1 Device Inspection The present invention relates to nethods of inspection
useable in the manufacture of devices by lithographic techniques and to
devi ce inspection apparatus. 5 In a nmanufacturing process using a

|'i thographic projection apparatus, a pattgrn (e.g. in a mask) is inaged
onto a substrate that is at |east partially covered by a |ayer of

radi ation-sensitive material (resistpeyi®RIn gnt hi s i maging step, the
substrate may undergo various procedures, such as primng, resist coating
and a soft bake. After exposure, the 10 substrate may be subjected to ot her
procedures, such as a post-exposure bake (PEB), developnent, a hard bake
and i nspection of the inmaged features. This array of procedures is used as
a basis to patfern an individu l.ayer, of a.devi.ce. e.qn.. | , a
atter ned. | aycite megh: muEpedrElns § ety ofSelioE usditfhindfe dpmytabigR

i on-i npl i | i g@hﬁi ' oQUvice HsHedtiof App&aigir] cal - mechani cal

pol i shi ngd,?tdggtﬂc. , jé%ﬂ?%ta ngéd toufe% ﬁ?*sdﬁqgfltc anH@éfS i Rlc)h vi dual layer. If
several |ayers are required, then the whol e procedure, or a variant
thereof, will have to be repeated for each new | ayer. Eventually, an array
of devices wll be present on the substrate (wafer). These devices are

t hen §eparated fromone another by a technique such as dicing or saw ng,
whencé the individual devices can be nmounted on a carrier, connected to
pins, etc. Funhhehanufdcairiiptprocess agiag diliftihglaphic projcess pataains, apaiemqbgai ned,
for exanple, fromthe book "M crochip Fabrication: A Practical Guide to
Seni conduinaenask) isdmegedento aFhbsteatesthat is ghleass patiatly eovesed byualayenefa aw Hi | |

Publ i shing, Co., 1997  |SBN 0-07-067250-4. |ncorpor re

Fof er oncdinfiai-forug maygtal (e 0 B R IS ImAg iR BE R SR Sy lermo . |
referred obEIurG| QN as PRINUBS, b cBRENROAR% softi Hake | Afteri dxpbsuré@hié r abl e to
det ect an‘i?ﬂ?gsrg%ret ar eas \/\/nﬂ(gri)gi th% 25 pattern isn the devel oped resist is

faul tI9. |shbstragasinhy bé sutjeatethtosatherfprodedurearsoch asid pest-expesurgbake (PEB)be
stripped of the patferned resist and re-expos hopeful |y correctly,.
rather t HENCIOPR tnﬁ*‘?’ﬂ@’“ﬁ%ﬁ?‘f‘%@ﬁﬁﬂé’ﬁﬁ’eﬂﬁgﬁf&%‘ﬁeﬁ‘ﬁﬁsaﬁﬁ?ﬁ?&g‘ﬁ 8,
€.g. an §fy asz}'“bésﬁ; t@tpfaﬁéﬁlta\‘l in@9idusl RyerataBdicY, e.4. AR ICESEH £pRnTed Byeral | ow
errors in the l1thographic apparatus; e.g. in P-1533.010 2 "illum nation

setti ngs may thapusdergo varives pracesdee sutdk asetohihga hoh-icaplansatieni(dopingd.ubsequent

exposures. _ . . . o
P metaihization, oxidauon, chemical-mechanical polishing, etc., ail intended to fimish ot an

15  individual layer. If several layers are required, then the whole procedure, or a variant
thereof, will have to be repeated for each new layer. Eventually, an array of devices will be
present on the substrate (wafer). These devices are then separated from one another by a
technique such as dicing or sawing, whence the individual devices can be mounted on a
carrier, connected to pins, etc. Further information regarding such processes can be

20  obtained, for example, from the book "Microchip Fabrication: A Practical Guide to
Semiconductor Processing", Third Edition, by Peter van Zant, McGraw Hili Publishing
Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference.

The inspection step after development of the resist, commonly referred to as
metrology, serves two purposes. Firstly, it is desirable to detect any target areas where the

25  pattern in the developed resist is faulty. If a sufficient number of dies are faulty, the wafer
can be stripped of the patterned resist and re-exposed, hopefully correctly, rather than
making the fault permanent by carrying out a process step, €.g. an etch, with a faulty

pattern. Secondly, the measurements may allow errors in the lithographic apparatus, e.g. in
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A netrol ogy neasurenent may be used to determ ne the overlay error between
two |ayers of a wafer, or may be used to determ ne focus errors or the
critical dinmension (CD) 5 of features of a particular |ayer of the wafer
(usual l'y the uppernost |ayer). There are 3 vari ety of ways in which the
met rol ogy nmeasurenment nmay be obtained. Typically, these are perforned in

an appar at,us. whi ch_l. . | F=TelolHlol '%&@F
I\/Easurenéh‘t"?"}\%@?? 8?@%‘(’5 &ﬁ&gggs@%éﬁ’gge& %8%‘?%‘?@%5 are cgﬁnﬁgﬁy r Iétrred to as
of f-1i ”e-ex?osﬁésf@' e off-1ine apparatus may be used to perform nmetrol ogy
measurenments for wafers 10 produced by several |ithographic apparatus. One
known of f -1 i neA metrobdgygneasprement may beissed te detarmiog the evedlay agror betwesndwoupon

i magi ng of boxes printed on th fer, a first box,bei.ng .printed a first
| ayer andayers decW r&@@e‘?ﬁﬁ%ﬂ%@ﬂ“ﬁ@&%@ﬁ%ﬂr F'ﬁf@'f‘.gal fRENSIYh us nay

al so Re | nﬁ?]g}é ref erred
to as gbo%’??%%gfgﬁ%ﬁglr#e&?@?yn‘gé& QEQ@I)@IHEE ant gﬂglgy%'?. t he érgxa-ei n- box
appar at Usyaristylof afays i whithah@meg6logy a@jsurémérnit idyest dbeaineds eTygicallypthessareipon
single line image detection. A second known off-1ine metrol ogy apparat us

conpri sepetfornetinay apperatusovhichissepasate feony heNithographic apraEtERs” very hi gh
resol uti nmeasurenents of .the surface of a wafer i S for ,CD
measur emeNEAUCRIY, TmEd fpa fﬁpmfafﬁ ¥P &\ ﬁ%m{ngn{yﬁgfé?riefl %? gs §l?'(%lvl\1/8' % and
expensi Ve nde Sepiling abpaws Ay telud&l f¥RjcrfolA G rAéadtirentenky RYWattts a
scatteroneter. This ~providés neasurenment of and/ or overlay. In a

scat t16r orpridurced b seeerdlilghagraphic apipastused by periodic structures in the
devel oped resist and the. resultjng reflection spectrum a given angle
ot oct oa. The Ciie RVt off 4 Mol 8g apparaEhaisfat BETEmOwTiay iy Bhsre dpor 0

; c 2 . . b
reconstrygf, Ogg?ng-Fsi,}.y@&gm@mr?y héifle YRR fist yafdnd®) of by

conpari son spectra erived by sinulation. wever, the
r econst r yetdndrborfbeipeprivitedion asezond layerpTiisappanaths snay also\peiusedtogneasurend t he

techni que can suffer fromlow sensitivjity and poor repeatability. It is an
obj ect offoeuserorse s Bt aRPATAHIF sommenly 1 tw%ﬁ%"ﬁ-mg@ agg-yitame). A
over GRIes,. t . ' el :he
i nventi ond’{%h‘e’%‘"e s°f§$§9‘?’g“e’%&§‘ ﬂ%?%ggq%?ﬁ gg%?%@@%@%ﬁg%ﬁﬁgﬁc &ngf?ltgd

conpri si Rglidnpvh dingle ke ingigedetestion. mar ker on a device to be inspected, the
form P-1533. 010 3 of asymmetry of the marker being dependen ttJr%on t he
paranmeter to beseoenp&pewd offdincanetrqlgey apparatus comprists a scanning electron

microscope (SEM). This provides very high resolution measurements of the surface of a

wafer, and is used for CD measurements. A disadvantage of this apparatus is that it is slow
20  and expensive.

A third known off-line metrology apparatus is known as a scatterometer. This
provides measurement of CD and/or overlay. In a scatterometer, white light is reflected by
periodic structures in the developed resist and the resulting reflection spectrum at a given
angle detected. The structure giving rise to the reflection spectrum is reconstructed, e.g.

25  using Rigorous Coupled-Wave Analysis (RCWA) or by comparison to a library of spectra
derived by simulation. However, the reconstruction of the structure is computationally
very intensive and the technique can suffer from low sensitivity and poor repeatability.

It is an object of the present invention to provide device inspection which
overcomes at least one of the above disadvantages.

30 According to the invention there is provided a method of device inspection, the

method comprising providing an asymmetric marker on a device to be inspected, the form
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light at the marker, obtaining a first measurenent of the position of the
mar ker via detection of diffracted |ight of a particular wavel ength or
diffraction angle, obtaining a second neasurenent of the position of the
marker via detection of diffracted light of a 5 different wavel ength or
diffraction angle, and conparing the first” and second neasured positions

di ffracti , and compay _ '
The 11 r st Chay Ly of hORAACE bofle Bpenichn Upoh AR PAlARMTOBE o ed. Wil

di f fract elghtlat ¢Hetminkei, obtaihing #fieso medsurémeanstiof die puRitionof thet marker siane

wavel ength. Alternativel %/ the first and second position measurenents may
conpri se deseasioni of wlilfraciei {ighteftapartiqulgriwavglengd ar igreangled iobtainieg 4 on angl e
but different wavel ength In a further alternative fjrst,an second
osi 1 on RS ERBIREEeHA) tiegThpiioD ik ket e gpictiar of diffmsted ok ng

di 1 f ersent gigflidoh WAGEIeRh B AR Angle! A Spat M BheMGH A% seddlidl Bistife MY
conpri'se one or nore diffraction gratings and the diffraction angles may
conpri se phsitiordad determine arshift ihBicative oftthé degrampf asgnpretry ©f thef marker. di f fract i on

grating provided in a first_layer of the device, and a second diffraction
grating provi débe first andecophipesiie measureeTicmpay. eomprss defection ofdiffracted i on

o ovi aa s o SEESn b G pitles o e Sl Rfbn bl RRRTRED B AR, 07 "

the diffragkdeBénd gsaidntBasirnieathAeddriptise Htedtioh SEJiffRictedaighe RiNINg B4R 2
first diffraction grating provided in a first layer of the device, and a

second di famediffrastion angle byt differentiwavelengths doa ey\aliernatives theofirst and devi ce,
the first diffraction grating and the second dipffractio rati havi ng
i 1 1 er encoopan BB dieaentiindy Sompiissaterachin Phai,fehe fhfihe Atictent

di fferentdiﬁirgcfﬁbﬂ%'%lgglaﬁgﬁ&%m@g@é}eﬂéﬁ. a neasurenent of the position of
the first diffractfon grating is provided by neasuring one 25 diffraction
order and a neflsumerkenmaptompaseureidrinpere afffitabiors gratmgs and filie difractiongr at i ng

s provi deii l?_l)l/ rreasurigﬁ:ﬁthe other diffraction order, the shift indicating
t he over |3gle§MMANFOMRTISE MHAHENACHSY | ayers. The term “strong diffraction’
s i nsended t orgERARERRay biBpAld { HRE hifRhcr i 5rbGiakd ¥h a Akt PREr Hanbe
meaSlr}trsed, and Is prgrefera%lbij}ﬁgt*r{){ld%rhtfﬁgcn (gllg?#rlagcltﬁibon ro%ﬁ{?o%ﬁ’ o(% tﬁe 30
di f f r act i deviggy aid agond diffvadtiongratorg,. providedriar & secondiayerofithe device) eheist e

diffraction grating arranged to neasure the P-1533. 010 4
' dil"fl’E%thIl grating ang thge second drirt%i'acuon grating having the same penod and being

provided one over the other such that the light is diffracted by both of the diffraction
gratings in combination.

20 The marker may comprise a first diffraction grating provided in a first layer of the
device, and a second diffraction grating provided in a second lower layer of the device, the
first diffraction grating and the second diffraction grating having different periods each
selected to give rise to strong diffraction at different diffraction orders, such that a
measurement of the position of the first diffraction grating is provided by measuring one

25  diffraction order and a measurement of the position of the second diffraction grating is
provided by measuring the other diffraction order, the shift indicating the overlay of the
first and second layers.

The term ‘strong diffraction’ is intended to mean that the diffraction is sufficiently
strong to be measured, and is preferably stronger than diffraction from both of the

30 diffraction gratings in combination.

The marker may comprise one phase diffraction grating arranged to measure the
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focus accuracy of a lithographic projection apparatus, the nethod
conprising providing on a mask of the lithographic projection apparatus a
phase diffraction grating having a substructure which includes a step in
optical path length of substantially 4 , t4ghe step being in opposite
directions for adjacent lines of the diffraction grating, the period of the

5 substr ugkW RcHaby'ef asﬁi]ﬁ%fa?l?c PHSBctiondpparaful e nﬁiﬁdﬂrco&‘ﬁﬂdsirfgad%ﬁﬂdﬁﬂ%np hase

diffraction grating to s whén projected onto the device by the

| i t hogr aphiaskagfithe Hthographidjpacjectionl appamtusfa pghiase diffrertion g@ratingdaving gr ati ng
being shifted in opposite directions giving rise to an asy try which is
nmeasur ed PR [;%\é P ' | ifadl | @R @b Meindd

ar ranged s{ﬂés%ﬁ%ﬁgﬁ%ﬁ%}lga@?sﬁﬁﬁ %ll rrenrse'lhg'ﬁ Og?'?%lsgdﬁlat tgrm’ exBoEZ’S r{gn a
wafer in the |ithographic projection apparatus, the nethod conprising

i magi ng dniwoppesitaalirectioansdor adjacent lines f thei diffrastion grgting.shopenigkefithe with a
period at,.or of the order. of e critical .dimension ca | e.of being

P mged bytubiiuchie brifg e Sishshal Bhis <iB vl FRER the b RRPRRi Pl adie g
arr anged ¢ Qp; RO OhRNAL dLViBEby Ble HithSerafitid Arpatdni) a8add: Hae by 166
renders tthgmﬂﬁn?gfl on grating alsy teri c, changés of tﬂ% 15 critical

di mensi orphasediffyactign gheting béingtshifiedrie bppasite diregtions givieg ssstotaniasymmetryher eby
nodi fying _ the asymmetry of the diffraction, nodified asymmetry being

det ect ed vehich framedspred by theshiftnyent i on al so provides a device inspection

apparatus, th Eg@g | 0Gk: Y . H,{-ﬁm‘:g %‘?ﬁjc Lr.act
light at an a?ﬁ%@%&?‘i‘ﬂ%‘? gg%g\@/i%bfg%c{é%@%%%ﬁe@l ce, eg%@g et e%ltggghgfar anged
t o dqpectdimefidién 6ff 4 %d’tﬁﬁi exhbobedon & haferiv Rerithodriptic prjdction lapparamy,ahengt h or
diffraction angle thereby providing a nmeasurenent of the position of the

mar ker, dnethedeempririagimagingmto A guder:adiffeaction gratigs having asybstaisture Hithia e

mar ker with I fferent . wa engt h.or _ diffr ' provi di ng
" second Rsdied ab aheh e Jroef it e ARl fimerSioh ot oMby 0101 L
ar r anged 1ftRograpRiepojdctitn ABFPAtL s thd fstriétife BethgdRtanped eforminiaifitional ke

i nvention al ,so_ﬂgr ovides a device inspection apparatus, the apparatus

conpri si rof thexdiffragtion geating svhigh rgnderd therdiffraction gratigs asymmetrish ghanges efthact | on
grating provided on a devi.ce, a_.detector.arr ed.to deteect light,..

i 71 03, Balticplfine iod moBE B heerieb i Pl ARG A R o Fp TS Ehredy itityine

ar r anged. .0, QBRI JMACEERAER.I A0 ML ARSI Agnihérdsisg aadodt b nact ed
l'ight. 30é‘§\|&?houﬁ specific reference may be %de I n th?g; text to the use

of the aph#t.atus according to the invention in the manufacture of I1GCs, it

should be expl %I 1;[1\!’ til(J)rrll g&r) %}qugestahgévici_i%?p%g’ﬁgnlgpparatus, the apparatus comprising

a light source arranged to direct light at an asymmetric marker provided on a device, a

20  detector arranged to detect light diffracted from the marker with a particular wavelength or
diffraction angle thereby providing a measurement of the position of the marker, a second
detector arranged to detect light diffracted from the marker with a different wavelength or
diffraction angle thereby providing a second measurement of the position of the marker,
and comparison means arranged to compare the measured positions to determine a shift.

25 The invention also provides a device inspection apparatus, the apparatus comprising
a light source arranged to direct light at a phase diffraction grating provided on a device, a
detector arranged to detect light diffracted from the phase diffraction grating, and
processing means arranged to obtain inspection information using the detected diffracted
light.

30 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

P-1533.010



5 such an apparatus has many ot her possible applications. For exanple, it
may be enployed in the manufacture of integrated optical systens, guidance
and detection patterns for magnetic domain nenories, |iquid-crystal

di spl ay panels, thin-filmnmagnetic heads, ®tc. The skilled artisan wll
appreciate that, in the context of such alternative applications, any 5 use
of the tesuch anlappdratuk &as nian;abﬂacf p@ssiblecapplicatimns tics exmplesihmaydbebmplnyndi der ed
as being . repl aced by t nore general terns, "mask!, "substrate" and

"target pirthe prnufacluge, rewtgﬂ optical syptems, giudance and digtection pafterns

“light" tyi ) CRIR

el ect romagngl?w%dogi{%l1 aI?]B %?%}"dd&& ﬁﬁjﬁnﬁgt {rﬁagh W&% Wwth a
wavel engt Thedkilk&bartigehOwilllgprecire thaf, 111&.6 cﬁﬂkx%ﬂuawtdrﬂm«e@ﬁsphwmhgaﬁyol et
radi ation, e.g. 10 hawng wavelenth in the range 5-20 nin as well as

parti e usemfthe tetm raticle’d iwafesher 'b‘ic im thistexbyhopkskbesconpidesd of the

Lo the. acblpbehi i o Enit S Rk o G oo fepde! " <"
schematical |y Ed&xé ﬁea{t%@mﬁernr@ee&ﬁsen%cpp@«raaiauénwm@*bewa&eusew&?d in the

manuf acture of devices that may be I nspéected using the invention; Figure 2
is a flovendbmpasrallaipes dfieldetrgmagiitic rpdiatiers snohidingultrayioket radiatibni (e.gt with a

manuf acture of devjces that _nn nspect %i ng th |ny?nt| n, 20
Fi gures 3WaYRlengthyeinits 268 HERat c%qwnﬁﬁﬁne%gb@ m%w ¥ IPletagdighion, €6d
accornlf!iogy Jli'&r&rgﬁ @ﬁgﬂ%%?ﬁi&%' %jhmnj: g OWefl a9 %Biecﬁeigé%ﬁﬂ%i@adeﬁﬁs%r

metro rating-use & et hol accor Ing to the present

i nvent i ongledticaWeamsb depicts schematically a nmetrology diffraction grating
used in an 25 alternative nethod according to the present invention;
Figure 7 schematically illustrates coupling between diffraction gratings;
Figure 8 depicts schematically a netrology diffraction grating used in an
alternative nethod according to the present invention; Figures 9 and 10

depi ct schematEfibbdishentsrof iticoinoentiomi willimoat beoodesgrilsdd, by my@ﬂexamlﬂa onl¥Pwith
alternative nmethod according to the_ present invention; Figures | | and 12
i |1 uskdr atrefesence tatheageorppanying sebematis drawingy imwhigbed in P-1 533.010 6

Figure 1 depicts schematically a lithographic projection apparatus which may be
used in the manutacture of devices tnat may be inspected using the invenuon;
Figure 2 is a flow diagram of a lithographic process which may be used in the
manufacture of devices that may be inspected using the invention;
20 Figures 3 and 4 depict schematically metrology units which may be used according
to the present invention;
Figure 5 depicts schematically a metrology diffraction grating used in a method
according to the present invention;
Figures 6 depicts schematically a metrology diffraction grating used in an
25 alternative method according to the present invention;
Figure 7 schematically illustrates coupling between diffraction gratings;
Figure 8 depicts schematically a metrology diffraction grating used in an alternative
method according to the present invention;
Figures 9 and 10 depict schematically a metrology diffraction grating used in an
30 alternative method according to the present invention;

Figures 11 and 12 illustrate schematically a method which may be used in
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conbination with the present invention to reduce neasurenent errors;
Figures 13 and 14 depict schematically a netrology diffraction grating used
in an alternative method according to the present invention, together with
a schematic illustration of the effect ofg the netrology diffraction
grating; 5 Figures 15 to 18 depict schematically a netrology diffraction

s

G at NG USghidiiyieR ik akeh i Gerfeh B9 aRCOME AbMd ek, pr esent [ nvent i on,

t oget her results obtained using t raction grating; Figures 19
and 20 depi ct FEiglresaBiandll4epictsehernhtivglly dinfdtrolegy diffragtion gragngaskd imahr ol ogy
unit used in an alternative nethod according to the present invention; 10
Fi gur es 2altemnative methgs acconingdershe praseny inyentian, fgsther withfasghemaic ipdration used
in an alternative t hod ;acc i to.the present invention; Figure 23
depi cts s@ﬁéﬁgﬁfwngﬁ%%%ﬂ?gecﬁﬁgﬁgﬁa%wgbl ogy unit which may be used

accor @i ng to tlReuic§mS 19 tepiétisohknesticatly h het@ICSRIifFfacBON S ARAS G4dliN aRn

ali gn(r?ent and rrg!tulreol ogy metpﬁoc? 15 accordi ng ('%g t he inv%ﬁtﬁi%n; and Figure
27 shows sehemiee methddyachondirngite thenpresent mvemtion, begethep ivithresuidtd oblairied wsingusi ng
diffractionr(ﬁrati_ngs. In the Figures, corresponding reference synbols

i ndi cat e thtrHEEASHAMBIANBarts. 20 Lithographic Projection Apparatus Figure 1

schematically ' j r o | ' ein

nmet hods accor ﬁﬁgﬂeggi %b?ﬁgg%ts?@anhﬁfﬁfyg%égpﬁ%@@?ﬁgé#gggﬁgﬁga radi ati on
syst em Bxnettdlogypuiphied'if ad aferfjtbetraiodaaordiy of the pebsadtiioventiong. DUV
radiation), which in this particular case also conprises a radiation source
LA; 29 a firstFigwesdl andB? depictshernatisnlly a metiplegyi difeactipn Bratingsed iRdRder f or

hol di n mask MA . Q.. a.reti,cle nd connected to first positionin
nmeans ?or :ﬁV%W%&@Hﬁﬂhﬁgﬁ%ﬁ?ﬁ%@n%;th respect to ifem PL; a )
second obj ect Fi@&b%(:&ﬂibﬁgcaérﬁaﬂ@hyaﬂamnmwﬁ@@aoy it ¥hichafdy B8 &elo! der

for holding a substrate W(e.g. a resist-coated silicon wafer), and
connect ediccardingtonhe By t i oni ng neans for accurately positioning the

SUbSLaCe M i SaRStle ARl ) SERSD: HESRubd Wt T (00 2

15  according to the invention; and

Figure 27 shows schematically how the invention may be implemented without
using diffraction gratings. '
In the Figures, corresponding reference symbols indicate corresponding parts.

20 Lithographic Projection Apparatus
Figure 1 schematically depicts a lithographic projection apparatus useable in
methods according to the invention. The apparatus comprises:
a radiation system Ex, for supplying a projection beam PB of radiation (e.g.
DUV radiation), which in this particular case also comprises a radiation source LA;

25 - a first object table (mask table) MT provided with a mask holder for holding
a mask MA (e.g. a reticle), and connected to first positioning means for accurately
positioning the mask with respect to item PL;

a second object table (substrate table) WT provided with a substrate holder
for holding a substrate W (e.g. a resist-coated silicon wafer), and connected to second

30 positioning means for accurately positioning the substrate with respect to item PL;

a projection system (“lens™) PL (e.g. a refractive lens system) for imaging an
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irradi ated portion of the nmask MA onto a target portion C (e.g. conprising
one or nore dies) of the substrate W As here depicted, the apparatus is
of a transm ssive type (e.g. has a transm ssive nask). However, in
general, it may also be of a reflective type, for exanple (e.g. with a 5
reflective mask). Alternatively, the apparatus may enpl oy anot her kind of
pat t er ni ngradéacdbporsion bf the ntask MW atmmtalget portion!C @rg. aympfisiag dbiyger merer ef er r ed
to above. The source LA (e.g. an exciner |aser) produces a beam of

radi at i ondieprfdhe,suhsirate Wi ed into an illunination system (illuninator) IL,

ei ther directl r vi_n verse ndi tioni ng, e sueh as a
beam expander é‘?%e ﬁeﬁ:@efﬁ&eeap gafh{%‘gi’ﬁ ?ffﬂ#ar{gﬁ@%sﬂr!el%%z.g%aséﬁ%}spg%s szdj usti ng
nmeans AM fagk)SHbWet&, inenérdl, AmaANslé®be b RAcEAR tipe, PorleRBinpleqe FTWitha
referred to as a-outer and a-inner, respectively) of the intensity

di st ridut reflactive mask).bdlternatively, thedippanatus niray employ arether &ind of patteming: vari ous
ot her conponents, such as an jntegrator |IN and condepser CO In this

way, the BIsh; Ay gimrQsT A Rle; Y A8 RS 28 rdRrEsd i@ a%YR-f or ni ty and

intensity di sty ,;r%n[g it 55 t] pﬁm i t h
regard to Fi gu?}é@%&t at ?ﬂg @o‘%&ce E%@&j;;&ghge%\?t ﬂét eﬂﬁgﬁgﬁﬁg 0 \mthe
| i t hogr apfeddntpranjiHohinatiompeenalillem{rasor) B, eftharditebity orafer hiaving tdaeersalir ce LA
is a mercury_ |lanp, for exanple), but that it may so _be renote fromthe

|
L i t hogr aptfnditioning BeansoHich 35 a beamy Xpander Eacfpaﬂaawlgé%iqurﬁ Pyduces
o oLy e R BRP BB o o hind bk ol o e AL 0L B

an exci MefefdrRQb as dhsuitewhd Sinnér)HPédtiBlyRBEithelimt ity tAbRhSn Vs beadd. Int hese
scenari os. The beam PB subsequently intercepts the mask MA, which is held

on a mas kadditinne it will gengrally gomprisearacious ether eramponents, subk apammtseraton BN end

th h the | .ch f he b PB t t ti C of
t he_sabstF Sensetier 61 g way. oRChEFRRB dBedE A e 81tk S0 Re¥Ruef®Y na © °
i nt er f er offRtdrinsty ¥R Hiérisity dIsBWUBioh T its LR\ Séltohr at e table W can be noved

accurately, e.g. so as to position different target portions Cin the path
of tH& beam PBsh@ildrb¢ noteq withiregard tasFigprss] thabthiersgunoe hdsmey be withinsthd t o

OO < ok B bR R0 e HRSeE hehe baf AT,
during a $geRury AnPeReRhmpleR VRIMRAL it Mayldld RjeRBle frdh teS1iMbgraplic30 Wil | be
realized with tthe aid of a | ong-stroke nodul e (course positroning) and a
short - st rppkjectiomappamtyst thegagiaton beam which ivpriodhcesrbeingded mtptheaippamtusepi ct ed
'n Figur e(c.lsc,i. wli_#?lvéﬁé/ giEl 'of iSl?ltatbPeedilEe_cgir?g !?imgr%rqs), this latter scenario is often the case when
20  the source LA is an excimer laser. The cumrent invention and Claims encompass both of
these scenarios.
The beam PB subsequently intercepts the mask MA, which is held on a mask table
MT. Having traversed the mask MA, the beam PB passes through the lens PL, which
focuses the beam PB onto a target portion C of the substrate W. With the aid of the second
25  positioning means (and interferometric measuring means IF), the substrate table WT can be
moved accurately, e.g. so as to position different target portions C in the path of the beam
PB. Similarly, the first positioning means can be used to accurately position the mask MA
with respect to the path of the beam PB, e.g. after mechanical retrieval of the mask MA
from a mask library, or during a scan. In general, movement of the object tables MT, WT
30  will be realized with the aid of a long-stroke module (course positioning) and a short-stroke

module (fine positioning), which are not explicitly depicted in Figure 1. However, in the
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8 <case of a wafer stepper (as opposed to a step-and-scan apparatus) the
mask table MI may just be connected to a short stroke actuator, or may be
fi xed. The depicted apparatus can be used in two different nodes: In step
node, the mask table MI is kept essentiall& stationary, and an entire nask
5 image is projected in one go (i.e. a single "flash") onto a target
portion Ccasélofa swalbertstepper (a5 appased o a step-hrdiscahiapparatus)the neask tabel M myy
directions so that a,different target portion C can be irradiated by the
beam PB; Just beeamnegiad to aehogtstroke potuatep of My b8 f@adr i 0 appl i es, except that a

gi ven target porti?’H%ﬁ%ﬂi?tﬁﬁlgf)paﬁ}rﬁggﬁ%eiMg@%ﬁ%@!1%3923‘: I nstead, the

mask table M is nova . . grven ne so-¢called "scan
direction”, e. stég@iole,dhé RGK QBle MITtifképt esremialM, stftidnhiy2hnd Afertir®@hfsk | on
beam PB i s caused to scan over a mask inage; concurren_tfy, t he substrate

t abl e SAT imsageiinprojestaddn ong gentive @ single Tflask'3 wptoor targep peitios @iThesubsirateat a
speed V - N whi g the ni.fication of the lens PL (typically, M
*PIra or bl Winciehistitiaindie x Srdlora irsche s el Erept ast portioh & San be
exposed, 'H}PH thB8edf PRONPr omi se on 15 resolution. Figure 2 is a flow
di agram o&a |thﬁlo rap%?c process of which the present invention may form
part. Prior tolntseaen modesssentiallytheS4mesteénatio applidspexcaptthach givén tasgeng a

| i t hographi ¢ apparatus such as described above with relation to Figure 1, a

subst r at eportiogC ig notgxppsesin gsingle “flashelntead, thegnaskitahle ME js movable iy,

coat i St. : i [ & 1 ayer» of | S3 to
renovltrawsoél\‘?% S %lrgggnﬁ]ltg %%—c%léééﬁl sstgaﬂa é?ﬁé%ﬁégl%r)re, ﬁé“ﬁgﬂ‘é? Sigérﬁfdvélrgggg“é a
post - expohe pojéaich bSam BB iieMedednoecin Geepmatk HhidgdeNgonohirefitly, ke abpeaed or
unexposed resi st (dependi ng, on whether the resist is positive or negative)
i s r enove@bigiT4s sipptltaneoanly moveddn ithy same o5 eppesitsslitertion atiasspeasb =M, in

| nspection, S . ' : Vad 4 i ty1e [ | ections
and accor‘apﬁgﬁ?g’ﬁ%gﬂgﬁ\?@%ﬁno%{q‘%c uggét)&&rf‘g?’nﬁgﬁg’?(%?@?@éh%gg%%d
further beisivelylirgé kegarpbition@eatbe expoRal; Wihbut RaviigdoRSipEbmfke S8 | S

carried out. This may involve etching the areas of the substrate not
coveridd bgsoludionst .  deposition of a product layer, netallisation, ion

i npl antation, gtc. JAft t he process,.step .S9 the i ning resist is
stripped s 10 Setred i flo HRgBut R Rg brock stp S TRCh Bee s PRt o B e
resunes fohy RIMAIJART Hridy & theleRpSsaséestdp SUPShiER hRyltRichSicdlbut DsBgat i on at S8,
it may be 30 directed directly to a stripping step S 10 and anot her attenpt
to print lithegrephie appasatus suchzps describad eboval witlorelgtionito Figuse &f sybstratehag- & he

' nspect| Os?licsc;[ne\p er? uggcrrgc())crs %qu'in?iil% es{eptgl? sl:tlng rcgatlbnagks?ep¥2 to coat it with a layer of

20  resist and a soft bake S3 to remove solvents from the resist. After exposure, the wafer
undergoes a post-exposure bake S5, a development step S6 during which the exposed or
unexposed resist (depending on whether the resist is positive or negative) is removed and a
hard bake S7, prior to an inspection step S8. The inspection step S8 includes various
different measurements and inspections and according to the invention includes a

25 metrology step described further below. If the wafer passes inspection, a process step S9 is
carried out. This may involve etching the areas of the substrate not covered by resist,
deposition of a product layer, metallisation, ion implantation, etc. After the process step S9
the remaining resist is stripped S10 and a final inspection S11 carried out before the
process resumes for another layer. In case a substrate fails an inspection at S8, it may be

30  directed directly to a stripping step S10 and another attempt to print the same process layer
made. Although it is preferred that the inspection step be performed after the hard bake 57,
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P-1533.010 9 in sone instances it nmay be performed after the post-exposure
bake S5 or even directly after exposure S4. The manner in which this may
be done is described further below. In the inspection step a netrol ogy unit
of the type shown in Figure 3 is used. Th® netrology unit corresponds with
a prior art alignnment unit, for exanple as described in WO 5 98/ 39689,

whi ch i s inneme pstaices ithedytepedformed sfteenieeposRetpisudertiké 85 for gvdraditectlp
substrate mark is provided in the formof a diffraction &gating, denot ed

P1. An i|aftesexposheenShelhg mannesn which this may dagone is deperibed durthagy below.

di ff ti ti ' ||t I nt . f b= t ' t

i 11 er ent _ang BuhEhepeesPRisicp 4 Beirdlbey GESLTR fvaf nghy inaPige S bpeeh e
grating, mekeBet 8SrApEndASHHINE Pribart ﬂ?gin_mm/\fﬁhifi gt é)@ﬁ%ﬂ@& dts@titeddn Womul a:
10 Since” = n2” P where nis the diffraction order nunber and P the

di f f r &ct i 98439088 whighpeimncoghordeed hertia by wefeteace. (Referrmgtth iFigute 8 amarbstrate

diffraction_grating s defined as_.a series of lines and, 15 spaces. In an
i nt ensi t ymakis praidediin Mﬂﬁg?@ Hiffractpnserating, denated P n 4 iljpminption beam b

reflectiwjt all il . | 0 bs -] al . et L Vi ngd all
Spaces hal%?iv}r#& as‘?ﬁ%vsetlé{{#pf %I‘%@Xegéggﬁé Oi}ef%g{é@?#\?ﬁ@g%éﬂfad "‘Séfﬁ’l‘lgﬁ:%%ﬂgg'am W th
flat wav el flegtchdink 20 8iFfertht _aﬁt%lwa,e@a favele®) th theAsdril of iRl difffactiB® | Ntensity
at the lines and spaces is different in the plane where the radiation

| eaves t hgratihig, whiakt anglesgreadafingd by thecknomarsdiffcicfibm goting forgmda:i ng t he |i nes
and sBaces 20 have substantially the sane reflectivity, but they have

di ffdY%nt refractive indices and/or different hei ghts. When a radiation
beamw th flat wavefronts,jnpinges on a phase diffraction grating the
phase at the |ines Sing, es is different in the plane where the

radi ation | eaves the difffaction grating. The path of the sub-beans
reflected by the diffraction grating incorporates a lens 25 systemlLl

whi ch converts the different directions of the sub-beans into different

posi t i onswheré n i the ldéffracterberdenmenben and Plthadiffr&tion gratifggperiodd I n thi.s pl ane

means are_provjded-for fyrther se ti th | fferent sub-beams. T
-1533. 0 1[{5)? il further use in thLils (tiocumcnt E g{fgactl%% grat:lengdls dcfemec{| as a series otalines an

15  spaces. In an intensity diffraction grating the lines and spaces have a different reflectivity,
all lines having subswantially equal reflectivity and ail spaces having substantiaiiy cqual - -
reflectivity. When a radiation beam with flat wavefronts impinges on an intensity
diffraction grating the intensity at the lines and spaces is different in the plane where the
radiation leaves the diffraction grating. In a phase diffraction grating the lines and spaces

20  have substantially the same reflectivity, but they have different refractive indices and/or
different heights. When a radiation beam with flat wavefronts impinges on a phase
diffraction grating the phase at the lines and spaces is different in the plane where the
radiation leaves the diffraction grating.

The path of the sub-beamns reflected by the diffraction grating incorporates a lens

25 system L; which converts the different directions of the sub-beams into different positions

u, of these sub-beams in a plane 73:

30 In this plane means are provided for further separating the different sub-beams. To
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this end, a plate may be arranged in this plane, which is provided with
deflection elenents in the formof, for exanple, wedges. In Figure 3 the
wedge plate is denoted by WEP. The wedges are provided on, for exanple the
rear side of the plate. A prism72 can thep be provided on the front side
of the plate, with which an incident beamcomng fromthe 5 radiation

sour ce 70thisfeénd, £)RiEPmAy be hitarlied lirfGky pla Whiksh i€ privided witt defledtiomnelemensgy
sensor. This prismcan al so prevent the 0-order sub-beam fromreaching the

det ect or sin(thtform-of; frexampls. wedgesi I Figuredatbe medgeplatetie denstedtbioWaEP. Thee
nunber of dges corresponds to th nunbger .of b- heans ich,is,to be
uged. I n ‘f’%&gegﬁ{?&fpﬂ\gﬁﬁgg’&gmmﬂi%&g r?#él iaf ﬁ\]ﬁe@glgs ‘E)‘?&SFI'Z?IF‘?%@IFBH‘: pl us
orders s = : Qo aTey PRRTARD d 10
or der > ok bAMEHIARETER Melate R ShictPartifciBB ol

separ &t i aiadiafion kaurcel 70,ffor exampdeiio Ho Nenlasear scantteaionpldd into sheanetsologynsensgrst em i s
arranged behind the wedge plate. This |lens system.imges the park Pl in

the pl anelhispasm san alsp prevepidpe Oronderisub-hears from paching thiddetrstoss ghe.0-ogdar -

beanms woul d .be s | ' ' hiferent
sub- bearrssu%?egﬁ‘rlgﬁgﬁa%ﬁgé\%qu%gﬂ%ﬂgﬁsgegﬁ% eﬁ?%&?&gg%t% og;fé ﬁ@?%},dﬂménm es, the
i mages f ofuieistr BY silhBediniowhible &'t6 be @aed) Idithd enbadimpsshbwathefenaré ki wedges ence

pl ane. These positions X' are given by: Xn=f2Y, 20 in which is the angle
at whi ch per dithensicarplps orders|se thas thespbiicampsaybe piegdiup to apd § HHsi7tt ons,

reference diffracti.on.aratings are .nrovi.ded S r at C IS

arr ar@ed i r@?gggﬁesﬁvfﬁg{}?ﬂﬁ rweeﬁg%%ﬁ??? glgﬁnoﬁpqu?éts?%ag@o fgfl%ut put

si gnal ofgiffafeht subcbeasisqs obtaing@pendent upon the extent to which the image of
the substrate diffraction grating Pl coincides with the relevant reference

di ffracti on grhsecond lanssygemiisarraiged helind ihief wedgeipbate.2Thigdensisysfemimagest ed

h foth ' - i nci h
01T 11 act (BRTGRGPT e Rehe FeERcra R NG, e ATkbACO R kel POR. lleeases.
Fi gure 4 meSvcldBe sifjeBfipostd ih thekefdriiRe pYaR. SiRiMihé differdit kb-Beandy r anged to

use two wavelengths. 'In figure 4 the reference nuneral 160 denotes a
pol arliSs atthrough ¢heswedgeplase are deflpeted atadifferent anglesathedmiages formedbyitheesiiba f i r st

beam b having a fitst velength. hi,. for 30 e l e 633 froma He-Ne
acer . arsamd gk ittrpHoSRE e FEE s S S LRt RoSoP A ae BV, b oam
to the substrate alignnment mark P1. Incident on this beamsplitter is also

a P-1533.010 11 second alignnent beam b5, which has a second wavel ength
A2, for exanpl e 532Xm=afie,

20  in which y is the angle at which a sub-beam is deflected by the wedge plate.

At these positions, reference diffraction gratings are provided. A separate detector
is arranged behind each of the reference diffraction gratings. The output signal of each
detector is dependent upon the extent to which the image of the substrate diffraction grating
P, coincides with the relevant reference diffraction grating. The period of each diffraction

25  grating is adapted to the order number of the associated sub-beam incident on that
diffraction grating. As the order number increases, the period decreases.

Figure 4 shows a metrology unit, of the type shown in Figure 3, arranged to use two
wavelengths. In figure 4 the reference numeral 160 denotes a polarisation sensitive beam
splitter. This beam splitter receives a first beam b having a first wavelength A,, for

30 example 633 nm, from a He-Ne laser, and having a first direction of polarisation and passes

this beam to the substrate alignment mark Py;. Incident on this beam splitter is also a
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cones froma YAG | aser preceding a frequency doubler. The beam b5 has a
direction of polarisation which is perpendicular to that of the beamb so
that the beamb5 is reflected to the substrate mark Pl. It has been
ensured that the chief rays of the beans b1and bs are 5 nade to coi nci de by
the beam splitter so that these beans will be passed as one beamto the
mark Pi. @E&RTalighhlenebéaanbd whidhchagarsscoridieaveizagth A, fon dxdifiplersa2amlantd agai n
by the beam splitter. A separate unit 170, 180 is present for each of

t hese beaswnesfronnaOfAG haserpreedding a fequencydoubleri dbabeaa berhaswidirectionpés, vi a

he b [itt h b-b f.the diff i f i
oo e et o, il BB ietAn o that OF ofs epRIL o the bt by Bl D |
substr at %Q@&ﬁsuﬁ{eqn&grﬁm Hab bekirf éxﬁﬁﬁa&h;{t%eeaﬁafr?sdifftﬁé Balrsarll BlandgS and

with different sub- beans, as has been described with reference to Figure
3. To 5t himadane cofeide hyrthe béam gplitter de that thiesehbeamisevil be\passechak &ne béanf td the

L2'), a wedge plate WP (WEP')), a ,plate wifh reference diffraction
gratings TR@%RIRGﬁC}' Fe@cﬁmmeﬂmﬁe@é@?@?‘%g%ﬁ it aggin by the adi ati on

source 70 (.70 ) \é\gﬁ;fii ' ' Vi g prism
72 (72") .SPg’éQrAArre ro og@?tﬁ;’m’tﬁ sg?%gg}tﬁ%gg%gﬁnﬁ%ﬁk | g'uF'gngfc:)@wndr Igure 4
I S convendng® dnVincidemadieant and rédelver| via tel beamnsplitter, d@subbelias pLthicaliffednt | n one
i npl ementation of the invention the nmetrology unit is |located in a track

(a track diffractier ordsrsesomnipg framdhe sehpimategnaike In gach of these yits, imagesofdhe and
devel f T | it.is |o . of BAST -
ool SRS Fuar e SOTRIe i Qfbeldl dedrnce Uiftablon BUARA A AR iR sub-

| ayer ar ehe@in8ds/hus Bervdestribed with fefficrentei th Figuie 3N Talthie end)teavieunioy prowidedt i on
the netrology unit is |located adjacent to, and is connected to, the track.

Vaf er s pawith & lepssystem dnded(Li’'o Ly he wWedgedlagWER (WEENL a plate withirgferaget o t he

track fol . Qwi T, ' LS4 Y18 A
convent | iETschth BRARELEEPURGR', & oERRRPGE Aiord 9038 (D266 bd ¥ bdtidlion, 11 ng
and  devebarkn.(70") whobdbdahitis colpled b ithessystenl waw ebapling prishe72¢12'nl ogy uni t

is provided in a 25 separate apparatus that is not connected to the track,

i . e. 16 f - | i ne.A WegolagyvBitef theunpe shawp indfigere 3ariin Figured isgonyerieatl¥n t hi n t he
| i t hographi r oj.ect.i Qn _appar at t his..inpl . at L ra :

furt ner Devaie o G g e PRADAGH 4R velpdlBrpl, TR blelipudion $F 8T ihefion

di f f r act itp@mgtralog) Unit $s lS¥ResECh raikl @ tackefirgies didferd® akidrdn siopagepindliavi ce
features onto the wafer. The diffraction grating 30 may be |ocated in a

speci fi c additiophakeschndsievepprawatersdr dhe msirolngy Uit 1 keated domnstseam pEPIsimes
\31“02 2 . : g%?;{;% Eﬁkﬁ%g?%[ﬁe&@f%éfn%f §ioh BAHalBinS exposed fY e BGH 1ay2 P SR 10

20  visible to the unit, In an alternative implementation the metrology unit is located adjacent

to, and is connected to, the track. Wafers pass from the track to the metrology unit and are
returned to the track following measurement. The connection to the track is via a
conventional output port, and is located downstream of post-exposure baking and
developing. In a further alternative implementation the metrology unit is provided in a
25  separate apparatus that is not connected to the track, i.e. off-line. The metrology unit may
alternatively be provided within the lithographic projection apparatus (this implementation
is described further below).
During production (i.e. in-line) a marker comprising a diffraction grating is exposed
onto a wafer during projection of device features onto the wafer. The diffraction grating
30  may be located in a specific designated non-product area, or may be located in scribe lines

which separate product structures. The wafer is developed, baked and processed. The
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diffraction grating may be used during inspection for focus netrol ogy, as
described further below, or for critical dinension netrology. |Inspection
may occur at any convenient time as indicated above in relation to Figure
2. Were overlay netrology is required, precessing of the diffraction
grating and 5 product features is conpleted so that they are permanently
hel d on tﬁs?qrmkﬁ gratfig @kd doffg flspdchios ot TodRimetidSgy)as GéscriBodifuither
subsequent [ayer “of product features Is exposed onto the wafer, together
with a sebelow, ofi fof crtodal dimensmnimeiroldgye Inspectich may becac af any apn¥ttiens time as

| ocated above the first diffraction grating, thereby form ng an asymmetric
mar ker . Madicated gbavesin rghatipp fo Bigure2.ons of the first and second diffraction

gratings conpr@itpg%?\}epﬁyg@e?tﬁ%%g %?lgﬁ,%dd gml%(gﬁhig“ ﬁgcddﬁd%?{titif dy or as

a conposite di 1 on | e usl erent action

or der s5 Or pyaN& f@itered § cVmpléted S ihaotheyrepeithanehtl heldonakie wafeeniASlagérof used
to deternine the overlay. In one enbodi nent of the inventjon the marker
conpr i sesresist isispun ontb thexwafenrand asubseguent dayer efpradust fepturepiseapeted apjatheof a

o The onials SRR {85l G ik B S8 e o SRR RPlak
bet ween t Q%VQ h{cfﬁlﬁﬁaimag&gthiqﬁ?mmbﬁ&mﬁgan ExyiAtAc tHaPkdrO Measaréindfits! ayer

12 |l ocated over the pro yer. The second diffraction i t grating nas
the sane ¢fahe positiorsofithe first andssecont] diffractivh gratipgacomprisitg thel markemylforeach |i ne

of the second diffractipn grating is narrower. .The .second diff.raction
grati Wy | Sams seieling il g aa omaess ST eLEIipBy N mate YSPE o
O At 09, St Aifillidoh diberd BPwhYEleid dr36E inPROBER L ITER IdRuLARAIEE o1 25

one marker conprising a conposite raction grating wth a certain

overal | siwfeo ddibeninetheasietley.di ffraction grating includes an asymetry
caused by the deliberate shift D between the first and _second .diffraction

gratings. Al t hEume eathodiment of the ipyration thenarker ¢qmprised, A figyt diftraction gwgng
Ei = . . . AR i
e!sgg;\tGi al lq[zrgpfdéa{i]?%‘fprséd{ﬁ ea%%;%ga'\%?%r, ?Ihfa{ &g@ﬁﬁi %@Pﬁ%‘qgsilt ’S’E’[@ﬂé” gecond

di f fr gt | REisOiaériof thel waret, e showni n Sgure 5pahitiednsatie tdrticdlisepdratiah bétwaed | on
grating is visible to the nmetrology unit (for exanple, each |ine of the
first ditediffrection gatagsi®. dyfonexampledus o axgdsdlayessl 2 lpeated eyss dhe
diffractign ' | fif [ "}Qn’laﬁi LSiQl e due-to
the deli bérpgﬁéﬂé)ﬁ??{h {%Eoﬁé&?ﬂ%ggﬂl ltl %@E%}rga@gg/&mh%t ry trﬁ;&a%gzﬁ}nt

posi ti on, digBachiea gtitiag 10yalthvegheadhilimemf thésbcomd diffedctionguatirg i3 namrdwér. Tie t he
conposite diffraction grating is shifted. This shift xshift is dependent
upon t he weerddiffackian @rwtlﬁgqlmraéﬂm diplacedrelatiys to thedirshdifispction grafings i f ¢

's P-i[f’ ?’:“’I'Jyoa:lL gﬁft D. The two diffraction gratings can be considered as one marker comprising a

composite diffraction grating with a certain overail shape. The composite diffraction
grating includes an asymmetry caused by the deliberate shift D between the first and second
diffraction gratings. Although each line of the second diffraction grating shown in Figure 5
is narrower than the first diffraction grating, it is not essential that this is the case. All that
25  isrequired is that the second diffraction grating together with some portion of the first
diffraction grating is visible to the metrology unit (for example, each line of the first
diffraction grating may be wider than those of the second diffraction grating, the second
diffraction grating being visible due to the deliberate shift D).
As a result of the asymmetry the apparent position, as measured by the metrology
30  unit of Figures 3 and 4, of the composite diffraction grating is shifted. This shift x4 is

dependent upon the detected wavelength (1) and diffraction order n. Since the shift is
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13 wavel ength and diffraction order dependent, this allows information
regarding the shift to be obtained by conparing positions neasured for

di fferent wavel engths and diffraction orders. Were the shift includes the
deli berate shift D and a shift caused by ilBaccuracies of the |ithographic
projection apparatus (e.g. overlay errors), the size and sign of the shift
5 caused wyvdléngth and diffractioardanicpendenta this dtbvtwinﬁmmptimi regandingt the bhiftttowi t h

t he deli berate Shl ft. This provides in-Line _netrolo neasurenments of the

waf er . |tbmwm5% ¥ SPMRaTIng Repitions gpeagiyred &adﬂflﬁ%rﬁ%lt%a‘@ neths gnd iFBAEIOBT  many
ways | n WHER Xﬁ@@{.ﬁwgifdég% defib 4 %:Eugdl k! {uQ@q@{nﬁécu?&%sso?CO”d

diffraction gratings 1n or 0 faci |nerre

neasur enegiedithok-dphic pidjectionapsaratiis (). roeelml dibrs)ehe 3¢ AAE bigh oftklfe shEfsCr i bed
further 10 below. During the netrol ogy neasurenent the substrate is scanned

rel ative cawsedley thnenar:émgy:s a1l be measuggd by dempapipg thet shiivithhthe deliberatabst r at e

be f f di ff
Foyure 3)d5t: Ths mietiley S5nfirolbe REEMETMnet F Ml Hvilie dinteid s
that thergaf e aahaérhts%mrpmasﬁet ofbﬁadw@sﬁﬁelhﬁﬁbﬁltarsmeap%éyfb% 1ﬁ@&ﬁfc@&‘ce 15

diffraction gratings. The scan is transverse to the directiron of the |ines
of the dibetweeat thefirstgnd secopd datiﬁulcihmsgl‘atnngseﬁ oader td faailitate in-lingymegbloghe

diffraction gratin passes oV eac reference diffracti rating
Rai | (K@CZ}S%FHE"&%)/EB‘EJ‘? B g OF meuGs iR SRy ¢ tsRabeBIEs or o o0- 96

(90" -RF' peldpe sinusoidal signal is recorded as a function of the position
of the substrate, the centre of the diffraction grating P, being determ ned
as the positi Obudhg thfé(inwl'olcgy mbasumnmnsmedabstmtegmabmnbdmtembthﬁ the

detectors pass throu ak t he bstr chi eve

scanni ng ‘E‘E@o logypeni-5 é’”ﬁ Iaépmteaﬁkﬁf%ﬁﬁ@suﬁtfsuﬁv&?éﬁgﬁt ‘?frPléaé/‘B trate

t abl I ggq&% Er‘ﬁﬁh qgﬁﬁ" %Pﬁ‘n]

sﬁbs?rmeﬂcté‘%}f‘: Euﬁlg acc% @Vﬁﬁm%wgﬁgrﬁﬂﬁﬁ s%%ér?lrﬁ ng t%é et ected
met r ol ogythat ig rRjuirad 1sathﬁtmexteumrelaﬁvetmmmcncmem ﬂuelshbmmaand tRbrdférends t ) =
atbcos 4nn VWVt + Axstage + xshift wh i s.the

di f f rict | YHfrastign gratings- sﬂhéwﬁa@r@ﬁg@ﬁ othed Hﬁﬂt?"égféh%@;&est ﬁﬁé@lﬁf&}%&%, .
(1) 15 Beidl EhFREIVHE Rk in fiBed Of RO HRRaLRA LA, ¥ pliles'iEr kRSt rat e

tabl e an
reference ditfraction grating RGP (KRGP’) tnerevy generating a sinusoidal signai at the

detectors 90-96 (90°-96’). The sinusoidal signal is recorded as a function of the position of
the substrate, the centre of the diffraction grating P, being determined as the position at
20  which the sinusoidal signals from each of the detectors pass through peaks.
Scanning of the substrate is achieved by scanning the substrate table (WT in Figure
1). Movement of the substrate table will introduce a small unknown position etror

(t) of the substrate table. Taking account of this error, during scanning the detected

srage
metrology signal as a function of time ¢ can be written as:

25

I(n,A,t)= a+bCOSI:47m vt+Axsrage(t)+ xsh,-ﬁ(n,.l,D)]

P

where n is the diffraction order, 4 is the wavelength, @ and b are constants, and Ax,,, (f) is

the difference between the intended location vt of the substrate table and the actual

30 location of the substrate table. For low-frequency errors the substrate table position error
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30 location of the substrate table. For |owfrequency errors the substrate
tabl e position error P-1533.010 14 shows up as a position error in the
measured position. Curve fitting, for exanple using a |east squares fit,
yields the follow ng neasured positions: x4.,.,, (n, A t, D) =dx" (t) +
X,,, (n, A, D 5 Measuring the difference in neasured position between any
order/ CO'éBkw)(h?'a%% position efrbr ﬁ%é"ﬁl%ﬁk\ﬁdjﬁdsﬁloﬁb@ur@%ﬂkrfoﬁexanﬂﬂe ubifg b2, D) ]—
X, ~en. d( X,ara ,d(n, A2 %

D) + Axsnigsst équa}es-ﬁtAymtdschc(ifoﬂo‘)vmg(measumﬂqmsitmns nd| cate d| ffract i on or ders
and ?i and A 2 indicate wavel engths. As indicated in the above equation,
the term "shift-between-orders' (SbO) refers to a 10 difference in neasured
posi ti on which arlsF é/hﬁi_ i ff 4 ction orders are nmeasured or
when different mwé'%ﬁ - '0r' t he sane dlffractlon order or
different way ngt hs, a asured for ent di f n or,de For
ease of terni ﬁlé“i@f“f?fmed'&égeaﬁﬁﬁedfﬁﬁ'g ‘&I"FV‘PYe?’ Fr" Iﬁ%Pent
wavel engtdiss b-gmc%nl OrdeRispoit ended to inply at any point in th| s docunent
that differences 1 n neasured positions arising fromdifferent 15 wavel ength

measur enent s aﬁweu,aiﬂgdégtl,@cﬁ)lppmkl(mnllw?,ﬁhfe,m(s,ha%l?é done at the
sane tinme t. The stag r rs W el . qut n ¢ O whi ch reduces to
SbhQ(m n, Al, A2, D)x"%i'%fﬁ? : '?‘ D)?'?&E@‘ ? As'ljd"*"t t SbO i s i ndependent of
tinme and stag e s and
wavel engt hs an‘ﬁﬁ ﬁhé%'}den cafead]&}a%@ ar epﬁkgﬁfﬂ ?%(dgk lﬁ(ﬂL ?]}%B&E%o s a
functi on Qnindicafedtif eheofbbs@bquatiom)Re teemt'mftwaintoma% a;sb@) s&mno a SbhQ(D) =

--SbQ(-D) In order to rreasure overlay two conposite diffraction gratings
are fd0i ntdifferencehin m&swied positien whichariseDvhersdifferent diffraction, Oma@ measpppdc at es

e e Sl e bR K

the sum %a%fb\%g&?%mﬂ&‘d}é& fapdiFREt difithétion @H@ﬁ Foﬁéa@@bﬁteﬂﬁﬁbldg\y théTRkmo! 0gy
measur enent ch indicates when, to the resolution of the netrol ogy unit

(for exaloes rot spwfcﬂwrerm&etdnewmvdcmgbs i ‘Bhip ésrriag éntended e iraply at anyy | |

al nost certai,nl t he
potmt in this Bocument that differences in measured positions arising from different

15  wavelength measurements are excluded.
Both position measurements may be done at the same time ¢. The stage errors now
cancel out in SbO which reduces to
SbO(m,n, A, 2,, D)= x,,, (m, A, D)- X it (n,A,,D)
so that SO is independent of time and stage errors.
20 In another embodiment the selected orders and wavelengths and measurement times
t are kept fixed so that the ShO is a function only of the offset D.
Due to the symmetry of the setup:
SbO(D) = —-SbO(~D)
In order to measure overlay two composite diffraction gratings are printed with

25  opposite offsets D+3 and —D+3J , where D indicates a deliberate shift and J indicates

shifts caused by inaccuracies of the lithographic projection apparatus. In case of perfect
overlay &§ =0 and the sum of the SbO’s would be zero. This yields a simple overlay

metrology measurement, which indicates when, to the resolution of the metrology unit (for

example less than 1nm), the overlay is perfect. However, it will almost certainly be the
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P- 1533. 010,15 <case that the overlay is not perfect, whereupon the overlay
error is quantified to provide a useful netrol ogy neasurenent. The overl ay
error is quantified by conparing the error with a known small offset.
Taking the overlay error OV as 20V = 28, @ can be expressed as follows: 5
SbQ(t"t2, D+S )+ShQ(t3,t4,-(D+S))= 20V dS (0) + &xstage(tl) - Axstagt(t2) +
Oxst age( t3ke that Walo9eddyt id hot perfeet, wWhefiupBR BicldveNay@astys guatified & gropRlefaor med

at the sanme time, as described above, then t, - t2 and t3 - t4 so that the
st age er ruseful @etroldgy measwemientancel out. In order to quantify the overlay

error it is necessary to determ how rapi dl.y the SpO.varies for..small
changes in 10 Hie qyegagorror is %@%@%}ff%ﬁ@ﬁﬁ% {erioR Wit Aknoxp smal pifsetry; o

sensitividy.l ' ir ' | | hat is printed
win o shRIEHERRREhetOVsfabl! L 25, EpicahBE Chfiespl  tillogis T |2

i neamity, which is the case for overlay errors observed in practice, the
sensitivity of the SbO for snmall displacenents is given by: 15 dSbO -
ShO(D+d +S ) - SBRss D +8 JasbOltatsED3 6 (ts)- AXanmge(t b) +Ax,
(t,)-Ax,,q,(t2) Th§¢§ﬁ&pe errors may again be cancelled out as indicated

above. The val 28V Adet gnwred (Y +donf I, b+ Arg (sgqui renents: on one
hand it nmust be largk to jug?i?y amﬁeproxina iﬁg d+S=dand to mnimze

noi se but__on t ofher hand it must pe 2 fficientl nall .t tee
linearityf PQ’WP}E(PSFH?,“ nFASWS RS g m&y@g&f@?@gfgeﬁ s |‘§eﬁ?rll?fd ﬁ%ggég#‘&'nt han
the | argest rl ay, &rha' L dork ArdE blig ok der 16 £iBy theOr
exanpl e ? éoﬁlﬁll(aés bg%ftﬁ%%é %‘?%ceér&oo gﬁ‘l’fﬁg‘?gﬁ%ﬁgﬁﬁg?\‘gﬁet grds%.r Gé'ﬁdgrwsui tabl e
val ues meyvellgy ers@dt isHeeessayeo Hetyrmint howsapidlynthe 5O vatiesoior smallebangeeirent on
the three diffraction gra_tin%s: d SbQ(D) +_ShQ(-D). 25 OV 2 SbQ( D), .-, SbQ(D
+ d) I1Phi sémed s bevease fergliopol dheryverlay erray s srpsitiyiy & BRYUFPAIXIE 2 third ¢ hough

in P-1533.010 16 )
N diffraction grating that is printed with a shift D +d +& where d is a small known offset.

Assuming linearity, which is the case for overlay errors observed in practice, the sensitivity

of the SO for small displacements is given by:

dsbo _SbO(D+d +5 )-SbOD+5 J+

5 dx d+6,-6
Ax.ﬂ‘age (ti) - Axlme (16) + Axnage (tl) - Axsuge (t2)
d+68,-4

The stage errors may again be cancelled out as indicated above. The value of d is
determined by conflicting requirements: on one hand it must be large to justify
approximating d +& = d and to minimize noise but on the other hand it must be

20 sufficiently small to guarantee linearity. Typically, d should be the same size, or slightly
larger, than the largest overlay error that it is desired to be able to measure, for example d
could be of the order of hundreds of nanometers. Other suitable values may be used. The
overlay follows from the following measurement on the three diffraction gratings:

_d_ShOD)+ SbO(~-D)

oV =
2 2 SbO(D)—SbO(D + d)

This measurement can be done for many order/wavelength pairs, although in
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practice only the order/wavel ength pair with the highest sensitivity need
be used. Each diffraction grating nay have a size of a few tens of square
m crons. There my be an excl usion zone of a few m crons around each
diffraction grating. The diffraction gragjgngs may be provided in a scribe
| ane adj acent to a corner of a die. It may be desired to 5 perform

nmet r ol 0gy, IBas manner in
whi ch t hi % %@g@gtﬁg@r@a@%ﬁg&@aﬁvﬁgﬁ%ﬂ{@ﬁ«.&esgﬁsg?\p racti on%%r atings in
each coner in EaMlldiﬁraEﬁaﬁgfaﬁﬂgmyllﬁvé geiae vfalfevMeheohsjuaseahicrorso Thetuce t he

nunber of diffraction gratin t hereby freein rdg space faor other, el enents,
three di fmapbe amm@umn ng@ qﬁa&emucmwoue@jeac@ 1ftastion geatings The, diffyactionn
only single.diffr ctl atln rov ed in or, h
measur emefpUnEsmAY, rf a§ L t? 3{1?%’% 32&'@8% ﬁées"%k&

Overl ay ‘?'ﬂetl-b% E&%réﬁa@ﬁrﬂb&fu&mxie%nﬂf af ihedid. SORsAaimeriied USi ng
t he senS| IVIity rreasurerrent obt ai ned using the three diffraction gratings.

Thi s takewhaummmgéaemlbne isd:)yfm'ondlrlghhﬂ: thr¢esdiffaction gratings bof each comenivur ement
does not var ignificantly, GO n_a situation
where al IWBKJK mFB‘r‘Prf%ﬂ“HSg aBY“gl?r (%Juﬁe ugﬁaﬁm%aﬁfﬁ"gare 3), the
signal int t I I C(, XY,
bet ween tﬁ§&§éb%lre$g??%ﬂd§%%ér}% ?@Iﬁ @%BEMQ fj h%ﬁe peé‘9 dﬁs)} %al of the
diffracti ﬂavﬁ&@fdrmewbﬁhr bhthe dfecandi onlly $ingle dliffractidn gratinds provided arathéry
function 1 cx. ¥ (the indices i represent the different orders). The

qr

i nt enté) t ycaruere oﬂuq:l( megsurementyare seqsingd (1.¢ ong Aiffragtiansgrating pescp )I'p(x % of

the 20 be ci dent :
of the di oremeRLiss Sk I dodi RAfeLah iy Riuibiied it Sty - o D
spati al %Eﬁ'ﬂien%t bhﬁxrﬁdbﬁlﬁlg@ﬁd tBifeeQlifffaction gratifgs. E(his hékes=advaﬁﬂgé bfthe fact
dlffractlon'gratln and E(x.y) = 0 at other places):

| pcx. y>, Bhat the sens wtamfmraeqsmeme@t dorsatiwary signifaqantly bﬁ“‘@ﬁpﬁo'@ﬁ@ ofhe i cul ar
order j at. (x~ , . However, 25 the convolution C(;,x.,) nmay lead to a
proporti off®of a dlfferent order i bei ng detected by that det ector, thereby
i ntrogyici Nng anpmey diatibriiviereAf detedtvad foimt Ldetetor Pinet (8%, 84 stiywn in Figre 3),s
expressed mathematically as C(1 x, yd # 0 . This can be understood
i nt ui ti vethy sigpal intensityosignahin thatdetenter planetik thefdonvelatipe Kg1 1, betwepe the
diffraction grating, the |mage of the order i at the detector plane nmay be
spati al | yRéureagassfiomgitiohh Fd ,Sofetig periadie signaliof ¢int diffpantiontgeatidg boiliBthe 10 17
detector intended for order

Fourier transformation of an 1ntensity function I, ,(the indices i represent the different

orders). The intensity function 7, is the product of an intensity profile Ip ,, of the

(x5}

20  beam incident on the diffraction grating with the existence E,, ,, of the diffraction grating

at that position (where E,, , indicates the spatial extent of the diffraction grating, i.e.

(x,¥)

=0 at other places):

E,, ., =1on the diffraction grating and E,

(x,¥) x.¥)

1 =Ip, yE

(x.3) (=y)

A given detector is intended to detect a only one particular order jat (x;,y;). However,

25  the convolution C may lead to a proportion of a different order i being detected by that

(ix.y)
detector, thereby introducing an error into the signal detected for the order j. This is

expressed mathematically as C , #0. This can be understood intuitively by

{i.x ¥
considering that due to the finite length of the diffraction grating, the image of the order i at
the detector plane may be spatially broad enough that its edges are incident upon the
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As will be apparent to a person skilled in the art, there are several known
solutions to this problem An exanple is that the intensity profile

| p(,,.,, can be chosen so that C(i-XJ-YJ) is not significant conpared to
C(,,,,Y,). Another exanple is that the penffod of the 5 diffraction grating
may be chosen so that F(,,,,,Y,) is so small that C(,,,.,,) iIs not

si gni fi cafétectadneadedfarordej, ., Y,), F(,,_,,,Y,) can be kept small either
because the separation between the 05|t|ons of maxi mum si gnal from order
i and | is farAawthe@ppmdagmons Higaarty there,arg isevaralikngwn golutions | vJ)

In addltlon fo currin bove descr enbo nt_ of

i nvent i ont© i§@ro qﬁ %ﬁgﬁrﬂﬁrﬁfls &‘9@ UGS P &@ﬁ?}j’g qﬁmingse&s&}ﬁm or

enmbodi rrents of the Lnvention tha e descrijbed below.  The abpve .sol utions
may be apPhixaq st Sfﬂi"éfg ?FL'r?t U - ANQET example ﬁfmﬁﬁﬁpmf&t of
the invention, a pair of dlffractlo ratings nmay be used to obtain the
over| & ndiffrastion gratingguaycheethoser mh@agugiﬂ dswocsnall that Gy j,ofs Rt Signifigant  Thi s
i s advant ageous because it occuples a | esser amount of scribe |ane area.
The 15 r ecbmparadtot O ;1 Wo. diFf;{ 1 ah be keptasmaligsthesbquasssitie sepedration between
realisation that the sén5|t|v1 ty quantification offset d may be

i ncor por a&l@?%)élﬁbﬁk SMBaktinubl Gt HoRFErAbE; MdljS6FaP a oﬂ:bechlﬂhegﬁner ahad £r M8 the

detected shift between orders may be consi dered to be caused™ fji/ an of f set

AX betwe r gratings and a scaling fact or k which depends
" upon thg1 %lg'gipﬂﬁﬁla%g%@?’z)l'ffraction gratings and their separation (Y in

Fi 5). Thi - '
conbi nat ) on' of P20Rjdiio oCchrfiiP YRS fbolE qesthbed b RAGHBS! & bt g $ 7,
If twe di fobrat cbﬁlﬁreﬂaﬂimglﬁgnﬂﬁ mayand oobrfot &mBodiments b the inverkion ithatiaed ween

order 25 neasurenents, which provides sufficient information to allow the
two unknodascrbad helow. Thenbavg SB‘@“G@R'@F‘W&P liedfr these gpabodimentss set D i s

orof et eq) - e rifinf br idSnibRient BFine YshRoh it Of AR oQkiRs il 2 ©
equi val enge §sed eabtaih thé evérRiy Shétiotodyymensartiment, dasté sdof dhres difﬁdct&ﬁmhuﬁgs (+D

2D). The overlay follows fromthe measurenent on the two diffraction
gr at i ngs: This is advantageous because it occupies a lesser amount of scribe lane area. The

15 reduction to two diffraction gratines i< nossible due tn the realisation that the sensitivity ..
quantification offset d may be incorporated into one of the deliberate offsets D, -D.

In general terms the detected shift between orders may be considered to be caused
by an offset Ax between the diffraction gratings and a scaling factor X which depends upon
the ‘depth’ of the diffraction gratings and their separation (‘z’ in Figure 5). This can be

20 expressed as:
SbO = kAx
where the offset is a combination of a deliberate offset D and an overlay error OV:
Ax=D+0V
If two diffraction gratings are used then this provides two shift between order
25 measurements, which provides sufficient information to allow the two unknown values k,
OV to be determined (the deliberate offset D is known from the design of the mask from
which the diffraction gratings are projected):
SbO, =k(D+0V)
SbO, =k(D - 0V)
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OV = D Sh02 + SbO1L 2 SbOL - SbO2 The above description relates to an

enbodi nent of the invention in which a 5 conposite diffraction grating is
formed using two overlapping diffraction gratings having the sanme periods.
Resi st and product diffraction gratings off§equal periods, however, yield a
strong coupling between the diffraction gratings. Due to this coupling, the
shift between This de¢quivaient o makinyg tive fensicivirtpquantifioatéon affset 4 equal 20 &d-af f ect ed
by vertical diffractign gratin separation éﬂzq in Figure 5), wavel ength,
and di f f r2xi B cgﬁeal@mgil%afmlgweqsme@%% two diffiiactignagratifgshased upon
two or nore conposiéi‘,ﬂ,ifm%ction gratings is required. In an alternative
enbodi nent of piye=i ALK the shift between orders is neasured for a

mar ker conpri si ng o2 ShOaetSbOn grati ngs which are not coupled (strictly
speaking all diffraction gratings are coupled to a greater or |esser
extent; the term .not .coupl.ed .is . intended t an_that the . sihze of the
signal arising er%%vfﬁgscgg’h?ﬂ {c#&eﬁtgwgﬂ)ogl%?rﬁgfﬁteﬁ%c nt"ﬁglh?cgrq si ng

i ndi visdugd Jsﬁ@mfﬁ»aaibn%ﬁﬁdgalgmrﬁ]}edq;rsﬁglt%)o;eﬁ&ppﬁngadirﬂcﬁah igrRingBadhgreNt

S
~based on spatial frequency multiplexing, and uses diffraction gratings with

di f f er entthe pan¢ persodsf R¢sistnd produgtirlifiyaction geayingeofofqualperiodsidoweiver, pield af

' . Th I qd x ted tp b tible.wt | It
et er onceTRE CPURMERT YRR SR OB ErTRES. DY iscaypling, e Jih bswet, Wi |
be appr eciai g% ﬁnﬁ%ﬁﬂﬁfﬁn@ﬁ&%f MHhRR£alRE hffdS) BRVerliSal ‘WidcticPgratifg Measur ed

shift between order s directly proportional to overlay, and hence a

cal i br at i separativth(znim|Higyrt 6), weavklength andndiffrastign grating sbaper For thisaedsaom errors
make t he marker cogpri Si né; the diffracti ratig(gqs as%qm'rﬁécgi c, and it is
t hi s Bsyrfbibrajion hajed;upopta gr mgre campasite G BTYIBRALABIeEr s (i.e. the
difference in AReSatil : hd {vaktid B BetdSon: s ol
alternative en%%ﬁi nen?hg?é}tﬁ?u@l?l%@lzorﬂ%{n I'S rg@ggﬁlﬁttpon theorggrgtls @E%stumd

di f f r act i fona nfatkencamgrisihg diffractionggratingsovkith aregiov esuphest (soittlyspepking 4l wi | | be
detected strongly at the trolo unit reference diffractio r.ating

whi ch hasditfastion geatipgs 18 §oumled to agentshon kedner extenf; ﬁ'ﬂ‘r‘%ﬂ i'l?ﬁcﬁ'%lii?c? iy of a

di fferent; WoloR Rl ciyd et eck 6 LA st uni t
ref er encemgﬁwtgcr?%)ﬁhigrté{?l%\ég&%lpg‘ﬁﬂ%a'g i %iftr&%erl oél.)S h%llssrﬁﬁ%l{;ﬁgﬂ%g% t is
possillsl e that adBingdhdieiduakpfromteatly diffridtiomograting)g Thisi algsnative embogimeduist | ayer

and the resist layer_even if they lie P-1533 010 19 _ over o0 anot her, by
| ooki ng dased on spaliak frequepeyyliglexing and useh i aFAor.TariEes Witk ARERETE ne

periods of (P/N) and (P/M). P may be of the order of tens of microns. These periods are

selected to be compatible with metrology unit reference diffraction gratings which have
periods of P/(1,2...7). It will be appreciated that any other suitable periods may be used.

20 The measured shift between orders is directly proportional to overlay, and hence a
calibration with multiple markers is no longer necessary. Overlay errors make the marker
comprising the diffraction gratings asymmetric, and it is this asymmetry that is measured
using the shift between orders (i.e. the difference in the positions of the diffraction
gratings).

25 The alternative embodiment of the invention is based upon the fact that diffraction
from a diffraction grating of a given period, e.g. P/6 will be detected strongly at the
metrology unit reference diffraction grating which has the same period. Diffraction from a
diffraction grating of a different period, e.g. P/7 will be detected strongly at the metrology
unit reference diffraction grating which has that period. This means that it is possible to

30  detect separately diffraction gratings in the product layer and the resist layer even if they lie
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measured positions, the SbO indicates directly the overlay of the
diffraction gratings. It wll be appreciated that this enbodi nent of the

i nvention may use different wavel engths of illum nation instead of
different diffraction orders (all that isjgequired is that the diffracted 5
light fromdifferent diffraction gratings is strongly detected by different

et 1 0l 09Y,vkirle anbofifeft3166kifE b diffefehOdiffeicaibh Bftfels. TheifferfeA6d batWedt @ik Ng

running in the x-direCtion Ts exposed and processed on the wafer. The
r esul t i ngpeakired gositions, thet Stéd inticttesdjrectly thecdverlaydf tho diféraction gratingsi dy i n t he

roduct layer. The diffraction grati has a period PLN where N is one of
!to he 1l‘J ol | ovill :apmfec‘Z‘Fe.dl.th?t.thliﬁl’%Qg%i‘e@t %’E&'e\h&‘feé‘mgglag%%g’gg}‘"ﬁ P’ﬁaé’el&?é@sf%@t i on
cposur e im0 sl dr Birefen sl oudif el Bbd RELRAel ot e by,

the peri qghefrbin differehiNifffadtibn geatinpeisauengly derotep b diffarentanctrslogywnir ef | ect ed
field (the so called O-order). The conplex anplitudes of the other orders

15 f ol | oweferepoe diffractiongratingsbnposi tion of FN. The resist is then exposed
with a higher-order .diffractiaon gratin 1.t h. period P/ wher.e | s one of
the f o I ovi ng-A ditbeticn gratrgaupring f e iciliod it At st BBMb 5 Do o1
diffracti e rB IR, FiR8d QiffridiR %mmgﬂsréi frkd 85 hérBin asBeigiifl thedsrodl@wn i n
Fi gure G.Wrgl—lﬁlgure tg{kt hle pr oduct " | ffracti gn grating hasﬂ%_ period of P16
(i.e. N-@ayer.afie diffractionigsitingibas a petidd/Nywheiedjisione of thedfollowingt 172.7..7.i . e.

M 7). 20 The resist diffraction.grating perturbs the field reflegcted by the
pro?:h]gt (ﬁef‘?rFéRﬁ'}V rls'gj’f‘ﬁ??“ﬁg’:lmséhg{ﬂ‘féll?n g{a%Pg ‘%‘E?VFE?HQ’%@?I‘FFS%ES& ﬁﬁfe fo?/m
i ndi cat eqeﬁ&@ﬂg?ﬁlﬁgﬁg;r?gq?ﬁwyﬁrw LdP4s: of XO between the product

diffraction gr e resist diffraction grating, the reflected

field my be exfy + hg)lfol lowing form E(x, y) =[F +FN (x, y)]. [G
+GM (x-x0, vy)] @r%iﬁ@hﬁ(&hﬁ%) +FGM (x- x0, y)+FN (x, y)GM (x-x0, y) 25 In
order to proviThe sabgfippNiinditatevthe padddicity of P/Mwnser issheayeragregomaplex saloen i n
Figure 7 for two transmission diffraction gratings F angwg; wi th different

peri ods of thq reflected figld {the sp rallady0-prdenn T sampliex ampliruies phibe QAT RS ar e
T e e R T e e
ternms usekffihbtiompratihgiwithperiod BYY, where HFN dne of yhe fallowhig: 1,2,.( X7 (M£N). Vhis The
term® 15p§3dug&s? afztgr development, a resist diffraction grating on top of the product diffraction
grating as shown in Figure 6. In Figure 6 the product diffraction grating has a period of
P/6 (i.e. N=6), and the resist diffraction grating has a period of P/7 (i.e. M=7).
20 The resist diffraction grating perturbs the field reflected by the product diffraction
grating, so that it is no longer in the simple form indicated above. Assuming an overlay
error of xo between the product diffraction grating and the resist diffraction grating, the
reflected field may be expressed in the following form:
E(x,y)=[F +Fy (x, )} G +Gay (x—x0. )]
=FG +GFy (x,y)+ FGy (x—x9,y)+ Fy (x,y)Gy (x—x0, y)
25 In order to provide a graphical explanation of these terms, they are shown in Figure
7 for two transmission diffraction gratings F and G with different periods of N and M
respectively (transmission diffraction gratings are used in place of reflection diffraction
gratings for ease of illustration).

The term F.G is a zero order transmitted by F and G.

30 The terms used for overlay metrology are GFy (x,y) and FG) (x —x,y). The term
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FN (x, y))M (x-x0, y) which conprises orders that have been diffracted by
both diffraction gratings, is not used for netrology in this enbodi nent.
These ternms have each been diffracted by only one diffraction grating, the
diffraction grating F and the diffraction20grating G respectively. The
position of the product diffraction grating is neasured by the 5 term GFN
(X, y) anElv(&hf)Sﬂp(Js-iioLp)n“dﬂchtdwpﬁead crtlerd ithat hawet bean diffratted by bethndiffractienl by
the term FGM (x - xc,’y), the difference between the two neasured

posi ti onar/iilmfgls qahbnaserdffer £¥@6logyin Bis'edibodirier! Mhéseernthshavk BachBehof GFN (X,
X - x0

y) and F Is directly equal to the overlay. The netrol ogy
uni t rreasrhffmtcﬂl’w Cp'rb}s oue diffrastion gratipg dbie diffraéticor gratingoh and theidiragtion

Cubs oqueriHPEEs rFpERtNFD: TSRO e BPoR AHFBe e Eraine i ienGR By B ng by
S?P%Lrgreh@%f%%& %@%ﬁ??ﬂ%@%?gﬁﬁ%ﬁ Pt bl by BB, o the
2l tor nat | G éﬁﬁ?%“ﬁ@"?é SitcheiEt BBy P g e Rl i ing i Bverty

o at | nos ggﬁqge% tebntfe S5028 FnlEr) S Pl Urefe-ob dEpirtitbnenfb e 1.,

e Ak B SRS ST P PO 7

di ffract Itﬂ&u@hdgroﬁlmﬂehc%ﬁrgmm dRivaRg Dpériodost M6 SEdithésubbaendy rel ation
to Figure 3. It will_ be appreci ated at diffraction grati n&méhaw ng

peri d8s andasures therposition erthq\m&strfh‘g‘fras@omsmnghwnmnaspalmb tioRrmy be

d, th th t h
el ot o SR bRERERERTRG obih B Afitpes gyt Pt Ruro de et 1°,
conbi ned g$i:G indiddiés e VT ehropbétivebMthe TR 1hyepan@ieypraduclayegnal which is
detected ™ by the nmetrology unit. For exanple, N-2 and M4 is not

r econme nded S |'Ifhcealtt:mtlm mhodlmegmﬂ theuinivention may be eongidened a5 forgrodispatiabm t he
r oduct ffracti r I S but. woul rOV|d | esser

gccur acy reagenc I’Sé?‘ﬁb‘ﬂgx H"gé"('sdﬁ@% %Ftc%ﬁ%ﬂcppn W&m%‘éﬂ' | enati c

combiy Eed sé%eﬁlﬁlé‘l ‘b Lh@meﬁeg;@g%tfsﬁkm e Have diffefdvt @ffmai)freqaex&iwpfmé es orders

that have been”di'ffracted Dy both diffraction gratings (this is shown as
t he | owernnasiogyamit'is abisitgameasizy kbt «psiatidy binedittidarrangail to decqzldeffmfum i"ng

e R R o RO R o,
30
e Pt O e oS bMTTR

may be used. Any suitable period may be used, with the proviso that N and M are not

20  equal, and that they are selected such that mixing between diffraction orders will not lead
to a combined signal (Moiré signal) with the same frequency as a signal which is detected
by the metrology unit. For example, N=2 and M=4 is not recommended since the mixed
signal will interfere with the signal from the product diffraction grating (this would work,
but would provide lesser accuracy).

25 Periods may be chosen which wili not lead to a problematic combined signal: the
coupled term Fy (x, y)Gy {(x - xo. y) comprises orders that have been diffracted by both
diffraction gratings (this is shown as the lowermost beam in Figure 7). It is desired to
minimise the coupling term, since it may generate spatial frequency compenents at the
measurement frequencies M and N. For example, in Figure 7 the lowermost beam will

30 introduce an error into measurement of the uppermost beam, since both beams have the
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sanme spatial frequency. The periods are chosen such that N and M have no
common divisor (for exanple N6 and M7). Wien this is done a first
conbi ned signal folds back to the detected order Mand the a second
conbi ned signal solutions folds back to tfe detected order N. So again 5
assumng N6 and M7, n-7 and mE [-5,-7] fold back to detected order M
and m6 %gﬁlegga@heaue fold back to detected order N. The fol ded back

signal wl very weak due to the high values of mand n. The fol ded
back signal callrqeérinds ateechosnphedthaeN mandM haveino domenabdivisor (foeexample
foll owed, in nost _instances, be of sufficiently | ow anplitude that

not i nt r d¥efcandaMy7). 1When ghis isidons s fisst combined signgkfollsdark (o Wﬁ@ﬁ'&?@é?lﬂ}“

nmeasur e t. e i . ' ' | tude
e e S0t A5l LR I BBl 53 B
grati ggs dsﬁm‘ﬁhg?»% dnd M=7129 a8 £ < [IS107 Pfoidl Badkaro\WRIBtet beder BY, shd ipkee&fd NY
hi gher harnonics. |f desired, coupling between the diffraction gratings
can be mpiepges) fold Badkubidertted bidea M eFlizabidee backbagharwill beveiyhweakrduensdi on
by ensuring that there is no spatial overlap between the product
di f f r act ithehighatlueg obumcntiine resi st diffraction gratings. This nay be
achi eved by displ aci n%aé he resist diffractjon gratj njigthso that it lies

1

adj acent the prsdolded back signal causpd By theiqoypled seranwilh if the pbejsmleds The resi st

diffracti [at.| r . o f C1 b - i f nt
peri ods ﬁﬁ%\ﬁ%@ﬁp'}g@ﬁg}gcﬁ% %??g yg%fclnoki%‘?%@?\]gjsaegﬁoﬁ?\%?ﬁ]fg&\é@%r ug{:),gﬁfo a
firstipapRigficat eredr inlEthe ovérlay dtleEy Mdasheinwae NOh feathr Whirteitagh gr at i ngs.
The position of each diffraction grating in the x-direction is determ ned

usi ng t hdrequencyltempy is smalkin amplitude is thab due toprogessingof thepwaler. itemiormaditheat | ng
th | ror. .A di sadvant jated with t iffraction.arati
b r angorshractioprariRet Se 10 e PREIRRT Statd biye BBy bideiEldhighed, 1

exactly papRbhigd With the x-axis of the netrology 25 unit, then scanning of
the diffraction gratings during netrol ogy neasurenent will lead to an

error. This i df desiradscoupling batwearl the diffractiongriatingschas be aninhmisedbina fustheneasur e

f th di.ff ti. ' bei .shifted i.n th di ti d
Che. dShertgmaHFEEnpefimERCRr ey T e oY foerg hatifer s AR Pl on Thi s
error CaneRfeehINCHIOIEE ditffactith Baflg Shd e feshe ARRECtH gratifds. AFHid mag bk on

gratings I n ich the positions of the diffraction gratings have  been
swapped 30hieved by displasing hei resjstrkiffrastiomgiating eo tagit lies adjacent theqproducisur ed by

L T OB GIL b o DSl et D, AR 28 ARELS Tty abh 8 b6

wi |

diffraction grating have different periods as shown. Since the diffraction gratings do not
20 overlap, to a first approximation there is no coupling between the diffraction gratings. The
position of each diffraction grating in the x-direction is determined using the metrology
unit, the difference between the positions indicating the overlay error.
A disadvantage associated with the diffraction grating arrangement shown in Figure
8 is that if the x-axis of the wafer is not exactly parallel with the x-axis of the metrology
25  unit, then scanning of the diffraction gratings during metrology measurement will lead to
an error. This is because the metrology unit will, due to the rotation measure one of the
diffraction gratings as being shifted in the x direction and the other diffraction grating as
being shifted in the —x direction. This error can be cancelled out by providing a second pair
of diffraction gratings in which the positions of the diffraction gratings have been swapped
30 over. The swapping means that the sign of the error measured by the metrology unit is

opposite and can be cancelled out from the measurement.
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22 An alternative way of solving the problemof rotation induced error is
to split the resist diffraction grating and the product diffraction grating
i nto non-overl apping parts as shown in Figure 9. Advantageously this
enbodi nent of the invention in addition ahhows detection of |arge overlay
errors in a perpendicular direction, as described belowin relation 5 to

Figures 9 and Anqﬁltgﬂfaﬁ&é &é}%f%‘&lﬁﬁ%ﬂ&??ﬁ&rﬂ gffc?i.?ﬁ{ﬁ%inﬁﬁéeﬁ%%} 148 sgfickthe N9 1S

separated into three parts, and action grating 1S separated

i nto two rpsikttdiffrattion geating and chegproducdidfranion pedtingling nodlcveflhppikgpartytaswi t h
each other. The product diffraction grating and the resist diffraction
grating sshewndn Figye e Advantagrously dhs embediment ofdhs inyentéan ingdditionallopssect s

o ISh e s oA AP BB B LAl

the digre 'F?@ré{?%ﬁf@ the wafer is scanned during neasurenent, is

I ndicated as"x 1n Figure 9 (this is conventional notation). The product
di ffraction gridfemipgha®Figuredra produdt diffiractionhgratiregsis séparated imo thoed partsg andn
grating has .acﬁerio_d of PF6 (Pis aof the order of 10 mcrons). The

di r ect i orf Tesistdilragtign grating 1ssseppateddnto wipars, The prrts s afreanged so that they

G oot ‘ Lo T v .
cach i £ Aot Saa SR it ool PhibBs Bimakeioh il S e ipHF aBFRAIGH ' 7 ©
product  diridgaeé both sghdidti@atine ai Beis it Stdifbclibn dbichWisegtsdHotlgifftsactioner i odi ¢

in the y direction. They have the sane period Q but they are nutually 180
degr d@s [gnatingss Mhistapnfigeratipmelimingtes Rotatiercinducediefross.t he product diffracti on

ti dth ist diff ti ti 2 tiallv
Shar e 2s U0t e it Blorbon et e FitthoRiey v S Grestion i phEhife,
coup! i N9 ey i SEEB durlhiPmPABHAGH, iOfndidited A%/ iRIFIE 5(@84 s QBnicfibhAl | S

nmeasured using the netrology unit, and the position of the product

di f f r act inotatipniat Theypriodues eliffiractical gratimgbasracperiod of R§7, whereas theotesigydiffractiont he
di fference |n positi.ons.ipdicat] t he rl.ay error (as.prevjousl t at ed
The. meac EreiRBIRSAoerion PP RE i P orde? of Y Eoiftng: e dieidia by biapg of

di meqgi o el Wi s BBrpBAAEAIROED (B RELAOR of Fehb feihencs fidfialdiras A WaRIra0C

t hat qrgotgﬁ%g%fel}&; uceld errors are avol elgfﬁ I't has the ?urtk?er advant age t hat
it all ows Thetseparation of each diffractionrgratingeintoptheeei saparhte partslis sach ithat thenhi ch may
arise due to an _ ali %nrrent error conmmonl é refeyred to as a cagture‘error.

Wiere a [PRAAE ghffraqtio Fgrﬁ}fggqngtt?%ﬁsﬁi @ AP SRR ATSPULXRS e éifrﬁﬂéﬂn' used
oo e B8 L AN W, B
i nt ended Figsre Bi Sincealie plodadtiffiaction grathg hnd e resitdiffiactiongratihgai nusoi dal
o9 n%l() wapgt?ally separated, there is virtually no coupling between them (a small degree of residual
coupling may remain). The position of the resist diffraction grating is measured using the
metrology unit, and the position of the product diffraction grating is separately measured
using the metrology unit, the difference in positions indicating the overlay error (as
previously stated the measurement is performed in the x-direction).
25 The use of two dimensional diffraction gratings as shown in Figure 9 has the
advantage that rotation induced errors are avoided. It has the further advantage that it
allows detection of large overlay errors in the y-direction, which may arise due to an
alignment error commonly referred to as a capture error. Where a phase diffraction grating
alignment mark is used, the signal used to provide alignment is sinusoidal. Assuming that
30  in a pre-alignment operation the alignment mark is positioned sufficiently close to its

intended position, an alignment unit will see a portion of the sinusoidal signal which
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P- 1533. 010 23 conprises the peak which allows correct alignnent. However,
If the pre-alignment operation is not perforned correctly, the alignnent
unit nay see a portion of the sinusoidal signal which conprises an

adj acent peak. Alignment to this adjacent ,geak will then occur, causing an
error. The size of the error is dependent Upon the separation of adjacent

peaks 5 o hﬁ ﬁe?]': : 154 | cor@Bthrl i - 1L.orons. The
two di nenécl’%ﬁgﬁé [ rg'@%?%ér%ﬂyg‘?acpl ngs %ﬁ%l%tge}ﬁ?ér%%ﬁf;tﬂygﬁél ece'(thlE ng an
overl ay eopepiitiohds sietipdrforined cormgitly| the atigrirént unitenayasee @ portiomyofelie sifusdidahr ound
10 microns). Referring to Figure 10a, in the absence of a capture error the
product dsignal adhichoepmprises pmadjacent peaki ligmment wcthisadjagenitpealy wall thepepeur,
separated. |f capture~error in the y-direction 0 occurs then the

G FTract ) Gomean e ThE ket e RS bR Gip e sBRHNR of elfkenbieals o
the digfr ' Hiddl fiehal lafd A]ypieal ATl @6ns) w8 difBndisiareen t he

di ffraszztigf]&lg(rgi‘g{li r%gs,S . 8. tﬁgﬁco pl ednterm of the di ffrlaction si gnal
(descr i bediffipsction @ratings provide sameans fooddieaging @n dyerlayldrsor causellibyghstapiwre up as a
spatial beat frequency that can he detected by detectors of the netrology
uni t (t heeerdyanQyerlay errog afraround 18 IEENShi bl y | ow | evel of coupling will

be seen 15 bet . L ffrAact] | ' | -n er eby

i ndi cating tha@%‘%@ﬁ%&%#%bﬁaﬁas no nggﬁl&g&r}ogﬂsﬁtﬁgﬁgﬁty cou%*bed

si gnal i ng-hﬁﬁg a1l rebist diffratiph grating afcowell sepacated)) If @fturd errordindle y-directivner | ay
bt the diffraction grating to occur in the presence of a capture error the

peri o Q easurs then the diffiarijorcgratings ovedap, ag shpveingFiguse 10k Thewwaperation obtgal to
third.of th t t . (41 g | et | f

The tvio cfifFIeyep EEig i felstay nGing olibine WivE tof Afeftich B¥hesr Pect i on

gratings g @lmliplmeﬁhwfm BeRNBA bizfall(AERAbEI prevVitusINaA kelatiditolFigure WE.S i st

parts. It w be appreciated that different nunbers of parts may be used,

t he only Theoemipling showscipas a spatialibeatfresmency thaiscanbhedetecied byadetectors of e
symmetry in the x-direction if tipn induced errors are to, avoi ded.
TS nearteldey HEhE Reaie isiokP B S are b 19w el ofodinfiot Sl Pe 250 one
resi sfs Papdrwen thitQiftrasticil griiigds Shewe irPF%ufU AU fHerdbg ihdicatiig thiiQy &Pﬁﬁ@ eral
diffraction gratings shown in Figure 10 provi de easy and robust detection
of capt urlasaot orcarredt Avitionglyeounplpd eignaltindicathsithat i eapyeneiegedr has odegrred. In
-directio may be sel ect.ed t.o provide detection of other sized errors. In
he. abovePrHEER DAY e GiEraction BrePNEES aSSHE G 16 PEYSGOgRh A CAPYS BFORBEpl | ng
will be Wﬁoﬁvﬁmwﬁi%ﬁqﬂmogei FoAGidntple 4Pl @SWBR W equal 0 didlikird 88 The

reason e coupling is
the expected capture error will give a complete overlap of the two diffraction gratings if a

20  capture error occurs.

The diffraction gratings shown in Figure 9 comprise three product parts and two
resist parts. It will be appreciated that different numbers of parts may be used, the only
constraint being that both parts must have the same axis of symmetry in the x-direction if
rotation induced errors are to be avoided. This means that the minimum number of parts is

. 25  two product parts and one resist part or two resist parts and one product part.

The two dimensional diffraction gratings shown in Figure 10 provide easy and
robust detection of capture errors. It will be appreciated that the period in the y-direction
may be selected to provide detection of other sized errors.

In the above description it is noted that a negligibly low level of coupling will be

30 seen between the diffraction gratings shown in Figure 10a. The reason why the coupling is

not zero is explained in relation to Figure 11, which is a cross-sectional side view of the
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not zero is explained in relation to Figure 11, which is a cross-sectional
side view of the P-1533.010 24 diffraction gratings shown in Figure 10a.
FromFigure | | it can be seen that there is a significant separation in
the z-direction between the product diffragtion grating and the resist
diffraction grating. This is may be because there is a |ayer of oxide above

the prod ' e Vi r oduct
l&ﬁ%ﬁacﬁ f‘é g{ag@gs SHbvel ﬁem@ﬂg 1 g%ulgit% hg?féqq it Can RV RERthaP tHefd i i s

| ayers being over t raction grating. Light used to
i 11 um natstgrificant ségatativhi in thegs-diréotion betweeneier produyy diffractionr grating mdvthé I
diverge a little between the resist and product |ayers as shown, thereby

i nt roduci nqgsts;bﬁ@ca@m sratlﬁg Fhisig 81y bp beeause thexetis ahaygr af %@%abq‘fp the product

d dt dth f
the 1 osi SHFRCHPD gEATEOrgRal FrgRIE eyl offg? O%Hét%%ca?%éfwgﬁeﬂ' S
Figurg 1lyrodidt a&ﬁﬁéﬁ&ﬁg%auﬁg rlgghwse& tHTufird the diffatdid® fof hiRtrology
diffractiion grating in the x-direction. Wen this dif aC|on gratlng

conf i gur ahéasorenentsseidl divérge Ahitther bitwean the hasiss inid predudtiléyersastshown, thereby ngs
experiences a phase shi f Yr the Nd'

L? gf MN AX, 16 When AVN =
order of lﬂH@d‘?H}&ﬁ"é‘H"fﬂup ipg, ti“’g?P iftagon EalingSant i - phase with the 15
unshifted di ffﬁﬂ%h&g&eap of &@L Sﬁ%ﬁgg.gg%hb %&é%ﬁsﬂhﬁlka&ﬁﬁﬁ&ﬁ%bﬁereby

ellmnatlngthe cou raction orders to
el i m nat aHe fegist hﬁfra&tim&gratﬁlgnﬁiy wmaduiume mogifisationyswiwrein Kigaredt, t he

detectors of the netrology unit. The nethod requires that illun nation of
t he di0f f repotprices gﬂadmmg&wmfﬁlaatofmwﬁﬁa%@nmm m shegx-HireatioBl e i n
practi ce. cribed furth ove rs e waf er
D age A Whep i SRR ErpusieoRfEe RIS S 180 et ol Bt P Shine diffapt

met r ol 0QYer, Mﬂigﬁ neeg§ KR¥EeMAofa Second error whi ch may reduce the
accuracy of the rretro ogy nmeasurenment. The second error is referred to as

t he sensor error {t times this is referred to in the art as the tool
i nduced shift) NW‘\? e wafer stage position error A ... is caused by
t he wafer stage not 25 be| ng |l ocated at the precise Iocatlon that it is
bel i eved Whemw agpy 7 eV erdenof the shifted-diffractionanstigs by int dnti-phase withabe t he
optics of the metrology unit are not perfect. Inperfections of the optics
of tH& namskiftedyiffractiongratingstsatthat the lpi‘ggrder will ganish, therebyealirnioating &l@l ng as
measured b

as the p d‘gﬁl?%f S %1}1%3%51% w&hﬁagg i 81'3 gl%ma{ydtso tﬁatrtl.l?ey Gl né% - sahe
measurement errors at the detectors of the metrology unit. The method requires that
illumination of the diffraction gratings is symmetric, something which is achievable in
practice.

20 As described further above errors of the position of the wafer stage Agyg are
cancelled out by the measurement performed using the metrology unit. There is however a
second error which may reduce the accuracy of the metrology measurement. The second
error is referred to as the sensor error € (sometimes this is referred to in the art as the tool
induced shift) . Whilst the wafer stage position error Agyge is caused by the wafer stage not

25  being located at the precise location that it is believed to occupy, the sensor error € is
caused by the fact that the optics of the metrology unit are not perfect. Imperfections of the
optics of the metrology unit mean that the position of a diffraction grating as measured by a
first detector of the metrology unit is not exactly the same as the position of the diffraction
grating as measured by a second detector of the metrology unit, the optics having slightly

30 displaced the diffraction patterns generated by the diffraction grating.
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grating as neasured by a second detector of the netrology unit, the optics
havi ng slightly 30 displaced the diffraction patterns generated by the
diffraction grating. P-1533.010 25 Were netrology is being perforned
based upon two diffraction gratings havingsdifferent periods (described
above), the sensor error a in the SbO calibration of the sensor can be

el imnated by yhefRlihéteblbPis Baing elbrbd Baséd apdintwd difftdetion grififigd hdvirdg pai r
has the Mh order in the resist |layer and the N h order in the product

| ayer. Thiifferestrpeaiodsédescrited abbtd), the sérisosenpen & inithe SKY tatibraiidnofithe erisor t he
second pair, the diffraction gratings are interchanged; the Nt' order is in

the resicsh bapkdminated\by printingtwaipeirs gt diffsactign gratings.i $he frst pair pasohed | ayer.

det or m e hecRisClagsg 3B A" orte e pEecHiSs oo bebnd i o o

ain khe tﬁﬁb'hﬂ?lis’s}tion of the metrology unit. Were netrology is being
performed based upon two diffraction gratings having the sanme period
(descri bed fur@Vese vek£ the sensor error a in the SbO calibration of the
15 sensor can be elinmhated by printing two pairs of diffraction gratings
toget her with 13 s $ebf pair, te diffedetion Rratings hréGntefohanpedaibe N order i iReiei ON
gratings conprises diffraction grating in the product |ayer and a

di f fr act iresistgndthendf" ionder idéffraetionsgrating isrin therpyoduat dayer. dibefoveday isn grating is
provi ded in tﬂé resijﬁ,t |l ayer (it will be appreciated that it could be
provided in t Vpr’o" (,qn,mr*éiler). The first pair of diffraction gratings
includes a deliberate shift Din the x-direction 20 between the diffraction
gratilfigs, and Thegealdbbhd.cpoverlapyisdeterminedibyn gratings includes a
del i berate shift -Din,the x-direction. Three shift between order SbO
measur enment s afppy nBAELY ding the follow ng: SbO =k(Ov+D)+e Sb®2 = k(OV
-D)+e SbOB = e WHere O2is the overlay and k is a constant that rel ates

the shift between orders to the 25 overlay. The .thi neasyrenent vyiel ds
t he sensor er rige e %181"1“?‘,35 SeNSEL.errors g%% %i gn of 91e metro"fogy unit.

Where metrology is being performed based upon two diffraction gratings having the

same period (described further above), the sensor error £ in the SbO calibration of the
15  sensor can he. eliminated by printing two nairs of diffraction gratings together with a single.. .
diffraction grating. Each pair of diffraction gratings comprises a diffraction grating in the
product layer and a diffraction grating in the resist layer. The single diffraction grating is
provided in the resist layer (it will be appreciated that it could be provided in the product
layer). The first pair of diffraction gratings includes a deliberate shift D in the x-direction
20 between the diffraction gratings, and the second pair of diffraction gratings includes a
deliberate shift —D in the x-direction. Three shift between order SbO measurements are
made, yielding the following:
SbO, =k(OV +D)+€
ShO, =k(OV —-D)+¢
SbO, =€
where OV is the overlay and & is a constant that relates the shift between orders to the
25  overlay. The third measurement yields the sensor error € directly, since if there was no
error the shift between order would be zero (only one position is being measured). The two
remaining unknowns k and OV can be determined using the first and second measurements,

on the assumption that there is a linear relationship between the shift between orders and
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error the shift between order would be zero (only one position is being
nmeasured). The two renmai ni ng unknowns k and OV can be determ ned using the
first and second neasurenents, on the assunption that there is a linear
rel ati onship between the shift between orgers and P-1533. 010 26 the overl ay
over the range of nmeasured values. In a further alternative enbodi nent of
the i nvemﬁémﬂayloaaytﬁamﬂgb@fmmdvauesprovi ded conprising a diffraction
grating in a product layer and a diffraction grating in a_resist |ayer

whi ch is of f sdn adumher glterpati yegmbadimaetsd theradentipnianasymmeric megkenist he

further 5 addition that t, lLines of .the djffractiqgn atj.ngs are.provided
With a sPRREATRIISIE AIHEOR ETANg i  SOdRLIagY apfla BHTRCHOEEPBRE i &y | ngs
i ncl udes & j ' ' : led AbSvabyvidl ncy and
Lhe phac bt IREwhithls offil dBe RRNRY R dheribel fullcd BoRAWIM thé REMCISY, S

of th& natddsibn gt dedines efithetdiffraotion gatihggere pfovidedrwitlsaisistructure. €Then t hi s
way is that the substructure may be arranged to have dipensi ons .and

densi t i esubsugtuzg of ongrofithe diffragtion gratings includles a phsse Jynpe The sombingtion pfct i on

over | ay BEHEN ol edenCE RRE G BhalHe bt G Y A ECaE) Scribig che'®
Cr 0SS- Segénsialy of dhd ineablog fehaipément. rPddvamtagder ising sabsiciee ih thigway oduct

| ayer of a wafer and a second diffraction grating 101 is provided in a
resi st | as/bat te sebsirugriremay e pgangsd to baye dimensiens agdfdensities waregimilanty ar e

shown. The period P. 15 is the for both diffraction gratings.

cent 101 ' A6VBF bisREes o CorRaliae BffSenharaiel o foch ief e Reas B SyRHRY B9, box
formed %édga@y%mkion@ﬂay&d&bm{jaﬁcg&gnified detail in Figure 13b. As
can be seen in"Figure 13b each diffraction grating is provided with a

di ffracti on gRafdmng subigureudauwhich therosssestionakor figsediffraction grating /0 isayer
diffraction.grati 00, i t wh the 2Q. t.r uct .of th
esi st | RyBidkgip piRed oD AvEr S Wi A s seep i Edaculf sFelidt R h R R (1T
Wil be apmteftPoOtle Wakd. ThkeRRASEs bteieh ARaQRNrAMERE showh."Fhe

diffraction grating instead of the resist diffraction grating). The 180
degr é8 plsthe spmerfordotipdiffsastion gritings.103  of the substructure which has

doubl e the length of ot.her.lines 4 qof..the substructure,, Th 80 degree
Chace j um hadoanuSLpRtios of ame e qifthe Afctpraraing, Bisled ayabor el on
grating, wirorbkét ik, AR walin ili@niidadefaiCh Wi ir@ i 38.nR s EAS bé Sechad Figure

diffraction grating will becone a falling edge of the substructure of the
resi st | d9beadhi diffragtion grating ig proyided withieediffiacting grating snbssusturey Ther ror t he

g;/(r)r?rgf ﬁ i gh%f b g@%gp thg {)gdhgtgla?er}%iftfrgce:tiénegsljaﬁrtlg %& {src%ﬁﬁﬁuoorﬁsg{vﬁér{:n gr €

20  substructure of the resist layer diffraction grating 101 includes a 180 degree phase jump (it

will be appreciated that the phase jump may be provided in the product diffraction grating
instead of the resist diffraction grating). The 180 degree phase jump comprises a line 103
of the substructure which has double the length of other lines 104 of the substructure. The
180 degree phase jump has the effect that, relative to the product layer diffraction grating, a
25 rising edge of the substructure of the resist layer diffraction grating will become a falling
edge of the substructure of the resist layer diffraction grating. In the absence of an overlay
error the product diffraction grating and the resist diffraction grating are symmetric about a
line of symmetry s, as shown in Figure 13b. |
The period g of the substructure, shown in Figure 13b, of the diffraction gratings is
30 chosen to be near to the limit of resolution of the lithographic projection apparatus

(typically of the order of hundreds of nanometers). It will be appreciated that this number
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line of syimmetry s, as shown in Figure 13b. The period g of the
substructure, shown in Figure 13b, of the diffraction gratings is 30 ,
chosen to be near to the |limt of resolution of the |ithographic projection
apparatus (typically of the order of hun@7eds of nanoneters). It will be
appreci ated that this nunber P-1533.010 27 may in the future be

si gni fi camay jn thediitusr beasigtifieantly solaller asrthofesbiutiom of hghbgraphic prejedtionn
apparatus inproves. The substructure is sufficiently large relative to the
wavel engt 3PparatysimproyYesy s subsgpciupris saificiently dargerelativg ie thevavsleagtivelithe

bet ween the._pr.od I [ e resj st ture
et oottt et RO Sechfi e DhbiHatet PiSeen (1R Moot LeyBEarpiiBE SHE | U
seen by thgerdHGver, thofubstdgeniretis QlfAeentyérhall that the ¥afatworPReMURe t he
diffractionh is at a very large angle to the nornmal and is not coll ected by

t he | éns substfuntre ishofiseers bitherdtedtors ofghe oetrdlogy mait (foo axdmplmbet¢ayse the
substructure either does, not ogccur, or IS, Nnof. See { t 1ol uni t
ef fect | ye‘illjl actign 15 §fd %E{W&% d?fsn‘?ﬂTH Bt ?qu?c@aﬁﬁﬁ&fe% g? K?& i on
coef 11 c1 efbudes 3 la e SiRdRlifitactian rBft he SulRGlhiCLifteF dbesHOPBALE o R ! Ne

rel ative p8sitions of t resi st and product |ayer substructures.

over | ay iseemahé metroldgyanitieffectbeiypdees theshbsmictuna as miredrs withendongilex he | ef t
side substructure gf Figure 13b will be the same as the conplex reflection
coef fi ci gflegsion 1AM T si de substructure of Figure 13b. This is

repr nt ed e | I : rnggf ' . | ,Fn?n% t he
anpl itude i mredi a@@%ﬁ%ﬁﬁ(z&?éégkst ugtsEPgHg? lﬂ%gﬂ%\mr)sg egjt?\ggp from
each si deresift dndrodues layecdubsteuchibe If egerday is perettahend sthe cotiplex reflection
substructure is referred to here as the near field). If a negative overlay

error ocwefficient of thelpft side spbstructyreef Figurer3pvall bedhg same asthe Complex ¢ he
| ! e T i
T Ter ont eppGon RBEARSAR bf fleFibhy be sittfutite orXififte 19D AR Hofeelhien O |\

mani f est eghéfataallfipthetcetiee 6EFiguRIAs &hichi shbws eiecenpliudeignmedittelyi ablode thes 20
shown in Figure 14. The detectors of the netrol og%runit, as shown in

figurlds Fubpimcmre of ightgefecied Homsnach side ef tiraybstrugtare (the mglion imunediptely

gratings. Lon 9 r ar

i ol O cobE pedfie lug s fe el ) GBS T i BHITCHBReBI®, qRay B T

the anplddctei.d ardreploaager is smireotha highi, elefl thecaypioR dtiecudheseifibienfaur i er

transformis also 25 symmetric, i.e. the detected siga‘h}sdoes not i nclude a
8

shift. |ftheleftside %tbﬁ'wth@nﬂlltq@éﬁf'fémm than that ethe righty gruetyre. SChisret ric i n
the near Js'yx%lxr%trytwtm e rfhifeStdi h€hn Lﬁlﬁﬂ&lﬁg dhd pi'nagbcjtdiffercnce in the near field, as

20 shown in Figure 14.

-

-

The detectors of the metrology unit, as shown in figures 3 and 4, are located a
distance away from the diffraction gratings. The location of the detectors, referred to here
as the far field, is such that they detect the Fourier transform of the near field. If the
amplitude (and phase) in the near field is symmetric then the Fourier transform is also

25  symmetric, i.e. the detected signal does not include a shift. If on the other hand the
amplitude (and phase) are not symmetric in the near field, then the Fourier transform is not
symmetric, and has an asymmetry that depends upon the diffraction order (or wavelength).

By determining the diffcrence between positions measured for different diffraction orders
(or wavelengths) at the detectors, the overlay of the resist layer and the product layer can be
30 determined. The detected shift is much greater than the overlay error, and this means that

very small overlay errors may be detected using the metrology unit.
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symmetric, and has an asymmetry that depends upon the diffraction order (or
wavel ength). By determning the difference between positions neasured for
different diffraction orders (or wavel engths) at the detectors, the
overlay of the resist layer and the produgg |ayer can be 30 determ ned. The
detected shift is much greater than the overlay error, and this neans that

very smal | ovegihayRiakRhmetFR¥ecn 4R REHAH (148 'aDthe dRRctBRY) Bk @0fforH The -
P-1533.010 i 28 Since the asymmetry seen in the far field (i.e. at the

det ect or sdompiesreflettiancdelificiemnitd sign wl hataiways coosstently agree with shessigmofi | |
not al ways consistently agree with the sign of the overlay error.
Mat henat i B&PYSIIAYREIQES f ect of the substructure can be expressed as fol | ows:

e case bRl SO i B e SR S e

l eft and ri ght Ves W y accor + Arl (

fx) i ofake of 4 fnall Hdrlay*lror iR refieutbh codrfibieht of th@ fift @myHpNe halyeswill vayeate a
nmeasur abl e shift between orders. The conplex reflection change is periodic

wi t h t he diffefcotly adcording dmibstructure, which is a 10 fraction of a mcron.
This means that an ov rtajy error greater than the substructure will be

I ncorrectly meks 0o d V“'he metrology unit. The substructure is calibrated
using two pairgs hoL,?LfAtrlr(Q?tion gratings and a single diffraction grating
to deternine t& values of SbOl = k(OV +D)+ SbO2 = k (OV -- D) + SbO3.-E

15 in sane mﬂﬂ%re@\ﬂﬁﬁ’%%ﬂi@ﬁ@sﬁh&h&@ﬂvilﬁ&%@-a niéBufible shiftbétdeenotders| SO
provide the sign of the overlay error. In sone instances it may be

pr ef er r edTteccomplex reflectifinf changs is prrigdiawithgbe periask ofdhe substryeture; waich is|e
S S P b oSt o B Al g v
ooty LR Besahige By bR gt st e of Ll pronet, Ve
dependent upgﬁm&wgmmdmalﬁbm)ed Gding w@cﬁ/n&mqfdiffmmm g‘a@u%f@ﬂram?nﬂlﬂ t wo
diffraction grating to determine the values of:
SbO, =k(OV +D)+¢
ShO, =k(OV -D)+¢€
© SbO, =&
15  in same manner as described further above. The calibration will also provide the sign of
the overlay error.
In some instances it may be preferred to use less diffraction gratings in order to
calibrate the substructure. One way in which this can be done is to determine the constant
k that links the shift between orders to the overlay, by reconstructing the shape of the
20  substructure of the product layer diffraction grating 100 and the resist layer diffraction
grating 101 (k is dependent upon the substructure). The reconstruction is performed in two
parts. In the first part, the product layer diffraction grating is measured before the resist
layer diffraction grating has been imaged into the resist. The measurement is made using
the metrology unit shown in Figures 3 and 4, or alternatively using the metrology unit
25  described below in relation to Figure 23. The measurement is performed for a plurality of
wavelengths (additional wavelength channels may be added to the metrology unit shown in

Figures 3 and 4 for this purpose). The results of the measurement are used to reconstruct

the shape of the substructure of the product layer diffraction grating using known ‘inverse
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parts. In the first part, the product |ayer diffraction grating is neasured
before the resist l|ayer diffraction grating has been inaged into the
resist. The nmeasurenent is made using the metrology unit shown in Figures
3 and 4, or alternatively using the netrob®gy unit 25 described below in
relation to Figure 23. The neasurenent is perfornmed for a plurality of
wavel engt it i5h Lenasmedy.t Sui | ogy
uni t shov%ﬁﬁtéﬁﬂgﬁiégch?@gé%@@hﬁﬁggpn? ﬂlagmgtrﬁ%ose)s.gﬁme reﬁel%ulgltnybgef ﬁ?%lg@

nmeasur enﬁd&htte’ﬁr% tedgfiques afecdesdtitied i US 6,563,3Moqmd 08 6)568,92dbst ructure of the
product layer diffraction grating using known "inverse P-1533.010 29

scattering tcbesegordpartioftheraconsimetion is te rgcopgtaict tieshape of the substructureet r v

Sui t abl e inverse. . scat.teri.ng technigues. are d Il ks S , and
us 6, 559,‘253139. mﬁ?&“é’%’c%hﬁ“bﬁ'?gaﬁ?g‘t cfe&?g{fi‘g?rr‘ﬁ@ﬁcgﬁﬁg?hp% %r%g%sﬁgeﬁr%% t he
shape sof Jas ¥ tlenfiBnedthettdlSgy @fitsTor 4 phiedlitflbf Whaddrghy, Gichéhe MsultIhe
resist layer diffraction grating I's neasured using 5 one of the above
ment i onecarerasedab oeponstmidt thef shapesofithe sutistrugtuxsf of whe/zesighigyéraliffeaction pratingsul t s
are used to reconstruct the shape of .the subs{h%uct ure of fﬁhe' resi st |ayer

di f  r act i WNEJREGTSHFFaterIng, ischigness Overay betwerhthe SeSist ilaysE diffresHom BIaNg ¢ een

the resist . Lfihe LOn: or '@gwi iBYSfec r&ifngfi’&ibhon
grating vﬁ“F|‘ﬁ%§‘{‘/’é’9%“%P’e"gﬁf&g§P°g‘ %{“# ct 1@2‘14{:%2&;13%%%5”“{0@@% Oma ing the
r econst r ugiKkiAg theaBettistrudtionaubust.alf overldyois fiourdaciintodnde aracoeptatie ptrais, then
errors, then 10 a second resist layer _diffraction grating (wth i|dentical

‘substlOuctasesynduesishlayerdiffeagtiomanating (vith Klentical gubstryctues) maybe imaged  act i on
ting. Th ) S i ' | iftfacti ted
O Thour AOEPILfRE PR R B aifttichiof] etap° The Sy iBbanlor R UCKER BaEhE ! ©

det er i ni g b ReconstPStEdwithnR overldyerii€béing aitxdate]. varalsreatbetmehod of med f or
exanpl e using an atomc force mcroscope. 15 Once the substructures, of the

product |dejesmining thesubsteuctuge intonge aseparate measyirement peeiormeq for exampls Wsigat i ng
have been ragconé‘ftruched(j t hese are used together with know edge of the
separati dif ? O{c&;gnlpg % al cul ate the constant k. i ne cal cul ation maybe
perfgsned usi@fceahk BbdusthRs bf HEgeodict Tayeodisfedctioh gratimgany e esiSolayar or
Tenpest. Once k has been determ ned the overlay can be cal cul ated using

t he shi f tdiffsiction grating bave bean reponstrucigs these a5 usebtogedisn with kpewlndze af the

calibration nethod is that it requires S.dif | | han the
cal i brat iSﬁﬂarﬁré?rh'ﬁtgmﬁZ@’Slfsﬁﬂéﬁlc'l”ﬂ?ﬂﬁ%?m}g%\?g, lg %3&%@%‘%@%\# %gbénlgglznégpace for
other  stygial dikiswn dedtkinidpReticdbiven! i exdthplt TR S6REE & Pérystist. "Bhdeoklhdsbeehat |
since it reconstructs the substructures of the diffraction gratings, it

yi el ds dideartninedrtbeoverbywan be odlculated wsingitheshift between orders. An advantage of
20  the reconstruction based calibration method is that it requires less diffraction gratings than

the calibration method described further above, thereby leaving more space for other
structures. A further advantage of the calibration method is that, since it reconstructs the
substructures of the diffraction gratings, it yields directly measurements of the critical
dimension.

25 In a further alternative embodiment of the invention an asymmetry is provided in a
marker comprising a single diffraction grating by including on the diffraction grating
bearing mask (MA in Figure 1) substructures each provided with a step in optical path

length of %, for example as shown in Figure 15. Referring to Figure 15, three lines of a

diffraction grating 110 on a mask 111 are shown. A first line 110a of the diffraction
30  grating is provided with substructures each of which comprises a non-transmissive portion

112, and first and second transmissive portions 113, 114, A step 115 is located between
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dimension. 25 In a further alternative enbodi nent of the invention an
asymetry is provided in a marker conprising a single diffraction grating
by including on the diffraction grating bearing mask (MA in Figure 1)
substructures each provided with a step ingoptical path Iength of 4 , for
exanpl e as shown in Figure 15. Referring to Figure 15, three lines of a

dif1ract | 4 reaiahaishive pRRidh MBYihd HdscBb R EAtNRssive porticil | 14. MPhelstepGg. of the
di ffraction

grating i's provided with substructures each of which

T anam sompu e oneALaah el ot iz S ebhitbe PRAREER M3 8 . 010 20

the fast transm ssive portion 113 and the second transm ssive portion 114.

The step %r&ateﬁﬂiﬁﬁl tlﬁd\qinchhpaﬂ@lﬁng&ﬁdf light Whickipgsses thiroughghe second portimnddd.
t hrough the first portion 113 is greater t han the g(gtlcal ath Ien th of

|i ght which paéwﬂdiﬁnmﬁ@btoﬁ@@@ﬂ:&? op grating i provided\with sabyiruc of

t he di fra on gr.atin rowdedvm

compr ﬁwhﬁ RS APOwFu Y Bl to g i Bl SRR A nAS: °§ﬁsm 0 ve
port i ons ggergr Thé § e onspafsdiowith the skép Misase
conpar ed W|th th s?g(ggﬁﬁgﬁgc}?gt heéftlg??tléi%??\le 1fhca of the di ffra%? on

grating. dfthefirseline 11 0aof the diftrpctianegrating. Thiemgans that the ppfical pathdengtiuek es
through the first portion 117 is A less th_E the optical path | ength of
l'ight whighy, a«géaské&rtﬁﬂﬁ HRefiSesesh PPT Isi DnedskBan tHe optibd pattriehgthiofies of
the diffra tlon ating argg provided with t#e sane sugggru??uresgthln an
alternating pattern fect of the 4 eps is that, at the wafer

surf ace, Avhi qhﬂasmsfgmgfamer%@lqmm?ﬁé ng is displ aced i f the
diffraetion gr A Giffr ﬁu%sae@ folvitied wAfH € Sarhé subiBssubdied i n
us2002/ 0021434%6 qudnggr.}%oe ere‘{l&n Bf?re ereﬁce) The di spl acl(larrent s 15
dependent intmGiteinating patkerhi on of the step. This neans that adjacent |ines of
t he diffraction grating are di spl aced in opposite directions as a result

of defocus. gf &btk £ Opiqpﬁfaf %Fﬁﬁr@ﬁercﬁﬁr@cé"@ﬁcﬂﬂmesoﬁﬁ@mmawOn
schemati cal | y In Figure 164 F ease of ustratlon the di nensi ons of the
diffraction grating of Figure 16 correspondtoth elréergl_ls1 s of the
di f fract i gnating idi fllﬂiheéﬁf@a‘i@n Ak 18 mof cOTReHY I % ons of 20

the diff r& GhGSA grlf’éiﬂﬂg/@?lﬂtg H’fcﬁrpl:@at%\ﬁ hércﬁ%gﬂ@ﬁr&ié@f IFHe dli@ﬁ&n@m f§gure |

15. Three'Tries 0f & raction grafi n cross-section in
Fi gurgs 16depthdentupdi thetdirectiqr oftthe gtciﬂ.dﬂuﬁmemﬂh@tchdﬁlcdn lides iof thefdiffreetionder  of
10 mcrons. The diffraction grati n% conprises lLines 121
grating are displaced in opposite directions as a result of defocus.
The effect of the substructures on a wafer is shown schematically in Figure 16. For
ease of illustration the dimensions of the diffraction grating of Figure 16 correspond to the
dimensions of the diffraction grating of Figure 15; however in practice the dimensions of
20 the diffraction grating of Figure 16 will be one quarter those of Figure 15. Three lines of a
diffraction grating are shown in cross-section in Figure 16. The diffraction grating has a

period P which is of the order of 10 microns. The diffraction grating comprises lines 121

. . A . .
that have been imaged through a mask having a positive phase shift of T alternating with

. . A
lines 120 that have been imaged through a mask having a negative phase shift of i In the

25  example shown in figure 16, defocusing will cause one line 120 to move to the right
whereas the lines 121 on either side will move to the left.

The substructures on the mask 111 are imaged as substructure on the lines 120, 121
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t hat have been inmaged through a mask having a positive phase shift of 4 ,
alternating with lines 120 that have been i maged t hrough a nask having a
negati ve phase shift of 4 . In the 25 exanple shown in figure 16,
defocusing will cause one line 120 to n‘DVﬁTtO the right whereas the lines
121 on either side will nove to the left.” The substructures on the nmask 111

G 111 act EOA AR EED HN<{ Tl BSnales sehbmlt oy e Mot

di f f r act iag i@fiebiler afttheRfdre bs bprognatabas thivahahey behaee applamesurficed as
t hough they behave as plane surfaces wth a conplex reflection
coef fi ci evith a domplex yeflestioy coefficienisur ed by the metrol ogy unit by conparing

t he displ ace t 5 caused by the .defocusi f i 2 r

diffraction a &FW%W%?%?%FF? v&bgpgﬁgfq%g uﬁ(tgg céllt'ng’\%[? %@?ﬁé@?ﬁgﬁed, f or
ease @f L ol | L fiFfol Rlefy dfafiftiaeti P itferer MaveElefeths der s
or Sb%).ﬁﬁggttﬁ%%?wﬁ?ﬁgaﬁeg%tgceme(?u cggtslggaﬁbc?/@:t he sutl;estrupt u?%tg S
zero, anqad fprevidisly neentioned, foransenaf tesnipelogy ttis shift yswefarredao agtheishift a zero
shift between orders (Sb%z However, defocus introgégqes asynmetry, .t he

li nes 12(etwrgn ppderhay SRk W ghantdstocys ths eRt CFised Ry R SURFUFNEES S st ance

Ax. This as [ Yy .as. | : r ] fdepeasured
with the zﬁ%%/ %%’5)511 %&%@Qﬁg@ﬁ%‘?@%ﬁ%mm{%%gﬁsﬁ%ﬁ %/l?l??eﬁw? %e focus
et r ol 0gYsEAY) Hoveleif) Aefodts infrodites weyakirhetof, thdlkinesi120and 201 beibg displacedin

diffraction grating, indicated as W_and W2 respectively. |t is sho t hat
sensilfi vioppositgrditsetionsqveradistanee da- This apEn@eEy: sRAWSHP 25 hihift Detween GrdeTs The

widths W_ and W2 15 can. repr n . hnation of an average part
and a di fREcanbe gieaﬂg?fwltgaﬁ%&%‘gl\%gﬁt@g?Sg&f&%(?or%gé?'he cal cul at ed
sensitivity (i sehdifvitypdfithe ficus i ¢aeBe fifned Usihg thdwidth 6fthe dines 120,as a

function of Aw for the 1St and 3"i order. For small values of AWthe
nmeasur ed 12hiof thekiffrastinn grating.sindlisated as W and &> reapeetinedy. It ipghowmghat st ang p

d i te directi which | h i t
o Gor 5 SbBHYin;GeR B s vehitatge i M RPaTR) of AEnE ERgtl itk 36 R
for hgth gf detchrétehteli 38 a cShibimbtiEbI\RLAvepigePat sn@ aQiferchlidpaftor e zero. This

is not surprising since this case corresponds to the situation where the
lines 121 havewgiWeeAWvel y vani shed, so that the entire diffraction
grating remaing .sgmmiric in the presence of defocus. 25 At first sight it
may seemterrpti)hg to choose snall values of AW However, there is

Figure 17 shows the calculated sensitivity (i.e. the ratio of the measured shift to the

real shift) as a function of AW for the 1% and 3™ order.
For small values of AW the measured shift between orders is very large. Moreover,

20 the 1® and 3™ orders move in opposite directions, which increases the shift between orders
even further, For AW=4 (arbitrary units) the sensitivity becomes 1 for both orders and the
shift between orders becomes therefore zero. This is not surprising since this case
corresponds to the situation where the lines 121 have effectively vanished, so that the entire
diffraction grating remains symmetric in the presence of defocus.

25 At first sight it may seem tempting to choose small values of AW. However, there is
a price to pay: the strength of the detected signal decreases as AW is reduced. Figure 18
shows the normalized detected signal strength as a function of AW for the 1* and 3™
diffraction order. Here the signal strength has been normalized. At the same time, when the
signal strength becomes very small, reticle write errors and surface roughness may limit the

30  accuracy. The fact that the signal strength rapidly decreases for small values of AW is
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a price to pay: the strength of the detected signal decreases as AWis
reduced. Figure 18 shows the normalized detected signal strength as a
function of AWfor the 1St and 3’1 diffraction order. Here the signal
strength has been nornalized. At the sanesbinme, when the signal strength
becones very small, reticle wite errors and surface roughness may |imt
the 30 accHr %'ggstglgﬁ 3 ' lgtabti | Fehade f Or
snmal | vallﬁteﬂgﬁf)e?y%\ 'S %%%%H@Zﬁw?ﬂ%??%el y uﬁ%rggggg%%tgﬁffe Si ﬁ?e when
AW i s snedsla diffeactioh igtainiiwith gpeatiddref A2 instead b Pl{tieanarology unitis configurédn
grating with a period of P12 instead of P (the metrology unit is configured
to det ecttodiefect diffracsionifroma graging Wit periad of e Howgvers topfoma exfen &his cany sone

extent this can e, conpensat ed i |, Grgnge of
The phasdehoreerofy BRRREADe o GEAR: RS By ot IR Pk Rerlo uracd" 0,

exanplse i fetddtioh Ss@FBHHNR tnduftddgydintt, fiRdkapRSf Ris Asuh@bhar a Signal Qodsof a _
acceptabl e (nornmalised signal "strength-0.1). It wll be appreciated that it
i s not nefaetosef 10 istsateptabde (nopmelised signal steengtht=Drldcti on grating is provided
with the above described suhstructures. Al that is required,.i.s sufficient
amounts of subl Wikl be apRIeciatsd that I s pRLneSeIsary @tmﬁegp‘ggkb‘etmﬁ%asured

with a de ia{if%is gg'%gimftﬁ%'a Qe fikdcribed cthids Allithdt iPRIGIRENisHufiRtidnt! S

i nsensiti%e e dritt and stage vibrations so this nethod is

parti cul adphountssifsubsthtureow aloa the ghifictsemaeengordéra tebe measuzed with heesired

enbodi nent of the invention a marker is provided with an asymmetry that is
sensilii veaccwrache critical dinension (CD) of patterns exposed on a wafer

(critical 15 dinensi r . &S l.utl ed on the
waf er). The agi}gﬁfes??@lf’s‘ﬁé ﬁnéﬁs‘%&e%nﬁ)& nggealuénqebtgﬁ(‘)’g[qb%‘é‘%tﬁ%%h a %t r ol ogy
mar ker WhiigfatieN 8 thisafiethbd Repadtidul #lyeweful fedbenmaliysoammingisthgesur e 19. The
regi ons are an uneggosed (i.e. raised, line) region 150, a region having a

substruct ure 18 further embodiment«d the ingentiopaunaker 1s praiidad With ap ASYmmetTyH o

t hree regions together, form erj f [ ' action
grating 188 12(5"'%&1"5 O e c%lg&rll&g S8R ?@??%}CW%f&tﬁgQ@f@&g

M crofxs) . diflaRsion Rférs 66 tHeesolftlon i Feturep ekpsrdd vhitlehwafer)c dipasghinetry és t he
limt of resolution of the |ithographic projection apparatus; in this case
this is sstasatedRsBigiaonethad basstl uppn ggnstelogyinarkeewhich cpmpaiges thse differset  ang

exposed regi on 152 bot.h h A w dt , , ruct.unear£gi on
151 has aregwpﬁts %P "bbgu%ay e%rrlg glr?gs gltgfaa:;nunt\é@oﬁ #—S?g@re;pﬁfpr Eée) rgglwrlgg't‘?on
grating Pegibh#afingatubéniAee 15D, 28 an exposed (i.e. recessed, space) region 152. The

three regions together form one period of an asymmetric phase diffraction grating 154

20  which has a period of 4P (where P is of the order of microns). The substructure 151 has a
period which is comparable to the limit of resolution of the lithographic projection
apparatus; in this case this is set at P/5 for ease of illustration. The unexposed region 150
and exposed region 152 both have a width of P, whereas the substructure region 151 has a
width of 2P,

25 Referring again to Figure 19, the diffraction grating provided can be seen to be
asymmetric. Furthermore, the asymmetry of the diffraction grating changes as a function
of CD. The asymmetry is accurately detected as a shift between orders (as previously
discussed this may be a shift between diffraction orders and/or between wavelengths) by
the metrology unit of Figures 3 and 4, thereby providing a measurement of the CD.

30 The effect of a change of CD can be understood intuitively with reference to Figure

19. If the CD were to improve to for example P/12.5 (ACD= -P/50), then the width of each
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asymmetric. Furthernore, the asymetry of the diffraction grating changes
as a function of CD. The asymetry is accurately detected as a shift

bet ween orders (as previously discussed this may be a shift between
diffraction orders and/or between wavel eng8hs) by the netrology unit of
Figures 3 and 4, thereby providing a nmeasurenent of the CD. 30 The effect
of a change dffthateadctne 151 deiil Yemartowed uThisweduld lead ko thef eentread gravidy! ofir e

19. If the CD were to_inprove to for exanple P/ 12.5 (ACD= -P/50), then the
wi dt h of thediffractioseeratingli gathe cenies offthe didfraciiontarating as anepsyrediby these nar r oved.

Thi ld lead ta .the ° t f i Ly of h i ff i .

TS o tebBR b B 57 8 Bl SRR R 18R

Iugi t) bei Bend@tedot WhirbR thé fbourtdf Hehedifiieteiby thB find 156 Iy dichatiged Nof thaiact s
ss light to the detector whereas the amount™ of |light diffracted by the

| i ne 550 thecemerufrintensitysaf diffiatted ligheis cmovied ¢owdrds thiedinei 1159 (bé. mibvietita theed
light is npved towards_the line 150 (i.e, nobved_to t&%ﬁ,left .. ]’gg anount
of novendsft). oFberammouns of movemeny of the cenre of gravily of the diftragtion grating 13%is | s
dependent hff ' A : '

di f fract edégg’?dc%%{ F‘fi"épﬂ‘fé ﬂf??%‘%@?%ﬁéfg’?‘é‘t. ngaﬁég%fé@ﬁﬂ’s %ﬂ%’ t éé?ﬁ&%'?‘g@éu ded
that a cadifficabn gratiaf 158 Thisintdany ehafiprevided thaf Dcalibrtionrafnhe riatives (or
wavel engt hs) has been perfornmed, a neasurenment of 10 CD is obtai ned by

| ooki ng amovementsfor diffesentodervos sayeleagthy)hns beerypasformed,n weasumment 9kt ance
f the i ntyitive. le.is. Show i Fi ing to Fi 20a,
o 10, e e BT R Bty fSCERGGY, Lo Floure 202, @

that the centAgepferié fi¥tahve &fthé hiftuitive xaaple dNshdiwalin Figukd 20\WReferfiflg ieasur ed
as the centre of the line 150 of the diffraction grating. Figure 20b shows

t he oppoFigwre @0as2GD.of AcOIACID-P/P31 Q)5willl ISl to-Ry subytrugture beingdresent sueh that
substructure 151 nerqgi ng su that the tre.of gravity.,of the .

ST oy iR CeRaf B i itasting tatiogd SAevifi g meaihet o effsenke e e Jine
begi nni ng; 5pf iffrdcfi®n RRingD & dute 201 shos thd BpoRitd @rdHBS Areplosipes! T egi on
151. Thugl,sgaOfc a%lge ofn%&c?? P}%@@w | beS see%ﬁ%s a shift of P by the

met r dli5ogyAQD= +P/10) wilblead tdothe sabstaictunal 5 1t inerginméuch uhatthocente of igeavity of

diffraction grating 154 shown in 20 Fiagures, 9.and 20 is just .an télarrpl e.
I n practithedi ncgrating by willermeasieed;as the midpoiny betyagndhe beginging ofihe

apparent |9 {53%n3 %I@dofrtg%ﬂ?fgﬁ% Eﬁ'@sﬁgggeeﬂegfo“ﬁ SISWHIE!S chahfld 6CEBRP/ DY

t he substructure’is pen ositive resi st negative
resi st i swilliRGeer hea skiftfiP by thémstrologyhinggure 20 is for a positive resist.

In a further eI{rbﬁ)dildrrEent of the inventign, a_shift between orfler S is used to
nmeasur e shou noted that the configuration of the diffraction grating 154 shown in
20  Figures 19 and 20 is just an example. In practice, many different configurations are
possible, as will be apparent to the skilled reader. The sign of the asymmetry introduced by
the substructure is dependent upon whether positive resist or negative resist is used. The
example shown in Figure 20 is for a positive resist.
In a further embodiment of the invention, a shift between orders is used to measure
25  an asymmetry which is sensitive to the effect of processing on patterns imaged on a wafer.
The method, which relies on clearing part of a marker from process effects, is shown
schematically in Figure 21. A marker comprising two diffraction gratings 180, 181 is
exposed in a resist layer of a wafer (the marks are viewed from above in Figure 21). The
first diffraction grating has a first period (P/N), and the second diffraction grating has a

30  second period (P/M). The wafer is processed in the conventional manner. Subsequently,

the processing is cleared from the second diffraction grating. This is done by applying a

P-1533.010



25 an asymmetry which is sensitive to the effect of processing on patterns
I mged on a wafer. The nethod, which relies on clearing part of a marker
fromprocess effects, is shown schematically in Figure 21. A marker
conprising two diffraction gratings 180, 481 is exposed in a resist |ayer
of a wafer (the marks are viewed from above in Figure 21). The first

di ffract ijr of Rkisheb tha vaferf éip‘é&ingﬁ{ei regiof Bf the, seaitdl diffeaction gradng)i f fract i on
grating has a 30 second period (P/M. The wafer is processed in the
convent i alestlopimgaad etcBingsbafregion gnd stripping itof gesistndhe magkes shenrompsises he

S0, S Bl S SR S i,
grating, mé’ﬁe%ks%i*ﬁgc&mg ﬁ%&é}}d@ﬂ rédidNed’ qséeggagcgloé&fdn@ BF fHe firke 44 se&sHdst -

The mar ker en conpri se I rst process Iffraction grating 180a and a

secong didifffaaér pratiggat$0ag1 SiAlkee mbasuredningthe shié tefwentordert netluoxlessi ng have
been renoved. The relative |ocations of the first and secong 5 &iff action
gr at i ngs des@ibed abovesingelationtosFigwss (and §. (s givesra measprrment of the e #od

descri bed, above in el ation ) Fi 8 ' ' Brpfasur enent of
the ef f eche PRREFSSINgHES 8?&5‘366%1' ! ﬁ'ﬁedhcggﬁ%ﬁogﬁgﬁggb%ng}é%geglk%ﬁ?fraact ron grating,
and can bgohsest HaleE@dnasther phbdeSieaRINrabaGEEkatifg) Ot her processed

diffraction gratings. This enbodi ment of the invention may suffer from
i magi ng er r or Shinembodimest efithsinventionomay siffed iffoNeIRIZNERETEBE GTTOFREISHIY or

hi < 1an 4tk citemen deieried ordeey (o B3 B IPEEREIRDN RosRiorE BB R T | (7
and_ e e OBk 65 lsfah adikioRd] i84rRbr 18Pl Stsed Eshowhiif Fighee 22STREC 1 0
|

those in gure 21. The right hand marker is exposed using the sane nmask
(see Fi guefehdnd mharker oemsprises diffraciomgyatingstliga,| 18 whighccomespand tothgsg ins t o
avoid errQrs arisjin romthe mask). 15 However, in e rd.ght nd._nmar ker
both di f fFHENE2on 14F giﬁLh‘&é'd asgker %%P"ac‘i H%gmﬁﬁe“ﬁ‘“& |"éae?f‘z_%1’° Pldg“‘Brlg@E'g ¥*g
effects. ythprddxahle ieiich BRidRirktuE Rlto'afolehiord ishnShbhithbfaggen or ders
measur enent Whi Is used to correct errors in the neasurenent nmade for the
| ef t 15anddowenvek én theAigha hamd matkew botheliffacdgy gratings 1805t 1 §idyhaye beeneleared
measure asynmetry, and hence O critical dinensiaqn of..0fher properties is
shown in qfi[’!j?fﬁ@*%‘?ff%t%r'@‘&dlﬂ%ga@p‘ﬁ his us¢ mprogl_gﬁPéélftZ%'gwE’g{) @‘%g?

br oad baﬂ%éﬁﬁﬁﬁkﬂg%gﬁh% £5d 30 E@bdcl BRLRn BRAM AlirenieabnatbiGlindRESRRA t hT ough
an opening rn a egree mrror 201, and is focussed by a lens 202 onto a

di ffractimaker ati ng 203 (the diffraction grating is of the type shown in

Fi gures 19 and 20).
J An al)tcmative metrology unit that may be used to measure asymmetry, and hence

20 critical dimension or other properties is shown in Figure 23. A broadband coherent light
source 200 (e.g. a broadband laser) generates a collimated beam of light which passes
through an opening in a 45 degree mirror 201, and is focussed by a lens 202 onto a
diffraction grating 203 (the diffraction grating is of the type shown in Figures 19 and 20).
Light diffracted by the diffraction grating 203 is collimated by the lens 202, reflected by the

25 45 degree mirror and focused by a second lens 204 onto a set of scanning transmissive
reference diffraction gratings 205. Light which passes through the transmissive reference
diffraction gratings 205 is collimated by a third lens 206 onto a spectrometer diffraction
grating 207. The spectrometer diffraction grating 207 diffracts the light at angles
determined by the wavelength of the light. The diffracted light is focussed by a fourth lens

30 208 onto a detector array 209. In a preferred embodiment, as shown, the metrology unit

further comprises conventional reflectometer hardware 210 and a polariser 211 used to
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Light diffracted by the diffraction grating 203 is collimated by the |ens
202, reflected by the 25 45 degree mrror and focused by a second | ens 204
onto a set of scanning transm ssive reference diffraction gratings 205.

Li ght which passes through the transm ssi 88 reference diffraction gratings
205 is collimted by a third | ens 206 onto a spectroneter diffraction
grating 2&ftroflthe linpargialarivetianr oftthé figltqiassing tr the ﬂifﬁa@ﬁ)'n giatﬁligm sThehe | i ght

at angles determned by the wavel ength of the Ii ffract ed |ight
i s focusswaventionak r@t}wtﬁmmsﬁBaréwarfo?éOdﬁWl&ne&méeﬂtﬂse éhﬂﬁs@ ﬂz'b

preferre t

onvent | JHEPRRElS ecsEPed HRL Tuk D3n TRk 8 BY dulidred aé‘%?ﬁmﬁtiiﬂo

P-1533. 01ib3?1§renqp&m@:bdhﬁw Aslsés&althmhﬁiat@ﬁﬂleaﬁnﬁferhm\daregh’[‘hmliglmmg to the
diffraction grating 203. T% conventional reflectoneter hardware 210 is

wel | Isnowletected: dandprocsissad ing mamncﬁéatasanalggmls te Frgular seflectosneters. descri bed
here. The 0-t r.der of the diffractio ra 31is
retro-reflect é&geﬁ?g’stjé‘gg? g’t@’ﬁ{:\ %w& %‘H%%“é"r”ﬁi?’é’ﬁéﬁﬁ‘%“fﬁ‘?
light is ré?%gg F?ﬁjc mﬁ%@m@&ﬁ&ﬁé&ﬁgné AnctheFRTARY is UBAS to allo thk AkAsiErednent stgul ar

reflecto be seen from Figure 23 that three scanning
transm s%ﬂf&enﬁdﬁrm&m&oﬁ&s‘at&b&dﬂmtomﬁyﬁﬂ?s 205 are provi ded adJ acent one

another. This is done to ow the nea enent. of fferg}ﬂ:iwa raction
orders at the H WBF‘ESSFI ) m?ﬂtéoiglf\/‘%}"ﬁ@’?&‘?ﬁ Pl g e
| nveny O%Wnﬂﬁnume@m{%rdgﬁéldmm% #rid bégsmespm%qm&@ .anfhdher nore, a

gi ven marker nay be use gnnent , nd t hen bsequent |y used for

met r ol 0gysubsemeitd) hsedifronetasiogy. prhe(followmgaieamim‘mntin rélatipm eFigures 24 R6526
conpri ses exanpl es of such nethods: Referring to Figure 24, a marker
(vi ewed foomriaebexamples of spelbmeteds:ayer on a wafer conprises a diffraction

grating 250 ofgg. {m{gst#, gp@géegﬂ altharklr awﬁﬂn%@ogs) laraeﬂrs&e%@med diYa Wafer

det ect ed byapar gctor of ‘the netr y uni't sh In figures 3
and 4 (orconipitists & diffractibateeatingr250iof arfirsteperiod (PAN)armaye tertgtpreferentiskiyl) . An

alignment unit nmeasures the location of the ffraction n which is
uslag 150 d@g@:t%bl/ea P%@CLHW%@I%E}IC{mﬁtﬁOP&' “mf%'?"h fiﬁlu"?:gﬁ‘lftéﬁgent : ayelr
O o1 e pARiGuar PSR FHMIE Blan' WA WV EATP LIRS, MASIBANEn: FRNALALINS i | D

nmet r ol ogyp or "exanp e as shown 1 n-tigures 3 an manner 1 n 20

whi ch thelo@kﬁfomitelﬁk @Hﬁwbn igrating eehibk isgseditd Heemmine (heaighed posigdn fprment  uni t
and netrology wunit_are mterchag!(_l:;eabl e in this part,of the description).
The subsemaginglof ajsphssauent dayer ontadhe water \[he ahignment upit may comegise ﬂfﬁé%“l‘}f

second apparatus as the metrology unit, for example as shown in figures 3 and 4, the manner in

20  which the detected signal is used being different (the terms alignment unit and metrology
unit are interchangeable in this part of the description).

The subsequently imaged layer includes two diffraction gratings 251 of a second
period (P/M) located on either side of the first diffraction grating. These second diffraction
gratings are arranged to be preferentially detected by a different particular detector (or

25  detectors) of the metrology unit than is used to detect the first diffraction grating. The three
diffraction gratings 250, 251 in combination form an asymmetric marker (assuming that
overlay is not perfect), which can be used to measure overlay as described above in relation
to Figures 7 to 12.

Following processing of the lajrer having the second diffraction gratings, the second

30 diffraction gratings may be used to determine the aligned position for imaging of a further

layer onto the wafer.
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period (P/M located on either side of the first diffraction grating. These
second diffraction gratings are arranged to be preferentially detected by
a different particular detector (or 25 detectors) of the netrol ogy unit
than is used to detect the first diffract?bon grating. The three

diffraction gratings 250, 251 in conbination forman asymetric marker

(assum ng that,, overlay.ds.. t ' §§%d asure
overlay as deglg'ﬁﬂisﬁ‘é(a’dg %r\r/dgtl!&ﬁb}agﬁg{ fﬁ(;lnﬂ-na‘{ Qﬁlﬂ%g]&f gé;a%%{@ ) tbgo | owi ng

pr ocessi ngdpfonkINBEfHRYSH ghiivi 262 Ideated aaf0eht did firseditfravtion ghitingo Thet he second
30 diffraction gratings may be used to determ ne the aligned position for

i magi ng aildaichalrdiffeaction graging bag the phdoddl/ R, anpmay i wedtodtermtine hecond
diffraction gratinpgs, 251 na ti.onal be agco ni&d ..an i tj.onal
di f fract iaélgn%ﬁrmwﬁgi f?SW%%%?@B%HﬂE&L‘&F‘ ome i‘?@?f-dﬁ‘f"g’éﬂ I‘Bﬂ"d‘%{“g g. The
addi ticonal _di f ' ' Fal= AMthAtdes@fbedsed to
deterbn' n_?r?tﬂ{ééﬁé%ggu%gg{)wg#}ﬁgyél lg?%@?ﬂﬁ]&gygfoﬂrther | ayer onto the
vaf er. Thpodelol thi direter tiyef inaluideoappbomgiandly pgsitionedaliffimction gratigs 267 heaing e
overlay in a manner analogous to that described above, if the further
| ayer i ncnagpoprpisrRspedlat el y positioned diffraction gratings 253 having an
appropriate period. The inyenti.qQn _can, be ' gr;d{;!pment of
asymretry cau ’B‘_{Fn P&ER V%&qﬁgfoﬁédcaa'r?g%%gﬁnﬁ%ﬁtBf%%?@%@ﬁom In Figure
25. Ref e:g'r&wséﬁguﬁhgumﬁé of B Fpk Hownlifl QTP L5 S Refetringerot Fighre 25; 4 hmarker

g a di

conpri si fraction grating 255 having a fast_ period éP/ N) . sandwi ched
bet wdén sempnideszocentrahportionpempising dﬂiffrnqmgwry%ﬁp hayin hBsria PN econd
I i od (P, th ker. i ' d f{. .

reacur crARghed pvd OB Lo G B ERHED e F R pA L becBht O
peri ods, Mgcgﬁeﬁ&a m (e InPifRer i§T0RMEA BIRNADRE). [T MENkeNEllows measafendy

processi ng. e en target is inmaged and 15 processed for one |ayer
(i .e. thefdhd shifabetwean grders segn farrdifferont grating pegiods, which iy wm allaWers) . The

| iod (P/M., | ffected by as: i c. . th
Shor't er " JeBRETIH YIS SSRRHEY PG SRR ane R aAEr Srerl i, o, o
and e RUIIELT Se 1008 (.TRCEHPAIERINES afcdlot Ricdicatn UIFreltanREsLISI Ng

waf ers ergo processing having different asymetries, and stored
t 0 quant iThe lohger peyodi@/M) isvmorhaffected yrasgmmetricoprpegssing thanr the shorter perigdt ween

orders. The target. may conprise addi.tional diffraction gratin whi ch nma
be used t(B/NhéFllg?églé“? 1 gﬁ'?%@'}“?ﬁ‘tﬂ/ﬁ“@ﬁm{?{gerﬁ@ %m#%g%euant ifi eé,

for exa”mr&egﬁng may be calibrated in advance using wafers which undergo processing having

different asymmetries, and stored to quantify the asymmetry which gives rise to a particular
20  shift between orders. The target may comprise additional diffraction gratings which may
be used to increase the accuracy to which the asymmetry can be quantified, for example by
generating several shift between order measurements which may be compared with stored
calibration data.
The embodiment described in relation to Figure 25 may be combined with the
25  embodiment described in relation to Figure 24, as shown in Figure 26. In this embodiment
a first target comprises a central portion comprising a diffraction grating 260 having a first
period (P/N) sandwiched between second portions comprising diffraction gratings 261
having a second longer period (P/M). The diffraction gratings 260, Z61 are located in a
process layer, and may be used to measure processing asymmetry as described above. Also
30  in the process layer, an additional diffraction grating 262 having the first period (P/N) is

located adjacent to the first target. Diffraction gratings are subsequently imaged into a
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generating several shift between order neasurenments which may be conpared
with stored calibration data. The enbodi ment described in relation to
Figure 25 may be conmbined with the 25 enbodi nent described in relation to
Figure 24, as shown in Figure 26. In thisgenbodinent a first target
conprises a central portion conprising a diffraction grating 260 having a

first peri. / ' t - | ;3]
i £ 1 act TEVRGRT) DAERBHGHLALGE RS OFUCkRBRPAAAPIUPAS |6 cithefflde of
di f f r act iypdadifi@érial grocd§illayet Qiffraction @awigezbd. MTagether drssforinaytarget whithnay be

used to neasure processing asymmetry as described above. Al so 30 in the
process |naayebe used tathgasire nedrlayiusing sk shifs between etderssas describied abave {this st

e subs e FfeTHaGLE hhpt oy Spei oA it st chpBFing ansp gl 0, "9°
gratiggs ﬁ%ri?ifn g rﬁ&‘ﬁeﬂgmgﬁg R4 hhvindh figdt petiod gilﬂ?_sﬁ{dﬁiéﬂedﬂieﬁﬁedﬂf t he
ayer aiff .

addi tiona rocéss action grating 26 oget her these forma
target wieednd poRtiolseougeingaliffmetion gratings 26yhavirigragsecomd pariodtlonger @) isr der s
as described above (this target s referred to as ,the overlay target). A
third taradsstimageshinta thegesistdayer.r Zhis tird taggst may hrysediorrpmectfor S
grating 264 havi,ng a first period (P/N) sandwi ched between second portions
conpri si ﬁe"’(ﬂ Y?)action gratings 265 having a second period |onger (P/M is
al so i maged i @ill Beapprediated thay 6ther ddmbinativnk &f tirrabeve deseribed embatlimentsor r ect
for sensor errors (see above). It wll be appreciated that other

conbil@at icfthe ipventina mapheussd s phiaiadlesisgshenmbipations pf metrolqgy measWIMERS nay be

used to obtain desired.conbinagtions of metrol ogy neasurenents and/or
net r ol ogy™® ﬁ&“ﬁ%“’g‘?ﬂ@r‘i‘fi aﬁ%ﬂﬁ%ﬁ‘t’%&’e’#‘e overiay metrol ogy enbodi ments of
the invention HRsweRe the@bRES eMbEdifRAG dfthslinveitidredeserilsdd adbove s derdribed

mar ker which is neasured using a netrology unit. Typically, the netrology

unit is s eamafbf en asimmtoismenkeravhichiskneasurst using aaefrelogninit Twpieally the | n

Fi 15 2), the.net It bei t | St . th
1 £ hogr A pROER st Sk delonmei A bRGRE 8 rR3eRu L QREF (R imcdre™ e
I thqgr agz; the H{cﬁjofd‘gtyilﬁlﬁ\tlﬁ%f)«%{é@sﬁnﬁb dstahdd SvHUom Whe lithsRaphicpadiestioyy known

as atra However, | | be appreciated that the invention nay be

used to aipparatuswefersmayrbe caotiodfromeths lithographic projestion pPRAfatYEt Hmerplegy

lith hic . e, and.that the metrol it
Lt o o o ik sorERor Eitis oK) "Bowevis. (TS0 B Afrebilld RO BVERRh
wi thin t he,Jid (Rateehafm WeRbfficirolbgy RicasitBfieits atlother @Bgediof the lithographic

process cycle, and that the metrology unit may have an alternative location. For example,

20  the metrology unit may be located within the lithographic projection unit and used to obtain
metrology measurements, for example overlay measurements for two previously processed
product layers, or for a product layer and a resist layer bearing latent images (the metrology
unit may be the same unit that is used to measure alignment).

In order to obtain metrology measurements for two previously processed product

25  layers, i.e. after etching and/or processing, the two layers are for example provided with
diffraction gratings provided with some form of asymmetry (the asymmetry may be in any
of the forms described above). A layer of resist is applied to the wafer in the conventional
way, to allow exposure of a new layer, and the wafer passes to the lithographic projection
apparatus. Prior to exposure of the new layer the metrology unit is used to obtain

30  metrology measurements via the asymmetry present in the diffraction gratings, using one or

more of the methods described above. It will be appreciated that the metrology
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metrol ogy neasurenents, for exanple overlay neasurenents for two previously
processed product |ayers, or for a product |ayer and a resist |ayer
bearing latent inages (the netrology unit may be the sane unit that is
used to nmeasure alignnment). In order to olgain netrol ogy neasurenents for
two previously processed product 25 |layers, i.e. after etching and/or

processi nﬁeaﬁ?&néﬂf@m'aﬂw bbtaitied aftel exPS&iFe. oVeikintlg thvrekrolddlyuhitagdy on

gratings provided with sone formof asymretry (the asynmetry may be in any
of the focompritesamitehich kol used\td olytain abtignmenti inforiatiomisr thecsubsequeld waf er i n
the conventional, way, to allow exposure of, a new | ayer nd..t.he waf er
passes toe’ﬁﬂ‘?é‘“Fi(lt-?\éagaéﬁﬁWtrBL?ﬁyéﬁ ) YA, prg ot Tsﬂﬁg?d}t 3‘ %Qltpla"sur e of the
new | ayer . [ ’%?'Flje | ts
via the a@??ﬁ%éﬁé&%#g%é]ﬁy%égo!%ﬁl rglg??gﬁﬂ%réﬂﬁgg% %ﬂ%n or frore
of thg nepdsilaine® 344 tdigshrRbo vdiffriction ighatings hpngan apprdpridieasynimetretinol ogy
P-1533-010 38 neasurenents nmay be obtained after exposure. Conveniently,
the net r ogengsal tenins, prioy to expasuies layernt . matkeexposedingneviguslayers Bop-4;(ar

alignment_i.nformation for th ubsequen b& ' rat ' r ol ogy
and al i gn‘?ant“’UE'szg" @eﬁs&{ecf‘g%%\ylpgg))v:gﬂ#ytmgﬁ @?&Ee %)%%ggégl@g%[ ﬁgﬁverl ay
net r ol ogyz MeasHLRABANBinh@onsIRBH6R! Precedi ng product |ayers may 5 be

obt ai ned, via conparison of diffraction gratings havi ngb an appropriate

asymetry. | n Comveaieatly.tbe nvcrlaymiatrology rosasurenreatsgnay be/ehtained duigg ks exposed

in previoys |ayers.n -1 (or n-2,.... N can be neasured, all ow ng

over |10} rREBIEHEG e MR o1 Spar e e e P 4GRS Tl oyt o BV

combi nati g Elii#Rhction Fodl{gnihent PAPOS, it Alay BBiaih BB migAsEemenEnt s may
be obt ai ne uring 10 al7l gnifent of the wafer for exposure, i.e. when the

al i gnmentbased solely upou thtae diffreetionagragingsin ordelr itgproaide alighment andmay obtaimg f or
Chat i 1'3e5end Bamyresoh Bt S3pea AiFacadncireies BrrER Ton i oCRe & b 2
second MEgs Hfi%ﬂﬁéﬂt 3860 BAn g o bhdedapbh At ofiibitiatiBa of Beidtiraction ghafings)
above or beneat the alighnment diffraction grating (or based upon a

conbi Ifat i tha safond atdasurementheingused tapionige ovetday metrelogy measwements.¥herdai ng
surenent s dual. s

1 hogr afAaL g MhaeaEic SpBRrais (3 s6d (o e pieh R fonsoiirte Sag0parr,
Vel oy MR e R B e of
product i vinhy be plaformet tvéthost imydreductioniof presdpciivitiadvant ageous because it
al lows overl ayUgﬁé rth%I nqgt¥lod in this way is advantageous because it allows overlay metrology
20  measurements to be performed for every wafer, thereby minimizing the possibility that a
non-yielding wafer or die is not detected. This is favorable compared to conventional
arrangements in which overlay metrology measurements are performed for only a
representative sample of wafers. The overlay metrology data provided may be used to
provide an estimation of corrections to be applied to subsequent wafers of a batch for a
25  given resist layer n (feedback). In addition, in instances where processing steps are
comparable, the metrology data may be used to provide an estimation of corrections to be
applied to subsequent layers (feedforward).
Overlay metrology which embodies the invention may be performed for latent
images. The latent images may be images'which have been exposed in resist, i.e. without
30 post exposure bake. However, in some instances it may not be possible to resolve such

images, in which case a post exposure bake may be used.
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20 neasurenents to be perfornmed for every wafer, thereby mnimzing the
possibility that a non-yielding wafer or die is not detected. This is
favorabl e conpared to conventional arrangenents in which overlay netrol ogy
measurements are performed for only a repgesentative sanple of wafers. The
overlay netrol ogy data provided may be used to provide an estimation of
corrections to ‘ﬁp@{ | t; : f hven
resi st |ayer nh%?ieed adgﬁﬁf:ﬂ?ynﬁgg?jli% |girel,m°ilgr?ili8frils§!ta %gﬁhﬁﬁ&g%ﬁﬁf'ﬁg st eps
are conpproaidedocushmetralbgy kritiyal dirhensimyméteologexhdt athqrmmetradegya rWhert ithimis on of
corrections to be applied to subsequent |ayers (feedforward). Overlay

met r ol ogydens themeapement mayebe periorned for pdyarker ip 8 Profeselaysier 4 1BarkeRin aj npges.

oo | ! . . r . .
u thout - stspREE AT et RRER P b KRR R Gt bbbl o
possi by e mrrp%a@xggs&yﬁm(ei. MBRSfetrdlfgyMHiCRaE BSM ahyRPHe 1684nY iRnliaka nay be

used. P-1533.010 In addition to overlay netrol ogy the invention nay be
used, as almweri bed above, to provide focus netrology, critical dinension

met rol ogy and ot her nefrol . Were this is done t. measur enment y be
bor f or mad for BisEHREr ipm Bt b8 noxepessity 45 i AT o BHABEHE PRy o
The netro iTRRRYE : r SediR&Reb : 1 f r 5
after posétoo(g%aﬁggur e ﬁgﬁ?lﬁ?ﬂ%%ﬁemﬁaﬁo%b%um t)j(ﬁ%;hgéﬁlmr'lmany 0132 t?ﬁg oclzgt i ons
ment i oneddimensiveed $ingle fedture \(typicalbyrttielfeataretis dfthe order oftheovavelengthaafite t 0 use
a diffraction grating,in order.. to ,obtain diffraction, Diffraction nmay be
obt ai Hkd W“Eii“?% ) Prigther Q“&ﬁ?lﬁélﬂmﬁ‘ﬁl%ﬁ‘@wék%ruimalb‘ﬁ?o ‘HffFPé’HQP(SFPé’&%}SngI e
feature ( | cal > i . f the 10
i 11 um nat ﬁ%ﬁel)régrf J’%?&Q?“&E% g&@ﬁ?{&&eﬁ%ﬁgp@eﬂ@@ mar %?&%H@E’g%ﬂgﬁ% raction
gratings diffradiiog siphald However @t wititerapprdiacnixhati thefiventidn b bé impleinented

because they provide strong diffraction signals. However, it wl| be
appr eci at esing magkepsshich geeriot dHfragtiongratings) Epeenaseple. considenthe kwbedigienth are

not diffr L on.qakat i Far I ns4 ' fi: L.he
ovent i ondtine HeRicH daebed e AR ek 5" The flarken Sne BONBELLS fold ikGe
four 13 nesf allﬁ'oaﬁctaifﬂfaaﬁhlﬂ%‘aﬂlhg iridefolit Dies@f atresig diffidkcfienigratingleif thiee fineesfl St

diffraction grating. If three lines of each diffraction grating are
removed feashdiffractinm grating arpsemeved fram ke magker, thegihe magkes WillicagpESe 8 ne in

e £ b | BRI o Bl i

aurectea s e narker w acC rent
di f f ract i arh@meares wall B¢ iffracted by the marker. Different diffraction orders and/or

wavelengths will be detected by the metrology unit. Differences in the position of the

20  marker as measured for different diffraction orders and/or wavelengths may be used to
measure overlay, in the manner described further above.

It will be appreciated that other embodiments of the invention which have been
described in relation to diffraction gratings may also be implemented using single features
or other suitably dimensioned markers.

25 What is needed in order for the invention to function correctly is markers which
include some degree of asymmetry. If a marker is entirely symmetric then it will not
provide metrology according to the invention. The following is a mathematical
explanation of why the asymmetry is required:

Consider an isolated feature marker that is symmetric around a position xp and is

30 illuminated with a light beam that is also symmetric around xo. By virtue of symmetry

considerations, the near-field that is created by this configuration must also show the same
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wavel engths will be detected by the netrology unit. Differences in the
position of the 20 marker as neasured for different diffraction orders
and/ or wavel engths may be used to nmneasure overlay, in the manner descri bed
further above. It will be appreciated thagother enbodi nents of the

I nvention which have been described in relation to diffraction gratings
may al so J,fr@h@qaﬂt@dums' Nng single features or other suitably

di mensi ontglge maf kers. 25 V\Vé& is needed in order for the invention to
function corregp) &;4 ;ayaekBfscwhigh include sone degree of asymmetry. If a
marker is entirely syrmetrl c then it wll not provide netrology according
to the inventigde tHd@pbiddneyvofghe ingarcfiekhbh theawdveingthek Blexphititlp indidatedhy t he
asymretry is required: Consider an isolated feature marker that is

symmet r i cFoarsimplitity qplys] dineemsion (skid cmsldemi bRt amgxtension 1i2tdimgnsionpat beam

L he niar TONENE, PRESSHE bF e oheyoraeeton ot e BEICHETIR ke SBPR BEMAYE Do
same P- 1%&@@&0foﬁﬁm§¥g éneBlis ﬁ%&’reﬁflﬁb@ﬁelﬂ@1smﬂtlﬁﬂtﬁ%1¥ er?)far dwayffidm

X--x0;~.) endency of the near field on the wavelength A is
expli cit Itjie boattering mrker Boaalled thelfacfield. Ibid showndn mnmsamt(bopks en tlmnsnmm ed,

or opagat (68 BV, &@m%?%ﬁ?&q‘%@éofg ”°V§%€r§sM§ o Y] G sl the
nomogenequs, aedh Aot e R el Adarl o), ikl b éypli kY, g barl el B 1S aviay

from ering mar I'S ca I's shown 1 n various
t ext Igooltﬁ,sgagsg bject [e.g. J. W Goodrran Introductlon to Fourier
Opti cs; I\/t:(';‘ravv—HlIlﬁy“j‘Ul that this far-fie d S the Fourier transform of the
near field. Again by virtue of syFrA% 44“'95 f"a} field nust also 10
possess symmetry Ee' 9; xO) SEe o1 IEe( A expt J OTA) & -2 s
~)x0] =l E, (-9; 4 euﬂf i, ezl —@(ﬁxe, QEé’k E @‘Sé ﬂ(ﬂp Z) Ixpr
i o]=1E (- Ol expbve ( N F |k0vvher thesbcr e
denotes an even funfzt(apm]eip[)bde At)]a;rp[-f;ug ﬂEg(ngﬂaa)]&p a;(de;ld)ﬁx n(9)/A is
called the spati al angul ar frequency The 2'' expression in the equations

above nmerely. 15 uses the Fourier shift theoren1 A shift in the space donmain
results in a |linear phase shift in the fregyencg domajn, In other words, a
symmet ri oviexe ersubsoriay i’ iderotes anewenfuncgion of the far-field angle 6. and & =27 sin(e)/4

is called the spatial angular frequency. The 2" expression in the equations above merely

15  uses the Fourier shift theorem: A shift in the space domain results in a linear phase shift in
the frequency domain. In other words, a symmetric marker always has a symmetric
amplitude of the far-field. Moreover, the phase @, of the far-field is also symmetric and the
only anti-symmetric component that can exist is a linear phase shift that is introduced by a
displacement of the marker.

20 Note that this treatment is valid for diffraction gratings and isolated objects. It is
basically a mathematical formulation of an optical alignment sensor concept. Basically,
existing optical alignment sensors compare the phase difference between a selected range
of negative spatial frequencies |-k -~ , | and a corresponding range of positive spatial

frequencies [k, -k, |. This phase difference is only a function of xo and independent of the

25  even phase difference @.. This measurement is suitable for alignment, but does not

provide metrology measurement.

The embodiments of the invention rely on the fact that the metrology unit measures

the apparent position of an asymmetric (composite) diffraction grating for different
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anplitude of the far-field. Mreover, the phase cc of the far-field is also
symmetric and the only anti-symetric conponent that can exist is a |linear
phase shift that is introduced by a displacenment of the nmarker. 20 Note
that this treatment is valid for diffractjpn gratings and isolated objects.
It is basically a mathematical fornulation of an optical alignnment sensor
concept . &%&/E@ioﬁ’ A c@rﬁﬂn%h ?%ﬂﬂ&lié&@bm?&dlﬁﬁﬂﬁﬁé the $4L% at el RIcHoh Pf‘auﬂ?as €
di fference tween a sel ected range negative spatial frequenclres [- k.
- - k2 alymn@trg icamerslead) fogetionafehexhetpalpgy paremetprthiacheeds tebp mpasueed k2
.k1 J. This phase difference |s only a function of xo and independent of
the 25 e\XQ’Yeﬂ%@dﬁM‘@e@ﬁB@‘se -This neasurenent is suitable for alignnent,

but does not [V e

i nvention rel aﬁﬁeﬁz %a?%cﬁgyar{%gﬁgﬂet r Oﬁéﬁc}t/&?&ﬁm‘?ﬁ%ﬁ% U&F%hémﬁkgjsgppar ent
posi t ison dﬁﬁmﬁi&trﬁs Mﬂfﬁérﬁatfcaﬂﬁwmi dlﬁhysdlcfzérhpﬁeltﬁhl n@drdfidldgh 4 bﬁiﬁ:er ent

P- 1533. 010 41 orders/colors. A common factor in these enbodinents is the

fact that(=¢tven) dind an agti-synmgirictdomponessymodsbry i s a (non- I|near) function of
t he netrol ogy er, t need e neasured (Overlay, CD, lens
E(:%@IT@O '%t( éﬁ(g’f

aberration, wroet Xy*od asyrmetrl c marker at position
X0 1S general llie al so 5 asymetri c Mat hemat i cal | y can al vvays deconpose
this near fi elHere ghesubserinss ¢ and (a’ derots. rﬁ?P&CtéY?lﬁlaﬁt"Fn %‘Eﬂrﬁpélt"rqnép &bnponent

g edd) l%éncﬁlg)i §1161thérd§e f)( X-X0; A) +E7"f) (x-xq; d) Here the subscripts

and ote ively, even and odd conplex functions with the
property 10 f (N7, @-ao X) fo(x)=-f0(- x) Fourier transformng this near
field0 and usin the‘Js earity of a Fourier transform results in a far
field that als~6 onde t‘g of a symetric ( even) and an anti-synmetric

(-odd) part: .2, xa) zEe(.8; 8; esa. 0)=.1F (8.:2 O exn[jm (A
al~+~F (8:2, OE@B 'ﬁ‘?’fsg""'&‘} é‘k‘p‘ﬁ’}ﬂ FF'&’ mdgwng G Tiheqey ofa Foirier ransfort
results in a far field that also consists of a symmetric (=even) and an anti-symmetric (=odd)

part:
E(9;1,10)= E, (9;l,x0J+ E, (— 9;1.x0J

_Ele: a0 {7 A.o]exp[ im (- 1\elE_(8:2,0)explie (6,2 )}cx]J- 2 sin(6)
[ © < i 8 L A

L
| NE—

E(6;1.0)={E, 6: 1.0 exlio, 6: )]+ |, 6: 20| exelio, (0: 2)Jexplicr, ]
15 : According to the above-mentioned property of odd complex functions the phase
and amplitude terms obey:
.00
0, 6:4)=9p,(-6;4)
0,6:4)=p, (-8:3)+x

=lg, ,-6:2.0]

Before proceeding with a practical interpretation of this rather abstract analysis, it is
worthwhile to emphasize that this analysis is valid for any marker. Moreover, the even and
20  odd phase terms @, and @, are a function of the spatial frequency (=far-field angle 0) and
the wavelength A (i.e. differences between the terms will be seen by measuring a shift
between orders).
Figure 27 shows a graphical interpretation for the situation when xo=0 {i.¢. the
object is at its defined location). In that case the complex amplitudes of the symmetric part

25  of the diffracted fields at 2 far-field angles # and - & are equal but depend on the chosen
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E(8;2,0)_ f Ee(8;2,0 exp[]j9e(8;2)]+IEO(9;2,01exp[q, p(0;2))exp[jxp 15
According to the above-nentioned property of odd conplex functions the
phase and anplitude ternms obey: IE 0 (8;2 01-1Ee, (-8;2,01 9e(8;A)-Pe8; A
' PO(8; A)=cO(-8; Ry +ir Before proceeding wi i a practical interpretation of
this rather abstract analysis, it is worthwhile to enphasize that this
anal ysi S dnp aah 69" m{(el MEHekRiti-syMA@sY 86mpltR B RY &R AQFshows iR¥5Eué1 2P e
terns 9e area nction of the spatlal frequency (-far-field angle
0) and tf‘@ld\m&ﬁhﬁpnmhesﬁand(pha& achlitiw&rtem]masfehqiammtsn dependt @r the fanifidld bregle een
by neasuring a shift between orders). Figure 27 shows a graphical
mterpretmﬂltbmwwlemgﬁb situation when x-0 (i.e. the object is at its

defined | h ' i
bar t 25 of « e oty Bt fRS Pel SESS TR RNy AIPA M ARES o B T L S
but d%pmﬁmﬁﬁbutl@ aﬁBpﬁﬁrfafﬁélléqaoﬁ}%éhzuméﬂﬁlt@taaﬂadt-.bmcwmb QB8&bhal shhe

anti-sy tric conplex fields are"al so shown in Figure 27 and their
anpl i t udesf theevepand @dd fieklsahowe int Bigutes27e Wregeneeal ﬁermls,stbc d@p@m(mltt he

far-field angle and the wavel ength. The rretrol o Frpant
di sti ngui@mb@smewh age differruce W(see ez 20 be %Vﬁ %%’i pances Lor

far-field. lt.o0 | al sum of
t he even %IHH’%C&QYﬁ renglch's%ﬁ:v\L%CR'g&gur eoﬁgfIJ ih feéﬁrel* §l'f&"{ker}r!rttsetﬁ}s g nmet r ol ogy
uni t  MeapERPor e fEdék abﬁ%l@@wﬁ)hases(cmﬁc Evewne 0dd patreofhe spettrunnr ed
spatial frequencies (or equivalent far-field angl es). The vectori al

constlOuctGenerallyeachangs fimthe asymmetryof ﬂwmarkerd@wéwan ¢ Bécmandradd Rags ofind

relative t he even an a t eraIIy, a
change .ﬁ%?fﬁ%&@?ﬁ#& & lstvf?gdlﬁﬁg‘gé&' e@%ﬁ{%@%@@mﬁﬁl&s d parts of
the far fhels@rablpctitionange i s wavel ength /far field angl e dependent, which
results in a neasurable paosition: X (k.A xO +wWk'~) 2 k Here the

subscript “m | ngi qag%i’f’_‘hﬂL it concerns a neasured' position which 15
consists of 2 t"érms ‘lhe 2t rkue" position XO and the asymmetry offset. The

true position Hére the subscnpt m’ indicates that it concerns a ‘measured’ position which

15  consists of 2 terms: the “true” position xp and the asymmetry offset. The true position is
_ independent of wavelength and spatial frequency so we can eliminate this unknown term L
by measuring the position for 2 different colors and/or spatial frequencies (“diffraction
orders” in case of diffraction gratings):

) w(k,,ﬁ) VAT,

A'x(kl"kl j‘l 12 2k

20 Note that the vectorial construction shows that the contrast (i.e. the amplitude
difference) could also be used. This, however, is not preferred since the asymmetry effects
are generally quite small which leads to contrasts that deviate only slightly from unity.
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I ndependent . nf gavel ; ngth and-spatial fregrenry so we can elimnate. this
Unknc wn term by neasuring the position for 2 different col ors and/or
spatial frequencies ("diffraction orders" in case of diffraction
gratings): &k ,,kz, A, j2 )= 2k ' "kk. ) 43 2k2 20 Note that the vectorial
construction shows that the contrast (i.e. the anplitude difference) could
al so be used. This, however, is not pChiigsred since the asymetry effects
are generally quite small which | eads to contrasts that deviate only
slightly fromunity. P-1533.010 43 C ains A nmethod of device inspection,

t he met hod conprising providing an asymetric nmarker on a device to be

I nspected, the formof asymetry of the marker being dependent upon the

paraneter to be inspected, directing light. at-the marker obt ai ni ng a

Prr et modsur erfbCUHM QEviss S ProITo ook R P OB i Y et
diffracted Iigh L4 ﬁé@t\é' | ki Kingbt ai ni ng
a second neagﬂérﬂé%fe%l?a g‘?%% %Lﬂﬁgéﬁ ti oﬁ’ @?%e&rnaéﬂﬁfg%&g?aﬂ%g{l ggtall onnggf
diffracted |i glepemientupdti thé paramietener bé meprictedodiretiting dight atahe madies, and
conparing the first and second neasured goleons to deternine _a shift

i ndi cative of obteining@fust measurementef e gpsitiprof the magker via deteoniofy accor di ng

to claim1, whgrein .the first .and secon Si:id r rise
detection of “%'farc lkgﬁt P% %Pﬁmﬁ'g% ‘?1%“3‘?'%@%&5&%??%%%@@% AES“Dut t he
same wavel engtheasdremntiBt the PosiG6:0bfkhe Sndrier Mibdetection oh diffracted lighfafrast and
second position nmeasurenments conprise detection of diffracted |ight having

the sanme di f f rdifferentwavedgngtibon diffoictibn angle, and cemparaghe first and secandd
according to claim1, wherejn, the.first.and seco | Li ts
conpri se det ed’E“FaSH“%iPOEFPPPSféé’cqechg%%“ﬁé’?ﬂq?@vaf‘)? &'3?%%{& 3?9%@@?%%@%@ es
and different ywauel engths. 5. A nethod according to any preceding claim

wherein the first and second position measurements are perforned

simul taneously 6. A method according to any fprecedi ng claim wherein the
mar ker cahpri semetind ageording to claim 1, wherein the first and second position measurements

comprise detection of diffracted light having different diffraction angles but the

same wavelength,

3, A method accérdjng to claim 1, wherein the first and second position measurements
comprise detection of diffracted light having the same diffraction angle but

different wavelengths.

4. A method according to claim 1, wherein the first and second position measurements
comprise detection of diffracted light having different diffraction angles and
different wavelengths.

5. A method according to any preceding claim, wherein the first and second position

measurements are performed simultaneously

6. A method according to any preceding claim, wherein the marker comprises one or
more diffraction gratings.
7. A method according to claim 6, wherein the one or more diffraction gratings are

phase diffraction gratings.
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nore diffraction gratings. 7. A nmethod according to claim6, wherein the
one or nore diffraction gratings are phase diffraction gratings.
P-1533.010 44 8. A nethod according to claim6 or claim7, wherein the

mar ker conprises a first diffraction gratgpg provided in a first |ayer of
the device, and a second diffraction grating provided in a second |ayer of

the devicqg, thenfeticd acdbidingas olam @sradlding7, awidrdih the maRanbnthrisés afitst on
grating having the sane period and being provided one over the other such
thﬁ;[) 't hte_ | i ghtdiﬁfmcd'og grmg«pd:;vm}edbn:arﬁrsiflafemef gjeﬁ:vm:andra sgqafatd diffraction N
conbi nati on, measured asypmetr we e.diffracti. ratings indicating
overl ay of th&r%tmgsﬁm&ﬁaé{Ebwﬁénffglyﬁfrg%a“&wﬁﬁa‘ ‘i\;{ﬁ%&ﬁﬂ? ﬁfj’“ﬁg a{#g‘em 8
wherein |ines dd e cti o it Qhﬁ' ; waes of
t he second di fs? éoact [ %Acé?%gﬂa‘%%%ﬁggﬁ met ?gﬂggg{l)fg?lﬁgb{og%a# E?’geljotpgcl aim
9, wherein thetlsdrishéh that the ¢ight 18 difiacted by &otht dfehodidfracipn tatingeif i r st and
second layers. 11. A nethod according to claim 10, wherein the overlay is

cal i brated by combimption; megasugedpsymmetry betweep she diffraction gratings mdisatiagd in t he
first and second,l a I es Y the third and fourth diffraction
gratings bei né’vﬁll"lﬁx/%!@égﬁﬁsgjag@g%ﬁm?k rst and second diffraction gntirgs.
12. A nethod according to claim1l, wherein an overlay offset of a first

sign is qrovigadihstaseedinghe claim® whdeindies bfithdifiritrdifftaction giatihg a@s, and an
overlay offset of an opposite sign is provided between the third and
fourth difframairowerthanilingsof thg secanddiffreetionogating.ng to cl ai m 12, wherein
the magni tudes of the offsets are of the order of the |argest desired

overl ay asurenent .. 14, A et ho ccor.di to. i , ' .

of fsets e of F}?@’O&%g?fdgﬁgqﬁﬁg’l#ﬁ]@%ﬁ{'&l ér;&lﬁgedﬁ g—ge cé(i)%fél%nug gdtzérﬁ%&loggcl ai s
11 to 14, whengd fydriag oP R firsyardetdtidayérs i s used to calibrate overlay
measur enents obtai ned using further diffraction gratings at other

| ocations on the device. 16. A nethod according to any of claips 11 to 15,
wher ei n ill. addd methodtascerdingstp claim 10c whewin the pyverday-is g2litsated by #singthisd i on

ratings, fifth.,and.,si: diff ' . Qrak i i ' ' i rst
gnd segond I af@flz("flg%%%%%t\% I%Jﬁ%é%ll%fiﬁh %ﬁéﬁ“@%ﬁlﬁ gc Ixéosﬁeé@%lﬁ
the third and fourth diffraction gratings being provided adjacent the first and second
diffraction.geatings.

12. A method according to claim 11, wherein an overlay offset of a first sign is
provided between the first and second diffraction gratings, and an overlay offset of

an opposite sign is provided between the third and fourth diffraction gratings.

13. A method according to claim 12, wherein the magnitudes of the offsets are of the

order of the largest desired overlay measurement.
14. A method according to claim 13, wherein the offsets are of the order of 100nm.

15. A method according to any of claims 11 to 14, wherein the overlay calibration is
used to calibrate overlay measurements obtained using further diffraction gratings

at other locations on the device.

16. A method according to any of claims 11 to 15, wherein in addition to the first,
second, third and fourth diffraction gratings, fifth and sixth diffraction gratings are

provided in the first and second layers respectively, the fifth and sixth diffraction
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P-1533. 010 45 gratings having a different offset used to increase the

cali bration accuracy of the overlay neasurenent. 17. A nethod according to
any of clainms 11 to 16, wherein a further diffraction grating is provided
adj acent the other diffraction gratings, gkther in the first |ayer or the
second | ayer, the method further conprising nmeasuring the shift for the

further diffrggti | HRE ; r sured
Shi Tt 16, A b el d fIRedft e P LB e R0 B calibigRon Bcoklf of 81! 7o,
and second didveflagimeasurgmadti ngs are provided with a substructure, the

substructure of one of the diffraction gratings including a phase junp
such that asymmetry arises in the diffracted light as _a function of the

rel ative Posi tAoneshed accpuding toany of clainas11 tonkS. wherina uthgs gifivactiop gratingcat i ng

overlay of the firs nd second,l avers.. 19. A net.ho [ | cl ai m 18,
wherein the. f dapaded acsfibe finefifRrio gramel WP pRECBRLINE G l6 % i
of resol ution Qbord layér e madthd Crubthed &ﬁ’iéjrﬁih&%ﬁé@ﬁﬁﬁdgl&e%ﬁﬁﬁfo} the fafthérect the
diffraction gratings onto the device. Z20. met hod” according to claim 18 or
cl ai m 19, wherdiffractioe gfating to deteimrioe akensheerrandf she measured shift.sufficiently

| arge relative to the wavelength of the light directed at the diffraction

gratings that diffraction.fromthe substrugtures.ogccurs and prgpagates
bet ween tHe fi‘gﬂe[@%"o tPﬁByé’gf:]BWbs %g’}vhﬁ{?ﬂnﬁﬁg{qt@é‘a&?&"@i ze of the
substructure |

_ ot . . t
substructure d&ggum gfdugg&ag s6Ridd \L@iil; s%s%l‘:ﬁfé mutgtgm&%fsh@éﬁmgc ure

rin enent . met hod according to any o
clains 18 to Ziffrastion gratinghinchidirpta pinse fmgposudh dokit iSymametry arises an thegs ar e
provided with an over|ay offset of a first sign, a third and fourth
di ffraction gréitfrastsd llﬁi‘{%ﬁ{"ﬁﬁo%%‘@e%%‘fer%t §°£&@S ﬂ’%ﬂ%‘iﬁ’mﬁi th an

overlay offset of. aQ aggg&@k&ﬁﬁ%ggg&%ﬁfftﬁgﬁﬁt | o I%?e:fs.o calibrate the

overlay neasurenent. according to claim?2l, "wherein an
additional further diffraction grating is provided adjacent the other
diffracti®n grAamedgsl aceotdirgrtoictaimHe, vherein the featuresize o thesssbstnttirayeof t he
met hod further conprisin ring the i ft for the additional P-1533.010
46 N the omr??:r i)? tlhc%nnrr{ags rléschut?on ct} a l?tm)graphic projection apinarlatus used to

project the diffraction gratings onto the device.

20 A mefhod éccérding to claim 18 or claim 19, wherein the feature size of the
substructure is sufficiently large relative to the wavelength of the light directed at
the diffraction gratings that diffraction from the substructures occurs and propagates
between the first layer and the second layer, but the feature size of the substructure
is sufficiently small that diffraction from the substructure is not detected during

measurement.

21. A method according to any of claims 18 to 20, wherein the first and second
diffraction gratings are provided with an overlay offset of a first sign, and third and
fourth diffraction gratings having the same substructure are provided, with an
overlay offset of an opposite sign, the offsets being used to calibrate the overlay

measurement,

22. A method according to claim 21, wherein an additional further diffraction grating is
provided adjacent the other diffraction gratings, either in the first layer or the

second layer, the method further comprising measuring the shift for the additional
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diffraction grating to determ ne a sensor error of the nmeasured shift. 23.
A net hod according to any of clains 18 to 20, wherein neasurenents of the
substructure are used to reconstruct the substructure shape and thereby
relate the neasured shift to overlay. 2446A nethod according to claimb6,
wherein the marker conprises a first diffraction grating provided in a

layer of the d&vﬂr&%n{ggﬂi@,téa&eﬁﬁnéiafséﬁsﬁsemﬂn@hhwm.ded in a second
e Tl

| ayer of the device, rst diffraction grating and the second
diffraction grating having different periods each selected to give rise to
strong d23.f r aAtmethodaccdrdifigtoamy oflcfaim 8 1020, ovideein measuremeniteofthhs, t he

otond | byer s, SREICHRE S RBHIN ORI GFAbERLH THEe ANLTEELIEBR B | e
second | ayers, e
first diffractj 95:13&1{:!' asuring one diffraction order or wavel ength
and neasuring 1{11%% posi fli]g)n%{laﬁe second diffraction grating by measuring

the other diffraction order or wavel ength, the shift between the neasured

posi ti ons24,ndi Aahéthed idterding okiifmy6, sFherdin thembnker commpultisefe fiost diffragtiond t he
first and second layers. 25. A nethod according to claim?24, wherein the
periods of t hegrmiingproyisieddma tayer ofithe devies. iapd agecond qiffragtion grating proyided e

that light diffracted bot.h di ffracti gn,...qarat | ' lbeld a strong
combi ned si gnal® ﬁﬁ?@%ﬂé’ﬂ%&“%e@ﬁﬁ@f 1%12&@3& %&‘s‘%ﬁ%‘l’e‘%‘hg%é‘ct i on order.
26. A net hod agigRicdion grdtig Hadingdfifereit petidliiRath sclobied & givé Fige fd suwhgand

second diffraction gratings are provided one over the other. 27. A nethod
accordi ng to cdiffractien abdifferent diffractiontosdars ar wheelengths, therasymmety @f the

di ff ti ti . tiall d..28. A nethod di t
cl ai m 27, whor BREHeE FrinE e op e YOy of 0 gt g BB 8o cent t he
second di f 1 achb e bofipasingnkhiurin thd FSIGUPHHREFIRR Uiffradtfon ghatifyd Bipd

according to claim 28, wherein rotational errors are avoided by providing
a second di f f rmeasudng gnadifiractioaiorder oo wavelength and measuring the pesitionmef theat i ng

havi ng the P-1533. 47, sane period as the secqond diffraction grating and
2T ourth i f f rEeoTbRTEIckion SePORe Py TRrastinas & pUheg QPR aEoR P Bl
di ffraction grabipg betDEeniBE Riddsurdd poshidridGndidhtfigaht ¥syntth&th) GFa8E niafltedt i ve to
the first diffraction grating pair, in a direction transverse to

and the overlay of the first and second layers.

25. A method according to claim 24, wherein the periods of the first and second
diffraction gratings are selected such that light diffracted by both diffraction
gratings will not yield a strong combined signal having the same frequency as a

measured diffraction order.

26. A method according to claim 24 or claim 25, wherein the first and second

diffraction gratings are provided one over the other.

27. A method according to claim 24 or claim 25, wherein the first and second

diffraction gratings are spatially separated.

28. A method according to claim 27, wherein the first diffraction grating is located

adjacent the second diffraction grating as a diffraction grating pair.

29. A method according to claim 28, wherein rotational errors are avoided by providing

a second diffraction grating pair, comprising a third diffraction grating having the
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lines of the diffraction gratings. 30. A nmethod according to claim 29,
wherein one diffraction grating is divided into two rows which lie either
side of the other diffraction grating, the division being along an axis
transverse to the direction of |ines of t?; diffraction gratings. 31. A

t

met hod according to claim30, wherein bot he first diffraction grating

and the second diffr ' ti b:V] ' : : .
alternating r ot @98% %&%ﬁa‘%@g@cgﬁﬁgﬁlﬁgﬁgf‘ M,‘ﬁ ggélll Hﬂthﬁ%hﬂnp%t

di ffracti on gr@tisiifie périod £ahe G Aifractidnl gravirig, € secanidipagr Yeingclarrallyrmon axi s
of symretry which lies transverse to the direction of lines of the

di ffracti on grdisplacesl.relagve w the first diffractionciraiing RRIG Itsd ATCPLiOD transversn ta 2
wherein the rows are arranged to form a diffraction grating having a
period defi nedh’l?)?‘)fﬁ@"{s‘&ga&gg?g@ﬂnﬁ* the rows. 34. A nethod according to
claim 33, wherein the nethod further conprises nonitoring the strength of

a beat freggquengy GAMS oy ki qal ; tMe twhi I st
di ff.ractiﬁ gr‘g%ﬁll ng aﬁoﬁy%@%?@ é?t&l gﬁen%ﬂgmgggg%*@??f%;%oﬁgérgti ng,
to provide anrowsdvidet lisitled side @f tmyother diffiaction grating nhepdivisidnebeingalohg
period defined by the separation of the rows. 31% A net hod according to
cl ai m 34, wherai axi3 Hansyerse kuthe difegsion of dineyokthe diffaetion grgingsen  that an
overlay error arising due to a capture error will give rise to strong

coupl 119536 A GhAPRLAGHRY Hclit ) Ik ndeh e irs B3R rty ket

of fset is iI'ntroduce ne o raction gratings reldtive to the

ot her diffractdegonddiffriction gidtidg arezdividded fiite twobf awte dermgingebwst ed to
m nim se coupling between l'ight diffracted by the first diffraction

grating and light diffracted by the second diffractiqgn gratin 37. A

met hod ac3br di AgnethodasgorkingtoLlaim 34 whereypth Mﬁ?ﬂﬂ%&?@f‘ﬁ&ﬂd Hhsrseermd
conpri ses deteg.d ni. r ??m% Wl | : Repfd f the
device a P- 153@&&%88%@ %?%?'ra‘é‘?%{; ractaF{)S(r?Ygs%??%%}g@ﬁﬁ%% evirgéln@r tl[;gri od as
the second di fdireibh ofligesasfithodifframion gtavingsli ng i n the second | ayer of the

device a fourth diffraction grating having the sanme period as the first

diffraction grating, the sensor ,error being elimnmnated by co&gg&i% t he
measur ed &hiftA edyaecprding toghaimsH on fiaim 34 whereip HegPys; FHET™ hj 1 d

d f th dif | ' : | ,dn 6, wh [
o Tou . BSKARR )0 R AP Ot ko 1 vher el

34. A method according to claim 33, wherein the method further comprises monitoring
the strength of a beat frequency caused by coupling between light diffracted by the
first diffraction grating and light diffracted by the second diffraction grating, to
provide an indication of overlay in the direction parallel to the period defined by the

separation of the rows.

35. A method according to claim 34, wherein the separation of the rows is selected such

that an overlay error arising due to a capture error will give rise to strong coupling.

36. A method according to any of claims 30 to 32, wherein an offset is introduced into
one of the diffraction gratings relative to the other diffraction grating, the size of the
offset being selected to minimise coupling between light diffracted by the first
diffraction grating and light diffracted by the second diffraction grating.

37. A method according to any of claims 24 to 36, wherein the method further

comprises determining sensor error by providing in the first layer of the device a
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arranged to neasure the focus accuracy of a lithographic projection

apparatus, the nethod conprising providing on a mask of the |ithographic

proj ection apparatus a diffraction grating having a substructure which

includes a step in optical path |ength, h?e step being of opposite sign
t

for adjacent lines of the diffraction grating, the step being sel ected

Jamacen et on by he L ! Stey f
Che di 11+ act| dAtg PHEtaRa0h ARGRY /e biesRe pRAL & BE LBl uifiocrtiRARLS ©
projected dif f@?&%i@iﬁ%&&c&ﬁ Bferdif SR ReRE 2 foditR aiffrhction @ atiy hdvilsy

projected dif ction grating being displaced in opposite directions,
gi ving rise tahasameperindas the fikst dif frastionegiatings theipgnsan erron béing eldminagedrhst hod

T T odutes commiig thy PeamER S for b aishand serog! REacdon eaines piq i "%
it introduces
wavel ength of | . ' he diffraction grating onto the

930, ° thish Y ARBEaiEEacRbR bflingt. S wher

device. 40. A I'm 38 or claim 39, wherein the
relative widths of the adjacent |lines of the diffraction grating are

sel ected 48 bea dhdthed &itbrdingd dldini 6, Wireimhermarkencondprisee a diffriaetionegtating
diffraction grating is sufficiently large tqg be neasured by the shjft. 41.

A met hod accoratianged to meagura the fogys peguraayiof adithogsaphicpRgiGction apPaas, 8t t i on

grating arrange o neasure the criti ' ' L ges '
proj ection apdﬂ?tgpﬁg?mppﬁlgg Ré‘i"h‘fﬁag %épnﬁ%is( Pﬁ@%ﬁ@%@?‘%@ﬁ"ﬁ@%@?@gga
diffraction grcﬁfﬁd?ﬁoi‘i?'dtﬂ@ having WRGbstHRhité whihtifcladeses stgslirdpticalrpatii t he
order of, the limt of resolution of the |Iithographic projection
appar at us, t hdengtbsthe stepbemginfioppositesignforiadjaceak lingspfthedifiragtion grating,

diffraction grating,there r.ender i the diffracti ' tric,
changes of t eét,egtbpgg|se ﬁ?ﬂﬁg"ﬂb a@mnﬁﬁw&cqq{‘gbye*h?@gﬁ%h?%@@é Lvity of
the substruct i ' Rt e idkvich & fobes ésor®iitcausexthe t he

diffraction g%gﬁﬁﬁaﬁﬁg@%o@gﬁogm@ymtry blei ng measur ed b; thecshi ft.

42. A nethod gojecthdrlifftaction giatingto behdisplaced; adiacent ligs of dhpproissteda f i r st
diffraction grating and. an adj acent .second. di.ffraction arating, the first
diffraction gr%&!’?ﬁ’@‘gaﬁfﬂmﬁ '@é@?ﬁﬁfcﬂi“f PRROSIE Wgﬁﬁ{g“ﬁﬁf’ hogg'ﬁi ff er ent
periods each Sﬁg&ﬁ&g&lﬁcg'svlﬁm{shé@ﬁthegﬁﬁpng diffraction at different

rs, such t

diffraction or at a neaSurenent of the position of the first

diffraction grating is provided by measuring one diffraction _
39. A method according to claim 38, wherein the step in optical path length is such that

it introduces a phase difference of substantially one quarter of the wavelength of

light used to project the diffraction grating onto the device.

40, A method according to claim 38 or claim 39, wherein the relative widths of the
adjacent lines of the diffraction grating are selected to be different such that the
asymmetry of the projected diffraction grating is sufficiently large to be measured
by the shift.

41. A method according to claim 6, wherein the marker comprises a diffraction grating
arranged to measure the critical dimension of a lithographic projection apparatus,
the method comprising providing on the device a diffraction grating having a
substructure with a period at, or of the order of, the limit of resolution of the
lithographic projection apparatus, the substructure being arranged to extend lines of
the diffraction grating thereby rendering the diffraction grating asymmetric, changes

of the critical dimension modifying the effective reflectivity of the substructure
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order and a neasurenent of the position of the second diffraction grating
is provided by measuring the other diffraction order, the nmethod
conprising processing the first and second di ffraction gratings so that
the marker includes an asymetry arisingghrom processing effects, and
measuring the shift between the first ang second positions to determ' ne
the effect of §§d{p§ tgmg, to claim42,
wherein the pro%:lgts:)gl ng rglh I”s qu tﬂ??gléﬁ%y&conpa??]gg?lﬁé?ﬁt he shift
Wi t h previ ousl psyniesns winginedsueddytthe shifted f or known processing
asymmetries. 44. A nethod according to claim42 or claim43, wherein the
processing is cleared fromthe second dlffrac |on gratin

neasur e h-dof m@ﬁ%m@r@%twmmwh@r@ CARRKERBHRIISES # F1Fsy prlfﬁéﬁ’f“@‘ratlngs.
45 A
e g il ML 1O o, PR e 2

whi ch correspoggd sed&d%aﬁﬁdﬁ%‘aﬁ:@h@ﬁ@dﬁ&cﬁbﬁ pérasdsiech @letedggive rise to
respectively, the nethod furt conpri sing proce53|ng the third and

fourth diffractiong diffeactionys different difiractign opsiersc sucdithyf afmensurement ohtasur i ng
th t f.th fourth. di.ff t '
the ohitt bet viesian g ey Hecs o8 ieratisias phaitedd meAsine s drRRE o1t
to correct er r&&érdxﬂérh@asﬁ%‘rﬁ&t ﬂﬁgégbﬁﬂoﬁ BfthEQSchdrdiﬁfraaﬁﬁh

di ffraction gratings ccording to any of cla| s €4 to 37,
wher ein the fiprevideddy seasurihg the btherdiffrantiog oader/the nethed omprismgreasur e

processing asymretry usipg the according tqQ an of cl.ai 42 to 45.
P-1533. 010 50 prwsss&gﬁ%&ﬁ'aﬂ ftﬂhfﬁ%lﬁc OHW"&BQE?& ?A‘"F‘Ef inciu E‘Wé‘rm n

rior to the oy r ed to
P g.rnne R ff‘&ﬁ% fng defedls, Sid &@%hhg&egglﬁﬁ bltvekss theS

determine an ari |on projection onto tRe device of an i mage

i ncluding the ﬁx@t:mtisedbﬁdpmmonem deterniing thedffectofrprodessing oo thedinatket.o cl ai m
47, wherein follow ng the overlay neasurenent the second diffraction

e oot n" S ohseuelacp s s b e e St BESs GhpiBea 8, L1
evice o erein
the projected é Sb'%tﬂ" gﬁ] éh@g? Qﬁén%ﬁfshﬁﬁtde%g{ﬁtfb%MI ng a

different perio om the secon t| on
processing asymmetries.

44, A method according to claim 42 or claim 43, wherein the processing is cleared
from the second diffraction grating prior to measurement of the positions of the first

and second diffraction gratings.

45. A method according to claim 44, wherein the marker further comprises a third
diffraction grating and a fourth diffraction grating having periods which correspond
to the first and second diffraction gratings respectively, the method further
comprising processing the third and fourth diffraction gratings and clearing
processing from them, measuring the positions of the third and fourth diffraction
gratings to determine the shift between the measured positions. And using the
determined shift to correct errors in the shift measured for the first and second

diffraction gratings.

46. A method according to any of claims 24 to 37, wherein the first and second
diffraction gratings are used to measure processing asymmetry using the method

according to any of claims 42 to 45.
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grating, the nethod further conprising using the additional diffraction
grating to determne an aligned position for projection onto the device of
a subsequent inage. 50. A nethod according to any preceding claim wherein
the inspection nethod is perforned direcgdy after exposure of the marker
on the device. 51. A nethod according to any of clains 1 to 49, wherein the
| nspecti g net ' e Fezgplg r bake of

t he mar keirqi‘on ,{‘ﬁ%ﬁ@ﬁ%ﬁﬁ@?‘%ﬂy%?%ﬂg acc?f?aiﬁflr}gt@gjoﬁg)zt;o gi‘énﬁég?fm 1 to 49,
wher ei n t he i ng@atenwnt tRifisdiffectieghtingisdised toadetermiresam aligaed pbsitioh bake of
the marker on the device. 53. A nethod according to any of clainms 1 to 49,
wher ei n t he i fepprojectian patorthedevice ofaniimage iclyding the seceld, AdTrachion gralngs si ng
of the marker on the device. 54. A nmethod according to any of clainms 1 to

49, wherej,n the inspection t hod j-s f | ' a

| ayer of tesi £ "Wﬂlfcgﬁcﬁgr%ﬂg}gggmgrﬂ ? B’le}g%;neﬁg%glg}[r’ %8%(@9%%3%&:%{&%&@? t he
marker being ReayddftrdclioR BRLAE isWee tPdaesEaesh hligted posifioh ber projestioe. 55. A
nmet hod according to any préeceding claim wherein the nethod is perforned
for a devi ce dnoxtiealtvicehia subsequenhimaggphi ¢ proj ecti on apparatus, the
position of the marker being used to provide alignnent information for

| ithographic projectjon in addjtio 0 _providi.ng inspecti,o t he devi ce.
P-1533. 049-51 AHB’.““%& HEQRAMS 1P § c"?i' B’helﬁ lﬁ?ﬁfod@e‘i%gﬁb%%?&a%ts% conpri si ng
a |1ght sour e aiiARafiftrictio pfahf hhiiahh dfferdft pREKIHOI e sequkcuiffbayh ded on
a device, a detector arranged to  detect light diffracted fromthe marker
with a particyratingeheahethod further corprisimg using theadditionslalitftagtion gratisg ty a
measur enent of the _ positjon of the nmarker, a se@oag. de{ ect.or arLan ed to
detect |ight dieterming anplignedpesitionor precrionnio the Aevirenf a subseqyentingges,,
angl e order thereby providing a second neasurenent of the position of the
mar ker , co 'rﬁf(}{&c NPRer€intth€insBattidh eskthetbist i ons  to
determ n?bg shi I n |cggta| e %ﬁ?%&gg%r@lggﬁ’of asyrmet_rsg@of t he marker. 57.
A devi ce i nspgerifoanedgipetiytaftsr exposurdiofi thet oarkbromib8@evigtier ei n t he appar at us
Is located wthin a |lithographic projection apparatus. 58. A device

| ocht ed vit h e el dEcoaedomy Of el By, HHBHE s efRBThRhita u

performed after exposure and post exposure bake of the marker on the device.

52. A method according to any of claims 1 to 49, wherein the inspection method is

performed after exposure and hard bake of the marker on the device.

53. A method according to any of claims 1 to 49, wherein the inspection method is

performed after exposure and processing of the marker on the device.

54. A method according to any of claims 1 to 49, wherein the inspection method is
performed after application of a layer of resist onto the device and before exposure

of that resist, the marker being provided in one or more processed layers of the

device.

55. A method according o any preceding claim, wherein the method is performed for a
device located within a lithographic projection apparatus, the position of the marker
being used to provide alignment information for lithographic projection in addition

to providing inspection of the device.
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59. A device inspection apparatus according to claimb56, wherein the
apparatus is provided in a housing which is separated fromthe

| it hographi c projection apparatus. 60. A device inspection apparatus
according to any of clainms 56 to 59 and caffigured to performthe nethod
according to.-any of clains 1 to 55. 61. A device inspection apparatus, the
appar at ussg Onphi &Y iRspeb @t app@tabifsSthapSdta@s cofpristhg & fight sotiffe addangednbase
diffraction grating provided On a device, a detector arranged to detect

| i ght diffract ddect ligh sthe asyrametritithdrkerqirovidedjoms dexjce, anddtegtosamasgeddo neans

A SRR A LA TR A S R LA A
to direct |1 gk, ufenriiling ifealbhefic AnDodifiPSThe tharlttr!d ARGAGL AD! €

carrier beari nﬁn astt one °refrerence qr g, a spectroneter fraction

grating confi gyégdot Ard@dtcidetect light diffficted frone thdithArkeiewith waifidremgt hs, and a

detector array arranged to detect the light at different wavel engths, the

net rol ogy uni t wheslength onangleiorder thershy praviding a gecond mpasurement of£be pepitinn ¢ he

mar ker on the deyi ce passes thraugh the at Ie(ﬁst one reference rating and
2 g pobiors

via the spect r9of&ar SQ meAsranasd iR cqmPATs: iy mgAultd

P-1533. 010 52 TateTaloy farRerperi odi c
signal is det e%oi%g&gnt?ﬁ%ﬁ%ﬂﬁgﬁe%lée%vg?fgir}r&g%?&?g?s&ﬂnngﬁg{%qu alﬁ%?t accordi ng
to claim62, wherein the nmetrology unit further conprises a reflectoneter
arranged $h deAelevickiingpectidn appaiatusragcordingd6d klaion 86, Wherginthe appasatuels. 64. A
nmet hod of device inspectiqn, the nethod conprising providing on a device to
be inspected @ﬁ%@%ﬁéﬁ?ﬁ@‘"&%@ rPrEEFﬁﬂqm%nﬁ‘fi rst diffraction grating
ina first layer of the device, and a second diffraction grating in a
second | ayger of debfe d¥pebifon dppsradsi dcsdrdiifth ERfth 58 whérein the appidatullis second
diffraction grating having the sane peridd and being provided one over the
ot her such t halocatad withirng track atinhécted tosaipriojection hppafatuhe di ffracti on
gratings in conbination, the asymetry of the marker bei ng dependent upon

ot ai ni ngSH 11 APV RRFEE PN G FBoRIP SRS, Wil brbfi oo o

of diffracted lloivgiaa iP5 hBudRY Whichli@Sepaaved o e Rhog¥abhicpeéjeatibrang! e,
obtaining a segon

apparatus.

60. A device inspection apparatus according to any of claims 56 to 59 and configured to

perform the method according to any of claims 1 to 55.

61. A device inspection apparatus, the apparatus comprising a light source arranged to
direct light at a phase diffraction grating provided on a device, a detector arranged
to detect light diffracted from the phase diffraction grating, and processing means

arranged to obtain inspection information using the detected diffracted light.

62. A metrology unit comprising a broadband light source configured to direct light at a
marker on a device to be inspected, a translatable carrier bearing at least one
reference grating, a spectrometer diffraction grating configured to separate the light
into different wavelengths, and a detector array arranged to detect the light at
different wavelengths, the metrology unit being configured such that in use light
diffracted by the marker on the device passes through the at least one reference

grating and via the spectrometer diffraction grating to the detector array, the
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measur enent of the position of the marker via detection of diffracted |ight
of a different wavel ength or diffraction angle, and conparing the first
and second neasured positions to determne a shift indicative of the
degree of asymmetry of the marker. 65. Agyethod of device inspection, the
met hod conprising providing on a device to be inspected an asymetric

mar ker conpr i %f}%xﬁgfggﬁh?‘)%g Héirftgfnfﬁgfaie%ua{ @bf NPeriddicGsifhdl 1§ dd@Y&T at thé t he

devi ce, and a secon raction grating 1n a second | ayer of the device,
the first difdeteatdda@raygrati ng and the second diffraction grating having
different periods each selected to give rise to strong diffraction at
different diffraction orders or at differentiﬁﬁveleng{hs,,the asymetry of

t he mar kef3. bei/h@ateREydmt acserdingdo slaim 64, wherein the metrolqgy it fuRbet g | ayers,
th t hod further. | Sj i ' ' i A
e 700 it ARG R e ol B k0 =

diffracted |igRhirkef. @ particul ar wavel ength or diffraction order, obtaining
a second neasurenent of the position of the nmarker via detection of
diffracted light of a different wavelength or diffraction order, and
conpar i ngb4 he A methodefdlevise dnspectinnathemesthoshegmprising providingpme devige torher ¢

i ndi cative of the degree of as try of. the P- . 010 53. t he
overl ay of thén?ﬂcF@q‘Hﬁﬁy?@Em%‘qﬁ?e mprigge aﬁﬁé&ﬁ%ﬂ%ﬂ’ %%tl\?{ggé%ﬁ%%tg%i on
to measure the,MRCHSIAC GHA 3S3coRl dffthétldAQRAAIN InG sebdrd 1agdr P therdividepines, t he

met hod conprising providing on a mask of” the lithographic projection
apparatus a difikr diffraction gratingragd trevseoandadiffdstion grating havimg the sa s a
step in optical path length, the step, bei of ,opposi t g..Si f Qr .adi acent
i nes of the CIXIEIRERTBHIGES Rpg g Ethey _‘*Hﬂi“ﬁ@‘&ﬁéﬁtﬂ%‘%%j@%ﬁ'bﬁme
apparatus {0 Riifi{2fibn ghiifieflid donftihdtRR, Bk Abyriifle@y b fifarkletictifl dcpehdeent

| ines of the projecte ITfraction grating being displaced in opposite

di rections to Jponthaovenynnthe first andisdcond biyerss directing lighteas theomagkieni ng a fi r st
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asymmetry of the marker and of the focus error. .
Y Y different wavelength or diffraction an;'g'ie, and comparing the first and second

measured positions to determine a shift indicative of the degree of asymmetry of the

marker.

65. A method of device inspection, the method comprising providing on a device to be
inspected an asymmetric marker comprising a first diffraction grating in a first layer
of the device, and a second diffraction grating in a second layer of the device, the
first diffraction grating and the second diffraction grating having different periods
each selected to give rise to strong diffraction at different diffraction orders or at
different wavelengths, the asymmetry of the marker being dependant on the overlay
of the first and second layers, the method further comprising directing light at the
marker, obtaining a first measurement of the position of the marker via detection of
diffracted light of a particular wavelength or diffraction order, obtaining a second
measurement of the position of the marker via detection of diffracted light of a
different wavelength or diffraction order, and comparing the first and second

measured positions to determine a shift indicative of the degree of asymmeltry of the
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67. A nethod of device inspection to nmeasure the critical dinension of a
| it hographic projection apparatus, the nethod conprising providing on a
device to be inspected an asymretric marker conprising a diffraction
grating having a substructure with a perisggd at, or of the order of, the
limt of resolution of the lithographic projection apparatus, the
substruct ure bgiaRgrahd BRARENLPRNKS BRY ahd SRen@fayeRe di ffraction grating
thereby rendering the diffraction grating asymretric, changes of the
critical dinension nodifying the effective reflectivity of the
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the first and second layers, the method further conprising processing the
first and secdiffiratit wavelength or diffradtivgpsangle, anheonnpasingdieirst andcsegand an

asymetry arising fromprocegsing effects,. directing |i at the ker,
obt ai ning a fi%gs%ggg‘tﬂtgﬂ’éﬁ? de ﬁé%@%‘?@%ﬁﬂwog%geﬁ?ﬁ%ftea}swﬂa&ﬁ% i on
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obt ai ning a seco nmeasurenent of the position of the nmarker via detection
of diffracted light of a different wavelength or diffraction order, and
conpari ngél.he Aimethodnfidevicednspentierstortaeasprssthe critieal dimensiasy ofialithegraphit t

i ndi cati ve of the degree of tr,y of .the marker and, the.effec
processi ng on pw%ﬂﬂp&@ggtus,%é’ %od%ompnsmg providing onadeancg to{)e?nsﬁ)ec%d

an asymmetric marker comprising a diffraction grating having a substructure with a

period at, or of the order of, the limit of resolution of the lithographic projection
apparatus, the substructure being arranged to extend lines of the diffraction grating
thereby rendering the diffraction grating asymmetric, changes of the critical
dimension modifying the effective reflectivity of the substructure thereby modifying
the asymmetry of the diffraction grating, the method further comprising directing
light at the marker, obtaining a first measurement of the position of the marker via
detection of diffracted light of a particular wavelength or diffraction angle,
obtaining a second measurement of the position of the marker via detection of
diffracted light of a different wavelength or diffraction angle, and comparing the
first and second measured positions to determine a shift indicative of the degree of
asymmetry of the marker and of the critical dimension of the lithographic projection

apparatus.
68. A method of device inspection, the method comprising providing on a device to be
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inspected an asymmetric marker comprising a first diffraction grating in a first layer
of the device, and a second diffraction grating in a second layer of the device, the
first diffraction grating and the second diffraction grating having different periods
each selected to give rise to strong diffraction at different diffraction orders or at
different wavelengths, the asymmetry of the marker being dependant on the overlay
of the first and second layers, the method further comprising processing the first
and second diffraction gratings so that the marker includes an asymmetry arising
from processing effects, directing light at the marker, obtaining a first measurement
of the position of the marker via detection of diffracted light of a particular
wavelength or diffraction order, obtaining a second measurement of the position of
the marker via detection of diffracted light of a different wavelength or diffraction
order, and comparing the first and second measured positions to determine a shift
indicative of the degree of asymmetry of the marker and the effect of processing on

the marker.
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