase of the scattered TE and TM components. This can be represented by a Jones

matrix;

R 0
Jsampie =[ 0 R j } | (38)

JA
™ ©

where A is the phase difference between the TE and TM components of the scattered fields
and Ryz and Ry are the amplitudes of, respectively, the scattered TE and TM ficlds.




to polarize the scattered beam a variable conpensator (a Pockells Cell,

Wl | aston prism pair or Soleil-Babinet conpensator) positioned between the
first and second pol arizers, the variable conpensator being configured to
vary the optical path difference betweelb- orthogonally pol ari zed conponents
(and optionally between the beamsplitter and the high nunerical aperture
| ens); and a 2-dinensional detector for detecting sinusoidal intensity -25-
variation he re f S - ' st
Cormonl y 1 N e RO ot spd SR R IR AR e 1
may of colgseingenyphasesadamdlitulé babtioas inodived bghe JigR-NK fend B&d the beam

2- di nensi onal dtet ect.or. such as a Conplenentary Metal Oxide Sem conduct or
det ect or (5@5‘9 op ¢ gcifleny field ofhihe FMBENS]OB. i n the regi on of 1000 franes
per seconds [QO}351xFigure 12 shows how the angul ar-resol ved spectroscopic
concept is tlrnedi%to an angl e-resol ved spectroscopic ellipsoneter. An
iIlum nation g;iinﬁimth two wavel engths, Xi and X2 is transmB®ed through a
45 pol ari zer prehliected off the substrate 6 and transmtted through a
vari abl e conpensdtor 74 before being polarized again. Between the beam

splitter he vafji .1 1L wm nat.i beam j i vi ded
Thto tuo il wi ¢ e Rgagr AR aes dtines b s AR AR QBPE  zea
beans. Theagutiod B6vednnhdTHURE TILcThNENE e tt%-v&v@&hgmtdf&heamg}ﬁys Ang hbe

ti me-dependent intensity variation in one pixel of this array. The ot her
pi xel s wi PPNCE HEHIROEBAsamAYIsatovari ati on. The beams are passed through two
bandpass filterrs 76 o obtain the illumnnation profiles of),, and A2. The
resul tant el | i_psonet kg parameters cos(A), sin(A) and tan(P) e virtually
i nsensi tiv&™ o|qi ni’érmal| sensor scattering and so the signal (tﬁ'@ noi se ratio
can be inproved. The operation is nodeled with Jones vectors and matrices
bel ow, t hawpdy tht fieRUdr BlesOmpensaRA®;ed using Miel ler matrices, which
enabl e the_ inclusion of inperfections of the optical conmponents in the

mat hemat i éal..odel,4. J 00136] The illunination field after the first

pol ari zer is 45 pol grized-and described by the Jones vector: E ~ = [1J
(37) [001371 Basis yefftogg(§ correspond to TE and TM pol ari zed (#l)ght that is
i ncident on a tl?r%éf”’(mra] sanpl e. The act of reflecting off the sanple
causes an alter@at™on in the anplitude

[00140] The polarizer is oriented at 45° and has a Jones matrix:

111 1
JPol = 5[1 I} (42)

and so the field after the polarizer is:

E =J

pol _ouf pol~c_out

j[A+2:r0—Pf@]

_ 1Ry + Ry e
2

(43)
A+2ﬂ%

Ry + RTMeJ( * ]

[060141) The intensity incident on the detector array is:

I,=E,  -E

pol _ouft pol _out

1 44
= E[R;E +Ry, +2R R, cos(A +27 %QQQH @

[00142] If the OPD increases linearly over the measurement time interval,
OPD = Kt

[00143] This yields a time-harmonic intensity variation:

1 |
I, = E[R;E +R%, + 2R Ry, cos(A+ )] 45)




and the phase of the scattered TE and TM conponents. This can be
represented by a Jones { matrix: Jsanple ROTE RTM O ejdJ (38) [ where A
is the phase difference between the TE and TM conponents of the scattered
fields and RTE and RTM are the anplitutifes of, respectively, the scattered
TE and TMfields. -26 [00138] These paraneters are a function of angle of

i nci dence and wavel ength. Ignoring any phase and anplitude variations
i ntroducegq,y, the high-NA lens and the beam splitter, for the incident
field on the conpensator: E, _i" ="Ismpte Elnc [RRTCE '~ (39) TM[001391

The conpensat.orXi ntroduces a time-varying optical path difference (OPD)
vari ationrkge:t%gn the TE and TM conponents. |If the wavel engt .H4®f the Iight
is k, for the Jones matrix of the conpensator: Jconp [ 1 [ j2n OO0 1 PD(t)

J (40) Ol®tdland sdht bentfased fdhafnt@sity heiationpatifatiprelitsd to thE ePtortetric
JconpEc_tn / OPDin t1 ) E+2 _ RIMe j(, RTE RTE x 1 (41) J [001401 The
pol ari zer PPrdmster &( Eyangd the phags ¢ f Hessinisgidalegrigaer fixectlylyields thotllipsontetdd 2 1 1

(42) and %Qra}'n% ers]c ci:oes&Aq a%z‘l tsﬁ'\lr(A)t. tIilnezal ?tglll&rfcll gl?qr)scjrge:tric scatterometer, tan(*¥) and cos(A)
are the signals that are measured and simulated to obtain the profile information. In that
case, tan(V) and cos(A) are recorded as a function of wavelength. In the present invention,
tan('t') 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




Epot _out ='lpot Ec_out j 4+2n OPD(t) RTE+RTMe/ (43) 2 j| d+2nOPD(t) )
RTE+RTMe"\ 2 [00141] The intensity incident on the detector array is: T Id
- Eppo[ _out 'pot-out =1 [RT2E +RTM +2RTERTM cos[ A+2zOPD(t) 11 (44) JJJ
[00142] If the OPD increases linearly é8er the neasurenent time interval,

OPD = Kt [00143] This yields a time-harnonic intensity variation: Id = 2
[ RTE 2 +RTM +2RTERTM cos(A+Q )] (45) -27- where f2 = 2z K (46) [00144] The

contrast ghadiR@bhdal ehhighe WAk b QBond cHhERG5KY faf ?{Lizljiag? of Bwd gge[rlaggirng ation

el lipsonmetric “paraneter tan(W and the phase o nusoi

directly graihgsartdieteniney sdetier ihere patagedigiscearaicA) c&ﬂﬂaﬁmgl(hé%)ositil_ﬂnsa I
standard el.]i psonetric scatteroneter, tan(T) and cos(A) = are the signals
that are H}é%lﬁ’a%ﬁ AP Hon apuhsirals: SPCHES ovRaY Bihave petiicy mienskmarker t hat

case, t an@a@es. ; eﬁﬂ%&é@niﬁneal cﬁﬁ@%g?%)lﬁéd ® Je%ﬁﬂque g{ge\é@}égﬁ%p&tig thel n the

present invention, tan(Tl) a are obtained as IFon of
posi tion procedsdaypupnd thpledgeofahe gadng bethe saikt lafyer Thismdagiremead iy 966 od N
parti cul ar, the,‘%l | i psonmetric paraneters are used to neasure |ayer

t hi ckness My oGl RE camens i 8 e&king part Bid mepspredisrempositions afaseriasur ed
paranet er g, af g ﬂgeﬂﬁa%ﬁl{oﬁ%zf}%]e;ﬁasig&%ﬁ&k@%ﬁﬁ@%ﬁg ésit?o%gqétﬁg Sah%‘g k%( fgraneters

are .determned by mnim -mean-sq{)]are erenc or any ot her
sui t abl e petedsdiyebhet ween t he neasured and nodel ed paraneters. [00145]

Because the frequency of the variation depends on the wavel ength, the
vari ous wE9B®%ngt hsT%%ﬁcibtéa@éﬁéﬁr@p@w 0 thOwD BanraprIsesufd oeshay thphisseqgaln be

easily regl] g&flip¥d fiumber 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 si gnal 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
numeri cal aperture objective. This has?%he advantage that the OPD
variation is doubled. [00147] The 2-D detector is the critical part of this
concept; to ensure sufficiently short neasurenent tines, it nmust have a

hi gh framdhegupil pGMOBicdat@ttmhoukbyicldaht QMR myehstd Bvalayf 53R Hab&s, for
exanpl e 1000 franes. per second. [001481 Measuring overlay as described in

par agr aphS' BN Maling plArairae blerpeasutemst. Thermagee lansaueaserannt, bowbar,ge

overlay erbLoLSal ' verl ay. er.ror ual to an jnteger tines
the grati r?g p]?%ryhﬁls@agr‘e%%h%%@eﬂéﬁeg h’? _1§Pa[‘8“3d§’tt_§ Wy 8 PUHSt YRR snal | er
than the gretoilapy schpintechay be @frietPowtSe fdifowishere is an overlay error that

nmeans t he (g{ating lines are lined up with each other, but shifted by
several gt®pPHg pi t 1 Widimese pjape mesjuranerdsrive dimied toutfo tehidy thatthateiaemmo

t herefore . etector branch already present in the
scatteroné#%?é?%ﬁgegﬁggggggd above) for carrying out coarse overlay

measur enefssdjo det @) e prieiul eicaS e st iﬁdiéa‘?éssth&)ﬂv%flayﬁ%éfg tl?zﬁ whet her the
grating overlay error is in fact greater than the pitch of the grating. A

coar se ova&PRrayinechs rrsnthe pupihplang easupmupntprb esreidd bechni que, wherein a

second ca tan_ i e.of two overl appin gratings and determ nes
anetner ¢ po 200 B Rucilon ¥l BREBAR abPis U SearRAG tolley persiive BHShOlat 1 he

edges of PRIkENS (HANhS ISUESHIRRL @CMaQ@D(ﬁ@QHo&)’ﬁ&é@\éﬁeﬁéshmﬁ}?%aggga[%t%géfy

al i gned marker edges. Pattern recognition algorithns are erm ne
the edge 890 BMmgt wbsime lavel, s tofat Heldss viemyeill lmnd0thB0eag, ifick Radgfatd ng in

2 or ot ng i Lo ol EREHGHER! by Tl Mapecais s e BarSERRE the
posi tion withthecduesl SF (H'RRY 20803k ve to the position of the grating in
the process |ayer. [00150] The fact that scatteronetry on its own cannot

measur e ol8H7hy t hatodrss avguiay cantanlmbemiktsupidevirmitheentivt alifiengft atailegii tch is
ar ati ng cougle RS GG Gaer SRR Bl SaPrPaRA P gt nGbisitben. I n ot her
Fosul 15, T001E1 Yo caar o e the S Okl B SR S TS very
si npl e sdbeeasss. oventtie Thisealle fometitiondonpreisatsofahs RS degebySRBIAGHRr anch
that i m%@asﬁ@%eﬁ%@f&é ap}o%esssgzr%flglpg%r ggid 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




a CCD canera. This second camera branch is needed for neasuring the
position of the substrate through an alignnent and pattern recognition
step. The second branch is shown schenptically in Figure 13. [00152] The
pupi | plane 40 measurenent (the actual‘%hgle resol ved neasurenent)
requires an illum nation source that underfills the target at the object
pl ane 42 (i.e. the neasurenent spot is smaller than the neasurenent

target). Therpupinl opdneaiediilimginagon,ithdybeRed fod BrdaRa BEcusdcd afll cBshapol i d
lines in Flgure 13. In this case, only a portion of the target is neasured

and st r ucta¥Esodea%i de t he target area are not illuminated. If the
measur emenpoigpet fil fil s the neas n asur enment
signal i sr[ U lg)]t('.)urbed ﬂ%iﬁe%“\{g‘?té’ék%el}?‘fe&dﬁ%ﬂ?ﬁ Fﬁg%tftgf: é%?&ﬁlﬁdmhgﬁéin&’ts m

i nt er pr et aniimmeasich Bmggfalbhlaa@ayaw VAR a IURERERPAUCEY b G RER] !h%%hﬁgcno[loowg’ 1
The |magedg§tane measur enent, on the other hand, nust overfil e target in

order to ar@nd fhe sybsigimasitiscuesed abevet Prsviousipl btbblqmsr;ﬁ&clts lpivaheermnust be

sanmpl ed, i nEQur S o t s for the
age. pl ans ol Mg e Q0B S eRlio 8815, Bhd e pefa bk pighechile Pt
obj ect pl amalti thah R/TRE t6Ws BechiideSub SRR GRANEDS2B, &n%ﬁﬂ&ﬁgm&msﬁ it afdre pupil
pl ane is formed_on a second CCD canera 82. [00154] Fi ows one

possi bl e 8Xeieel Bulresdn t‘tﬂﬂmégﬁl@aﬁg@lfaCﬁ@rnpq&cbommtﬁeaybst(alteef\xﬂndhamﬂl dr awi ng)
and an X- I c rat| ht - hand  dr.awi ng) .
-29- The QUL%:é I@M Sg%ge% V\fﬁ% ép%eg%ﬂ P@éﬁ%‘%ﬁ’ﬁ’ﬁﬁﬁ@ﬂmd@erl ay of

zero for h&h@re&hﬁﬂ%b@éﬁtef@@té}%f%ﬁe 1ﬂﬂeﬂﬁ'8ﬁ§hd ﬁi@lcgus@%@ﬁ'ﬂsrs%gﬁéﬁn The i mage
pl ane measurenent, however, can clearly distinguish between Bhese two

si t uat i oneXtrapalaged hackygbubhla dshesss. t wo- stage nmetrology scheme may be

d foll t
carried ol Lori BTkttt Bhddivetfgr inf Bcalet Brredyoafrsenesmeset
[00156] (@}l bé e B 0N HTRASY 4t REPBL pi B BiRF D lan QY BELBfed. Srpbess than

approxi matel y 200 nm the pupil plane asurenents are carried out. The 200
nm cri t er {4SATIPHONEA NPhidicode t@élrmkdvfwhesntlbm The gpdvéficaiigt@ctcoibad ymbedigichis e

t hr eshol d that the ima ne CCD has 1000 x 1000 pixels and
assum ng aeg??’%g?lo Snt? &geg?ralt Bat%%éﬂf‘a?&’k%‘fira%ﬂ@t nessstarily matuagy skclpsiet: d of

view W | | thbearkQf comb@abn aWHetdimkSo18 Qfﬂg?ﬁnqncré&'é 1@%}‘15%&[@1155?%9%@ f,j on and

alignment while still allow ng coarse over
results seen at a detector as described above. Further, aIthough the embodlments 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.




wi th an accuracy of the order of 20-50 nm [00157] Coarse overlay can only
be neasured when the entire alignnment marker is visible to the CCD. If,
for exanple, only the centre part of thesrarker is visible, the substrate
tabl e needs to be noved to the edge of the nmarker to enabl e the neasurenent
of the copa3®ISverlay. This calls for additional novenent of the table,
thereby slow ng the neasurenent taking process. A larger field of view
allows the capture of the marker in one "stroke" and a coarse neasurenent

to be carried ou ickly while a.second canera . is.free to.capture the

i mage on thg‘ pup%‘lsg%#egorlnégtﬁrn%o"gewgfiio PasUie s RTopswy 8@%?‘&595‘%62@0?&!’&??%'
[00158] The afhig whin@dricdl )tikeabnd; 8nd equired for capturing the relevant inage
can be reduced even further if the results of edge pre-alignnent and

coar se waf ef dglerign (32 comfagureddisolsieckan angle-reselved spbotrint (0} dfesredidtiombeaint i s

possi ble to_pyedi.ct the l.ocati,on of the markers on the substrate with gm
accuracy af tregiecgaﬁgioé%aéw&cé-oilﬂ}e ﬁ,gf?{te 66%’ the overlay nmetrology nodule is
conpl ete. [QRLRH thepQERQUf MR Nubfiatd & HeHORhIAMy HelaSdsf, RPthelplsil pRYET | ay

errors, but also damaged gratings using the scatteronmeter arranged for CD
met r ol ogy ofdQrodtliertggh sumeridabaperpuey leos) iapreperiyaf theasflecbdsmcoum €t @mbaer

normal |y detect.s specuylar Ijght; i.e. |lowest. order |ight that has been
refl ect ed dpf%@ﬁfﬁpaﬁgest%%W%.ﬁf&Etﬁps i8t%tions in the grating
destroy the perip@difictom@ts ﬁlﬂﬁeﬂfoﬁ{pﬁ@&s Rehsh bliﬁé‘(&ﬁ‘t%gﬁ) ndi9hd N @

non-specul ar direction. The scatteroneter can be" use etect an
angl e-r esol vasthteopdetmumdf the scattered beam at various angl es outside

its specular direction. Radigtion with an annular, intensjty -30-

di stribution, or‘%gﬁ%ffl‘f’ deteetpy &ébﬁsﬁéﬁa%%tor?&‘iﬂs‘ﬁ@ thesiatensity 0%‘5%39@%@@% acy
and i mages thation@Remer to read. [00160] An enbodi nent of the invention may
be used for detecting bubble defects in an imersion |ithographic
apparatus, where a liquid is introduced between the projection system and
the substrate as,di scussed above. Previously, bubble defects haye been
measur ed usPng ofPeqteRRImeler arcordintpslaim dy wWhstsin theaumerica] @peigye oL thike a

| onger tine : results than on-line tools because substrates nust
be taken outléngfmoégtﬁ%ggggducti on line and queued. Bubbles in the liquid
cause a surface inperfection on the substrate, which will cause |ight

scattering en the surface is exposed to light. This scattered radiation
is neasured- usi fgcaticEoraeigs acspiing taclaim & o1, Whetsin theprepeatyiohdhecause of the

scattering gyhsirate (6) is further measured by measuring, in the pupil plane (40) of the high
numerical aperture lens, a property of the reflected spectrum (10) at a plurality of

wavelengths simultaneously.

4, A scatterometer according to claim 3, wherein the plurality of wavelengths

each has a bandwidth #*8 and a spacing of at least 2*8.

5. A scatterometer according to any one of claims 1 to 4, wherein an overlay (22)
of two misaligned periodic structures (12,14) can be measured by measuring
asymmetry in the reflected spectrum (10), the asymmetry being related to the extent of
the overlay (22). '

6. A scatterometer according to any one of claims 1 to 5, comprising an optical
wedge (62) in an object plane to achieve defined separation of angle-resolved spectra
(10) in the pupil plane (40).



extrapol ated back to bubble defects. [00161] Wile specific enbodi nents of
the invention have been described above, it w/ll be appreciated that the
invention may be practiced otherw se thanizas descri bed. The descriptionis
not intended.to limt the invention. The specifically described enbodi nents
are extensions to a general operating principle and are not necessarily
mutual |y exclusive; they are all conbinable in a single netrology tool to
i ncrease itd.eff dcicaitemasr bameding to anyesgl dfslagmeh tab, @ngeismgtaor as

Lo 1t hogr aghy BaB ARSIl Bl PHa O a e FEPTap) SEBENENE SRSt O m 1 oo
to |Iithography- i ) mted
to these. AEMh | i : fhtoring etch
process ste-gsa?%ond tﬁgadﬁ%lgg.bte%f&fﬁgﬁgﬁ%@sﬁ&ﬁﬁ@%&ﬁ@gﬁ%@%gbnfi gured to
measure a property of a substrate (6), conprising: a high nunerical

aperture lens; and a detector 2) canfigured to detect an angl e-resol ved
spectrum (10 of CPﬁﬁP%‘FTeéﬁcoﬁé‘gPém ¢laim c‘ff%?femrt%waﬂ%iaf@e&a 1Gh e
substrat e (%mn“t‘&a&riseh&fi%'ﬁne%ﬂ@ ggferﬁitybﬁﬂle%&aﬁéﬁe%ﬁ% é&ﬁo%ﬁ@% by
measuring, in the pupi| plane of “t'he hig nuneri car aperture lens, a
property of fonfuoteftions irelitehpiecsf therddldjondicam. pl urality of angl es

si mul taneously, characterised in that: the scatteronmeter further conprises
means for coupling off a portion of the radiation beam and the sane
detector (3 IS e t.he~i ntensi.ty.: of r&ibon of the
radi ati on bé)ém %.asrcé\@%glglt elég%rre %ﬁeél {oacé%:]%rf%lpﬁg’ ({bgﬁpf:r?é Ianl%r%é“? ﬁvﬁﬁog)r(‘g%‘ t he
nuneri cal aperfigtired oflithit¢he digsf the patioh @@ 8ie @dBtiorBbeath SRAL leGHIREEE the
according to claiml or 2, wherein the property of the substrate (6) is
further meadortion dyhemadiatipn hepm isparaiiel puthielreppiader qf Al radiptiom beamp gh
nunerical aperture lens, a property of the reflected spectrum (10) at a
plurality of wavel engths sinultaneously. 4. A scatteroneter according to
claim 3, wheoei nAtsogttpbmie@t doyrddhg woig| @B GE bRimeaed9 ampaisipgndwi dth *8 and

a spacing of at |east 2*8. ) ) o
a space between the substrate (6) and the high numerical aperture lens (L.1) comprising

a liquid.

11. A scatterometer according to any one of claims 1 to 10, comprising:
an edge (70) adapted to be placed in one of opposite halves of an intermediate object
plane (42).

12. A scatterometer according to any one of claims 1 to 11, wherein the property
of the reflected spectrum comprises (a) an intensity of transverse magnetic (TM) and
transverse electric (TE) polarized light, (b) a phase difference between transverse
magnetic and transverse electric polarized light, or both (a) and (b).

13. A scatterometer according to any preceding claim, 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.

14. A scatterometer according to claim 13, wherein the wavelength multiplexer is




5. A scatteroneter according to any one of clains 1 to 4, wherein an

overlay (22) of two msaligned periodic structures (12,14) can be neasured
by nmeasuring asymmetry in the reflected_ Q@ctrum(lo), the asymmetry bei ng
related to the extent of the overlay (22)7 6. A scatteroneter according to

any one of cl & . L S [ W bj ect
pl g_ne to ac h%’ %\'S/%@ Eﬂg? ifs%g%ntséé%g@%% g}(?ﬁg%? Pgﬁ%ﬁéﬁ@g%dp%g%ﬁg%gé%t? §1 ch?z%t;% J| n the
pupi | pl ane wa@lengtldZachl with ataadWwHOARART a geRdr alci®2agy one of claims 1

to 6, conprising a non-polarizing beamsplitter (50) and a tilted mrror
(52) configured to couple off the portion of the radiation beamfor

Co ol aim 7. iher & Rephs bk eenTE T it {3bst ForfergB i £HaE ret 0b8a to -
neasure an iradiafsh §otred cinlfiguredd pldvte theaidtonbesd id %li@ HID BNSRtsGhat 2@
fluctuations in intensity of the radiati on beam 9. scatteroneter

accordi ng t ccael egupled iorthg wavalength siuttiplexepupldre Bt is the(tBu)ber obdikirgier ed t o
limt the size of the portion of the radiati on beamand to ensure that the
portion of t‘ﬁaeve%éil tion beamis parallel to the remainder of the radiation
beam 10. A scatterometer according to any one of clains 1 to 9, conprising:
a space between the substrate (6) and the high nunmerical aperture lens (L
) conprising. aA scgtiergmetet acobrdingtd aryorretodiclams b itolil hduttheraoynpoisimgof cl ai s
1to 10, co ising: an edge (70) adapted to be placed in one of opposite
hal ves of arf i%?t&n%éﬁﬁ%ﬁt%obj ect plane (42). 12. A scatteroneter according
to any one Qfdefdefr®Bnfighifd foldetddh SALESBINE aPleBR B ﬁnn%g(gég réﬂ'é%terzi#ﬂlﬁﬁ{egﬂ
spectrum conprises (a) an iIntensity of transverse netic an

transver se détastond refléd®e); apdl ari zed |ight, (b) a phase difference between

transverse magnetic apd transverse, electric polarized Jight, qr both (a)
and (b). 132PK ?é%?ﬁf@?ﬁ%?iw caese%ﬁ&f%gem@l SW%BP pEdionghe fmagss %@whlpsi ng:

a wavel engt %mhfﬂhmtﬁ%ﬁféoiﬁlﬁto‘f’ﬂﬁr}aﬁaﬁ&%&%% gﬁg%gg{ﬁug]%g@fi gured to provide

the radiation beam a e substrate; exer between the
substrate and the detector. '

17. A scatterometer according to claim 16, wherein the illumination profile is used
to correct measurements of the property of the reflected spectrum at higher diffraction

orders.

18. A scatterometer according to claim 16 or 17, wherein said reflector comprises
a curved mirror and the scafterometer comprises a mechanism for moving the radiation

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

19. A scatterometer according to claim 16 or 17, wherein said reflector comprises
a flat mirror and the scatterometer comprises a mechanism for tilting the mirror throug

a plurality of angles.

20. A scatterometer according fo claim 16 or 17, comprisihg a plurality of mirrors

at different tilt angles.

21. A scatterometer according to any one of claims 16 to 20, wherein the

measured reflection angle is in a radial direction.



14. A scatteroneter according to claim 13, wherein the wavel ength

mul tiplexer is -33- a dispersive elenent such as a grating or prism adapted
to accommopdate N discrete wavel engths eagh.with a bandwidth *8 and a
spacing of at |east 2*8. 15. A scatteroneter according to claim13 or 14,

wherei n the 2urf dcsattéremetd adcordiag t@inyodhesTel8s ¢6 RS 2QUliRgeih thepr OVi de t he
radi ation beamis split into N parts that are each coupled to the

wavel engt h ri¢asiisd gsdigctionpegle isNnjtke spmuthghdisaction. di screte wavel engt hs. 16.
A scatteroneter according to any one of clainms 1 to 15, further conprising:
at | east one reflector; a detector configured to detect and conbi ne at

| east two irmges Aethiesb@ekef a&mﬁ?@m Pr&B&ing QREm! RifheCsMprisild a
processor configured to create a differéntial "equation based on the inages

fromwhit: afistpaladaer 65D iconfipired to lincatly polarizetic sadiatipneam; may be
determned. 17. A £t t di.ng to clai.m 16, inth
" o nat off e ERES RRRERAS ot G5 eitoh Betip Bk ophoiel Brieny o

the reflectedgspggkrumat higher diffraction orders. 18. A scatteroneter

2

according to claim 16 or 17, wherein said reflector conprises a curved
mrror and tafecensknolaizenetly configwoed togmlaizatichwaitemd beamymovi ng t he radi ati on

beam over the surface of the mrror in order to obtain urality of
reflection &ngfése COT@?nSﬂE%Z@tROéF’(S’HE‘!l[ B?mgﬁ%g}edﬁ%ﬁgfnfiée?ﬂ“aiﬂ%ﬁ%eﬁr >1/7,
wherein sai @oﬁﬁ%ﬁ&?fﬂmﬁﬂﬁﬁ{p‘t afh dif@lentd Bét@ée@&%%éaﬁ%lﬁpﬁéléﬁieﬁmt er

iefl
conprises a nmechanismfor ti ti?g the mrror throug plurality of
angl es. 20. compomantszaodret er according to claim 16 or 17, conprising a

plurality of Jm.rror.s dj ff t.tilt angles.. .21. A scatter ter
according t 8% <Brignal deteeler 40 Ty deiposine s G TEAED YERYER BHDE SRR i on
angl e i s inpaahaindbnddkd €Ction. -34- 22. A scatteroneter according to any
one of clains 16 to 20, wherein the neasured reflection angle is in the
azi nut hal direction. 23. A scatteroneter according to any preceding claim
further compri sing:
u ", S Ng scatterometer according to claim 23, wherein the compensator (4) is placed

in an illumination branch of the scatterometer.

25, A scatterometer according to claim 23, wherein the compensator (4) is

positioned between the beam splitter and the high numerical aperture lens (1.1).

26. A scatterometer according to any preceding claim, further comprising:
a second detector branch in the image plane of the substrate (6) for measuring overlay
errors on a substrate, the errors being equal to an integer number multiplied by the pitc

of the substrate grating.

27. A scatterometer according to claim 1 and configured to detect local distortions
In a grating, further comprising:

illumination means for creating a radiation beam; and

a grating for scattering the radiation beam in a specular direction, wherein

the detector (32) is configured to detect an angle-resolved spectrum of the scattered

beam at various angles outside the specular direction,




a first polarizer (72) configured to linearly polarize the radiati on beam
a beamsplitter configured to split the radiation beaminto two orthogonal
conponents (ETE, ETM; a second pol ari zer5(72) configured to polarize the
scattered beam a variabl e conpensat or (4)3 posi tioned between the first and

second pol ar ] . i vary the I L | Ff ween
or t hogonal | ydngﬁe;?ﬁ@ggﬂsg)g%g%ét%gs&éﬁ eéjlsgrgg :bﬁgllrl]esa?%%%’ ﬁ{defgf3 g’éﬁ gﬁﬁf@g for
detecting sithe/bighd@incribilepsdting IMR! 4 pidpey of the heflécealipbaium besite gigmponent s.
24. A scatteroneter according to claim23, wherein the conpensator (4) is
pl aced in deeulandiiesdon erithoplarality of anles syoultanepedivt er. 25. A scatteroneter
according to claim23, wherein the conpensator (4) is positioned between
the beam splitter and the high nunerical aperture lens (LI). 26. A

scat t er omet €18, accArsditffottePRNoRIRE BRI T hid Snflgutddns iR kinilfAfcou;
second detector branch in the inmage plane of the substrate (6) for

measuri ng ovempparty dmpdtipledargatsonl strate (hltber emapriséigng equal to an

i nt eger nunber mul tiplied.b he pit f the bstrate ing. 27. A
scat tor omet dhPraiegsr (Pl gEpaeted MipticsharBerlity e pH PR VGRL &

di stortions gybdirafe @) AWhdisin further conprising: illum nation means for
creating a radiation beam and a grating for scattering the radi ati on beam
i n a specul dhe diteasert (38his cnhBgwed td detcad sinadtapeoysB2in anglemndlvglisediram (det ect
an angl e-resaql ved spectr.ym of the scatter beam_at ri oys angl es outside
e specul adtdie B! HaTiaan ShES FHHLEsR rogne Sucet ds ST Bin be
nmeasured by neasuring, in the pupil plane of the high nunerical aperture

| ens, a property of the reflected spectrumoutside the specular direction
at the plura9ity Tiec magtremetir audarding duslhim 28 8:omprisigy 4 diviolee(56) facomtidi ng t o
claiml and configured to, ure sinmultaneous. a property of multiple
targets on W@MFQS@DC@@}Z@F WPO%%H@MQ: a projector (PL) configured
to project a plurality of illum nation spots (70) onto a substrate (6),

wher ei n
30. A scatterometer according to any preceding claim,

wherein the radiation beam has an annular intensity distribution in a conjugate plane tc
the substrate (6).




the detector (32) is configured to detect sinultaneously an angl e-resol ved
spectrum (1 of the plurality of illumnation spots reflected froma
surface of the substrate (6). 29. The scatteroneter according to claim 28,
conprising a divider (50) for creating two identically polarized

illum nation spots (70). 30. A scattero¥feter according to any preceding
claim wherein the radiati on beam has an annular intensity distribution in
a conjugate plane tc the substrate (6). 1 ABSTRACT METHOD AND APPARATUS
FOR ANGULAR- RESOLVED SPECTROSCOPRI C LI THOGRAPHY CHARACTERI ZATI ON  An
apparatus and nethod to determ ne aARSIBey@ly of a substrate by neasuring,
in the pupil plane of a high nunerical aperture |ens, an angl e-resol ved
spectrumas a result of radiation being reflected off the substrate. The
property myyEPEODA ANIEOE

intensity of TM antd\q)T%?goA\ig&r(r?tzjgng?ght an%‘i@ﬁjgl |ve pﬁ)gssdéﬁc
difference. Figure 3 LITHOGRAPHY CHARACTERIZATION

An apparatus and method to determine a property of a substrate by measuring, in the
pupil plane of a high numerical aperture lens, an angle-resolved spectrum as a result of
radiation being reflected off the substrate. The property may be angle and wavelength
dependent and may include the intensity of TM- and TE-polarized light and their relative

phase difference.

Figure 3




