-1- Lithographi c Apparatus, Device Manufacturing Method, and Device

Manuf act ured Thereby The present invention relates to a |ithographic

proj ection apparatus and 5 device manufacturing nmethod as set forth in the
preanbl e of the independent clainms. The_jlithographic projection apparatus
conprises: - a radiation systemfor providing a projection beam of

radi ation; - a suppbithogtaphid Appaifadiis, Depive Mamgfapairing Metlgdyrads, t he
patterni ng neans serving to pattern the projection beamaccording to a
desired pattern; 10 - a subst r Beeice NanufagspresoThi¢enehy a substrate that
conprises an alignment structure; - a projection systemfor projecting the
patterned beamonto a target portion of the substrate; and - an alignnent

system The term " patthehRisag ifRARSH réie@@ﬁitﬁ%@%@?roﬁ@%h%pgﬁaﬁfs%&I! y 15

interpreted as referring to neans that can be Us 0 endo n 1 ncom ng
radi ati®n Hedoe mahtfactaripgiiethaded ser fosth-is detpresmble of thespdependeat tlaims. Thkt er n
that is to be created in a target portion of the substrate; the term"Ilight
val ve" canlithogmphic promegtiomaprarducemises: General ly, the said pattern will
correspond to a particul ar ttunct .. onal Ia%ce{\r iLn a (iiev'.ce being created in

© o

the target ~por fFgHat FHtegLlon ATqViHag f R PEIROI B Mer  devi ce (see
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of a mask is we nown 1 n I Ac types such as

bi nary, al peteiathdgrofedtsebedm hécordinglted dairvdpaterighase-shift, as wel | as
various hybrid mask types. Placement of such a mask in the radiation beam
causesl@el ect | veubstratafobeder nldinga subkrataihat eoimpgises amalignesny stryediee) or
reflection (in the case of reflective 25 ma of the, radiation_.i,npinging
on the. ok, aBeGIER G waeriar Bl i el b onle ¥ it bR U ok

t he supporrsu?jsgrra§c5ﬁue will generally be a mask table, which ensures that the
mask can be hel'd’at a desired position in the incom ng radiation beam and
that it can beanahggflentsystéthve to the beamif so desired; - A progranmable
mrror array. One exanple of such a device is a matrix-addressable 30
surface having a vi sdbelteist ipatteming meansigehkere aaployed shadd b brogdlyf ace. The

basi ¢ principle behipd.such an spparaius is that, (for examle). addressed

with a patterned cross-section, corresponding to a pattern that is to be created in a target
portion of the substrate; the term “light valve” can also be used in this context. Generally,
the said pattern will correspond to a particular functional layer in a device being created in
the target portion, such as an integrated circuit or other device (see below). Examples of

20  such patterning means include:
- A mask. The concept of a mask is well known in lithography, and it includes mask
types such as binary, alternating phase-shift, and attenuated phase-shift, as well as various
hybrid mask types. Placement of such a mask in the radiation beam causes selective
transmission (in the case of a transmissive mask) or reflection (in the case of a reflective

25  mask) of the radiation impinging on the mask, according to the pattern on the mask. In the
case of a mask, the support structure will generally be a mask table, which ensures that the
mask can be held at a desired position in the incoming radiation beam, and that it can be
moved relative to the beam if so desired;
- A programmable mirror array. One example of such a device is a matrix-addressable

30 surface having a viscoelastic control layer and a reflective surface. The basic principle

behind such an apparatus is that (for example) addressed areas of the reflective surface



reflect incident light as diffracted |ight, whereas unaddressed areas
reflect incident light as wundiffracted light. Using an appropriate filter,
the said undiffracted light can be filtered out of the reflected beam

| eaving only the diffracted |ight behind;,in this manner, the beam becones
patterned according to the addressing pattern of the matrix-adressabl e
surface. AgefRcincRlenaligitas aifhastedapht, #heRadiRdbrREIakk s RdcPinclchBNglfHR! 0YS
a matrix arrangenent o tiny mnors, each of which can be individually
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programmabl e mi nor. array re informati on on mnQor arrays as here referred
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- A programmable LCD array. An example of such a construction is given in United
20  States Patent US 5,229,872, which is incorporated herein by reference. As above, the
shpport structure in this case may be embodied as a frame or table, for example, which may
be fixed or movable as required.
For purposes of simplicity, the rest of this text may, at certain locations,
specifically direct itself to examples involving a mask and mask table; however, the
25  general principles discussed in such instances should be seen in the broader context of the
patterning means as hereabove set forth.
Lithographic projection apparatus can be used, for example, in the
manufacture of integrated circuits (ICs). In such a case, the patterning means may generate
a circuit pattern corresponding to an individual layer of the IC, and this pattern can be
30  imaged onto a target portion (e.g. comprising one or more dies) on a substrate (silicon

wafer) that has been coated with a layer of radiation-sensitive material (resist). In general, a



single wafer will contain a whole network of adjacent target portions that
are successively irradiated via the projection system one at a tinme. In
current apparatus, enploying patterning by a nask on a mask table, a

di stinction can be nade between two diffeyfent types of nmachine. In one type
of lithographic projection apparatus, each target portion is 5 irradiated by
exposi ng t Rggvhfee wilhséntpiatal whidle asinork bfadjsbegetargeopsértions that avsugRssiselgh an
apparatus is comonly referred to as a wafer stepper or step-and-repeat
appar at us. itradiated vig the Prrieqtina sxgipmr enaal a-tingd MveHYSNt ARPAERNS PMIMOXEE a
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Prior to this imaging step, the substrate may undergo various procedures,
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under go varMeSinfurpRgss estheeid &slithbglaphig deviosdsmietadysatibedrcan (d @ianed, for
metal | i zation, oxidation, cheno-nechanical polishing, etc., all intended to
finish of fexampiediont H§1.046a5925 incprporsedhes¢inbyyelerenge.e required, then the
whol e pr.ocedure, or vari ant 25 thereof ,. gmé\jllilF}POréa to be.repeated for each
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20  development, a hard bake and measurement/inspection of the imaged features. This array

of procedures is used as a basis to pattern an individual layer of a device, e.g. an IC. Such a
patterned layer may then undergo various processes such as etching, ion-implantation
(doping), metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish
dff an individual layer. If several layers are required, then the whole procedure, or a variant

25  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
obtained, for example, from the book "Microchip Fabrication: A Practical Guide to

30  Semiconductor Processing", Third Edition, by Peter van Zant, McGraw Hill Publishing
Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference.



For the sake of sinplicity, the projection system may hereinafter be
referred to as the "lens"; however, this termshould be broadly interpreted
as enconpassi ng various types of projection system including refractive
optics, reflective optics, and catadioptric systens, for exanple. The

radi ati on system may al so include conmponénts operating 5 according to any of

these design types far directing, shapi.ng or controlling,the projectio
beam of radiat | on. alir BESRChIBRBADS Hidyolar &8 Bemmay hisfiaBerhe el
col | ecti Vel adihe "RhOGHbFEVS, thiStefin shiil® be brodilyNferprliBE ol LADABRARA Carjous
apparatus nmay be of a type having two or nor substrate tables (andlor two
or nore nMaglpet abpfoctioh Bystetafintlidingirpfractivt agecs, tiflettiasopticheandddiadiopadd
tables may be used in parallel, or preparatory steps may be carried out on
one 10 or systems,dpn exemplg. [The gaiatinn system wahealso ingbidesompengsds pperatigd f or

exposures. Dual. stage { t hogr.aphi c ratus are described, for ex le, in
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proj ected sihpulagigasi 4lensSt Furkieer tthelithobBiphrtappattds ieayrtegfiartgsk hafgetwo or
position. For this purpose, it is desirable to provide the |ithographic
appar at us wiarh sebsératedpbles (andipr two pr moremask tablghl In sweb (imadtiple pageuderrasat  of
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A method of aligning a substrate in a lithographic apparatus is described in

20  anarticle by A.A Ghazanfarian et al, titled "Exploiting structure in positioning of non-
symmetric signals" and published in the proceedings of the ICCASP 1998. Ghazanfarian et
al use a scanning/imaging technique. An alignment mark is provided on the substrate and
light scattered from the alignment mark is detected when the mark is scanned. Details of
the detection technique are not disclosed, but the result is a detected signal which has

25  lineshape with a peak as a function of scanning position. The location of the peak
nominally corresponds to the position of the alignment mark.

Ghazanfarian et al recognize the fact that accuracy of this type of
measurement is affected by the optical system and the processing steps to which the
substrate has been subjected. In particular, systematic alignment errors arise due to

30  asymmetry in the optical system and processing steps that affect the symmetry of structures

on the substrate. These errors may vary from batch to batch, due to the effect of variations



in wafer processing conditions, fromwafer to wafer or even between
different positions on a wafer. Chazanfarian et al overcone these errors by
introducing a nodelling step. The nodelled |ineshape of the detected signal
as a function of a nunber of "hidden" 5 paranmeters is used. During nornmal

al i gnment Chazanfarian et al fit the values of the hidden paraneters to

best appr oxi wafef ptdtessimassndeibnk, s aiga to Waterp@svdn utwedn differeat peyiigHiton mar k
of fset is determ ned by determ ning which of fset nust be applied to the

nmodel | ed hiwadgthape is needed to fit the nodelled |ineshape to the neasured
| i neshape. Prior to agtual. alignpent the relation between the hidden
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signal is neasured. The sanples represent a spread of different |ineshapes
and of f setparatrietars tor eest gprireximatethe measured bugshaper The positiomof the ahgnroent.
Ghazanfarian et _al .use a .15 singul ar. val.ue deconposjtio echni que. t
generat e a%lﬂéffg‘gé?)i?ﬁ%m&??d S%gﬁg‘ﬁ%mnigﬁﬂ“e}h? set Eba"dapfi’ﬁﬂé f%@eé%‘?q%élg‘gondi ng
position ek. i 1 Rl f. hi . I ters. The

t echni que :i}ég%ﬁgélﬁéﬁegéﬁtfogﬁtitg%mg?agd%%s gﬁ%ﬁgﬁéag;%ﬁgrhgg 48%s. First of
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needed duri.ng.the nodel form ng .step. different .set of neasurenments. has
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' The technique used by Ghazanfarian et al has a number of drawbacks. First
of all, during the model forming step accurate measurements of the actual position of the
20  alignment marks are needed. Such measurements are difficult to realize and a considerable
number of such measurements is needed during the model forming step. A different set of
measurements has to be obtained for each lithographic step during manufacturing of the
substrate. This makes the technique very expensive.
Secondly, the technique of Ghazanfarian et al requires a type of
25  measurement that produces a lineshape that contains sufficient information as a function of
scanning position to permit determination of sufficient hidden parameters to correct the
position errors of the peak of the lineshape. This excludes correction of lineshapes that
contain insufficient information.
A technique for realizing alignment uses a phase grating alignment
30  measurement. In this case alignment marks with periodically varying optical properties are

included on the substrate. Intensity of light scattered by the alignment mark is measured



and the phase of observed periods of the alignnment mark relative to sone
defined position in the |ithographic apparatus is determ ned to neasure the
position of the alignment mark. To elimnate errors a diffraction techni que
is used. The spatially periodic optical 6properties of the alignnent mark
lead to diffraction of light in different®orders of 5 diffraction mich as
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20 It is an object of the invention to provide for accurate correction of
misalignment errors that occur when the substrate is aligned after being subjected to
processing, without requiring extensive calibration measurements.

It is another object of the invention to provide for accurate correction of
misalignment errors when using a phase grating alignment system.

25 The invention provides for a lithographic apparatus as set forth in Claim 1.

Light affected by the substrate contains both positional information, that is,
information which is affected by displacement of the substrate, and position invariant
information, which does not change under displacement, at least if uniform lighting is used.
Examples of positional information are the phase of light diffracted by a grating, or the

30  position of the image of a feature on the substrate. Examples of invariant information

includes the maximum intensity of diffracted or reflected light as a function of position.



based on the insight that the position invariant information of |ight that
has been affected by a substrate is characteristic of variations that occur
in a process step and can there for be used to identify the variations and
the size of the resulting correction thatyhas to be applied 5 to positional
information. In particular a conbination of anplitudes of respective ones of
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wavel engths may be used he type of position corrections can be

i dentified effeceupmahe mhphmdes?&dﬁhep@dlmmmmmﬁmmffmenmdiﬂsﬂm apai rs of
orders of diffraction may be used in_addition to the intensities to

det er mi ne tdemrekitipn bgween apphitudshand ppsitincerrogs eccyrs thatran beiused toampseye
conput correction fromthe anplitudes and correction of the

f
posi ti ﬁhl ﬁglygﬁlro&x%‘;ﬁsurgpep EHPRE phase is not strictly necessary. \Were the

claims speak of det eidthienBe MtéRitles el 13Bd td Qt&iikSHe’ poﬁlﬂbn‘é@&@&ﬁh@' ng the
size of the correction of 30 position this covers both explicit correction

and cor r ectinditedtlydty identifging the typadof dgddrinatiphythe denr¢atign @f desleonnmasmmemf t he
position neasurenent from | itudes and phases. In both -8- cases position

a
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wavelength, or only on intensities measured with light of that wavelength. Neither do the

20  intensities need to be measured on the same alignment structure as the positions, or indeed
on the same substrate: another substrate that has been subject to the same processing may
be used to determine the required corrections as well. In an embodiment, amplitude
measurements of the orders of diffraction of light of a number of different wavelengths
may be used. Thus, the type of position corrections can be identified more accurately.

25 The phase measurement for different pairs of orders of diffraction may be
used in addition to the intensities to determine the size of correction. In this case a
separation between computation of a correction from the amplitudes and correction of the
position measurement of from the phase is not strictly necessary. Where the claims speak
of determining a correction "to be used" for determining the size of the correction of

30  position this covers both explicit correction and correction that is determined implicitly

during a determination of the position measurement from amplitudes and phases. In both



dependent phase informati on does not change. In order to determ ne the
corrections, use is preferably nade of a nodel that characterizes physical
properties of the alignnment structure as a function of position in the 5
alignment structure with a parametrized nodel. Paranmeters could for exanple
be the duty cycle of the period of ridgesS'in the alignnment structure, the
depth of the rid . (o) I I i dge ei.ght of
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Such a model-based approach may also be applied to alignment systems that
20  do not use periodic alignment structures and/or diffraction amplitudes to obtain position
measurements. Any type of optical properties may be used to determine parameter values
of parameters in a parametrized model of the alignment structure on the substrate, for use
in correction position measurements. However, application to measurements using periodic
alignment structures has the advantage that only a relatively limited number of parameters
25  suffices to characterize the physical properties of the structure, while still describing an
alignment structure with a relatively large area.
In another embodiment of the lithographic apparatus, the apparatus is
arranged to compute a relation between one or more parameters of the model and a
detection signal of the alignment system consistent with the physical laws of optics
30 (expressed in mathematical terms, such as Maxwell's equations) for the alignment system,

and to determine values of the one or more parameters so that the values correspond to the



corrected dependent on the values. By inplenenting a relation between
paraneters of the substrate consistent with the physical |aws of optics in
the |ithographic apparatus the need for extensive calibration of the
relation for different |ithographic process steps is avoided. 5 In a further
enbodi ment of the |ithographi c apparat us,? the apparatus provides a set of
avai | abl e parane 0, . ] ired
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When a model is used that expresses the optical properties as a function of

of

20  the parameters a search for the best parameter values may be performed in any known way.
For example, a simulated annealing technique is used, because this technique overcomes
local minima that have been found to occur in models that relate relevant parametrized
optical properties of the alignment structure and the intensities of the orders of diffraction.

However, it is not necessary to determine the nature of the deformation of

25  the alignment structure explicitly in terms of physical parameters, as long as the corrections
of the phase measurements are determined. For example, a computation of a function may
be used that assigns phase corrections to different combinations of intensities. Such a
function may be defined specifically for a process step or process steps that have been
performed prior to alignment. A parametrized function may be used for example, the value

30  of the parameters being determined on theoretical grounds or by means of measurements

for the process step or process steps. A simple example of such a function is a linear



coefficients of the linear relation. But of course other kinds of functions
may be used, such as neural net functions that have been "trained" for the
process step or process steps, or even a |ookup table with entries for
different conbinations of intensities, thg_entries 5 containing the
correspondi ng phase corrections. Such functions, and especially neural net
functions, rélaién bdiwveaditddiisity eatiolsaindlphhdel cor@ckibiris] the?hraﬁms:baih'gm time is
needed for individual substrates. According to a further aspect of the

i nventi on tcheffisients ¢frthe linksad relatimy Bubof epagfailear kindsf fendtiods mer b¢ dberly such
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paraneters, or the correction, conputed for an alignment structure is used
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has been edR¥iXigUEFUBNTAGYr age for a substrate or batch as a whol e may be
used to bias the esti : | gV I ] . : Of
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of the appabatdisorlatet & ighble nidyebel usee tf biadithe Rstiiste ForinAAtdual gli@mdn€s, it
shoul d be explicitly -11- understood that such an apparatus has many ot her
possi bl e appirkes gt ZOHBS oiﬁajgng)@ahmadgs. An embodiment includes a preselection stage in

which a subset of available corrections is selected for a batch of a plurality of substrates

20  (that have been subjected to process steps in common) from a first measurement of the
intensities of the orders of diffraction and/or other parameters, and subsequent stage for
s'electing a specific correction for an individual alignment structure, or for an individual
substrate or an individual region on such a substrate from a second measurement of the
intensities of the orders of diffraction for that alignment mark or one or more alignment

25  mark on said individual substrate or in said region. Similarly, instead or in addition to
preselection at the batch level, preselection at the substrate level or region level may be
used prior to final selection for an individual alignment structure or region on a substrate.
Thus, less computation is needed to find the corrections for individual alignment marks
and the consistency of the corrections is improved.

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



may be enpl oyed in the manufacture of integrated optical systens, guidance
and detection patterns for magnetic domain nenories, liquid-crystal display
panels, thin-fil mnmagnetic heads, etc. The skilled artisan will appreciate
that, in the context of such alternative ? applications, any use of the
terms "reticle", "wafer"” or "die" in thf% text should be considered as

bei ng repl aaed1a¥d HE sith £ @g%{@lhas BIaHB othEPPlssible pphivhticseF ordmpleaitget
portion", respectively. In the present docunent, the ternms "radiation" and
"beant ar e m#ydd entployddntipamsnehdtuteyqidstegrhted optital spsgns tgutdanedamt dedertion
including ultraviolet (UV) radiation (e.g. 10 with a wavel ength of 365,

248, 193, pstrergs formagagyic dermaigmeraoresyliqud-cistal displarpayels, duindtlmpmageetis.

havi ng a wavel| ength in.the range.b-20 n ) || _as rticle beanms, such
ne"ton beatEats; A5 Dod i atiBR S iohireRi mal Ty 1 can @R ARPI R Gpr NG be
descri bgd, 25y Ma¥nQhnPuA B (Be tekms CRti¥le" Wilaker® 6f &1i&NA ik Rk B A¢ BOMPANYI ng
schemati ¢ draw ngs i n which corresponding reference synbols indicate

cor r espondicogsigaed as beanglreipiaced by thie g wereril tdmps 'thaskd, "sulisira!’ apdi'arget

proj ection apparatus according to an enbodi nent of the invention; Figure 2
shows an alporomerespegivedih 20 Fi gure 3 shows an exanpl e of a cross section of

a height profile Figure 4 sh a flaw chart f.or aligning a substrate
Figure 1 schenati cal ??%%stpgg\%umefl{ﬁg}&rtﬁm Ja%)‘?é?rb(ﬁqgohe%p%ﬁéls {q

accordi ng i i : : i i . .

compr i ses: “estaPRLal S br ETRdnITRtic Pid(dR, MDA Miavid e PPANRLYS (et pa
of radilati a¥ith £wgvelbrggleof 363AU&L 1980) 57 bl 26hirs) Prlrexirene ailtraivtst (EUF)r adi ati on
system al so conprises a radiatjon source LA, - a first object table (mask
tabl e) Mr padigtiete@-gnvhatingaypyrlengthde thefrapgenoRenmg, as wkas paxficle beagns, quc
reticle), and connect egﬁﬁho Li rst positioning neans PMfor accurately

posi ti oni n@ 1%PLHE WEELTRR PFAPSspect to item PL; - a second object table
(substrate table) WI provided with a substrate holder for -12- holding a
substrate W(e.g. a resist-coated silicon wafer), and connected to second

posi tioni ng means PWHnlodagents af tle)in@sivh il no@ beliles@ibeg ] tiya gy v éxamphs pect
toitemPL; and a projection system ("lens") PL for inmaging an irradi ated
porti onSof onhe withsifengmce to the accompanying schematic drawings in which corresponding
reference symbols indicate corresponding parts, and in which:
Figure 1 depicts a lithographic projection apparatus according to an embodiment of
the invention;
Figure 2 shows an alignment system

20 Figure 3 shows an example of a cross section of a height profile

Figure 4 shows a flow chart for aligning a substrate

Figure 1 schematically depicts a lithographic projection apparatus 1
according to a particular embodiment of the invention. The apparatus comprises:
25 - a radiation system Ex, IL, for supplying a projection beam PB of radiation (e.g. laser
radiation). In this particular case, the radiation system also comprises a radiation source
LA;
- a first object table (mask table) MT provided with a mask holder for holding a mask
MA (e.g. areticle), and connected to first positioning means PM for accurately positioning
30 the mask with respect to item PL;

- a second object table (substrate table) WT provided with a substrate holder for



onto a target portion C (e.g. conprising one or nore dies) of the substrate
W 5 As here depicted, the apparatus is of a transm ssive type (i.e. has a
transm ssive mask). However, in general, it may also be of a reflective
type, for exanple (with a reflective mgﬁg)_. Al ternatively, the apparatus
may enpl oy another kind of patterning nmeans, such as a programrable mrror
array of aph ASulsahRIWeH.gt Hraaleveated BciOWARH, 4l doBnbotedtd R6&J Pproduces
a beam of radiation. This beamis fed 10 into an illum nation system

(i Il um nat gojitibhinganeane PV foreccurgtelyr pasitioningtthe subgtrate anith respect tooiteth PLoandhg

means, such as a beam expander Ex, for.exanple, The jl||um nator | y
conpri se adj usRiMgCREAhY KR} ﬂﬁ“%éﬁt g’ﬁé‘n’i‘%gg%{ 1 ?f{jV"HTlO’P Hﬁéﬁe “F%?kil\gg ext ent
(commonly Treferre . - . = . td f the
intensity 8?5‘1?%15%#?%%@& ﬁg%ég{g%% r?ﬁeggﬁll%h (gé&s%}??&véﬁ%g&%%rﬁr ally conprise
vari oussot her Corrponemﬁereaémae@%@ﬁpﬂafmwgérmrﬁhé}hiaﬂdeﬂyée@i.&qaaﬁsnser CO In

this way, the beam PB i npinging on the mask MA has a desired wuniformty and
i ntensity diansmiskiveinmask). Haweyeg imgenesdat inay alsb tbe ohantftbctive type cldr ekdrpleegar d
to figure 1 that {he source HA may ]g(e wi thin the housing of the

| i t hogr aphi(@itBragrtestivemaskh AHisrpdivelysthe apparatan may empleyeanptics kidedfs our ce LA

o apmiteT 8, FEAEk et Rkt PR AL SRR ARG 08T e

|'i t hogr aphi ojection ap _ : : _ _
being led into the apparahue LA @& a 1¥¥e)prédiResd Beh obttlatibh eTHls besh i@d
mrrors); this latter scenario Is often the case when the source LA is an
exci nenol aseto.anTHeminatior systém dlohiinator fld, ectheri dreecin ooafpeardmvingttiavefsed t hese
scenari os. The beam PB subsequently intercepts the mask MA, which is held on
a 25 mask tcapdisoppg meansfych Ahy beasd exrapderis fongamplte The Hhinpigatgn ls 8@yt hr ough
the lens PL, which focuses t eam PB. ont rget r{ion of t
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accurately, e.g. so as to position different target portions Cin the path

of the beandBiionSitwill@eharally bemprisestaripesotherampgnents saciPAd apintdgeatorsBNand
accurately 30 position_the mask MA with respect to the Eﬁéh of the beam PB,
e.g. aflfer ansepenseeO. In By Waysdhe bram BB impingingonsthe magk Y Rag 3 desited,  or

during a scan. | ener al nt .of - 13 the object tables MI, WI will be
realized wi‘i”ﬂfofrﬂgy%@lﬁ?nséwg%ﬁé@tof’&éw f‘rrc?&iifeé:g?%oar se positioning) and a
short-stroke nodul e (if siRRIPBShdtb@RitAFdgard¥d £8uréN §hal Mhe SURIIICA tilay vdaRikifh ed

in figure 1. However, in the case of a wafer stepper (as opposed to a

st ep- and- sah&housing of the lithographic projection apparatus (as is often the case when the source

LA is a mercury lamp, for example), but that it may also be remote from the lithographic
20  projection apparatus, the radiation beam which it produces being led into the apparatus
(e.g. with the aid of suitable directing mirrors); this latter scenario is often the case when
the source LA is an excimer laser. The current invention and claims encompass both of
these scenarios.
The beam PB subsequently intercepts the mask MA, which is held on a
25  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 positioning means PW (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 PM can be used to accurately
30 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



apparatus) the mask table MI may just be connected to a short stroke
actuator, or may be 5 fixed. Mask MA and substrate Wnmay be aligned using
mask alignment marks M, M2 and substrate alignment marks Pl, P2. The

depi cted apparatus can be used in two di It‘élerent nodes: 1. In step node, the
mask table MI is kept essentially stationary, and an entire mask inmage is

projected i I NG I . g I i The
substrate “%o&dt}g%%g’IWé “ﬁ?rllmg%?e? %lé%p\?ﬁh Pﬁ%ggﬁwgrsg?k% ?{rygglteiqg%agseso t hat
a di f f er enpotilogiaf) AQr4 shont-srokamodak (fine positbidg)y whidhearb aanexpBeitBridpitted n

scan node, essentially the sane scenario applies, except that a given target
portion Cin§garstl. Eopsyen i the gassi of gl wafer stepper (asloppesed do astep-andskan abl e MI s

bl e i i di [ he. so-cal l ed ! di ion", e.g. th
it ct on) aapns) ap ek ST AT Rhb Soangiie BEAThoH 8khepnes ey o
scan Over g y.ﬁirfrlgév 4 em&ﬁ@%ﬁ’été WHﬁ’betaﬂgne?HRgfgpﬁL& 4l t%nt Mﬂsq\él,\}\d%a.mll’ -

si mul t aneous Int sane or “opposite ectiofr at a spee

whi ch M i s stibirateegdipnfieatinasks Pdf Pehe |ens PL (typically, M= 1/4 or 1/5). In
this manner, a relatively large target portion C can be exposed, w thout
havi ng to conprom se Tha depigted|apparatys c@pbepsed [in grerdifereniipzndesiem (not shown in

aure 1) 1S, AEhe o Lle BRRST GRS  or cclr oLy Ess 19 ey
curi no b Ok i Toea L LANTRGL SURGYSIER o el f 1R B because

sufficijgnt talde WT &Cten Flifted Hothe RASd/oR yldirectRing 66 St A diffdreRSargBypatibeClcahhe
phase shift of different 25 substrates differently. In a sem -conduct or

manuf act ur ibagrradiated b3 thicobeagxBBpind substrate W (a wafer) is subjected to

many processing steps and in.hetween groups of processing steps the wafer
pl aced on Substh 543 Y ,sssa%aq&tﬁﬁm%ﬁcsaﬁt%w&ah e5cshl Y A1\ dpieel RBHER | on

dependent RS RG2Sk fled i 4 Bholb CAbd-UHARY | ROmbUCLBRMTANhd iR SR BHeA @ have

to be aligne I n-order nsure tha ocat1on where

proj ect ed Qpeerid@hd\-edlled TEdaninebisn 30 gWht ki dirleetida) svith Ospseedly, Whthadthear | i er
masks have been projected and/or later masks will be projected. Figure 2
schenatlf calprgestioovizeannP B ntesdsedetatscat oven e mdsk gmagey comavieptly,ghe subsirate table

cont ai nin .optical supsystemw th a radiation source 20, an | in
struct u_regég{f_ls ndaseb st o sapy; or SEROS St & et} Mia ity
processing Jitd N?i%'thﬂn%@x%ﬁggiion of the lens PL (typically, M = 1/4 or 1/5). In this manner, a

relatively large target portion C can be exposed, without having to compromise on

resolution.
20 An alignment subsystem (not shown in figure 1) is included in the apparatus

for accurately measuring the position of substrate W to ensure that substrate W is properly
aligned during projection. The alignment subsystem may be needed for example because
the location of substrate W on substrate table WT cannot be controlled with sufficient
accuracy. Fluctuations in the processing steps may affect the phase shift of different

25  substrates differently. In a semi-conductor manufacturing process for example substrate W
(a wafer) is subjected to many processing steps and in between groups of processing steps
the wafer placed on substrate table and illuminated through a mask to ensure location
dependent processing. Prior to illumination the mask and the substrate have to be aligned
in order to ensure that the location where the mask is projected onto the wafer corresponds

30  with the positions at which earlier masks have been projected and/or later masks will be
projected.

Figure 2 schematically shows an embodiment of the alignment subsystem,



processing unit 29 is shown as one elenent, it will be understood that
processing unit 29 may be made up of a nunber of interconnected processors.
5 Radi ation source 20, for exanple a laser, is arranged to generate a spot
of light on an alignment mark 22 on subgyrate W For accurate alignment
substrate Wcontains an_ alignnment strycture with spatially periaodic
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refl ected nto 1mage alignnment mar onto reference Structure
26. The i nag¥dwhirtliagd couplddsto pabstiatd Wy Iiterderonietricade3yringimeseriFehast anotpue 26
onto detector 28 which generates an electric signal that is indicative of
the spati &oPpledi@Progesingidl -ty of the transmtted radiation. During

" b . rot 26
The opati al 1y aver st ihEe LS il VoRASChABL O LERBRCE, SEHEMIER 20 )¢
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structure and reference structure 26. Imaging structure 24 passes only
sel ect ed panew dé¢mentsef thegligamentsybiyisism ornere copyanient dasationsubt eftee 26. As

orders of - areeibohe batreaf FRmAIRR FEPRe05 et o hEbriisnacit mgit gt =

el enent be understood that the alignment subsystem may be further removed from the projection

20 lens. It is not necessary that the substrate is in the path of the projection beam during
alignment. In fact, another substrate, on a separate substrate table may even be in the path
of the projection beam during alignment.

In operation radiation from radiation source 20 is reflected from alignment
mark 22 and imaging structure 24 uses the reflected radiation to image alignment mark 22

25  onto reference structure 26. The imaged radiation is partially transmitted by reference
structure 26 onto detector 28 which generates an electric signal that is indicative of the
spatially averaged intensity of the transmitted radiation.

During alignment this alignment structure is imaged onto reference structure
26. The spatially averaged amount of light transmitted by reference structure 26 depends

30 periodically on the relative phase of the image of the alignment structure and reference

structure 26. Imaging structure 24 passes only selected pairs of orders of diffraction onto

reference structure 26. As shown, imaging structure 24 has been designed to filter out



contains lenses 240, 242 with a diffraction order filter 244 in between. A
first lens 240 maps light diffracted in respective directions to respective
positions on diffraction order filter 244, which transmts only light from
sel ected positions. A second | ens forms_ggl_S i mage of alignment mark 22 from
the transmtted light. Thus only selected pairs of orders of diffraction
are used f csﬁlepwa@rdgfgs oidifracepe fioae dligimentmakel 22 §or ¥ prypesesiegingslareity e
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PW Processing unit 29 neasures the position of substrate Wand the
al i gnment  stpsneure tht diffsrenttpsire aé omlgrstaneimaged entoj differsnrehirercs stroetupdsi2éh
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for illum nation w 3 ro'ection(gea PB. t? h single elenments 240, 242
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(n=1,2,3,4,5,6,7..) may be treated separately, each with its own reference structure and
detector.
20 Processing unit 29 uses the electric signal from detector 28 to generate
control signals for positioning means PW. Processing unit 29 measures the position of
substrate W and the alignment system relative to one another, i.e. it determines for which
output value of Interferometric measuring means IF substrate W and alignment subsystem
are in a specific alignment relative to one another. Subsequently, processing unit 29 uses
25  this measurement to control one or more positions with a predetermined offset to a position
at which substrate W and the alignment subsystem are in alignment, to which substrate is
moved for illumination with projection beam PB.
Although single elements 240, 242 have been shown for the sake of

simplicity, it should be understood that in practice the imaging structure 24 may comprise a

30 combination of lenses or imaging mirrors.

Furthermore, although a configuration has been shown wherein radiation is first reflected

from substrate W and then transmitted through reference structure 26 before



detection, it should be appreciated that other configurations may be used.
For exanple, radiation reflected off reference structure 26 may be detected
and/or radiation transmtted through substrate Wmay be used if substrate W
permts this. Simlarly, radiation may bi fed to reference structure 26
first (for reflection or transmission) b Pore being fed to 5 substrate W
prior to ddetectionit shankide appresintadsthat athes conliguratiaons may beosedl; rareezampls, t he
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cross section of a height profile of an alignnent structure 22. An
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profiled | ayer 40 around |ine 44 would nmake the entire structure -17-
except for an ambiguity of an integer number of periods.

Unfortunately, the relation between displacement and measured phase may

20  depend on the way substrate W has been subjected to processing steps. When the
processing steps affect the phase measurements accurate alignment is jeopardized. For
different instances of the same alignment mark may differ, both dependent on the order and
dependent on the alignment mark. This is an effect of the processing to which the substrate
has been subjected.

25 Figure 3 shows an example of a cross section of a height profile of an
alignment structure 22. An underlying profiled layer 40 is shown with a resist layer 42 spun
onto the profiled layer. Resist layer 42 is effectively transparent at the operating
wavelength of the alignment subsystem, so that it merely affects the phase of diffracted
light. Profile contains a ridges 46 which are repeated a number of times with a basic period

30 L. Ideally resist layer 42 would have the same height everywhere, with the result that the

mirror symmetry of profiled layer 40 around line 44 would make the entire structure



symmetric. In the case of a symmetric alignnent structure 22 on the
substrate the position of alignnent structure 22 can be determ ned w t hout
detail ed knowl edge of the optical properties. In this symmetric case
symmetry line 44 leads to a symetry in ng 5 periodic variation when the
substrate Wis displaced relative to thé*alignment system This position
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be applied to the alignment positions determined from phase measurements. It will be

appreciated that this holds not only for spinning or polishing effects but also for any other
20  process effects that affect the symmetry of alignment structure 22.

Processing unit 29 identifies the required correction of for the position
determined from the phase of any one pair of orders or combination of pairs of orders of
diffracted light, using a set of measurements of the amplitude of the intensities variations
for a plurality of different pairs of orders of diffracted light. The underlying justification for

25  this approach is that there is a correlation between the corrections and the amplitudes,
because as a result of processing of the substrate only specific corrections can occur in
combination with given set of amplitudes. The dependence of the corrections on the
intensities is determined either theoretically, using a model for different possible detailed
alignment structures that can result from processing of the substrate, followed by a

30 calculation of the phase corrections and the amplitudes consistent with Maxwell's

equations (or any suitable optical approximation of these equations) to determine which



phase corrections occur in conbination with a given conbi nation of
intensities. Alternatively, the corrections nmay be determ ned
experinmental |y by observing possible conbinations of intensities and phase
corrections for a training set of alignng t structures wth positions that
have been determ ned separately. 5 Figure®4 shows a flow chart for aligning
substrate t i t ef; he phase
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for computing a predictions of the intensities I,(P) as a function of the parameters P. In this

20 embodiment processing unit 29 searches for a set of parameter values P of the model that
minimizes a difference between the measured intensities I, and the predictions I,(P). The
search may be conducted for example using a simulated annealing algorithm. Subsequently
pfocessing unit 29 uses a second algorithm to compute the corrections Ax,(P) for the
parameters that have been found according to a second parametrized model.

25 In a fourth step 54 the corrections Ax, that have been determined in third
step 53 are applied to the positions x, determined in first step 51. Thus, a consistent set of
position measurements is obtained, from which an overall alignment position X may be
determined for example by averaging the positions x, over the different orders of
diffraction. In a fifth step 55 substrate W is illuminated with beam PB at one or more

30 positions after positioning substrate table WT and patterning means M relative to one

another so that the pattern is projected at a specified position relative to the position of the



alignment structure 22 as determned fromthe cal cul ated overall alignnment
position X. It should be appreciated that various nodifications nay be
applied to the alignnent process described by neans of figure 4. For
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subjected to processing as a batch together with the substrate that contains the reference

20  structure for which the corrections are determined. However preferably processing unit 29
uses at least the amplitude measurements made concurrently with the determination of the
phase values, i.e. with the same light at the same wavelength. Thus hardly any measuring
overhead is required for the correction.

Furthermore, instead of fitting parameter values P in third step 53, the

25  amplitude values and whatever other measurements are used to determine the corrections
may be used as an index to retrieve stored information about correction values. This may
be realized for example by generating the corrections as a parametrized function of the
amplitudes, the parameters of the function being trained by means computations of
corresponding intensities and corrections as described in the preceding. As a special type of

30 function a neural network function may be used, after similar training a neural network.

Such a neural network may be trained, or the parameters of the parametrized



function may be estimated, for exanple by neasuring the anplitudes for a
test substrate, positioning and illumnating the test substrate Wat sone
position relative to the mask M and subsequently processing the test
substrate so that the relative position % first features determ ned by the
mask and second features of the underlyifig substrate becone detectable. 5 As

afirst f e"f%rg{ttﬁlngn{}j BeSdstifB it leQardiBl¥ b endaSEhe the hrpRATdRE Fbt attest SGBNMAte,

rectangle t sed as second featlre. By nheasuring the relative

posi ti on ofpotitieninigraad ilhnaingtepthd tése atbistrets Vi assdme pésitioradetdtivg tal dteanask M,
obtai ned that describes the corrections for the set of nmeasured anplitudes.
Al t er nat i vang sehseqwently preqesyng thetest substratesp thas deg refpatiye pesitior af figsh fpatures

Lo i ng Rl e b ted st el of MR rdfr AR SHR A bekORe Secbly; o
net wor kst rg{dy ﬁ%t AlERE b P re ERRME ME5 HL hfedneyt%oﬁsﬁ@ a%k@ddl%e'taﬁge 1A ARg Wi th

a neural network that uses input signals that encode the anplitude of seven

pai rs of oradesndffeatiref Bpateaaningahe telaive pobidos of thé firstgmelssgondrfdatiifes apbase of
these pairs of orders (another 14 signals). In this exanple weighted suns

of these i wbtreiningydaip is ehtainethihat dagcribesdhscaieegtionssfontherset o messuradl e 15 S
shaped respon unctions. ;A weighted sum of. the tputs of. these neurons is
fed to an g nRleBAT S H'R Aen T PEBlint a5 RhERY 55 u&a, rof 2R BTN
the esti matgg RAsistehPith T modsl G5 be Bdeted I TRE sédiRMiINS ISR HEH bRUIEd &) ©
determ ned by neural network training by nmeans of exanples. Thus

si gni f i10antttayn thepiearab detposk in Dknoven nasalaetwek ediningalgadihii.on to the single
out put neuron for position, nmore output neurons rmay be used to estimte

ot her 20 paraneters <irad rasnlishapebesarcbiainas for example wath; ayrawed metveark shat
Alternatively,. paraneters of the paranetri.zed functjon m esti pat ed

(e o "eoef i LGSR sheade B BRRHS e AFVen RS pERFRCRTS ettt £8P ng an
estimate t i A0d: i S - di di cted
and neasure iog% r@éﬁ% Em]@(t)}# a E%?ft}?gslrei%t%ggg;Bﬁﬁgﬂﬁgﬁﬁ&agﬁqgﬁrﬁﬁl arly,
trai ni ng daxamphywightel sams efithescinpat dig@alsmaspplizden six relirdnsevitlafor egdmple
correction, performed e.g. by renoving part of the photosensitive |ayer and

neasurildg tShehaped raspense Aunsdion h Wetehtadrsumeofithe ortauats i diese peigonsiy ded fosan
e e3P PR R U Pl g
ggaigaggfgéégglgﬁv@%er@ %g%fefﬂrﬁi}h% fb?ggﬁtﬁg;stﬁnﬂ 3f¢lderdrihiid 8ol nebvifik GAifE by ONS MY
means of examples. Thus significantly improved positioning was achieved. In addition to
the single output neuron for position, more output neurons may be used to estimate other
20  parameters such as shape parameters of the alignment marks.
Alternatively, parameters of the parametrized function may be estimated
(e.g. coefficients of a linear or polynomial function), for example using an estimate that
minimizes a least squares difference between the predicted and measured corrections for a
plurality of training sets.
25 Similarly, training data may be obtained from other measurements of the
actual correction, performed e.g. by removing part of the photosensitive layer and
measuring the correction between measurements made where the layer is present and layer
has been removed.
Similarly, this type of training data may be obtained for training the

30 computation of the offset if other measurements than the amplitudes are used.

In principle, the corrections may be computed anew for every alignment



structure 22. Since the corrections are determ ned by processing steps to
which an entire substrate Wis subjected, or even a batch of such

substrates, the corrections needed for different alignnment structures on
the sane substrate or on different substrates may be correlated as well.
Accordingly intensity neasurenents for 6%Z'or nore different reference 5

struct ures (RS 5 SRRk HRE SorRictiOn £t QEErmiubs b{; piRSssidpiRshs vifdBarb@iieh may
be used to initialise or constrain the search for paraneter values P that

best fit t BebstrateeWsistsybjectedsurreserabstch hsish shbsmitesethe chiregiions neatgdifored.
Advant ageously processin nodel ,

unit 29 is programmed with a physical
whi ch rel atdiders nﬁlﬁp'ag?&c@f%s Qﬁthﬁlsf“Eﬁ Sehsfraterr aniz@qrsntrﬁé Htesampabanet er s
such as the 1 i t [, Odi | ati
ot enerty SRR RARSRIr oA ) ule Akl ol PF LBl Al e,
physi cak mMgglsredon tkaWtrRRor 98 ote 5ulaith Bm ths Yahle BatBR Yy RluséPe! may
use a conplex reflection coefficient function I'"k(r) as a function of

coor di nat ednitialise, or)conftrain fiet seanch ifor panaraeter valwes\P thatbestfit the anensity substrate W
(k being the wave-vector of the . incomng light). Fk(x,y) determ nes the
refracted AP§ASTRCOWBLSahBU Iess scaSNiR SRR Fk(x,y) of the Iight at position

X, yin said plane in 0 LNci flel pK.T Mhen ] k(x,
s Tnoun wel | known AT ERERERshRBE-vAE NaR20 e i o phyp i Boder. - V)
conputi ng tAGHRAR Sdpd phrafiRtces §f AMenARhEKARI D t83nead@ied phdelsé ¥udhas tid vVen
the shape paraneters of alignnent mark 22 and the optical properties of its

mat eri d0 i rphhserand daggliude) of thapenashdanatioes obtlp irtenbity 20ddtectofse 8e28anpl e of
figure 3 for exanple, this requires §‘?rameters characterizing the size and

hei ght of reoagjaienith Maxwellsieguatiapst Juchrphysigal paadsts ase kpewp perrser Bor exampls, 40,

the transm ssion, coefficien f.resist 4 1d. an i e or_scal.e
bar aret er - Uhkp ABvavA 2T i B S hsERGn SRR B tRa T B RERHR
Processi ng ¢fRbbrafthtdss=(:LYRATEMBE it Gn SR Qirfial ladd atf SuBSFNEIWIASHg tHRES e
paranmeters and to conpute the 25 anplitude and phase of the |nten5|%y

vari ati ons wivedecte bbtie iRGmingdight)or(Ek) detgrminesitbearefiaeted mopbitudei and phbsd i ght
source 20. For_the conputation of Fk(x, known techni ques, such as the

ROWA t déhnicgagkmny @en@f trlighh et qufitépnsm)r%n SAABRDR IRERFPRFAP 82 IncilfBhligls ¢ he
vert oo PAGRRGESYRRRES) s 0L PRl R ARG IS
gi ven angl gopforhp@infdane teh§iR8a pAr8mPleRPR dbiceRr I8, 30a KoM Bk ¢7. iGiVerDhe shae
| ayer and its local orientation, with a phase correction to account for
pr opagat i orpardmetaglof alignmergmhark 29 ahdyteraptiByl preparsesadf ifsnvatesad imbae) Fygy)y al ues
of the - 22-c.an readily be computed.
20 In the example of figure 3 for example, this requires parameters
characterizing the size and height of ridges 46, the reflectivity of the material of profiled
layer 40, the transmission coefficient of resist 42 and an amplitude and/or scale parameter
characterizing the unevenness 48 due to spinning or polishing. Processing unit 29 is
programmed to compute ['y(x,y) from values of these parameters and to compute the
25 amplitude and phase of the intensity variations at detectors 28, 28a from I'k(x,y) given the
properties of light source 20. For the computation of T'y(x,y) known techniques, such as the
RCWA technique may used, but often a simple model may suffice, such as the vertical
propagation model, which computes I'(x,y) from the reflection coefficient of profiled layer
40 at given points of on the layer and at a given angle of incidence from the properties of
30 the material of that layer and its local orientation, with a phase correction to account for

propagation through the overlying layer. By means of inverse modeling values of the



paranmeters may be estimated that fit the neasured anplitudes to the conputed
anplitudes. Processing unit 29 conputes the conputed paraneters corrections
of position nmeasurenents obtained fromthe phase values. It will be
appreciated that this technique it not lLigited to the phase grating 5

al i gnnment sensor shown in figure 2. It may al so be applied to other sensors,
€.g. a CORpafindtére MahrsBtimhtedithdt dit e Aeasurd genphitudes fothe RSipattidangdlitgdese nt
structure and conputes a correlation coefficient between this inmage with a
ref erence iPreesssing gnit 28 comguten tharesinuitasiparaspetens sogedsions of positiom t he | ocati on

of the maxi mum of tEF ?orngﬁati n coefﬁicient, or to a sensor that detects
edges bet wiRRSHEREPAbTiped rom the phase Valpes. (ot necessarily periodic) 10

al i gnment structure qfl@nﬁﬁ@%ﬁr@aatwamp@ﬁg fel g R it &S'ﬁﬁﬁit&ﬂ%ﬁe El?as‘é%{'dt te the
position of the alignnment structure or to any other optical Sensor. FPn each
case a godeligamenixensurahownieigure Ralt nisl adoctse Hpipdtpatharehers eqd. at he
alignnent structure to neasured quantities such as correlation as a

functi on ofcopekiipn sensor thatormg ge ipagst ofiacnaatperiodicrabignminictiruchise prd comepwes

can be estimat egaaland utzed ttg correct. t he asuged osition. 15 B SUQP'Xi ng
2 model  exphebERtoncoRTiEie Berisen Hivimass WP 4 wieus e &g the gosibor
adj ust abl e dhid {bstid HIPIHe 16ARioh 8F tRInbEENAT S frrdffon kTt RABST LI €S
of the alignnent structure) and conputing the optical relation between
t hose par anehsi shaddetecty ¢dgdsi Hetvesenrfeatates atlarbimadgl @f de (gonmsetssaniistpiiodie) i ng

al i gnment, one obviates the need to provide extensive position measurenents
t o cal ilBr atadignmentymicturo AndweassiEasi thBositiuneofitheseledges tengstitbete dhqopasitinadofithe any
terns. Preferably, shape paraneters are used, which parangetrize the

geome 1 i cal HEBPRIHETI ot 6 Y O PRica atiSer It €<bgest LROr sgnde Pgpmed of
such  par ang&L te@rsﬁaﬂ%q{a?ﬁﬁétﬁgs%f@%saq'gﬂ%ﬂ&n%gﬂl‘?e | ABRuRl Jubfidfs sQth & t her
side of the ridges, “slopes of the plfatformat the top of the ridges and the
val | eys betesaentiovhas aifalgsion of gostion) éingdd edge pasfilt bic.,|feyne whidhi thk paameths a

| ayer on top op ridges etc. In addition other paraneters 25 may be given for
whi ch fi xedandk getémated an@ visel tpcpaedt theehegsaredfogitieant . Al ternatively, or in

addi tiqn, non-geonetrjcal paraneters nma e used, .such  as e refractive
"dex OF' the mater alBY HopljRf e eramn e of eyt of e ob gt
coefficient : ] [ast it can

usual ly be asreet%]‘aﬁgléllgglruﬁhg ﬁﬁgﬁlﬁ (%Sn%{ts%%% eg ttg{)l‘ral%% ioég&gggﬁggfcg%g%ﬁet ers my
be used suddigameiogtiictié)edidscohipating drwptibal relatén pétaeemihdse parpmectsaidi on of r
k(x,y) at or near the surface of the alignnent structure in a direction

al ong whi cHjuahities mepsheedtbyshe alignyacnt gystane dutieg aliamimeat, lope bvigtes ithe nesdie of a
-23-

provide extensive position measurements to calibrate the position corrections. The model
20 may be expressed in any terms. Preferably, shape parameters are used, which parametrize

the geometrical form of structures on the substrate such as ridges. Examples of such

parameters are parameters describing edge slope of ridges on either side of the ridges,

slopes of the platform at the top of the ridges and the valleys between the ridges, edge

height or depth, layer thickness of a layer on top op ridges etc. In addition other parameters
25 may be given for which fixed values are set a priori before alignment.

Alternatively, or in addition, non-geometrical parameters may be used, such
as the refractive index of the material in layers on the substrate, or the reflection coefficient
of material used for the structures. These parameters can usually be set a priori. As yet
another alternative optical parameters may be used such as coefficients that describe a

30 piecewise approximation of I'i(X,y) at or near the surface of the alignment structure in a

direction along which the alignment structure varies periodically (e.g. in terms of a



pol ynom al approxi mation). The pieces of the piecew se approximation in this
case correspond approximately to successive structures on the substrate in
the alignment structure. Such paraneters are equivalent to nore structural
paranmeters as far as the optical effects_are concerned. O course, in case
of such paraneters al so sone of the para@%rers 5 may be fixed a priori and

For oL her S ARSI 3R IEREI TR U DRl ARNEN LR SRR MR RGeoST NG

unit 29 is*progra 0 perform computati on using

any conbi nabirgdhoall appidkRELteliN® suczedsivef stilaup¥Rn@hS substiatd if tHeldlighmegfrbodi nent
processing unit 29 Is provided with an interface for commandi ng processing

unit 29 t o stettest Sweh pirawmetersrze squivaentdo aidraftructyral parametess asHandsdhdepticmbd.
The interfa%e is 10 for é::x le a k%g/bo rd for entering a selection of the
par anet er s SHgFLS AT6RANGEIIR O QUEE; g Q Hotcl ReFamstest Yoy Sums okt 8 PRSARSIRT® ¢
Al ded nuf r 4 b I l.ect | . neters to
O ocessPng T, 1 54 SUTHEREOBHR MRS fddamifle iEsRARERT™ ©L8 (D)

process the substr at eralghblynsrovebing anRRIRapRERINEHE foltRlab® © Pekfioh ik @ypeesul t
fromthese processes as well as the paraneters that are likely to be

vari abl e, afeomphation usidgpny eprbiaatianofiEsprogrammeedaset gfipasarnetesss inemfurihehout
know edge of optical properties of th | i gnment | supsystem . The paraneters
for which @a}h?égn?fﬁyr%@sg%g Rt i%lscns?wﬁgf ‘a(rtﬁgﬁ ﬁ%ﬁﬁfaﬁﬁgﬁg%w%@g BEICERSINg
explicitly Gachy th'sgl%%\bﬁ&ﬁﬁ EM‘F sg{&%%ﬁigalb'ﬂ??éi&h&te?@ il b%%@{;@.' e%hi%ﬁgge Jubset
sel ections, so tha € Interface need onl'y specity one of the stored

subset 30 | Fop&ginip19R kbytarDfor Bhterih@s Selb@onRA thisRlarh&eSPECA Aotwoil &mebtin t he
unel ected paraneters and ranges or nmean values for the sel ected paraneters.

Usi ng t he i(ndtoshomn) elong mdmeht h€oinputer Axded Narmdadwingpysteit sigithlaa sghectionod
conput ati on of the paraneters, as sel eﬁ_éed, and corrects the position
measur enmentt8ese PAETRAFTR {0 POCERINE IR AT BYSICeR{Oghts, o Ve RIRSHSEERE | n

this way t i f i i { ndent
B L e
al i gnment . pfhidssds a8 A dsithe piFaclerRRAtarOfikdl® beweiabicdirehBloRagm dpefsiohbed
above, it will be appreciated that the invention nay be practiced otherw se
t han ad5desdthdaignnikme systhes withput ko wileiga of optivabprdperties of theialighiment nvent i on.
30 24 CLAI M5
subsystem.
The parameters for which values may be selected during alignment need not
be selected explicitly each time. Instead, processing unit 29 may contain stored subset
selections, so that the interface need only specify one of the stored subsets. In addition the
20 interface may be used to specify values for the unselected parameters and ranges or mean
values for the selected parameters.
Using the information from the interface processing unit 29 adapts the
computation of the parameters as selected, and corrects the position measurements
according to the parameters that have thus been computed. In this way the user can modify
25  the operation of processing unit dependent on the type of processing to which substrate W
has been subjected prior to alignment.
Whilst specific embodiments of the invention have been described above, it
will be appreciated that the invention may be practiced otherwise than as described. The

description is not intended to limit the invention.

30



1. A lithographic projection apparatus conprising: a support structure for
supporting patterning neans, the patterning neans serving to pattern a

proj ection beam according to a desired pattern; - a substrate table for

hol di ng a substrate having an alignnment Ztructure with spatially
periodically varying optical properties; and - an optical alignment system
arranged to - use positional information fromlight affected by the
substrate to determine a position of gaigali gnment structure relative to

t he patterning neans; and - control a‘r%a‘[‘rve posi tioning of the patterning
means and the substrate dependent on the position of said alignnent
structure, wherein the optical alignnment systemis arranged to - neasure
posi tion i hvari antAiliihegrani¢ projestion Appdratyheoraprisseg:ed by the substrate and to
determ ne, based on the position invariant information, a correction to the

det er ni ned”  podFHAPSH SHECHYEF 19f SURNCEHS RAMFIILRG MEansy g PaIern{Ngameans Sl O
structure gﬁteﬁﬁgfog@c%oﬁ%g% aE&ﬁdin%‘f@ﬁHEﬁ%eﬂ;paﬁ 'Eher substrate that has been
S

subj ect ed proc I'ng operation £n comobn W said substrate; or a

further substratestriRttatiafortReding sl biRehRhal BganRIigEASS shlicRREWRh kSdlially t h
t he sane val ue of processing paraneters used for processing said substrate.

2. A | it hoperisliially yeojingerntioal properties;@sd according to Caim 1, wherein the
optical alignnent. sgeatem i s a phase gqr ating alignnment system arranged to -

measure a phas¥ QRited _lﬁm}eﬁf@ﬁgﬁi“f’f"r\?ﬁ d4Pi ons of a pair of orders of 1ight
diffracted by @s}ég)é)?ﬁi'oﬂﬂqﬁﬁ%ﬁﬁﬁ&&ﬁ&#{l%@%@f&é 51:15(}?%1}3 QtbsPrate 6! @l fifheROS! L1 on of

t he substrate; erm ne e posl i gnnent structure relative

to the patternpirgidieemaid dligafeh@riehias flatik Y& thedaflemiOombamt ai r el ati ve
positioning of the patterning neans and the substrate dependent on the

posi ti on, wher etantiohe rgdétasepogitmningplidhd pattesmng sygsiuseanditbe aubstuatg eldpenent on
nmeasure anplitydes of r(fl ative position dependent intensity variations of
i ndi vi dual one®e Pgsitign of said plgAMEE SUNGIA8r ent pairs of orders of diffracted

| i ght fr°%&%mﬁ'{h&g%ﬁ'&g@‘%&ﬁ%ﬁtﬁ@%ﬁ%ﬁg&'{& her alignnent structure with

spatially perio _ sai'd substrate or on 25 a further
substrate t BahsuR@SosARANInSaRINe Gif6Endtdn i ehedighfBIfEtET B B2 Shbdra®d RS0l N common

with said substrate or with the sane val ue of processing paraneters used
f or procesdétegnisgibdsed on the position invariant information, a correction to the determined
position of an alignment structure, wherein the alignment structure is selected from: the
substrate; another substrate that has been subjected a processing operation in common with
said substrate; or a further substrate that has been subjected to a processing operation with
the same value of processing parameters used for processing said substrate.
2. A lithographic projection apparatus according to Claim 1, wherein the optical
alignment system is a phase grating alignment system, arranged to
- measure a phase value of intensity variations of a pair of orders of light diffracted
by the alignment structure as a function of relative position of the substrate;
- determine the position of said alignment structure relative to the patterning means
from the phase value; and
- control a relative positioning of the patterning means and the substrate dependent on
the position,
wherein the phase grating alignment system is arranged to
- measure amplitudes of relative position dependent intensity variations of individual ones

of a plurality of different pairs of orders of diffracted light from the alignment structure or a

further alignment structure with spatially periodic optical properties on said substrate or on



substrate; and - to determ ne, based on at |east the nmeasured intensity

val ues, a correction to be used for determning said position fromthe
phase value. 3. A lithographic projection apparatus according to aim1l or
2, wherein the alignnment systemis arratfiged to nmeasure respective position
invariant information for light of a plurality of wavel engths and to use a
conbi nation respective position invariant information neasured for the
plurality QRM@}’&{b‘E{}%Qﬁa&gs Qeeetnes‘hﬁ}g@t%d 33bik r%ﬁr%%%c%@si & step 1n' QRS AR ©
proj ection apparatus according to any one o € ‘precedrng clal ns,

conpri si Ngsad istrate of HINAhK sdhPV A0€ 6f frot&Bink puBhietdrushAtfBF plodessingaid
correction under control of at |east the position invariant information. 5.
A | it hograplbstaterajdect i on apparatus according to any one of clains 2 to 4,
wherein the alignment system conprises jnformation representing a

par anet ri zel drisrmiines Busertiopeat lrast ¢ MeBRIEY iIFngEHEH B CPEBEqOAHP & usrd for

transm ssi 8&e8§in@2§g@§o§ﬂ@§?ﬁoﬁ%{e%&% I Silud he alignnment system being

arranged to - es al'ues of one or nore paraneters of the

nodel that3cor Aelﬁl@%lﬁbﬁi@picﬁ&tioﬁﬁﬁ?#ﬁtﬁga@%iﬁ #ieRim A 2; wilere®l e ABghMént
e

correction to the term ned position dependent on the estinmated val ue or

val ues. 6. syAtem tshognggshioangasajeerespech egmpaioatinariancinfaimgon fordight of &, wherei n
the alignment  systemis arranged to conpute information about a difference
bet ween t hBIUFLRY BF wavalengthsand ¢ usqRCpbiNAtiQndesPesiYe PRSHEAN IpNaemt {palios t he

anpl i t udes, acsorch o9, L BURTELERE RIS and bhg physi cal Tans of

optics and erm . : “val'ie or” values'so as to mnimze the
di fferenceq 7. AAithddrhyMiE 9@%&103 appR&tub AEoRARRRIAINY DB OF BlePrBkdiry HilsM 2,
wherein the alignnment systemis arranged to neasSure the phase value for a
plurality odmplidifiga aautralpitwesrka pbemaertaioaftaughi fof dederinimnthe icheectmmrndes on bei ng
identified dependent on a conbinatjon of the phase value for the plurality
of diff er efRNUPAPF &t legst Heqosidiopanrippiigfarmatiomnd t he anplitude val ues. 8. A
|'i t hographic prqj.ectiqgn appar.atus according to Cl aim wherein the .
al i gnent sy StabfcniPs ERBR dBndfiEhco Rt G g of e plpZate & Yifein e
descri pti veQligRQshtlsyBmZdmpIREERANR MHatib® fdpRGEARE LparhhaRssd ARUONIRErifthe
al i gnnent strucCture, "the alignment system being ™ arranged to

of position dependent reflection or transmission of the alignment structure, the alignment

system being arranged to

- estimate a value or values of one or more parameters of the model that correspond to the

measured amplitudes; and

- determine the correction to the determined position dependent on the estimated value or

values.

6. A lithographic projection apparatus according to Claim 5, wherein the alignment

system is arranged to compute information about a difference between the measured values

of the amplitudes and model based values of the amplitudes according to the parametrized

model and the physical laws of optics and to determine the estimated value or values so as

to minimize the difference.

7. A lithographic projection apparatus according to Claim 2, wherein the alignment

system is arranged to measure the phase value for a plurality of different pairs of orders of

diffraction, the correction being identified dependent on a combination of the phase value

for the plurality of different pairs of orders of diffraction and the amplitude values.

8. A lithographic projection apparatus according to Claim 7, wherein the alignment

system comprises information representing a parametrized model descriptive of position



- conpute information about a difference between the neasured val ues of the
anplitudes and nodel based val ues of the anplitudes according to the
parametri zed nodel and the physical |laws of optics - estinate a val ue or
val ues of the position based on one or n¥re paraneters of the nodel that
mnimze the difference. 9. A lithographic projection apparatus according to
Caim5, 6 or 8 wherein the alignnment systemis arranged to provide for a
set of avaj 1k : [ : Lt . for
el cct i ng. PrRRay BERREA Bf fatinitolth, SORP wierChL o TR 96 2 @m0 PR AT e

det er m ne hhgngedtd ection fromthe set of avail able paraneters of the nodel,
the alignnment estimating the val ue or values of only the sel ected paraneter
or par anet eegnpwe infommatiomiahpwip differenes betweenthe miq@surad valupoel thpainplipddes ect i on

appar atus accor gi to an e of Clains 5, 6, or 9, .wherein the one or
mor e par anromedebtyvahudof Wt gieniing o e TromitfCaou apd e

al i gnnment ?E‘;Sy&g fé(&%'of%%ticsp‘ devi ce manufacturing nmethod conprising the steps
of: - providing patterhing neans to endow a projection beamwi th a pattern
in its crossstingR€h valne or valeéLsNtheporitich RRed b Ofe Of mafe pakdngkiems R tifthodd ur e

relative to the patterning neans, said alignnment structure having spatially
peri odi cal that manimazsi the diffarensge. properti es, wherein the position is

det erm ned _duri al i gnnent, using both posij.tional .inforngtion fromlight
affected by a é[)gg?%f C REFHGT BRRATAU @gfﬁéﬂlﬂ‘g E‘i%&?grgoggdw ‘%Iginttg‘i‘)n

i nvari ant n i . i f e : 1Al Ng,
based on thléén%%éﬁ%i’sg%n fsl;é/ar lz’aclln hérﬂ g%?]%rtal sgh?y%v%gg?lggg%ﬁe&?gf%ﬁg?&dggt%@m ned
posi tion otordpriekk hf M¥BTAceTbF $63dcHnE the paeANRdtEdr! faften dlerk Ebralhi¢E vBIQgs dreoni ng of
the patterning neans and the substrate, based on the correct deternined
posi tion; esignatedoatetirmindtbe apireption ftons thewset afrarailable piremeteds dfitbermodele the
substrate; another substrate that has been suljected a processing operation
in cormon fgHNEA IR thayHue g valugs af orbythe seledehRarpmpler pHRArARSETSHEEN

subj ect ed . i aperation with the sane value of processing
par amet er shﬁggrgﬂplgﬁﬁ%ﬁ%g%ggﬁ'ng said substrate. 12. A device manufacturing

met hod accopdi Adith&xrépiae Pro}detionfappfhtis 8&oedibs tdshy®ne of Claims 5, 6, 8 or 9,

wherein the one or more parameters of the model describe geometrical properties of the
alignment structure.

11. A device manufacturing method comprising the steps of:

- providing patterning means to endow a projection beam with a pattern in its cross-
section;

- determining a position of an alignment structure relative to the patterning means, said
alignment structure having spatially periodically variable optical properties, wherein the
position is determined during alignment using both positional information from light
affected by a substrate having the alignment structure and position invariant information
from light affected by the substrate;

- determining, based on the position invariant information, a correction to the

determined position of an alignment structure;

- controlling a relative positioning of the patterning means and the substrate, based on
the correct determined position; and
- wherein the alignment structure is selected from: the substrate; another substrate that

has been subjected a processing operation in common with said substrate; or a further



positional information conprises - neasuring a phase value of intensity
variations of a pair of orders of light diffracted by the a phase grating
al i gnnent structure as a function of rﬁle??ztive position of the substrate; -
determ ning the position of said align t structure relative to the
patterning means from the phase val ue; wherein the nmeasuring of position

i nvariant information conprises - neasuring anplitudes of relative position
dependent ubktats tiay hyebdeatsigBste®to a pdcasiidalperatiog svidfth@sqheivalhé by of
different pairs of orders of diffracted |ight fromthe alignnment structure
or a furt hprocessing parameters psask for progessingspighsubstraje.per i odi ¢ optical properties

on said substrate, or on a further subsfirate.that. has, pbeen subj.ected t.o one
O tare prbbess oA deue minhtachiieE s Red A SR Gl Rt DSBS kO B R e
val ue of p%&ﬁﬁﬁﬁiﬁ%f%ﬁ%%ﬁ Ssddsed for processing said substrate; and -

, base

determnin on at leaSt the nmeasured intensity values, a correction
to be used- ﬁq@&suridﬁh?hﬁ@eman@ fantdnfigSiatib@dhsiofarpairtd opdeas €f Nt deffradidd bitievi ce
manuf act uri ng met hod according to Claim1l1l or 12, wherein neasuring of

posi tion i aphkast grating pfignmentistucturecdsidasctimmad uelavive pasitprcef thesystate] on
invariant infornmation for light of a plurality. of wayel engths and uysing a
combi nat i ondEEE LR pesiiqa e FrId Alen it ruEtEe EIE LNC SRUPRHRE PERISARYT { he
plurality gf ﬂ@s‘é%ﬁ%gt hs to determ ne said correction. 14. A device

manuf act ur | né’ met hod’ according to daim 11 or 12, conprising using a neural
networ k i nph@eRth@hicasuring JWbeitich Dvatig ifRHASEH mpHder control of at |east
the position invariant information and teaching the neural network

i npl enent at measutiog aniptitrdas ofretdtire positiew dépsnddny interssity vefiatiomsiofiimyvidwanpl es
that contain asurements. of required corrections and correspondi ng

measur emenpRESSY a,@ﬁgﬂfw difrpentipati of wﬁsrﬁﬁéélfﬁﬁctefgﬁal}t Fors el e | y

predi cted | ' [ . and i : o d kL ant
Pt or mat | oo CBe O R FRURk et B! BRSO oRRE! b Bihed B

Caims 11 &bstkade of OB Tirdlied Gubstrafd tAMi Hlk BeensuBRCREABS bhe 60mBRARbcLlSing kieps | Ve of
positi on dependent reflection or 28 transm ssion of the alignnent

st r uct ur e; in-cogshdmwith ngid aubsitateeorowvitly thie same ghlue 0é€ pcessingepapametastusedfoof t he

nodel that correspond %o t he neasured anplitudes; and
processing said substrate; and

- determining, based on at least the measured intensity values, a correction to be used for
determining said position from the phase value.

13. A device manufacturing method according to Claim 11 or 12, wherein measuring of
position invariant information includes measuring respective position invariant information
for light of a plurality of wavelengths and using a combination of respective position
invariant information measured for the plurality of wavelengths to determine said
correction.

14. A device manufacturing method according to Claim 11 or 12, comprising using a
neural network implementation to determine the correction under control of at least the
position invariant information and teaching the neural network implementation to
determine the correction by means of training examples that contain measurements of
required corrections and corresponding measurements of position invariant information
and/or theoretically predicted examples of combinations of corrections and position
invariant information.

15. A device manufacturing method according to any one of Claims 11 to 13, comprising

- providing a parametrized model descriptive of position dependent reflection or



- determning the correction to the determ ned position dependent on the
estimated value or values. 16. A device manufacturing nethod according to
Claim 15, conprising conputing information about a difference between the
nmeasured val ues of the anplitudes and nm28el based val ues of the anplitudes
according to the paranetrized nodel and the physical laws of optics and
determ ning the estimted value or values so as to mnimze the difference.

17. A dewt?a%sxﬁ?s@ftj)h%(frt%ql w{&%t& cording to Claim1l, conprising
p €

measuring sai ase va or a plurality of different pairs of orders of

di ffracti anstilB@nEPVa10€ bt PAudIMdile of SRR j%)efrﬁxﬁ@keﬁé&ﬂ_@ﬁ&ﬁ@&elqmtftoﬁ‘éwﬂﬂ@é ion of
the phase value for the plurality of different pairs of orders of

di f fract i dhe aweasuré¢tearaplghdesuiaed val ues. 18. A devi ce manufacturing net hod
according to Claim 17, conprising,- provjding a paranetrized nodel

descripti v-é‘%&?rmﬁagﬁ e&ﬁrra@t%ﬁeéﬂﬁ deteamineed RasHicadebendshson Uisicstimaied yalwe or

al i gnnment Slijeycture; - conputing informati on about conbi ned differences

bet ween t he neasured val ues of the anplitudes and neasured phase val ues on

one hand ayl rdelicdmsperamalibe metlodtddgordmeRb ClURER, absl pRsiag eompe@digi ng to
the paranetrized nodel and the physical |aws of optics on the other hand; -

est i mat i ngnformatioreatwut ¥ diffeeence foetvren plissmeasoredoabed ob theameplivudesane npdelanet er s
of the nodel that rpni m ze the differences. 19.,?@ devi ce manufacturing
met hod acd@sed Yrduast dreamplitadespgeqydingdo t alfizs medel@pd thegphysisaldava met er

or _par anet g1 5, (L U G AL UES. A 81 ASKIUTRE S LOSIRLELT I L e aifgrrect ] on

froma set 0O € patare e cting dependent on

the naturg, ofp 4bacPMAREESUALG feBRR aE@orMﬁEQ@ Adig Bukshpatife ARaseRtaid
subj ected. 20. A device manufacturing nmethod according to any one of C ains

11 to 19, plasyalue for heluality@f differentpairaofdrders obfliffraetiom tel codestion teeng
geonetr] Caildeneirﬁ%g%g)én%sentogn aE Elc?mt?ilngt?or}ln(?fr]ti[le plfz}ser: ggﬁlg %(?r'the plurality of different pairs
of orders of diffraction and the amplitude values.
18. A device manufacturing method according to Claim 17, comprising
- providing a parametrized model descriptive of position dependent reflection or
transmission of the alignment structure;
- computing information about combined differences between the measured values of the
amplitudes and measured phase values on one hand and model based values of the
amplitudes and phase according to the parametrized model and the physical laws of optics
on the other hand;
- estimating a value or values of the position based on one or more parameters of the model
that minimize the differences.
19. A device manufacturing method according to Claim 15, 16 or 18, comprising
selecting the parameter or parameters for which values are estimated to determine the
correction from a set of available parameters of the model, said selecting dependent on the
nature of the processing steps to which the substrate has been subjected.
20. A device manufacturing method according to any one of Claims 11 to 19, wherein

the one or more parameters of the model describe geometrical properties of the alignment

structure.





