METHOD AND APPARATUS FOR ANGULAR-RESOLVED SPECTROSCOPIC LITHOGRAPHY
CHARACTERIZATION FIELD [0001]The present invention relates to methods of inspection
usable, for example, in the manufacture of devices by lithographic techniques and to methods of
manufacturing devices using lithographic techniquék‘. BACKGROUND 10002]Iin a manufacturing
process using a lithographic projection apparatus, a pattern (e.g. in a mask) is imaged onto a

. Substrate that is at least partially covered by a layer of radiation-sensitive material (resist F;/ the

changes of MEITHRRCANRARRARATISTHERANGIALARRERQLY R fEE TRAJCAVEY, the
imaging step may use a resistlti%?ﬂfemm eRheeF R §raano-imprint technology.
Prior to this imaging step, the substrate may undergo various procedures, such as priming, resist
coating and a soft bake. After exposure, the substrate may be subjected to other procedures,
such as a(ﬁgg}?posure bake (PEB), development, a hard bake and measurement/inspection of
the image res. This array of procedures is used as a basis to pattern an individual layer of
a device, e[@fitah IC. Sudthapasterriedeiyen ralgettemetivdsgy usnpecisoprosaysebsacimpde,
etching, ion-implantation (dopi metallization, oxidation, chemjcal-mechanical polishing, etc.,
all intended” tomﬁrrl’ils u;tl %lr%ﬁr% E/%bca Tg%%ﬁﬂ%%?/@;éa%%yé%easr%@e%ﬂg ,Ot Se?\%fﬁé% V‘G%E"% &
procedure devizasarsany Hiesgabhidltdvhvégiehe repeated for each new layer. Eventually, an array
o.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, comBrCiedROPINg) 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 &4 course&bf‘B?B‘Hé@ﬁfﬁ&%@ﬁ%ﬁ?ﬁéﬁ%ﬁ%@ﬁéﬁ@gf%‘&gw§@|‘98§%Wp%ses.
Firstly, it ispdsiaRle. th detask PRYHAER iRAssuhtiad ikpRite 186 facidayalopaddbsgistdgdaulty.
If a sufficient number of target areas are faulty, the substrate can be stripped of the patterned
resist and P& I@LBESBCS SR MMAtEIRLER SEARYERa M8, Sher RRICALPRIRARIFS Y BiffSfhg out
a process ﬁﬁ?%@%ﬁ&ﬁ&%ﬂﬁi&}&fﬁ%@ﬁﬁﬁ%&ﬁ%@ﬂgﬁ@ StEPIASPHRIE AlSistRss Praralow
ithogra

errors in the gmi)c apparatus, e.g. illumination settings or exposure dose, to be detected

and correcteehfes siriehsedine o awpodinaEnHeelemMBR A 81 imaingstipdparubiitatus
cannot ea%Xﬁ%@&JﬁP%ﬂ&{s?ia&Hiﬁgsffﬁﬁth?p?ﬂPﬁ%@%d@fé%%%ﬁg%ﬁl% Datesliendgia fault

does not always lead directly to its cause. Thus, a variety of off-line procedures for detecting and

measuringeEpesuénthsswienoaiamiaicheppdiacte decoties procTtizss mal AsvbRastalrasing ke
substrate yj j I reyi . i ta
variety of Qb D Sl e e e

- amount, demiagofpickafiecsrid mabucidesitie paiteratndndivideablayenofimdevicquelitau k@l the

measurement.results are made available. Therefore, in-li iques which can be
"%'eu%i?ha epggcme fz%/er ma Z%u:n tider anox’gé g#@gsg%gi%ﬂéﬂ%s gtgﬁ'%

carried out a ame time as pro uctlon%§8c}’sure , etecting an e uring errors in the
lithographiomsppplattasioarel osing)ynpeeidizatib i pOKdiEons eramethymsaiaeiexlgmjikhiog actaptical

metrology techni hat cgn 2 used.for in-line mgasurements of CD and overlay, There are two
main scat?ﬁé%%}%eaé%ﬁiﬁl(ﬁaﬁé) ? fﬁ'O‘B 1{131‘?&&8‘[%50 %\Izgrgqgg 8?%%%&%%%%%6rggﬁee%ﬁr%%erties
of scattergadiglitire, 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




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 are lamp. The fixed angle can
be normally incident or obliquely incident. 100061(2) Angle-resolved scafterometry measures
the properties of scattered light at a fixed Wavelenéth as a function of angle of incidence,
usually using a laser as a single wavelength light source. [0007]The structure giving riseto a -
reflected spectrum is reconstructed, e.g., using real-time regression or by comparison to a
library of pa&EAN Wermass iByhatiliegisnhik eppristnscten ihvpivatanstinastreweswsstose,
function. Bgth.appIgashas s&ﬂ&%ﬁﬁ%&%@s&u&%ﬁ%%ﬁﬁgé YRR RROS!

common technique Is Rigorous Coupled-Wave Ana gh light scattering can

also be calibesregity aprrtectmioplensilicheats Bt difiswitsl Tiore Doprienis Didydon
neoral EquAloneoues ARPIRLANSRI Wit QI OSSOl sealsianetoy:

techniques is that they only detect one wavelength at a tinte so spectra with more than one
wavelengthnkprectahiray dothdstectiny etelhgtasuiing enoiti phethe dithdpcip e pppsedutiherediadwn.

acquisition.fime taken -3- to detect and process the spectra.. In spectroscopic. scatterometry, an
extbnled TR e e S e S R R AP S A ECEB  Hminatod
with a _s_,__r_naﬂ;smmddﬁs@a@kﬂ mﬁiqmidﬁne,ee.g,l@t ﬁ)ﬁrﬁg’btyfnfmiff&&ﬁomdﬂmbseum@JSu&Sdﬁd. This
results in low light levels on the detector that |ead. to long acguisition times, which have a
el 12 R e S e e B e S
might not the sppbiatus WMNMARGIRRAAGCHIEing il Wit hardwan Respysdaiasample, to
provide a meth f measurjng.overlay and grating shape parameters (such as grating
asymmet@vaﬂi%gg% BBl HBC RO AR 8T JEU 2R R ST B Hih SHARRIE 2hd
measurerpriduetion Sip@lares Tl epeRH A MASHRE BIANS iPtRankdorpnNapphaha Hgh NA

(numerical aperture) lens. Projection system aberrations, etc. can also be measured in order to
be correctEdd¥dy| ‘fd%?f%ated for. [0010]Embodiments of the present invention may encompass

hardwarefpgkjs capalig.atBeRaYyI8eRNAUEHFRAUYEH SHRGH hekbISBIRIE NRYRIRRAEM be

simultaneously, of carrying out immersion scatterometry and a focus measurement method for
an angle Hsspi{Rsdnstingsrerpe@peaisPbCiaad vssandhsns aeieoonainderitrsenaditice with a
2-D detegioyafdays: Furthermore, embodiments of the present invention may encompass
applications of the hardware including measuring overlay through the measurement of
asymmett}08Fkcatteredliightnsatrnscopigisepiéeraiiainemserspees dirapiopsivies R gtetttredrightalies

and high S AClPa IS AP AU O LA RS I RS IR pRde

this text to the use o ;he apparatus accor tot n In the manudtacture of ICs, 1t
should b&engnicliytemelas sobaazen bessd dghdpparetsachas ateenpotizer popsithe fipplieagiens.

For exan&@bgﬁg%ﬁggﬁgg%eoq %é%?ln éﬁ%{gg&yre of integrated optical systems, guidance

and detection patterns’for magnetic memories, liquid-crystal display panels, thin-film
magneticl0¥alis, etc. TBe skillegleartsdned statprentate teatyied ke gropediaf sfwiattdtednative
applicatiqn ,t%pg Hsgd% %@e égrnﬁsa;re 'cle't'i "wafer" ]%r éﬂe‘l{l this text .should be, considered as
being repf ced by fite more gé%eralate e 3R LA S A e‘fsf)’l'ﬁt‘rii S?rr&%ﬁectively.
-4- single wavelength light source.

[0007] The structure giving rise to a reflected spectrum is reconstructed, e.g., using

real-time regression or by comparison to a library of patterns derived by simulation.

Reconstruction involves minimization of a cost function. Both approaches calculate the

scattering of light by periodic structures. The most common technique is Rigorous

Coupled-Wave Analysis (RCWA), though light scattering can also be calculated by other

techniques such as Finite Difference Time Domain (FDTD) or Integral Equation

techniques.

[0008] A problem with known angle resolved scatterometry techniques is that they

only detect one wavelength at a time so spectra with more than one wavelength have to

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




f0012]In the present document, the terms "radiation” and "beam" are used to encompass all
types of electromagnetic radiation, including ultraviolet radiation (e.g. with a wavelength of 365,
248, 193, 157 or 126 nm) and EUV (extreme ultra:violet radiation, e.g., having a wavelength in
the range 5-20 run), as well as particle beams, sdéh as ion beams or electron beams. BRIEF

DESCRIPTION OF THE DRAWINGS [0013]Embodiments of the invention will now be _ _
way of example only, with reference tq the accompanying schematic drawings in

described, b

which cor?%g%tgﬁﬁ‘fﬂé PERSTEHEE SDTABBILN T RRCRS R SHE S ERAY Bkr P S EPTSHHIRL source
[0014]Figutieh ldepietsadite g RBAIS P e GH PRMATMENAL iMaviRs: P eHPRaHPrpraamethod
according to an embodiment of the invention; [0015]Figure 2 depicts a scatterometer;
[0016]Figva8lagh e dprrgeniotn itk iﬁ@?ﬁ@%ﬁ%@l&%ﬁwﬁﬁe&n%&é@@w@mctmm
in the pupiplaeRRid tﬂsh&%t&ﬂﬁﬁ@%%%ﬂ%&!&ﬁﬁmgim} Phi0R 1BVeiRRIRAL TIFigures

4a and 4b depict the use of an embodiment of the present invention in detetmining overlay;
[0018]FigtiRBast gaiughwyisE sherirsasien i esnvigsme fomssopimecotiesplrtivghof a
radiation hgan gagerding to an embodiment of the invention; [0019]Figure 6 depictsa
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 edgp atakiptermediate object plane according to an
{0009] Accordingly, it would be advantageous, for example, to provide a method of
measuring overlay and grating shape parameters (such as grating asymmetry and
alignment) during manufacture of devices using lithographic techniques and measurement
of an angle resolved spectrum in a pupil plane (or back focal plane) of a high NA
(numerical aperture) lens. Projection system aberrations, etc. can also be measured in order
to be correctéd or compensated for.
[0010] Embodiments of the present invention may encompass hardware that is
capable of measuring angle-resolved spectra at multiple wavelengths simultaneously, of
carrying out immersion scatterometry and a focus measurement method for an angle
resolved scatterometer, and of measuring intensity noise of a radiation source with a 2-D
detector array. Furthermore, embodiments of the present invention may encompass
applications of the hardware including measuring overlay through the measurement of
asymmetry of scattered light and measuring small line shape variations via Rayleigh
anomalies and high diffraction orders of scattered light.
[0011] Although specific reference may be made in this text to the use of the
apparatus according to the invention in the manufacture of ICs, it should be explicitly
understood that such an apparatus has many other possible applications. For example, it
may be employed in the manufacture of integrated optical systems, guidance and detection
patterns for magnetic domain memories, liquid-crystal display panels, thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the context of such aItefnative
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.




embodiment of the invention; 100221Figures 9a and 91) 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 scatterdmeter with two illumination spots according
to an embodiment of the invention; -5- [0025]Figure 12 depicts an ellipsometer according to an
embodiment of the present invention; [0026]Figure 13 depicts a scatterometer for detecting
images in 4% Rupil plarf® %d’ﬁ?ﬁ?ﬁﬁﬁﬂ&é%ﬁé@d@mﬁ@@éﬁﬁ%m&mi gktheptesent
invention: ceship &/ GHER detRnist AR ALAUBRAYE I Al RN RER AL AR Gricn o
DETAILED DESCRIPTION [0028]Figure 1 schematically depicts a lithographic projection
apparatus{sSetamghp h3nbihdd A22oldiher (26 merindditi¥esfremecinltentitvictThdizparagus
comprises;[iRgdla aclalian R bo (R PUSRIING SREIRTONR2AI RBigh diatan (0
DUV radiation), which in this particular case als6 comprlseps a radiation’source LA, _
electron beams.

BRIEF DESCRIPTION OF THE DRAWINGS

{0013] Embodiments of the invention will now be described, by way of example

only, with reference to the accompanying schematic drawings in which corresponding

reference symbols indicate corresponding parts and in which:

[0014] Figure 1 depicts a lithographic projection apparatus that may be used to
perform a niethod acbording to an embodiment of the invention;

[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 according to an embodiment of the invention;

- [0019] Figure 6 depicts a wavelength multiplexer according to an embodiment of
the invention;
[0020] Figure 7 depicts a wavelength demultiplexer according to an embodiment of
the invention;
[0021] Figure 8 depicts a knife edge at an intermediate object plane according to an
embodiment of the invention;
[0022] Figures 9a and 9b depict a shaped obscuration in an inspection beam
according to an embodiment of the invention;
[0023] Figure 10 depicts a detected image of different diffraction orders of
scattered spectra according to an embodiment of the invention;
[0024] Figure 11 depicts a scatterometer with two illumination spots according to

an embodiment of the invention; _




10030]a first object table (mask table) MT provided with a mask holder for holding a mask MA
(e.g. areticle), and connected to a first positioning device for 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‘fesist-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 [B%I]OI‘] of th e% fﬁ%ﬁll@lﬂ\e@r‘ﬁé aa“ﬁﬁ@@f’ﬁ%ﬁﬁb%@?’(@?@% Kot sIbRgIBREt S e i esey) of
the substiateod0033]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 refl8f¢k mask) FrvEsideNCesapimpRgisTien detnpiog ingeeindhrriopiaterning
device, syrdiang PIRREACAIARE BUFALREENREA Mtk FRRiR TRt iR @Ry [0034]The source

LA (e.g. an excirner laser) produces a beam of radiation. This beam is fed into an illumination
system (illlfAthator) IL Fésiterldidepistormematinaorylanobisiet denpittbrifig gretings, such as a
beam expander Ex, for example. The illuminator IL may comprise adjusting means AM for
setting the outer and/or inner radial extent (commonly referred to as a-outer and a-inner,
respectiv listdbution in the beam. In addition, it will generally comprise

various o ompon -6- integrator. IN and a condenser CO In this -the
beam PBHisrkﬁ%lj;]ging orﬁ%?nqa%i%ﬂ%%ﬁg geg;ﬂlr'{g lfjlﬁ}%rrﬁﬁpy}ca%rgjFﬁt{éz%%ﬂ@pgfétt%&ﬁ%i%llrfs
cross-se@ioatiobasirdingutdabeembtetimeith o ter thterfigurElE tpphthmscongrikes:may be within

the housi the lithographic projection appar séas is qften the case when the source LA is
a mercur(/a ?azg p, for examplg)fabtlﬁéf af ﬁSFﬁIngE ﬁ’sa%jb Qé‘}ﬁgﬂ@%ﬁ;’fﬂ}g‘ﬁ?ﬁ%}%ﬁ Pdjection
apparatusidiatam(iegi GDE aadizvivin)) iwinkdduahss peitigdat dnie 4ke epppratia@dlandth the aid
of suitabl%l(lejcr:g ting minors); this latter scenario is often the case when the source LA is an
excimer [RSer  THE current invention and claims encompass both of these scenarios. [00361The
beam PH®@3bEequently intesctgtsotjectnasie dfsiviaisi)isfTeidiiadpaakd anlskMdideiasing
traversegltlﬁ mask V\%t , 21}e beam PB passes through the projection lens PL, which focuses the
beam PB'OHBEAERS: {68 @ Bigle) spd fopmogicd inm st BRbeminedaarrBbsitioning

device (aicueatdiiprativmalithaaas it aapsa 15 idheppybstrate table WT can be moved
accuratel&q%e. . SO as to position different target portions C in the path of the beam PB.
r

Similarly™ ¥ First positioning eonkabisrbishiedanhstpieimblet ¥ Trizeriled withaaubgtsaten
respect tgolier w&th&&m@mrﬁ’@w-&g?!faefem%-%%{@&@hr@&ﬂwﬁe%E{}ﬁ maskda fom a mask

library, or during a scan. In general, movement of the object tables MT, WT will be realized with

the aid cY5aBhGositiswing BeNire (os aesurptsinipnisigningcthe snbstrateokidhespens (itiem PL;
positionipgxayvhich are not g&ﬁ%@x&p@g{gﬂ tnpg%%?oﬁ.]&gw%fai '%ﬁ%gfﬁgtepper (as
a

opposed to a step-and-scan apparatus) the mask e MT may just’be connected to a short
stroke a8YStB), for imaging anamdoosiprHicnofite thaskdWrhtosic atdigetpediimGréedifferent

modes: &gﬁﬂ&ﬂg SleRM0LS, J‘Q@)'@f’ﬁ{%%&MJW kept essentially stationary, and an

[0033] As here depicted, the apparatus is of a transmissive type (e.g. has a

b
BV

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

the beam. In addition, it will generally comprise various other components, such as 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; 1003912.In scan mode, essentially the same scenario
applies, except that a given target portion C is nof(é'xposed 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 substrEgEaiRe hr7ad eicandensen bl Imbusarwithe banelst sppinsing andbasresk Mépeed Vv
Mv, in whigly MirdhednagpHiaaliam ohihRiBr igetianisysiem Sbsdypierlly. M= -7- 1/4 or 1/5). In

this manner, a relatively large target portion C can be exposed, without having to compromise

on resoluti®®¥Sbne or mbrEHEHehesbritersarrdde Brearsubdrbteesonese b dewbsimddinsing
a Scatterm%%}bﬁﬁmﬁhg%%%ﬁ%%j E&Hf?aﬁpépaﬁﬂ FJPE%Q}FME D& STRUEIMEGIRE,

comprises a broadband (whit ) radiation source 2, which directs radiation onto a substrate
6. An extdritiétiairsaeiyemadinrsslakduhtinbic mayitiperbel ranote ide tthe Hibivgtienhiseam

o robeaath ol SRS ROPIIB NSRS BIaeR.LIe e led i BB R acsed t

a spectrometer detector 4, which measures a spect intensity as a tfuncti
wavelengttgowitie thp eslitdisrétibdit eetdiigtionrdEsyrthinis tthatscetiveisiscfteretbe pasditehgiving
rise to th Igestgﬁltgedﬁg Chy e regonstructed, e.qg,.by Rigorous Coupled Wa nalysis
and non-ﬁnear regress?on o%@r?c%rﬁs%rﬁé%ﬁ Wi elgt fljtl)‘fg%}oo'}; %?r%ﬁ EAas %npcg(% £y %%égﬁ%@n at the
bottom oftEisgisec@ativgieneral, for the reconstruction, the general form of the structure is known

and som meters are assumged from kngwledge of the process by which the structure was
made, Iejgﬁigé?only a fﬁv&ep%?%%rg e%li)osiée uglgwulé%%‘ée%sgged@?é d”gb‘iﬁﬁ] eé‘igﬂé‘rometry
data. 100463K hebkchfifeHavigtimaysbé thawenlaMAGidrr e sl emsss taraighnteligjietion
incidencel scalgfrorﬁeﬁg. Variaﬂésbof S terome'g%,/i maB/ alsor%egsed ir%}éwhich the reflection is
measured 3t & Tangs df SHSEL ST UMGR LR & KRgthPoLiRn (ol ibg e hstataidh &Y ithdhryle
angle of aiteof¥hofesavbiRRPibeinEAR4LE madartnfedteoniohRIiBaNeHessAbeTFalpw, there is

used a sc terometﬁaﬁ\fg ured to measuring a property of a substrate by measuring, in a

pupil plaf82g%F & f € YRS ASRUBI L 28 ie 58 L RSO SEfErePF ARESIRPTHORS the
substrateCsii tae £ilpb PRy rH. iaiRsr BN thw AN ISOGHIRAS SBAML BIOHEERo PaSition

scatterometer comprises a radiation source 2 configured to project radiation onto the substrate

and a detbeirsiobrmansirashidthaesnert feflacrathgidbe heam EB pr-mlsemechanitahe in
which theetgidiali Resiion Ak radiation defingithiasnaentiBddenceAndia anghiarpesition

defines the azimuth angle of the radiation and any substantially conjugate plane. The detector

32 is pladisabi R MENY Bk beigerligsd avigh theeid mfi lngersirekdmed werlsoalisaent, at
least 0.9,kR{JERBY Aridba SIMMSIRIRE SCAIR PHARIEES Ay SHhaY éeﬁb%_e&gﬂ%ﬁﬂ?%g%%ef L.
I nsity of scattered

10042)Previous angle-resolved scatterometers have only easured the int

light. AniBigSdle , pidBe sesnedatitepniin(es ernsel tnasitorathscanbppBatosd dsured
o mnanaRNHAR MBA5 AN G PIORSHIS MERPUANY NasAlirgmpter for diferen:
i t agnetic

wavelengths and angles may include the intensity of transverse m fa’nd transverse
electric (#8)7polarizedllgrdepicicthaepphrsasdiffebensedoattverdi ffeeciifinadesTB polarized light.

[0043]Us4 broadband light source (i.e. one.with.a.wide range of li frequencies qr
wavelengt %ﬁl and the?’efore%l oF g peolggﬁgglé?@ .ﬂ?:frféﬁé%‘? 95?5?5&9% ﬁ@%@ﬂ%\ﬂﬁﬂhe
mixing ofntitdtiplelnmagieisgtivgectad g lonaliine{ivausiagt e dshth e hiwathgacpbghbnc an
embodiment, each h dwidth of, say, S d g spacing, therefore, of at least 2 R, (i.e.
twice thrél%\t/aag\}éseﬁaéﬁg%geveréf 'téglﬁf%é %ﬂé@ﬁ&ﬂ%ﬁ%&ﬁﬁmf%ﬁ%@%ﬁ%ﬁs ed
radiatiopatiotc € tai boireadiasd bplihe Skige $®/, fiber bundles. In this way, angle resolved

scatter 15) R%tga canb meziured at multiple wavelengths in parallel. A 3-D spectrum
(wavele Se nd two GifferdhSATHRA i PR L2 Fame sratuRRBlisS (EerePiiRaation than

a 2-D speasiiiatgdiiomidaN s nRecniassaaiansiRde- MAaRsUIRd ANl REIGASE R WEERI00Y
process robustness. | L. )
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=




[0044)A scatterometer of an embodiment of the present invention is shown in Figure 3. The
light source 2 is focused using lens system 1.2 through interference filter 30 and is focused onto
substrate 6 via a microscope objective lens Li. The7 radiation 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 LI. A

~ detector alr)% hiqSI/-#\lj Iﬁgs are placed at the pupil plane. The pupil plane may be re-imaged with
auxiliary opfics Y& HES IR STaR SR FhY A B ROTHQ: cBt Bt PRside Wit whs.

[0045] Théwpuid tolanmpsbined eflesterdighi is imaged on the CCD detector with an integration
time of, fo(é?example, 40 milliseconds per frame. In this way, a two-dimensional angular scatter

spectrum S50 BOESHRIReTes of ibssuidecs oh asubaaizfomaythe detemnined a5ins afor example,
an array @é4eioniatesiRIbARKaMes HEISR RISt NCTRRF SRR AIRPEREIHIBEYES &

symmetrical detection configuration and so sensors can be made rotationally symmetrical. This

allows th&URSFRYRAdRand (Whitatishih radiation seutcedkgehish diteesmadiativeantbe measured
. . . . . t o
at any rotaRRal i AR aelAHNG i3 Ne SERAL &M%ﬁ%g%@%ﬁ%ﬁ;ﬁ%j& °

measured by a combination of a translation and a rotation trate. set of
interfereriédiffierd sunmaihisevayairigd of stleatt £ dnaviidhe tistiatesesbie tibe acfieted, say,

405 - 79Q /M RYnS Ve QWSS %tﬁﬁﬁ r interference filter may be tunaple rather
than comprisingna s%etsof diffé%abnt fl ters?%%%ggtr(]gg %O%Fﬁgén Sg%%??lgt%%ec& cr)\fugar?/eo é?rn?ﬁ%srl as
interfererdaifitters ofopave]arigghg vl Sicaspeduler mitavttlaadiitiony Evuiie B4, neystecaugrating.

Th ti | h that after devel t ' f d of solid
eSSt I P A e AN Ll R T RTS8 SIS nsitve to

comatic &lovpletioNevin Aritysgraphippibijeatiespapsianaitisy partisatisty Wiehpr tieetipasystem PL,

and illumjpati mmetr d the presence of such aberrations will manifest themselves in a
variatiorr]lym%{]%?i)é gr(grarastlsné).w c%tf)%#&sﬁﬁ?}%%%f%égﬁg riféﬁ?’ﬁ?gp(?f & ARSIy A s
used to rgmenifuchtbitigratngsrOR&eswaciedrersRiam it e Oisinges BmAmbingeasdths
and shap? ma¥ be ;l?}pu to tl'ga reconstruction process, from knowledge of the printing step
and/or other SRAttard ewg}lﬁyot 8 SUNCUB WIS TR R RSB B RAGrasiES W rectangular

slits, corspieruphttbsideteanthadrfeires CRBRhwieydhawvn to exhibit strong discontinuities,
which ar&located on Wood-Rayleigh anomalies and reveal two types of resonance, which are

referred ¥PAY horizontaI A HRIATRSIES iRAYRe BiaeHmsl insidenss seatteprtatel osibtigied width
of peaksritieacenestitiontad besispryraxiasinRlromfHRRS fenbain ezl Ardygrical

resonances. In this way, the radiation coming off a transmission metallic grating can have its
spectrurtt GIFaRed A ad4nse of aneles picpunrrie wvelengthirather thamihe adfipatienatarsingle
discontignilies faGaid wgee]&%gg_l?ayleigh anomalies. Wood-Rayleigh anomalies occur upon
the variation of wavelength or angle of incidence, giving an additional propagating diffraction
order. THYleater thddsair AT H@Es, ambetisasatsiiescaifeadbleplabemenstdhac tasnonieon9]An

embodigpmatdh SRR Vae&tb‘f[ﬁ r d creates a.symmejrical pupil
plane image from which theﬁ%iscon inﬁ@?gﬁ%rg%nﬁg%e Ak one or lrfl\érl:gen%?{a{)tli%?ga
propertiBig levs earnarso 08 G kecsoling speaimanbiidied frah e inbettitrsutiee

B IS L A
the ovegRipprises 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 hlgh 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




-10- [00511In an embodiment, the scatterometer is adapted to measure the overlay of two
misaligned gratings or periodic structures by measuring asymmetry in the reflected spectrum
and/or the detection configuration, the asymmetry being related to the extent of the overlay.
Thanks to the symmetrical detection configuration®any asymmetry is clearly distinguishable.
This provides a straightforward way to measure misalignment in the gratings. [0052]One type of
substrate pattern used is shown in Figure 4. A grating 14 has a second grating 12 printed on top

of it. The ey rencenslyamnge rf ansleswitls rsepaticsornasine by thknown as the
overlay 2%&9@&%@@@&@{&@&9@@9@9%@%&Gﬁg&%@qmﬁ;&@ﬁ@ %é%gé@#%@ LRSS

illuminates the object symmetrically with respect tothe surface norma e scatterometry

detector ridgagHed Evbread raanaveracielrride (ERInaissd sighbarshtbeqduscaliffecndiuminates
the object, Qe anPHKS,aAg ﬁa?ﬂ?@d@%?lﬁible' [0054]Overlay metrology is based on the

measurement of an asymmetry in the angular scatter spectrum. Symmetric structures yield
symmetrid08fular spetistnandmadhephlightryourth € et witbwsvige asngn elyghinetry in the
angular sgafter gscéi IS, property is the basis of overla trology, using angle-resolved
scatteromet[ri/. fgc?)SS %Vy\%?ﬁg%piﬁa tueﬁlgg ia%rlwceo Oé?g%fn%%g%?%nﬁ% 1.%‘1'8%:"0 {rs with
width 20 fenduaeidowipg shierasyngétricltiplg stafdiengtiss The ayatipef witvéha ghgilahscatter.

spectrum| tected with the angle-resolved scatterometer.4 shown_in Figure 3 and used to
derive the %’?ﬁﬁg@@%ﬁé’ e ol oqv%glgmﬁ{gh%a ' 1308 %V@P&f?ﬁg%% 3?896§866W§h a
deliberatehsiagood, od atriehstddirgspestbetye thedrsigaid Seepid Qaircds’ Ghadassareding 12
is shifted jn.one direction in one pait (as shown in Fig. 4) and in the opposite direction in the
other pai?i %I:l% egﬁg\c/’vlﬁl)qnﬂ?g %?ﬁ%ﬁéﬁﬁ&é‘@@%% tmﬁ?‘t’ﬁé’% VNS S p RS therefore
X1= OV+thawteX 2rrtiily whyOdd dleingoRe sty spctadQad B hrasiie Dupting s are aligned,
the overl%y is 0 and if the inter:gig of the illumination incident on the gratings is /ill and the

intensity SFISCPRISEBRYEHsEAS I sRecGrm Ayavelangthy apd Svpdifferent sialpd) miar e
opposite gisgstiod, idh BaateR @R Tor IR eV eNtRYy i THiI QRN WRVer, if

information to be measured which increases metrology process robustness.

[0044] A scatterometer of an embodifnent of the present invention is shown in
Figure 3. The light source 2 is focused using lens system L2 through interference filter 30
and is focused onto substrate 6 via a microscope objective lens L1. The radiation 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 a compact substrate table because a target

on the substrate can be measured at any rotational orientation relative to the sensor. All the

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

the substrate.




OV* 0, -(2) [0059]For a small overlay, the intensity difference is proportional to the overlay:
41-=0V.(3) K is a constant and is process dependent and therefore unknown._ [00601In order to
calibrate the overlay metrology with the scatterometer according to an embo'dlm.ent of the
present invention, two grating targets are used; oreé with the overlay shown in Figure 4b and a
second with the exact reverse overlay, so the upper grating 12 is displaced to the left rather

(cstance B! Figure Ao AU HE GHGHE HEE L aee SUELRD I OIS [00BEISBNEEr Bv-Fa.
asymmetiytéreskiOMe e k491 40 -y AsHmBetos PwWiQOGH he meplingdasioriE can be
clminatey . ChISRH LG, Qe 2 erelor b Ealelted g eesremeris o
the
could be used instead of one or more interference filters.
[0047] The substrate 6 (or even the reflective surface 34) may be a grating. The
grating may be printed such that after development, a series of bars are formed of solid
resist lines. The bars méy alternatively be etched into the substrate. This pattern is sensitive
to comatic aberrations in a lithographic projection apparatus, particularly the projection
system PL, and illumination symmetry and the presence of such aberrations will manifest
themselves in a variation in the printed grating. Accordingly, the scatterometry data of the
printed gratings is used to reconstruct 'the gratings. One or more parameters of the grating,
such as line widths and shapes, may be input to the reconstruction process from knowledge
of the pn'nting step and/or other scatterometry processes.
[0048] In transmission metallic gratings with rectangular slits, complex photonic

band structures (CPBS) are shown to exhibit strong discontinuities, which are located on

Wood-Rayleigh anomalies and reveal two types of resonance, which are referred to as
horizontal and vertical surface-plasmon resonances. Spectral position and width of peaks in
the spectrum can be directly extracted from CPBS for both horizontal and vertical
resonances. In this way, the radiation coming off a transmission metallic grating can have
its spectrum analyzed and one or more properties of the grating determined by the strong
discontinuities located on the Wood-Rayleigh anomalies. Wood-Rayleigh anomalies occur
upon the variation of wavelength or angle of incidence, giving an additional propagating
diffraction order. The greater the beam width, the greater the lateral displacement of the
beam.

[0049] An embodiment of the present invention detects the spectrum and creates a
symmetrical pupil plane image from which the discontinuities can be measured and one or
more grating properties therefore calculated.

[0050] According to an embodiment of the invention, the scatterometer may be
adapted to measure the overlay of two misal‘igned periodic structures by measuring
asymmetry in the reflected spectrum, the asymmetry being related to the extent of the

overlay. = -




asymmetry in the angle resolved scatter spectrum. [0064]An advantage of this method
compared to previously known methods is the fact that only two gratings are required.
Moreover, in principle, the method can also work for 2-D gratings: in that case only 2 gratings
are required for a complete (x,y) overlay measurehfent. This is a significant improvement
compared to, say, 6 gratings that spectroscopic scatterometry methods use. 100651The
analysis of xy overlay metrology using 2-D gratings is as follows: -12-

[0066] Twd Yings haviran Qﬁhﬂﬁmhm%@m@ﬁ(i@ el Gomsssarndse iedmpelare
3y arx e e e M M SRl i emeres:
simplicity sReqbaioasdiftitie geitiitps henfgusationdimalivadr? Peig tHlettd oviieerwoudétions.
e o ey AN B ACS IS S ARSINC LRI RRA) SREIR o o
grating shape, wavelength and polarization. The two gratings overlap with a relative overlay of
xo andyo itistiegpisbabkly T hepentty aitecgofiswiré totpkdraressnissiisatigaméd iritten as: t(x,
y) = f(x,y)%%ﬁné%,Y 0) = EEEEF ,G; n",," Where:v

[0052] One type of substrate pattern used is shown in Figure 4. A grating 14 has a

second grating 12 printed on top of it. The amount by which the grating 12 is offset with

respect to grating 14 is known as the overlay 22.

[0053] Note that in the embodiment shown in Figure 4a, the radiation source 2

illuminates the object symmetrically with respect to the surface normal and the

scatterometry detector measures scatter radiation from several angles, although a source

which illuminates the object from an oblique angle is also possible.

[0054] Overlay metrology is based on the measurement of an asymmetry in the

angular scatter spectrum. Symmetric structures yield symmetric angular spectra and an
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 resuiting 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 I;y and the intensity of the radiation reflected off the

gratings is I.; in a first direction and I, in the opposite direction but in the same plane,
“when the overlay, OV =0, | .

I,=1,. : - ¢))

[0058] However, if




= [0068]The variables can be adjusted as follows: p-Fn=a p=a-n g+m=bg=b-rn

J00691Substituting these expressions in the Fourier series of t(x, y) yields: t(x, y)

=EEEEFs"Gime-AP-mIx+(g+m)r) (10) where: r--i Fn,m6a-n,b-m nm -13- [00701For

simplicity, only diffraction orders running in the x-direction are considered. The analysis that

follows can also be done for diffraction orders in the y-direction. This would only require an

adjustme%?f variables. [0071]For diffraction orders that run in the x-direction, b=0, so for the
ort

amplitude {3 diffraction orders a and -a:
I aF I _i- (2)
[0059] For a small overlay, the intensity difference is proportional to the overlay:
I,-1,=Kx0OV. 3)

K is a constant and is process dependent and therefore unknown.

[0060] In order to calibrate the overlay metrology with the scattcromet.er according
to an embodiment of the present invention, two grating targets are used; one with the
overlay shown in Figure 4b and a second with the exact reverse overlay, so the upper
grating 12 is displaced to the left rather than the right with respect to the bottom grating 14.
The overlay in the first set-up is OV-+d (distance 22 in Figure 4b) and the overlay in the

second set-up is OV-d.

[0061] So, for

oV+d,

asymmetry

A+ = K(OV+d) 4)

and for

oVv-d,

asymmetry

A=K(OV-d). ()

[0062] The scaling factor K can be eliminated:

oV=d j: : ﬁ: ©)

[0063] The overlay can therefore be calculated using measurements of the
asymmetry in the angle resolved scatter spectrum.

[0064] An advantage of this method compared to previously known methods is the

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

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




“nr taking the factor em in front of the summation yields: EEF,,..Ga_nrmel"o+.Y0) x PT F
Gelnx4-") = emiax En,m -a-nrm ft NI = elaxekno -Miro) [0072]Assuming that both gratings are
symmetric in the x-direction: =(14) [0073]Using this property yields for the diffracted amplitudes:
ra,0 =oFri,npa_n, m e-Anzo +Ma ) ta,o = e-jarEE"ﬂr,/7lG4-aka)(15) [0074]The scatterometer
measures the intensities of the diffracted fields, giving: 40,0 =1Ta.012

[0066] Two gratings have an amplitude transmission of f(x, y} and g(x, y). These .
gratings are periodic in two directions and their transmissions can therefore be written as a

Fourier series:

fGop)=Y > F, e
"o ™

gx,y)= Z z Gp’qe‘i(ﬂhqy)
P oq

[0067] Both gratings have an equal period and for simplicity the periods of the
gratings have been normalized to 2% for the following calculations. The coefficients Fn,m o
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 xo and y,

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

tx,y)= flxy)glx—x0.y-y,)

=S YT, G, e Komean) )
P g g
where:
G;,,q =G,, giProrar) 9)
[0068] The variables can be adjusted as follows:
p+tn=a=>p=a-n
g+m=b=>qg=b-m
[0069] Substituting these expressions in the Fourier series of #(x, y) yields:
z‘(x, y) - ZZZZ F, ‘mG"l’me—i((pw)x*r(qM)Y)
nomopogq (10)
— Z Z T be~j(ax+by)
a b *
where:
Tos = 2.2 FonGicniom (11)
T, , can be interpreted as the amplitude of the diffraction order (a,5). It can be see that this

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



[0075] form: 10.0 m LO,0 =ZE m (16) Evaluation of this expression shows that the intensity
can be written in the cosk,", -- myo) cos(80,", + itxo - myo)(17) -14- where the amplitudes B",
and phases e", depend on the grating shapes, illumination wavelength and illumination
polarization. Taking the difference of the +1 and-4Border yields an asymmetry A, that runs in
the x-direction: At=/..0 ,ExBoacos(enm-nx0 -'my0)- xx6".",nx.-myo)(18) =EE2B",",-my0)sin(nx0)
[0076]In practice the overlay is small compared to the pitch of the gratings. For example the

pitch is ol Uf the ord&x stnmbieitsnenliid ikaciiouardss taynigoiniteeordéceti®anen. The
expressioR AMAYECaRIRAIIAEIRE NRAIZEH 3 BENOINEINSREISHDS {as0 e YQ.retained:

direction. This would only require an adjustment of variables.

[0071] For diffraction orders that run in the x-direction, 5=0, so for the amplitude of

two diffraction orders a and —a:

aO ZZ n.m a n—m (a o)

—Q=N}Xq - (12)
~a0 ZZ o _a" mJ( )o o)
taking the factor €*/* in front of the summation yields:
aO _eJ“Xo ZZ o a n_mel("xo+'"}’o)
—a 0= “J‘“o Z Z n,m —a n, -m (”xo +my0) (13)
e iwxo ZZ G J(nxo—my&) '
[0072] Assuming that both gratings are symmetric in the x-direction:
Eoym = Fom |
G-n,m = Gll,lﬂ (14)
[0073] Using this property yields for the diffracted amplitudes:
— elﬂxo ZZ " m _ e J("xo‘*"".l’o)
- - (15)
—a() J OZZ - an—m J( 0 —myg)
[0074] The scatterometer measures the intensities of the diffracted fields, giving:
2
Liao = liao (16)
[0075] Evaluation of this expression shows that the intensity can be written in the
form: '
0 =228,  COS(8,,, — 1%, = 13, ) o
a7

= ZZ n,m Cos(gn,m +nx, - m)"o)
n om




111= 2:E2B",. sin(, - my, )sin(nx0) IlIN ,EE 2B" [sin(eft . )cos(mye )- cos(e", )sinOnye Asin(iixo )
m a Ex 2B",)- cos(e, )myoko ft m = xoKo cyx0Y0 where Ko = xE 2nBo, sin(e",," ) = Ex2mnft -
cos(s) " jo077]It can be seen that there is a coupling term: The asymmetry in the x-direction is
also a function of they-overlay via the coupling teri¥K. If the 2-D grating has 90 rotation
symmetry and if the light is polarized at 45, then we can write for the asymmetry in the x and y
directions: Ax = xoKo+ K xyxoyo (21) Ay = yoKo + K1,x0y0 [0078]These equations are the
basis fortyvd\esei e manitedss Gith 2unbphasegratingpaird om thecgfasbg shines palunsrbigenof +d is

introduced in the upper grating and in the second grating pair, a bias of -d is introduced. This
bias is apm@’cﬂﬁl ﬁqﬂéllylgﬁgtipn polarization. Taking the difference of the +1 and -1 order

yields an asymmetry 4, that runs in the x-direction:

A4, = [l,O _[—1.0 .
= ZZ B,. cos(gn’-m - Xy ~ myo)— ZZ B, cos(a"'m + 1y ~ myo) (18)

" "

= ZZ 2B, , sin(gn'm —my, )sin(nxo)

[0076) In practice the overlay is small compared to the pitch of the gratings. For
example, the pitch is often of the order of 1 um and the maximum overlay is of the order of
60 nm. The expression above can therefore be linearized and only the linear terms in xj and

Yo retained:
4, = Z Z 2B, ,, sin(sn’m —my, )sin(nxo)

= Z,,: > ZB"',,,‘[sin(gn‘m )cos(my0 )- cos(e,,, . )sin(my0 )]sin(nxo )

= 528, [sinle, - cose o, w
= XZKZ + K, %y,
where
K, =Y 2B, sinz,, )
K, =33 o, con,,) @
[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:
A, =x,K, + nyxoyo

21
4, =y0K_0 +K %Yo @1

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



-15- direction. Four asymmetry terms can now be measured: An x and y asymmetry in the first
grating pair and an x and y asymmetry in the second grating pair are shown as: AD, = KO (0V,
+ ci) K yy(OVy dX0Vy d) Ay = Ko(OVy cl)y + d)(f)l\gx +d) (22) A2x = K 0(0V, - d)+ K".y(OVy -
cl)(0Vx + d) A2y = K 0(0OV y - d)-F cyOVy -4)(01C, =d) [0079]This gives four non-linear equations
with four unknowns Ko, Kxy, OVx and 0I/), which can be solved to give the overlay. 100801In
an embod&ment one or more aga;tures m%e provided to the scatterometer to mimic

Iithograph)}reeg(%%% reUL SRARIGRENREASHE AT Rg DA s Ly Ry J fisr Bsay
then be ugextiii fair ariebdion gidhesnuieigsairbsppelaasapisinagefihagrating pattern(s)
using the scattefometer. ]£O81 Inane bodimeft, it is possible to immerse at least part of the
space betfﬂleén[fhg}gﬁb%ﬁ tefan@the teMortid iquid, more specifically, the space between

lens Li and;;hesy(mrryaaea@axxsyrﬁwnw 'tgpr)[er@.)The liquid may be water. This has the
advantaggqofinkr 8?”9-936 épﬁwén idth of the medium between the subg2te 6 and the
lens LI. Thi&me trat &/difft 1 the ulibe evanescent, for example, in air can
propagatedand Kg w@turéwﬁ@&nsd%@m iﬁm)ersion of the space, therefore, it becomes

possible to detect a higher diffraction order that contains more detailed information about the

grating unstemjnvestigatiag il YRt EaMBIE.AhNWIHG RRASEMRRAA Kiepupsical
aperture (NA) of the scatterometer is preferably at least 0.9, even 0.95 or abové’l.
[0083]ImMErSiirhraabsselned i give tharven@bbject with a high refractive index fluid

increaseggypspatial bﬁ%ﬁ%ﬁf&@ﬁt%ﬁg‘%%F%Q%%é@&gﬁ?&;%%g&‘&a?£ higher diffraction

order for smaller pitches. The smallest pitch that creates a propag Irst order spectrum is .
(2NA) AsSHAIGIRIAT éo tairsie Bthegtanbiakpoooneondiidyictden thrigrating pitttnaEls4snm. This
correspogds:ia arfuticaldinens e tructed grating width of approximately .20 to
80 nm. When Iookingﬁat.a pr%ﬁ%p&éc g)slpﬁgtl ﬁs%%%&’ﬁeﬁ]‘&?&‘?é“‘i (lg crr?ﬁ%{'slvlg in g(r;%?gﬁoé“fhe
‘mean widittags af peagraimetpestpinds)issing tstmatterfimatenne peak to the next.

[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 fens L1. This means that a diffraction that would be evaneécent, for example, in air can
propagate and be captured by the lens. With immersion of the si)ace, therefore, it becomes
possible to detect a higher diffraction order that contains more detailed information about
the grating under investigation than with, for example, air in the space.

[0082] The numerical aperture (NA) of the scatterometer is preferably at least 0.9,
even 0.95 or aboVe 1.

[0083] Immersing the space between L1 and the object with a high refractive index
fluid increases the spatial bandwidth of the medium and allows the propagation of a higher

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

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

(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.




-16- 10084]The immersion fluid should have a large index step with respect to, for example, the
resist that is on the substrate 6. This may allow maximum contrast in the detector image. A
possible liquid that fulfils such requirements is water. [0085]Figure 5 shows, according to an
embodiment of the invention, the use of one and thé same detector to monitor the source output
intensity and the intensity of scattered radiation, which avoids synchronization problems and
allows a real-time compensation for source output variations. [0086]The scatterometer may

comprise d%#MH-polarizidgbimesitlnisrhentitbaymirtagtondeou pitngrath sepration. dbthe
radiation beamAentiedarhe aHAIASQUICE BhASRAAIRDIASHEMENIIL g Rame

detector. In an embodiment, the portion of the radiatio am is Used to measure the Intensity
of the radideispiticaassnd pressbketiarahtwrinifils sechdepiadnento mpetsate for fluctuations in
intensity ofgg radiation: vantages, of ysing the same detectar for.the intensit
measurem{ent eam alongs?(?;s t g’“r%a%ﬁgr%%é%%%%‘%%‘P%%‘?%%‘fé’%r@é? no %nﬁ?g’c}g?e% %Pefgon
required atrdl soetbame idsteotdiffe rencitontioptimateodttue intehgity pedtiks inasigro fstateredce
sensor an etrol sensor; and there.are no extra eée ronics required to trigger, read out
and store t %arr% gféxr,?gghs?g‘]’??laa.s M}r?]%w glﬁzsael%ﬂ?rbgrr?g’t%ﬁg il 9%%%%5%%%@&%&%5’@%88& d for.

10087]A rromspotargingydéaionsplitter 50 in the radiation path images scattered radiation on a
tWO-dimerlﬁb%E,fl detecti{}sz %n extra lens re-images the pupil plane onto the CCD detector.
The intensity Mcident on THEGETERILTTE DAY AR A JO BB FHEMS et SRR BbatUsthter
50 also canjpltes foucaupliettosrdd fretaciting aeRibitbeas Eiaiel Frita ThorHiRaS R HRISE -

Instead of measuring this radiation portion with a separate detector, the light is retro-reflected

using tiltelPHTTPAFAS FRFHFEMEH {iesuBpSeitstpaianrrletdiacab tasrsngf Bistional

pupil stopradidiipiihéam exieel @b esaRidmiemPRasion AN emBrddtihanaursiaatifGeter
radiation portion is projected alongside the main radiation beam. The spectrum is imaged onto

the deteciBrBEeAMRISY IBiFpIARRABE doRBYsT RS iR infensin ef Q??g‘l@ilf%é@h@@eatterometry
has beenmﬁgessjm;%gm@%gtbc%%%mmﬁ@wéﬁs@%éa{a}f@}ﬁa&tbéa\%%lﬂqma have

been done sequentially and the different wavelengths would bé time multiplexed. However, time
multiplexiti§ BIRENGASERAGHReARRg e it aria dgksiar [DoBBledandmbBwinimothe
Scatteromﬁff‘e‘.’r&ﬁ!@H{'éﬁﬁc%l‘%ﬁ&%@ﬁﬁ&i‘ﬁ&ﬂ&?ﬂ@@‘G&&%@Hea%tﬁ?&l@%@ﬁ% SRAUGRALHE

substrate and a demultiplexer between'thé substrate
sensor; and there are no extra electronics required to trigger, read out and store the

reference signal. Any intensity variations may be measured and compensated for.

[0087) A non-polarizing beam splitter 50 in the radiation path images scattered
radiati'on on a two-dimensional detector 32. An extra lens re—imagés the pupil plane onto
the CCD detector. The intensity incident on the detector is shown as image 36. The non-
polarizing beam splitter 50 also couples out a portion of the radiation beam to use it for
monitoring intensity noise. Instead of measuring this radiation portion with a separate
detector, the light is retro-reflected using tilted mirror 52 and transmitted to a separate part
of the same detector 32. An optional pupil stop 54 limits the extent of the radiation portion
and the mirror tilt ensures that the radiation portion is projected alongside the main
radiation beam. The spectrum is imaged onto the detector 32 at the pupil plane of L1.
[0088] In previous methods, angle-resolved scatterometry has been done at a single
wavelength. Measurements at different wavelengths would then have been done
sequentially and the different wavelengths would be time multiplexed. However, time
multiplexing of the wavelengths may degrade throughput.
[0089} In an embodiment, the scatterometer comprises a wavelength multiplexer

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




-17- and the detector. This allows several different wavelengths (or colors) to be measured
simultaneously, giving more information in a shorter time frame and therefore robustness as
discussed above. The wavelength multiplexer may comprise a dispersive element placed at a
back-projected object plane or a dispersive elemént placed at a pupil plane. f0090jThe surface
area of the radiation source is preferably split into N parts that are each coupled to a
wavelength multiplexer, where N is the number of discrete wavelengths. This splitting can be

done, for@@gdhnslstarian fiikds plames vy diffamat wordengtha tos irtebe, measHattiplexer
comprisega MisREIYE SlemeRRALFSHALARAGK: BRBIRG Ath O HSHERIAN Rl 16:d E%%%E’%ﬁ‘é@s

element may be a grating or prism adapted to accommodate N discrete wavelengths each with
a bandwigkligsussed zbapaciheporanclensthmvkipiextranawidthpriss 2 dxperthvis slementalanede the

usage of 43 GXiROAERt ISR MR IRmENL oL UTRIT Ay Sl gnger has to be

time-multiplexed because it Can be done at% same tlme,%nd SO aﬁ}a?g advantage is that
throughpl#0®Increasedihg 6agaitrarm efithe didiatmn theuderisyitipiesblycphipnsedl aatts teasive

element placed at Il plane. One.or more optical wedges.may be inserted in the object
plane to ach%egé%v%%ﬁiﬁ#f)ﬁ%c\iv %‘é%%?ﬁg%%% lelneg erir‘é/al%?)]i{c/edlgp%}é% ranfrgetﬂ% gﬁspl e|§‘fane. [0093]In
an embodiamelat g ckbensliedtbrg asbbadoadiftiax aapleenstichites tundlzeandeuidiem or quartz

area ol e spit P4 bR TRVt UL HRRED RTINS AR S HRCDBcEd nove.

be split intd ti8crete Wave :
The wavelendtpsojeaiedetijedhplaandehoiid3riive maht DK hppniegiaqaisne alapteispersive

prism or grating whic mbines N discrete wavelengths is used in the illuminatign branch (or
the radia |58%§1%d8§t%;‘%ﬁcfﬁt§ Hhyrienst %Batﬁewégb%ﬁ%ﬁg"él hard aypang FA6RGSr prism
is used instive thetbationibraneh IOMIELROAES RekiYeRs theuagipbpmiaikdmbvesn ibarsbstrate

6 and the detector 4) tg spatially separate the wavelengths. [0095]An example of a multiplexing

grating iSSASRESE QLIS R B engthsrne dosper st bedipsramirlecast Begmise ik Aan
system 152 asgk ol ike SahdtianenauRtes gEtindidSuRIGE ifdnuths pRiesiPiatedeqand are
g

focused on the pupil plane 40 before being transmitted through a lens system LI to another

object pli&2h2 and optidhaRPRBSAL I deatfinier compRses alisprrsye slemans plaseshgular
apertureg il wRosiansre Ysiitidstempino. e eagh ek Shied Aki e lifeident

on the grating. This angular extent and the grating pitch determine the bandwidth of the
returning'fYritefined separatieapianaererplved spestir initherpupiplapiane. For example, a grating

with 1200guaes per mimetatadelsf ASRSTEIR.PhRRBEAAIMAIEI AR, AN GlisgTve

bandwidth of 4 tun corresponds to a full angu mination %eam of 3.33 mrad.
The spoigiicsivmties Susttiansgds hpaouigitetpuiceismant! ThessisiB@thavhe begen diameter

on e g yioss e s ARl AR

used, thafotmetikmandisonshed shave SEhapproslengielyrag belif 0BG G earfyl B oke 0@ Arhvo

radiatiorfoﬁghrces (Witﬂl %.Efgrrnebrg u%gr?tl,eanglishpse)rs%%ypggnlij or %rg u?gtiv%?éh combines N discrete
wavelengths is used in the illumination branch (or the radiation path between the source 2
and the substrate 6 in Figure 2) and a grating or prism is used in the detection branch (or
the space between the radiation path between the substrate 6 and the detector 4) to spatially
separate the wavelengths.
[0095] An example of a multiplexing grating is shown in Figure 6. Two light
sources S1 and S2 are transmitted through a lens system 1.2 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




[0097]Figure 7 shows an example of a wavelength demultiplexer in the detection branch. For
simplicity, the separation of only two wavelengths is again shown. The demultiplexer is similar
to the rnuliplexer, except that the grating is placed in the pupil plane and not in the object plane.
The light that is diffracted by the grating in the Lithw mounted grating 16 is transmitted by the
lens L2, which makes two object images with wavelengths XI and X2 in the object plane. This
plane may contain field stops with n holes (n = 2 in this case), which should be sufficiently wide
to avoid spdtriIFmEtedy 1o theenediseurbihgy i laeresr Jier Eantplotegsiting Wil 1909 lneapss has

a wedge G @RS WRIGR BRAIE, BRIEHOS £2 Shaviss aLIR AMala gsplipdrapatter

spectrum for each Wwavelength i1s imagedon a ent part of the CCD detector 32.
detector isubaserespotds deednd angplapidthad. fe0dsiSimtoiiemedfes b moah Tedleptithe light

in two directions, it is possible to realize an efficient fili;i faCQCd:g tector with many angle
resolved ésbzeec?gfhe[ﬁ%%gﬁ %neorl SPES OB a%er%é)rdlcfﬂ&% eﬂrgelgu tlss, he '%e%g%éﬁﬁ%%rﬁgll
focused. kthogeeirgiathieferthippibeipuriyianend A ftha figh Mdgbihyédiv/ &is indgedmmna,
detector \ﬁg% doukélsatel centric system as shown in Figure 8 according to an embodiment of

the inven e A A B M ARSTL T ROIA LIS (R R efans sy site 48 618, Ko BBARAI¥edge 70

in the intefiftedialecabirgt PlanfiIfdRIRFKE ARRuSAH-albie iniRralpdiate object image. The edge
may be a Foucault knife-edge. [00101]The knife-edge helps to focus the image of the radiation
onto the $8&tate. For@si dﬂ%%ﬁﬁ%%%ﬁﬁﬁ?ﬂﬁ%ﬁ’ﬂfé@%ﬁﬁé@d@%ﬂ%ﬁwﬂﬁ
speaking e f13l¥gse of the pupil plane 40 is sampled. In the case of a defocus, a difference
in intensities li and 12 is produced. Focus F is given as: -19- [00102]The proportionality factor

k is indep@A@nt of thebiigrtige shemseadxwnple abavvarskaghideonttpipeudn dindetesimmcus
sensor Cap Renuser dhpRdRie AalnneeAPSEKIRAR J IR PIRASEVRIHEA] Sisnotimportant.

1001031lllumination sources are not always hormhogeneous ahd must be calibrated and

correctedif'@iﬂlﬁiﬁ}@l?é_ﬂf@ gileriethpredindessn szaeptdhah thegtingéspliatedrimogensipil may be
oo R SRS TR AR B R R e
done usimegpantedigratingni msrenskidiiedvier thhikemolatibafion fedstwbohjtict ioleet tdthe
oo S AER? A5 B (R AR 1Rl PARE S St HeRl Suoph Sl R efes
(n =2 in this case), which should be sufficiently wide to avoid spatial filtering to avoid
disturbing the spectrum. Each hole of the field stop 40 also has a wedge 62 with a unique
wedge angle. This wedge 62 ensures that the angle resolved scatter spectrum for each
wavelength is imaged on a different part of the CCD detector 32. The CCD detector is
based at the second pupil plane 40.
[0098] Since the wedges 62 can deflect the light in two directions, it is possible to
realize an efficient filling of a CCD detector with many angle resolved spectra.
[0099] In order to obtain reproducible results, the targets should be well focused. In
order to achieve this, the pupil plane 40 of a high NA objective is imaged on a detector
with a double telecentric system as shown in Figure 8 according to an embodiment of the
invention. In all embodiments, the NA is high; preferably at least 0.9.
[00100] A knife edge 70 in the intermediate object plane 42 blocks one half of the
intermediate object image. The edge may be a Foucault knife-edge.
{00101} The knife-edge helps to focus the image of the radiation onto the substrate.
For each orientation, the intensity in the outer regions (or practically speaking, in two

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

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




In an embodiment, therefore, the scatterometry system further comprises one or more min-ors
in the illumination beam. More specifically, the minors may be a fiducial en the substrate table
and may be made of aluminium. These mirrors eillt er tilt or exist at different tilt angles in order
to create at least two images reflected in different &ngles. For each tilt angle, the detected
spectrum shifts in the same direction as the direction of the tilt. These images are detected and
combined into differegﬁ'!al §quation, from which the illumination profile of the radiation beam may
be determined. Fhegesultent illumination profile is used to correct measuremenpis of the
property of the reflectélitsbectnim at higher diffraction orders. 1001041 The measured signal,

Mo(k), is ented as;./14- = [A(- -k kKO + A 4k NK G)RO.(113(K)(24)
[00105]w e TA(k) is {hqftée/lg’rfbkﬁég\fvp?ﬂﬁ[l% fr%%grg( ?ﬁt@rﬂ%ﬁy é?te%%‘ift%% RRsh 8‘%u“ﬁ?%ﬁ a%r’lsée B(K) is
the unknéwiaropiichpidssnsehibagiesiivn theafichsofetive semsor uaedli R, isttgediff &tiback
efficienc;io% ti‘tﬁ e!\gﬁt% algg%l% tgﬁ(glréa&ir{q rgbé?t%tﬂ t100106]In practice, the illumination intensity
varies becatise of a slowly varying wﬁwonﬁ)gene’ous illumination beam and surface roughness

of the opfitd @¥d coatifihsumttien kmmioetian pathlwidys serfagensoug iné asuef ptitliaedtings
generally g&veéngg%&%% r%ir&)é -t20- ag arance of the illumipation beam in the pupil plane.
1001071 X Feterenice measuremanerEMss RS 3RO BIeL @ﬁl?}‘f’éffé&?fn RIASEI Bhirror,

which yietty teectoedvirygine éiamniaatisig Salrddsmibie &(vEg Rinbil St i@dme(0 0 8RNy malizing
the reference yields: MO(k) R Q(0Ok . ca) (z) A AE k Nk G)

ah2e4rg|1(ex ?%%Wg%%j%&%%%{%ﬁﬁg ’(}5'??851 path. %revmusly, normalization of %218 tllumination

beam has been done using an aluminium mirror. However, this normalization fails when
the object to be measured (i.e. gratings or the substrate) generate higher diffraction orders.
These cause tool induced shift errors in overlay applications.

In an embodiment, therefore, the scatterometry system further comprises one or more
mirrors in the illumination beam. More speéiﬁcally, the mirrors may be a fiducial cn the
substrate table and may be made of aluminium. These mirrors either tilt or exist at different
tilt angles in order to create at least two images reflected in different angles. For each tilt
angle, the detected spectrum shifts in the same direction as the direction of the tilt. These
images 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(%), is represented as:
M,y (k)= [A(- )R, (k) + A=k £k, )R, (x)+ A + A(— k + Nk, R, (x)1B(k) (24)
{00105] where:

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

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

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




[00109]It can be seen that the losses in the detection branch are eliminated by this
normalization. [001101However, inhomogeneities in the illumination are only eliminated for the
zero diffraction order (i.e. the specular reflection). Higher diffraction orders retain an unknown
error term of the form: A(- k Nko ) k) 1001111In BiYer 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 minor, or it may be a plane minor that is actively tilted over a range of angles during
detection 2Ppeiace ehihgdharinaliosebsamrin sheanit dlenst different tilt angles. The measured
reflection angle may be in a radial direction (this alters the magnitude of the tilt) or in an

azimuthall8fi@&ion (thié asrensreirswirarcat My R)cqoEialeahghyd efedng determine
the differentiai RgHatRRYIRONM REERC IR R L HIRERY Apnife extension to 2 dimensions is

trivial. [00114]A reference mirror is measured for two small opposite mirror tilts OM of the order
-of 1 mradﬁf\s(@)'gs&qL%ﬁﬁi kljﬁ(@'e measured pupil image will shift. Two slightly sh&tgfl images
are thereforé measured (K),-k” 404 (Kk)B(K)C(k;-8)(28) [00115]Here, A is the shift in"the pupil
g}'/?sft‘gr’n‘{vwmgﬁ”era"yﬁg%ﬁgz?n%f}ﬁé‘?né%s%} R0sIHOPd R ENR RV RIENS. L&) dRlanatic

M(k) R, (k) . Al-ktkg) R, (%) Akt Nig) R, (x)

= +A + (26)
M, (k) R, () A-K) R, {K) A-k) R, ()
[00109] - It can be seen that the losses in the detection branch are eliminated by this
normalization.
[00110] However, inhomogeneities in the illumination are only eliminated for the

- zero diffraction order (i.e. the specular reflection). Higher diffraction orders retain an
unknown error term of the form:

A(-k * Nk,)

i 27

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

[00112] The mirror may be a single convex or concave 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 tilf) or in an azimuthal direction (this
alters the direction of the tilt).

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

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

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

slightly shifted images are therefore measured:
M., (k)= A~k £ MR)R,, (k)B(k)C(k:£6) (28)

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




A(k)-= 20,, - k2(29) [00116]C in equation (18) accounts for the redistribution of the reflected
intensity and for an aplanatic system: C(k; A)=1+ 20, mk - k2 M9 - M M+0 + M-8 where M+0
and M.0O are spectra measured at a small positive tilt and small negative tilt respectively.
[00117]Here, the subscriptof Q is used to emphas Je that it concerns measured data. For small
tilts, an approximation may be: dA AOC + AQCD 1100+ -4(k)(32) dk [00118JUsing this
linearization yields for Q the_differential equation; Q(k)_ 1 dA A(k) A(k) dk 1001191 This
equation i%"éﬁ%% S hePpiiglana do agplangde syshem: L 0 (ki) [00120] The above

derivation can be easi tended to 2 dimensions. In practice, the measured data is not
continuouéﬁkt)?i@ joitize’ sampled data. However, this does not alter the concept devyed

above.
[00116} C in equation (18) accounts for the redistribution of the reflected intensity

and for an aplanatic system:

20k |
Cll;A)=1+ 1—Mk2 (30)
M. —-M |
k - +8 -G
0y, (k) TSN | G1)

where Mg and M.g are spectra measured at a small positive tilt and small negative tilt

respectively.

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

. data. For small tilts, an approximation may be:

d4
Alke+ A(E) = A(k)+ —(—]~k—A(k) | (32)
{00118] Using this linearization yields for Q the differential equation:
oK) _ 1 dd |
Alk)  A(k) dk 33)
[00119] This equation is easily solved to yield:
k
k')

Alkj=ex Qg—dk'

(k) p[ G (34
[00120] The above derivation can be easily extended to 2 dimensions. In practice,

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

alter the concept derived above.

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

described by:




[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: -22- X2
Z -(35) 2R [001221The local slope of the surface 8%cales linearly with the lateral position x:

A concave or convex spherical aluminum fiducial on the substrate stage therefore renders the
calibration straightforward because the proper tilt is simply achieved by moving the &Lucial to
the proper Jocation under the detector. An embodiment of the invention uses a radiaéio beam
with an annulaygntensity distribution in a conjugate plane to the substrate. In order t > Seate the
annular intensity distribution, the radiation source may comprise mechanical blades, spatial light
modulatorpargpatially TabesesitsupacbardiameroadiasIRRMHAANHL GtieCRAIRA Hng of
laser light), the annular radiation beam preferably comprises small-0 illumination.
f001231Impleenting annular radiation has advantages over, say, inserting a blade, because
there is nd’lighi.loss because almost all the photons are "used". This is particularly important
where light soyrces such as UV or DUV are used because they emit fewer phot393 than more
abundant lightsources and so losing a number of those photons is more noticeable. In
particular, thisfis noticeable in signal collection because the lithographic tool suffers a certain

amount ofdelayaifd Be v ek uer Saintensii Aventlay ightaeuise sy e ey thkers

advantage of not causing internal reflections as blades might. Internal reflections require

blocking (h&SViaRGAD stfareluererd heesusothe pipsiitiis sirrdimduess s by masigg derupole
illuminatiemMliad fiEshHpeSRRE ARRNAGEIARY e Hﬁ%ﬁjﬁﬂg&%ﬂ g?ﬂllé/irﬁ)gn oRv L%% gt the

I
annular radiation is placed in the pupil plane of the high NA lens. However, the pupil pSJane is
not directipdgiée b arithipnemtiesinteasitydistribetiomded toniugatkpiridottt snbgmief the
pupil plang fdhediumination bianehb b %?Htg eter. The advantage of annular
illumination is that the intensity of the%fri%}% gl - racé%gr?l’ottr%%r}g%aé?%q}a%ﬂ%%vﬁﬁ}écgﬁgﬁ%ﬁtch of the
order of XprsRanigyl hdadep spated) lightmorkdatios 02 ShEhidle nubhectim éndadbantdasasdiidra

2 oo nasyaraons (nestpetiate Y R AT RS SRERE AR DG BRI o 2

comprises small-® illumination.

[00123] Implementing anhular 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



-23- shape of the shaped obscuration on the substrate caused by variations in the substrate tilt.
The shaped obscuration may be, for example, a cross-hair as shown in Figures 9a and 9b. It
may, of course, be any other shape and it does nagt have to be in the centre of the pupil plane.
1001261The idea of measuring wafer tilt is based®dh the fundamental relation that a tilt in the
wafer plane causes a shift in the pupil plane. In the present embodiment, a cross-haired
obscuratiop is %Iflﬁ?eﬁd in the center of the illumination beam. This produces a black cross-hair in

the scattet&fi thansH PSRk b skl Faused foorarativns iBdhashbstastidtoss will
vary if theTsidasiipde dbschrnasimAPR, "R WhathRd feIsCR oY Bf MEASHIRHR G iﬁh

pattern (at zero tilt) and an actual measurement at an unlcnown tilt to obtain an image as shown
in Figure SBY2CERMISEH DA 4y Lissshare d0d dteoesat hove substantbalcsnipe Ethamyeiin the
annulus oflight, but rather, it will lead to a shift of the pupil plane image. This shift is generally
small and of the order of 0.1 pixels. In order to be able to detect such a small shift, the values
between J&t8Imay belittdfisalafaacasutns waftinyt fobedmpitheByniaingnsebratat dhitbat the

dark-light it e the & S Sub-pixel displacements of the
e S o DL P e S S MBS

; ired e these transitions can be’lise
calculate k¢t obsstrationtie plabedratdhscenteraiften Sionsnktithidsaay Thés subditeteaddncke

measuregrggsggcrﬁ § ro) tilt, §00129Eigure .10,shows &?’e diffraction grders of small pitched
gratings detectec? ﬁgll?]%%aaq Farﬁgrzl%(\g/ﬁﬁna%g At Lﬁgrlallﬁ <hst E“%Mt?dﬁgﬁe i%aa conjugate plane to
the substi&Wsing ai e meidntef ity aiistriviltioa-alibie shesshapsifiigénagesragighown
in Figure thereby allows clearer and more precise measurement of substrate tilt. The
image |al§¥é%§}§%r,e§‘ TR gé/arli’t?e{fl %%Srlg?éfggwmﬁyﬁd%%%@ageﬁﬂ %@&QH fedBtlcior. The
images lahellectrntlat hrandkdawe tighesistiffrastipnagedershoviesemighevsifiagtianrsers are
shifted W&h regg?%t the Io%er diffraction order and so are_easier to measure for overlay

metrology of 1Solated 15D Eadriora sHisiantid shapsithapasdn e praust s wathebs,

there areiicaiiblead whichifiisMbé MREEsBaIihsalcuRisH RSN FGRAl ihevensials
position in %pnf u gfﬁllgne especially when smooth variations are expected. In these cases, a
PR APE

coarse gl gudsete brg DR Arirtt puehismal hify the vadies b ahvegaritelsaagverall
shape atiteRfblRe@bpance ﬁﬂiag,rml%@m.iﬁmﬁ@@&%@lﬁf&@nﬁ@iaﬁﬁﬁfﬁh&oo’
pi

because there are areas in the puplil plane that only recelve light from first order diffraction. If a
block beSATSHIAR Habecqursiattanedseat hpamtinsuihpichhistasontticeive dighldsom either
the zerothgBlerRAALANDbINation of the zeroth order and the first order, causing errors in the
measurement at the pupil plane. (001311Normal measurements using a scatterometer involve
measurifif 18 properties writhand kigarfshess trasigiens wasthetasedito zaindits pothcizatian at
one tmefof e i lbs R UGRIAOLRYIAES ) RUAURRCAlIRa Ty, a0d, Ralemtally
exposure steps. An embodiment of the invention uses illumination source to prOJec?a 6P rality of
iIIuminaﬁ%@ﬁéfs onto a substrate. The detector of the scatterometer simultaneously detects an
angle-r specth ity ef dluminatian spats reflected from.a sugface qf the
substra?(?? '?ér?g pluralisy%%fi)%l lglrarffﬁé?:;o?r}%gp% gr erzrc:ggnb%r crea g%i‘iﬁn‘a%%ﬁél%%‘ﬁ%ﬁ rﬁﬁ?ﬁeé‘ﬁ fiber or
a Wollagssnepnadiatitor widatngrwapititegmityadigiriblaitzeah 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 diffraction orders are
shifted with respect to the lower diffraction order and so are easier to measure for overlay
metrology of isolated 1-D and 2-D features.

[00130] In order to speed up calculation times, there are cases in which it is not
necessary to calculate a simulated signal in every single position in the pupil plane,
especially when smooth variations are expected. In these cases, a coarseA grid may be

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




illumination spots. [00132]Figure 11 shows part of the scatterometer hardware. Two illumination
spots 70 are split in beam splitter 50 before being transmitted down through the high numerical
aperture objective positioned in the pupil plane 40 onto the substrate 6. The reflected beam is
transmitted upwards through two wedges 62 that'%@'parate 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 PENbPBREVRR FBYE hsrané Mg sdranfagreunty thierassy 19e.hemastdhaxrdaitple, of
norizontal g wetHe shiyesdat aalBaly ol Alia s ah eI LahAIAp A BBt eliqe
lines for both TE and TM polarization."100133]An embodiment of the invention converts the
scatterom®fat Heaforanfiammensh peigtde the piwihdanheviiihtacaive igkitbnisither theludes a
first polarizesopfiayid Khlinsatbopdlaies hmarisliontpe i Abeam sRiKELAaRigyied o
split the radiation beam into two orthogonal components (ETE, Em); a second polarizer
configuredapramid shthegandrpldiiseam; a variable compensator (a Pockells Cell, Wollaston.
brism pan 13! BaNRehEomMRRIPAINN PRSP REC.REMGER e it ARd saggn polarizers,
the variable compensator being configure oV ry the optical pa difiStehce between
orthogonailyputadizda stgiedapateofatingitianatiptootite arsithddyedmiaplitestand thechifiis

numerical aperture lens). and a 2-dimensional.detector for detecting sinusoidal intensity -25-
variation ll)'fﬁ% Erﬂee:tu an @g%ﬁg%?ﬁ{ﬁ%tﬁsén So.u,gﬁéigos&?étgﬁ%rg%l;y i’saﬁﬁ%%?tSB Fﬁ? RHfe main
illuminatictepsaActembtidiseat tefithmiem oo wges il naynaticn yesecb el prajsecophlmigation
branch. [00134]The 2-dimensional detectQr such as a Complementary Metal Oxide

Semicondglé'iré)lrll ‘é?&%%??@ﬁf&%?‘f‘i’ﬁ&f%ehi%rﬁen‘fﬁ‘ﬁ&t?a ,%8?%%@%?%6@8?‘&@65%%% per

second. [A€35 Ehigngte-tesehewspeoiuth e g plarlay Y athinasiassricrepasepitsiianed
into an analg?-res ectroscopic ellipsometer. An illumination beam with two wavelengths,

d
Xi and X215 H#EH 'eég BTyt iy BRTR Ll yminatien she's mebe shetied e engrideahEmitted

though a Vhiiableien b v WdHaBSIOFEfrRiIRg Rekizad e oalbBaiNpebItedeam splitter and
the variagle compensator 74, the illumination beam is divided into two beams with a phase
differenc M@ﬁggéﬁi‘fﬁ@'TB and TM polarized beams. The grid 36 in Figure 12 shows the 2-D
detector prggy2qnd the tipa-depenaRiinienaibYatiatinrid R Rke! ehbinaimubRgRiRer

pixels will show a comparable variation. The beams are passed through two bandpass filters 76

to obtain tA&RSAlihEbEAR SHliteToTObefone bring Tresraiitaddnveniiheonshithe pighmunsricebs(A),
sin(h) anghiabloiecuiabiionensitine Sadntprinl aaney mealikinaAndrag IR-BIARLIG oIse

ratio can be improved. The operation is modeled with Jones vectors and matrices below,

though itieGiarsaistsdenwaes| dyansh g isiigen R tusepanith bnnleangldnesobied sfectra
i fecti : ' ' ical ls. [00136fThe illuminati
Imper ecfmﬁggfgp?ﬂlté?%& RERRE %égl § %ﬁgﬁ@%@%&ﬁ%j’n&r%eém e 1%15%3%&%.6:'0”

field after the first polarizer is 45¢C) polarized a cri ‘Jones vector: =
[00137B43idhedibimivetier borrsterd themdeBMed disitizre  GEhontthe is-imciged papihptargstton a
sample. Jhe ag qﬁrg?‘#g] i e sample causes.an alteration in the amplitude and the phase
of the scatte?edE)TE a E#Iagé?r%@o%re%‘%gmrse’c%ar{aé%qugﬁgesls%en S q%?gy‘]trg%%};n%madte,

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
ellipsométer. In order to do this, the illumination branch further includes a first polarizer
configured to linearly polarize the radiation beam; a beam splitter configured to split the
radiation beam into two orthogonal components (Erg, Etn); 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



R, .13""ple [= 0 (38) where A is the phase difference between the TB and TM components of
the scattered fields and RTE and &AT are the amplitudes of, respectively, the scattered TE and
TM fields. -26- [00138]These parameters are a function of angle of incidence and wavelength.
Ignoring any phase and amplitude variations intrduced by the high-NA lens and the beam
splitter, for the incident field on the compensator: = sampleE inc [ RTE Rates [00139]The
compensatoy introduces a time-varying optical path difference (OPD)- variation between the TB
and TM cOHBBAR Atdher i Aipat Bramy eerapeRenty Hihe soriapaReUoAEomh semraithen the

compensai@iti illdnchatdh 8:isld sfteltie fQuIRaRSaRuE: fFadVbFdsA9RE fe'Becond
illumination branch.
[00134] The 2-dimensional detector such as a Complementary Metal Oxide
Semiconductor detector (CMOS) has a high frame rate, i.¢. in the region of 1000 frames
per second.
[00135] Figure 12 shows how the angular-resolved spectroscopic concept is turned
into an angle-resolved spectroscopic ellipsometer. An illumination beam with two
wavelengths, Ay and A, is transmitted through a 45° polarizer 72, reflected off the substrate
6 and transmitted through a variable compensator 74 before being polarized again. Between
the beam splitter and the variable compensator 74, the illumination beam is divided into
two beams with a phase difference A between the TE and TM polarized beams. The grid 36
in Figure 12 shows the 2-D detector array and the time-dependent intensity variation in one
pixel of this array. The other pixels will show a comparable variation. The beams are
passed through two bandpass filters 76 to obtain the illumination profiles of A; and A;. The
resultant ellipsometric parameters cos(A), sin(A) and tan(‘¥) are virtually insensitive to
internal sensor scattering and so the signal to noise ratio can be improved. The operation is
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:

1
] o
[00137] Basis vectors correspond to TE and TM polarized light that is incident on a
target on a sample. The act of reflecting off the sample causes an alteration in the amplitude
and the phase of the scattered TE and TM components. This can be represented by a Jones
matrix;

R 0
J |t ‘ 38
sample [ O RTMe JA:‘ ( )
where A'is the phése difference between the TE and TM components of the scattered fields
and Rz and Ryy, are the amplitudes of, respectively, the scattered TE and TM fields.




RTE R j(A+2;rS) 2 at e [00140JThe polarizer is oriented at 45 and has a Jones matrix: J - 1[1
11 2 | and so the field after the polarizer is: E pal _out = polE ¢ _out A+2ffoRow) 1 R melA) _
26+27rOPOO0) 2 ) RTE Ryme L [00141]The intensity incident on the detector array is: E Ittl
_outal out -1[R7.2E 1??7,1 +2RTERTmM cosIA + 2%6Pin 2A

{00138} These parameters are a function of angle of incidence and wavelength.
Ignoring any phase and amplitude variations introduced by the high-NA lens and the beam
splitter, for the incident field on the compensator:

E .=J,.E

‘c_in sample ™ inc
_| R (39)
R, e"
[00139] The compensator introduces a time-varying optical path difference (OPD)-

variation between the TE and TM components. If the wavelength of the light is A, for the

Jones matrix of the compensator:
[1 0]

Tom = e J (40)

and so the field after the compensator is:

E =J o £,

c_out comp*~c_in

Reg 41
= j(A+27r—-———~—OPf(l)]
Rye

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

i1 1
Jpol :E[I }] (42)

and so the field after the polarizer is:
E =J ,E

pol _out pol~c_out

A+27ro—'pfit—))

_ 1/ Ry, +RTMeJ{

(43)
2 |

opb(z)]

A42p—mtl
i

{
Rpg + Ryye
[00141] The intensity incident on the detector array is: |

I,=E,  -E

pol _out pol _out

1 44
= E[R;E +Ry +2R R, cos(A +27 fo_(f))] “9

[00142] If the OPD increases linearly over the measurement time interval,
OPD = K¢
[00143] This yields a time-harmonic infensity variation:

I, = %[R,Z.E +Rh, + 2Ry Ry cos(A+Q1)] @5)



[00142]If the OPD increases linearly over the measurement time interval, OPD = Kt [00143]This
yields a time-harmonic intensity variation: /d = -21 [4 + R:3,/ 2RTERTm COS(toi 5-20](45) -27-
where C2= -K(46) [00144]The contrast of the inte%ujity variation is directly related to the
ellipsometric parameter tan(T) and the phase of tfié sinusoidal variation directly yields the
ellipsometric parameters cos(A) and sin(A). hi a standard ellipsometric scatterometer, tan(T)

and cos(A),are the signals that are measured and simulated to obtain the profile information. In

] . . :
that case, a%rf:r ) and cos(A) are recorded as a function of wavelength. In the present invention,

tan(W) ang cos(Ag are obtained as a function of position in the pupil plane and can be used for
similar an Ws%sg}fn particular, the ellipsometric parameters are used to measuréfayer thickness
by solving an inverse scattering problem, i.e. the measured parameters are compared with
modeled ftdtleters ahbicienitagiopthainietsity aaridaoarindiest thy wiinid ipinig: thiéipsometric

root-mean; Iff ce for any other suitable metric) between the measured and modeled
parameteggf%g(%t;%%é@a%@e eé)%%aggrﬁa%?‘f?%@?ﬂgﬁ H%%é%ﬂé/ o ea?ﬁafi}gi’éﬂﬁiﬁ}‘ﬂ]e

various vigratesigtheoseh) hadspsptdanithduhpadpass ditierschhis sandesasily saplizgd yia
signal proceﬁfin?gévi g%‘c&){ example, discrete Fourier Transform techniques. [00146]The

compensator ¢a BRECBS IR Mt RAEs e abiaimthepniis inioramtoh ddhated
between dhe:haar palienang advalorumarcAlanri L ARERHLE: THIROAR NG AfGRi0e that

the OPD variation is doubled. f00147jThe 2-D detector is the critical part IS concept; to
ensure stARCO sReid hasasbirinsdrastnferstiomefp dritiendmih frpih o lrateadMO S elesedtors

can achigyegi g famer Rjsle le 1000.frames per second. [00148]Measuring
overlay as described ir? parag%gﬁcs 51’%%%‘%338313 SRR B S H RS ng%?“ﬁ of
large ovélginenoby, selviagieu laverscertaiterimgrelojenl, theathéniegentihparihegrating pitch.

e O S AL A G R
grating plehastentein-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




[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 gratin&.SA coarse overlay measurement is an -28-
imaging-based technique, wherein a second camera looks at an image of two overlapping
gratings and determines whether there are large displacements by comparing the positions of

the edgedBigHiERarsbisaignetshercinfeieend oamarr Wiflksalapunrasigf Angragmanpikes edges.

Pattern r ition Algey . f ing-n t layer
and the e(a%qgte 0 t%% gratiﬁg iﬁ%ﬁ?ﬁﬁgﬁgﬁggﬁe zﬁ%ghael%t%%@g%r%hﬁé%fgégﬁs%ﬁs or

corners of &ﬂﬁgﬂ Géimarh@&ﬁga@ml@ér@dgé poditbnscaley vglhaveapéctuety dignedsitioheof the
resist raling. el e hg PR A PR 20, 08 AIRE YR iEL IPO1SATTIG fact that
scatterometfy on its own cannot measure overlay that is equal 10 & rulfiple number of the
grating piptbcrsalfiyeiznd éntaidgnitbitiorgiatiogusditt ecsin dayere Tie s hprisciptecis iradact on grating

coupling varie riodically with the grating,pitch. In othey words, zero overlay and an
overiay o e B o R e B ST T & RO Er 1 SFL Brosont
inventioncallalaetvepp simplef sduticist grhdngazlteicrnethe positrisestacsaptngitithaging
branch that imaqes the substrate surface on a CCD camera. This second camera branch is
needed fgfoﬁweggs%?ﬁg the position of the substrate through an alignment and pattern
recognitigeossep. The sHeofadtbhandatisehan selepaticaliyidn igsiee byeR1hadt Rguaupil
plane 40tmeaSLEe[r‘n§$ﬁé he ag[ﬁ%al angle resolved measurementia;equires an illumination
source thaURtef o §LGSRE LRI B ndepmental AmiEatQn BRGaRS SISt is smaller
than the meastee piiaiedis Vasovaibrlang inpung dlliraliperReRean AR IRG A solid

lines in Figure 13. In this case, only a portion of the target is measured and structures outside

the targel L &dBPLRE FRtMiASR AV SFaYRdcsoveriay sauablcrits sitehdielbideatindlassiltment
target, thpoTsasuremeriesinakisndisisbed Preibs: %e&ﬁeﬂgummi%séﬁqmeﬁ@a}a
e image p

interpretation and signal analysis are unnecessarily complicated. [00 ane
measureMIEISC A TATBERREPTRBR%S i sasviemagiag digacirthat dmpgesdbecnbsieataimtaeson

because;heposmpleie PHRLBIBRE MHElNGARMR ol RlinR e oS A i farget. The

light rays for the image plane measurements are shown as dashed lines."The image of the
object pifstRiRhraEb Inaigieeted rnierBGeamitinn istepg &luf sheopd bitapkinis shéwmed on
a secongcggﬁgquﬁ Breuldq54]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

drawingJ00t33] The publiepepié e dtrmensntenmald thie ke tikd amleacrelasd mdaswetandf zero
for both situati ing ! lj r nt. image plane surement,
owever o T B B e A R stage
metrolog@egmmenﬁmﬂie sinatleckiout the fotasns:niead GHEEL). Thopopiige planaagiagsurements
are carmpe, oY L0 ALI 0SS 218 sno(ficlfjﬁ%gs%%ga/rg T2 mbhEs ggs,té, only a portion of the

target is measured and structures outside the target area are not illuminated. If the

measurement spot fills or overfills the measurement target, the measurement signal is
disturbed by the area surrounding the target and data interpretation and signal analysis are
unnecessarily complicated.

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

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

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




[04156](2) If the previous measurement indicates that overlay is less than approximately 200
rim, the pupil plane measurements are carried out. The 200 rim criterion is an indicative
example. It may be made to any sensible threshold. Assuming that the image plane CCD has
1000 x 1000 pixels and assuming a pixel pitch of“X00 rim at substrate level, the total field of
view will be 100 x 100 p.m2, which is adequate for pattern recognition and alignment while still
allowing ¢garse overlag measurements with an accuracy of the order of 20-50 nm.

(001571 CoXrRRPH\RIARY REASBIRT e Miadd yield fesansansasiecd nysrrirem&ribotisible to
the CCD sifuitioexatgley Rl theRenl ebahefihe. MRCKARI: Yalhlanthe.substiale taklg needs

to be moved to the edge of the marker to enable the measurement of the coarse overlay. This

calls for SADIGEAEY Hsbagath atnrendbree theraiyatiengid thie Wayaeurbums fiveakiegs process. A

larger fielddforipy RiRwe heyatwrs.a e fpiierdn 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 obtalf%¥Sldetailed DvENayT#Es flato medn0EB8Therdietariskanteherity thgtihec: foe no

capturingat{é% 5%@‘1’%5‘&%‘@ <&@y be reduced even further if the results of edge pre-aligunent
and coarse wafer align in the exposure tool are used. With these data, it is possible to predict

the locatidAigfkhe marldar the tirevielrsmasewvitheghindorueachanttesrdhy iedess tearalignment in

the overl FBQHQA@& B %e IS C lete. [00159]An embodiment of the invention detects not
just over%)il) errors, b%t also dgﬁrﬁgg@g glr%l %}lagaﬁ%m@?ﬂtes RS QY arranged for CD
metrologl]@r?@@aﬂnggiwriom'srapdridhthﬁstmep& Thrasdait@enrianpesnzaly detehisdpecular

light; i.e. r jght that has b refle di y off the grating. Local distartions in the
grating dé%%%?/ﬁ%%gl %Eei%d'f&%&%?%wnee ger‘gi‘? n%a%mgﬁeéjﬁﬂ DBGR ARG AR WIHBA A pRcl Rt diRdction.
The scattéfomesessstraie Lesel] thedetelcficin angles asnlved @peaipona* theisEaiisteguhram at
various g.(r)ll%g&eoutside its.%aqgcgagdirection Radijation with an annular intensity -30-
distribution For eman-CEF AR AL SE WhRs LA ring SO A RN RERTHERSat easier

to read. Y &Dhscuerp o resridef mdpy@ﬁﬁgn may be used for detecting bubble defects in an
immersigdbéié[z graphi(g;éal paratus, where a liquid is introduced between the projection system
0 .

and the ate as QFLHO0T PHRASIRRPSHeE b e the enties AliBamantadinnd using
offline deifzit laspectoD 190ifr alipdaslly ke diaraas SMAdmRRRAES i than on-line

tools beciuse substrates must be taken out of the production line and queued. Bubbles in the

liquid calE"R & A fssdndeinEd tadbsades afthamarkeiipemable ihhmssatestimiafen the
o gl strare . i
suriace eaesed IS IR S ARG BEBPYEBNALS ealigracr o e

invention and the cause of the scattering extrapolated back to bu
specific BiARYaMEhiakirg R oagEn toltigay 8 9 of dewalnwds shovaptitrenill the mppeciated that

the invertishemaide RracisRdaaNIPE BiRARdSaPdResThR Aeserblion s not ntended to
limit the invention. The specifically described embodiments are exiensions to a generaF
operatify FHAtD Buirgeon danperid sdatly mdiohiiindheldsiaitsdveyrinpiafbennthinable in a
single gy toolgd ﬁqﬁe' Iveness pased on results seen at a detectqr as
describ?gtfz;b’ézve. Furthgﬁlthouéﬁﬁ]&égﬁ%%%%een%ragc%ggiheeﬁ%eﬂ?ﬁ?é?éaﬁ? fifodtaphy

appl@cafﬁ%?@r@/mmiém applisationigepecruigimitat daitbeaes Fagy gy hedsed for other
applm%ﬁ%%cﬁsafg %rs]c!:tg f%ﬁﬁgse r(?a(%g,sl% gtggsséi%?edt(t)h&éltlﬁgf 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




31 CLAIMS 1. An apparatus for calculating variations in substrate tilt comprising: a radiatic_)n
source (2) configured to create a radiation beam; a detector (32) configured to detect a shift of
the pupil plane image caused by variations in theggbstrate tilt; a processor for calculating '
variations in the substrate tilt based on the changes detected by the detector (32) charag:terlzed
in that the radiation source (2) is an annular light source for creating a radiation (bea;m with an
annular digtrjaution. 2. An aratus, according to claim 1, wherein the detector (32) is
configure lt%r}g%té% & 59@?6%1@%’&’8?1%(1@?}' be wed st é&@éﬁﬁh@l@)@&&?ﬁ ghayherein
the detecteusigap iseg@nfigured to measure also a first-or higher diffraptpn order. 4. An ‘
apparatus according to any of the preceding claims, wherein the radiation source (2) comprises

a spatial I{MtModulatof? SMRALINSET S [ eisvisalion mexkamsed for deistiingimidedistsctomn(32)

is configusadripneriientithR iRl iiskaes, Waber AR iom ARt M TS sReaidR e £8P

dlffracuons?srt%g'and the substrate as discussed above. Previously, bubble defects have been
measured using off-line defect inspection tools. Off-line tools take a longer time to produce
results than on-line tools because substrates must be tékén out of the production line and
queued. Bubbles in the liquid cause a surface imperfection on the substrate, which will
cause light scattering when the surface is exposed to light. This scattered radiation is
measured using the scatterometer of the invention and the cause of the scattering
extrapolated back to bubble defects.
[00161] While specific embodiments of the invention have been described above, it
will be appreciated that the invention may be practiced otherwise than as described. The
description is not intended to limit the invention. The specifically described embodiments
are extensions to a general operating principle and are not necessarily mutually exclusive;
they are all combinable in a single metrology tool to increase its effectiveness based on
results seen at a detector as described above. Further, although the embodiments described
herein relate to lithography applications, the hardware and applications are not limited to

these. They may be used for other applications such as monitoring etch process steps and
the like. |



31
CLAIMS

1. An apparatus for calculating variations in substrate tilt comprising:
a radiation source (2) configured to create a radiation beam;

a detector (32) configured to detect a shift of the pupil plane image caused by variations

in the substrate tilt;

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

by the detector (32)

characterized in that

the radiation source (2) is an annular light source for creating a radiation beam with an

annular distribution.

2. An apparatus according to claim 1, wherein the detector (32) is configured to

measure a zero diffraction order.

3. - An apparatus according to claim 2, wherein the detector (32) is configured to

measure also a first-or higher diffraction order.

4. An apparatus according to any of the preceding claims, wherein the radiation

source (2) comprises a spatial light modulator.

5. An apparatus according to claims 3 or 4, wherein the detector (32) is configured

to detect the shift of a first or higher diffraction order with respect to the zero diffraction

order.





