LI THOGRAPHI C APPARATUS AND METHOD FOR DETERM NI NG Z PCSI TI ON

ERRORS/ VARI ATI ONS AND SUBSTRATE TABLE FLATNESS BACKGROUND OF THE | NVENTI ON
5 1. Field of the Invention The present invention relates to a |ithographic
apparatus and nethod for determning a neasure of Z position

err or s/ VATHO GRAPHINIA PP AR ATEES AND METHIN FORRDEIHRMININGAATOBTTION
flatness. 10 2.pRROWIS/VAIATTONNANRESEBSTRATE RABLLIDGWARMESS appar at us is
a machine that applies a desired pattern onto a target portion of a
substra?&ckb?@ﬂﬂqﬁ@ﬁer PRVBNAGoMNN be used, for exanple, in the

manugac ure of I ntegrate circuits (ICs). In this case, a patterning
devitTe, 1\/\/ni CE. kf%’ﬁht rnat"ulively referred to as a mask or 15 a reticle, may
be used'to gélf CHVEMYBUi t pattern corresponding to an individual |ayer
of the ThE prdddhiS inventiiNeelitsd RY AliNoBIBEL Apasyist &M kivtod forbétisraening he
reticle and the substrate and is provided to inmage an irradiated portion
of the mepsiet of dhiesition Hriges vasHeRsOAMIr @ f%@ﬁﬁ%ﬁer%f?&bsﬁﬁé table dpecERUSK Jsyst em
i ncl ude?l gafponents to di rect, shape and/or control a beam of radiation.
The pat &' can be i mged onto the target portion (e.g. including part of
onejpor several, dies) 20 on a substrate, for exanple a silicon wafer, that

has a | ayer gtgscr@QB@gf@lew&iAﬁve material, such as resist. In general, a
single substrate contains a network of adjacent target portions that are

success vkthgerappe seriratih vinmeshino Giebanmiies agpwicd thadenn e, 4 rgd -nedinay 2

st eppers,, | i..eh ach t .QNei S, | 1 f entire
pat or nodner hTPepBlE peRiREkenh! biedomh SrhbRchhp hepaBRDS MRAARCT ]
each t acgafitsPIsh.i DnthisScaké, faaditaingtk deyicecahich ialtdneativatytrefenre? %o tdha maghort he
projection beamin a given direction, usually referred.to t he "%lanni ng"
di r bt i aactiolimay @yﬁeﬁmﬁaﬁgﬁt@a SEGNhRats ™ wemm@f%@@nﬁa@aﬁ%@h laygr of the
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interferonmeter m ght r" neasuring displacements with a high
accur acyrovidsd 4o #Bake4alrratiaed porttosnifshofetivieionty atasgdt podioporatsabist@ee. hereei n by

reference, discloses pi cal high stabil.it lane mrror interferoneter.
The | nbGITGPBRETER IPAPLS SgmerPHes dirdeioph eBrPeratitiar beyCbER 8D T ses
a pol ar irgl ?&teﬁi@éﬁi bSRhdgkll Bhtof @E t@Ptipbitionde 2. RERMIgNH8 ¢F JHRASUE SR Hickeam
and a reference beam a reference” o N .
20  on a substrate, for example a silicon wafer, that has a layer of radiation-sensitive material,

such as resist. In general, a single substrate contains a network of adjacent target portions that

are successively exposed. Known lithographic apparatﬁs include so-called steppers, in which

each target portion is irradiated by exposing an entire pattern onto the target portion at once, '

and so-called scanners, in which each target portion is irradiated by scanning the pattern

25  through the projection beam in a given direction, usuaily referred to as the “scanning”

direction, while synchronously scanning the substrate parallel or anti-parallel to this direction.

In such a lithographic apparatus, an interferometer might be used for measuring
displacements with a high accuracy. US-4 784 490, the conténts of which are incorporated
30  herein by reference, discloses a typical high stability plane mirror interferometer.‘ The
interferometer (also sometimes called interferometer system) comprises a polarizing beam
splitter for splitting a beam into a measurement beam and a reference beam, a reference
mirror and a measurement mirror for reflecting the reference beam and the measurement

beam respectively, and a phase detector for detecting the beam resulting from interference
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mrror and a neasurenent mrror for reflecting the reference beam and the
nmeasurenent beamrespectively, and a phase detector for detecting the beam
resulting frominterference 1 between the nmeasurenment beam and the
reference beam By di spl acenment of the measurenent mrror, a total Iength
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Al t hough 1 nt erferorret er systens can provide high accurate rreasurerrents a

pr obl emvitdch batlts freasphasametift zerth@phasaodﬁnctaiueUmog mlmif Hettvted phoke shife it is
measurenment mrror. Wien the neasurenment mrror is displaced in a

directi WSS@@?%M?@@P@ﬂW@@P@%@%ﬁW beam the measurenent beam wil |
touc? the mrror at a different area on the mrror. Unflatness of the 10
m nor thus results in an error in the distance neasurenent by the
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sensor s mdasaegient teprocketoecuri dee btot hnﬂ:haesx afhdhe mpessiteingns rofrrort Ehgulske r at e
tabl e and the height of the wafer that is on jt. In this case, asu
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assunption that the wafer height can be expressed as the difference between
t he verti cal p05|t|on of the vvafer surface and the verti cal p05|t|on of

t he substratetable i.e. 0 ht =(vertic ositi nof waf
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|ncorpora erence. I'S arrangenent can arise

because phaibst-vie tdey ald e nsighsoMRs whicptadisain it. 2 tHisfhel erbsuxinpdisd ¢ arahs
(such as an optical |evel sensor and an air gauge) are used to neasure a
si ndbe wafigpnp i typicele dowmd wying amﬂfepmletP@Slbéﬁ%%efﬂlds% THIFGES. V\Meé“ruﬂﬁélth% is
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pOS|t|0n|ng errors t Wo neasurenents. Because the
assumption that the wafer height can be expressed as the difference between the vertical

position of the wafer surface and the vertical position of the substrate table, i.e. wafer
20  height=(vertical position of wafer surface-vertical position of substrate). An arrangement of
this type is described in more detail in US 6,674,510, the contents of which are fully

incorporated herein by reference.

Problems with this arrangement can arise because when two level sensors positioned at
25  different x-positions (such as an optical level sensor and an air gauge) are used to measure a
single wafer point the wafer table has to be moved so that wafer point is moved from a
position at which it can be measured by the first sensor to a position at which it can be
measﬁred by the second sensor. This means that different substrate table x-positions are
applied. Hence, different positioning errors result for the two measurements. Because the

30  wafer itself may not be flat, differences in the x-position may mean that the second level




30 wafer itself may not be flat, differences in the x-position may nean
that the second level 2 sensor neasurenent is taken at an x-position that
has a different level to that of the previous neasurenent. This is turn
means that the measurenment radiation will be incident on the Z- mrror at a
differ enénsglot%' %S\Ili\lﬁe% P%Ct eattageﬁ st tﬁﬁt P%@ﬁ dni%rGHQe%‘? rttg l)f' thfe rp?é 01fshe

waf er epen en mrror vertlca posi tion) nmay be
i ncorr eﬁfeh%r&ﬁérﬁu Imse@-tu& rhean@ahatlme Hedeferhant eaimmewiihes frekisht &n tf Z-he
measurenents an absolute Z-mirror map on the neasurenent side is required
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i ncludi ng stemconfigured to provide a beam of

radi ati ﬁﬁasurérﬁerﬁsﬁl@bssﬂeﬁ@fr@i tb@bir@ct@@nhirﬂmaﬁdrsto hold a substrate; a system
for determning the position of the substrate table in a Z-direction; a

plurality of |level sensors for sensing a |level of a substrate carri ed on
t he subSUMMARY @ €Ha INVENIMAIN ty of di fferent posi tions; a controll er
configured to cause rel ati ve novenent, between the SE¥ r at tab(lhe an

20 | evelt 18@Rggpechpt thy Pressnt WyentoRdR adeviglepfl fFaf peie t81 é%ﬁ SBRE rs |s

movabl e 4 A0 a position to neke a neasurenent at a first point on the
substrate, thereby to provide a set of overlapping neasurenents, the
plurality of level sensors being novable to at |east one other neasurenent
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posi ti ogblﬁggt@g@ém@{ngatl ons; a 25 neasure of substrate table unfl atness and
a nmeasure of the |evel sensor@goa tion/of fset usi r;g t he sets of _
over | appi ng teilemisdiessrstem £eut Behioprorge g 8pag obrad@ipls of overl appi ng

I evg sensor gﬁ,?&?ﬁg&% Igﬁed'tﬁgB@raséulBLt?at .0 estimate position errors, in

parti cul ar z° po ronerro ate table flatness, and | evel sensor
posi tion/ of f gefstem RO dEkiraintathbeodineotuht lauimtrhnegdrblejegxéehmttlmcur acy and
reproduci bili t}/ Al l ?f }hese can be,
urality of [evel sensors for sensing a level of a substrate carried on the substrate
table at a plurality of different positions;
a controller configured to cause relative movement between the substrate table and the
20  level sensor array, so that each of a plurality of the level sensors is movable into a position to
make a measurement at a first point on the substrate, thereby to provide a set of overlapping
measurements, the plurality of level sensors being movable to at least one other measurement
point on the substrate, thereby to provide another set of overlapping measurements, and
a calculator for calculating at least one of a measure of position errors/variations; a

25  measure of substrate table unflatness and a measure of the level sensor position/offset using

the sets of overlapping level sensor measurements.

By using a series of overlapping level sensor measurements, it is possible to estimate position
errors, in particular Z position etrors, substrate table flatness, and level sensor position/offset.
30  This can be done with a high degree of accuracy and reproducibility.  All of these can be

determined from the overlapping level sensor measurements. -




determ ned fromthe overlapping | evel sensor neasurenents. 3 The position
errors may be any one or nore of Z-position, Y-position, X-position,
rotational position relative to the X-axis and rotational position
relative to the Y-axis. The systemfor determ ning the position of the
subst r aThke paddtie eregrs mgflhstdmyamzomqr@pf Loositise, Yﬁioﬁhﬁoﬂe§e}0mﬁﬁﬂ,ﬁgtaﬁlﬁéﬂz

posi tion. . Each, |.evel sur ed b | evel ns be assuned to be a
funct i oROsfORZEHiYG E?rthggclaﬁﬂi an atp SHET Ght g%lﬁTere%éfﬂssensor spot of f set
error. The cal culator may be confl gured to cal culate at | east one of the
measure of Z-position errors; the neasure of substrate tabl e unf] atness
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corresponds to the sensor pitch, there5¥ tf ensure gurenent overlap. 20
Thel] evBmciehafet- %F?%@Blgﬁyswbﬁ&qtﬁh‘ﬁg]gaﬁ U al SESPTSPORFFRYENL | evel sensors.
The system for determ ning the position of the substrate table may
optionally include at least one interferoneter. Additionally or
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i ncl ude,y kadisalshPihot BHEGRrod he radi ation source may be a volune-radiating
source. The radiation source may include a plasna radiation source. The

pl akma radi ation source may be an el ectrical discharge source or a Iaser
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support configured to support a patterning device, the
of an amount that corresponds to the sensor pitch, thereby to ensure measurement overlap.

20  The level sensor array may include a plurality of different level sensors.
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The system for determining the-position of the substrate table may optionally include at least
one interferometer. Additionaily or alternatively, t d

ctermining the position of
the substrate table may include at least one mirror for directing radiation from the at least one

25  interferometer onto the Z-mirror.

‘The illumination system may include a radiation source. The radiation source may be a
volume-radiating source. The radiation source may include a plasma radiation source. The
plasma radiation source may be an electrical discharge source or a laser produced plasma
30 source. The radiation source may also be operable to emit radiation in the EUV range.

Plasma sources are at least optically transparent between radiation pulses.




patterning device configured to inpart the beamwith a pattern in its cross
section. The apparatus may further include a projection system configured
to project the patterned 5 radiation onto a target portion of the
substrate. According to another aspect of the invention, there is provided
a met hodhe apparhtnt hegrfaphércinclays t eppdratortfasraintoi dupperi Ratatemingy devern the
configured to pravide a beamof radiation; a substrate tattll e configured to
hol d a PalbEringdevicgeanfighisth e BFP%%@PWW@ A IRECIJE S OB 8% "PHe substrate 10
table in a Z-direction, and a plurality of |evel sensors for sensing a '
| evel of a substrate carried on the substrate table at a plurality of
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bet ween the substrate and th(f Ievgl ensor array, so that each of a

pl ural i f3Aadiononle 4 @gest PudRL of thejsy able into a position to make a
measurenent at a first point on the substrate, thereby to provide a first
set of overlappi ng neasurenents, 15 causing relative novenent between the
subst r athecendthgt theanbthee speensbtheainyepjionothamyis pretidedpupethed §n aithogmppic
sensors to at | east gne.other asur gnen i i e - eby
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cal cul atjyhdcehiiFRAIUOehdM aZubfsd;td SRtcal FOrdetiaiinfg shebpdsitidneof tblsebstrate
unfl at ness and/or a neasure of a | evel sensor posit] or]é)(%ffset usi ng t he
i

set $0 of tableinl apdiragionpardi ehverits of kel PresOEOETr feM5HZEY Ie8s 0! FayPRRISIN IShe or
more of Z-positi - MR P, & LLion, 1 j Qgition relative
to the RB&KY bsatﬁag&rag{%aa{??%?\&ar%ﬂggg?‘[ffég‘%lt %ﬁ?g?qsvggﬁ)étt eh‘\/ﬁigx?é. The | evel
sensor arr ay cimjnghelative inneemear baycaf tHeewbitrse asb s, leTd scamnsors, ©f thetach

array may 25 be separated by a constant pitch. .The rel.ative nove t may
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20
The position errors may be any one or more of Z-position, Y-position, X-position, rotational

position relative to the X-axis and rotational position relative to the Y-axis.

The level sensor array may be a linear array of level sensors. The sensors of cach array may
25  be separated by a constant pitch. The relative movement may be of an amount that

corresponds to the sensor pitch, thereby to ensure measurement overlap.

The illumination system may include a radiation source. The radiation source may be a
volume radiation source. The radiation source may be a plasma radiation source. The plasma
30  radiation source may be an electrical discharge plasma source or a laser stimulated plasma

source. The radiation source may be operable to emit radiation in the EUV range.




cause rel ative novenent between the substrate and the | evel sensor array so
that each 5 of a plurality of the |evel sensors is novable into a position
to make a neasurenent at a first point on the substrate, thereby to
provide a first set of overl appi ng nmeasurenents, cause relative novenent
bet ween Adeerdsghst am@t}er aspbct tifethk @vaskntsiensndion athe@yis tpeovideden tdreputed progiait y  of
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used hefein should be broadly interpreted as referring to a device that
canlbe used to inpart to a beamof radiation a pattern over its
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and/or computer program of any of the preceding aspects of the invention.
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20  According to still another aspect of the invention,'there is provided a method for calibrating a
lithographic apparatus comprising: using at least one of a measure of position errors; a
measure of substrate table unflatness and a measure of level sensor position/offset as

f the other aspects of

determined using the apparatus, method or computer program of any o

the invention.

» The terms “radiation” and “beam” used herein encompass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of 365, 248, 193,
157 or 126 nm) and extreme ultraviolet (EUV) radiation {e.g. having a wavelength in the
range of 5-20 nm), as well as particle beaﬁls, éuch as ion beams or electron beams.

30

The term “patterning device” used herein should be broadly interpreted as referring to a
device that can be used to impart to a beam of radiation a pattern over its cross-section such

as to create a pattern in a target portion of the substrate. It should be noted that the pattern

6




target portion of the substrate. Cenerally, the pattern inparted to the
projection beamw ||l correspond to a particular functional layer in a
device being created in the target portion, such as an integrated circuit.
5 The patterning device nmay be transm ssive/transparent or refl ective. The
pat t er ni ingpadevitcéhe pmyeciingibede may nof exetk sorrespont domiebflesingd Malemap thy s

and progranmmable L anel s sk e |l .kno LNl g g
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progranmable mrror array enploys a matrix arrangenent of small mrrors,
each of asshinghtegmated crewit.ndi vidually tilted so as to reflect an incomning

r adi gti on beamin different directions; in this manner, the reflected beam
is patterned. The support, e.g. bears the weight of, the patterning device.
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under vaghudensiganglid dtensated pleasc-shifipas tvelirayvarpuahfraimasrtypest blesamplopf a
exanpl e, which may be fixed or, novabl e as reglﬁe:n{eg 20,.and. whi crhen;a% ilgf;sure
t hat1& hePToataERahih BV AEY FEPIQYS & THRIEY AEANSSHENT PbDAY S7ITRea FATR Ol T
respect 1o dNGdiR{aRhBEE kA soSKIb %ﬂectbﬁyinb@ﬁin?fra&iﬂ%nttﬁﬁﬁﬁnH[f%rbrﬁ'dﬁ'éctmhs;"iﬁms_k"
herein may be consi‘dered synonynous with the nore general term "patterning
neans". {hieenteemitiqripeet bom sywttemetd.used herei n shoul d be broadly
interpreted as enconpassing 25 various types of projection system
including refractive optical systens, reflective optical systens, and

cat adi opthd GupBBltl @b ShEWBighDSE, ARFBBiA! ®vicer It axFmcepditemitdidevieposur e
radi ati on being used, or for other factors such as the use Of@gﬁﬁ“ i mer si on

fluilh or waheepmding om they aidenisonapl thespatigiing devies the desig of dhehoghife
consi dered as synonynous w th v j LRndasy&tent .
30 The 1 TR HatTOREEy o didy a8 o sk Al ot b AR RE AR
conponent&d ih RGhsGinngnvifkieat tiheaupp@t bactdevacchamdaladdrapingptacinon optatlesl
conponents to direct, shape, and/aor control the beam of radi a.{.on, ﬁ.@d
such conglememes epiiiauass doth exFapler Fedrosylip JUNPING HRAEC PR, cgpdiions.

support may be a frame or a table, for example, which may be fixed or movable as required

20  and which may ensure that the patterning device is at a desired position, for example with
respect to the projection system. Any use of the terms “reticle” or “mask” herein may be

considered synonymous with the more general term “patterning means”.

The term “projection system™ used herein should be broadly interpreted as encompassing
25  various types of projection system, including refractive optical systems, reflective opfical
| systems, and catadioptric optical Systems; as appropriate for example for the exposure
radiation being used, or for other factors such as the use of an immersion fluid or the use of a
vacuum. Any use of the term “lens” herein may be considered as synonymous with the more
general term “‘projection system”.
30
The illumination system may also encompass various types of optical components, including
refractive, reflective, and catadioptric optical components to direct, shape, and/or control the

~ beam -of radiation, and such components may also be referred to below, collectively or
| 7




7 singularly, as a "lens". The lithographic apparatus may be of a type
havi ng two (dual stage) or nore substrate tables (and/or two or nore mask
tables). In such "multiple stage" nmachines the additional tables 5 may be
used in parallel, or preparatory steps may be carried out on one or nore

t abl es whngudarlyonea Oensiore ot her tables are being used for exposure. The

| it hographi c apparatus nmay al so be of a type wherein the substrate is
imrersed in aliquid having a relatively high refractive index, e.g.

wat er, SPhakthb@aphit |agﬁa:§tﬁ§ﬁfa hetoreaRhd Midd thal (dudi Gtk poembreaiubéthee tables
proj ection system and the sugstrate. | mersion liquids may al so be applied
t o ot her{asgfat %o jon mdre mask Halgesphi suchpipaitaple stage'omashiagp he, addetoneletibiche

K he_ firls | f i ; _ : .
are ol | RSk R BT EP bk pBRELET b Bl-RARL P, oIS e A e

own in a sin he nunerrca
proj ect i @ B ywireomier thbleBRletfeilghSERIdPEkdNufl THE DRAW NGS Enbodi ments of the
present invention will now be described, by way of exanple only, with

reference to the acconpanyi ng schematic draw ngs in which correspondi ng

ref er encey. EyoRobC bAGRGAL Balb kb 58 BPPIHEYHRANE e sBGratdts Wainthed i OHEGd L TS
a scheng??% 5@%@#a%1@%laa%?? oSrap ?cggpparatusegccof iﬁg to F%e prisent

20 i nventiavang, a Flgivety Righsefadtveendiat aigl edtevi @naofo PHra spacé betheemppatistl us of
Figure 1; Figure 3 is_.another representation of the. aratus of Figure 2;
Fi gute 461?‘%6%%3%%&90904/F@W%fm‘ﬁ&ﬁé%ﬁm@’e_ laPrSaanléﬂ}l@igﬁ@ﬁr A0 fvﬁémrwg? of a
vaf er Onytfer GRAMGK ket HiBErafhit! Hh8ftusY fROS A R Sher@ e HBUMGSIO ah® tie Bt Of
Z position variation versus x position for the measurement mrror of

Fi gur es dermaend &, the. projeation rsystemmapmeRiqguiteshsiqies arephetl kfovgt andiag drt for

devi ati an nier% he%ght ver sus.. x POﬁition' Figure 7 is a plot of wafer
hei ght VBPEHEE R GUMEeH D@ T PEPTEICCHRS S WSt mirror naps, each nirror nmap
being for a different orientation of 30 the wafer; Figure 9 shows four

waf er W%ES, each wafer map being for a different orientation of the wafer;
15 RIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be described, by way of example only, with
reference to the accompanying schematic drawings in which corresponding reference
symbols mdicate corresponding parts, and in which:
Figure 1 is a schematic diagram of a lithographic apparatus according to the present
20  invention;
Figure 2 is a more detailed view of parts of the apparatus of Figure 1;
Figure 3 is another representation of the apparatus of Figure 2;
Figure 4 is a schematic view of a level sensor array sensing the level of a wafer on a
chuck at three different Y positions;
25 Figure 5 is a plot of Z position variation versus x position for the measurement mirror
of Figures 2 and 3, 1.e. a mirror map;
Figure 6 is a plot of standard deviation mirror heights versus x position;
Figure 7 is a plot of wafer height versus x position;
Figure 8 shows four mirror maps, each mirror map being for a different orientation of
30 the wafer;
Figure 9 shows four wafer maps, each wafer map being for a different orientation of
the wafer;

Figure 10 shows the wafer maps of Figure 9 after a linear fit;
8




Figure 10 shows the wafer maps of Figure 9 after a linear fit; 8 Figure 11
is a plot of the relative substrate table difference as a function of x
position for two wafer orientations; Figure 12 is an alternative
measurenent systemto that of Figure 2, and Figure 13 is an exanple of an
encoder syst éngwerl | apaplatichihermalipesibsirgn tabiedilisrange py & SncHan 8f X oAy
table. DETALLER.DESCRIPTLON OF THE DRAWNGS Figure 1 shows an apparatus

i ncluding an 1I'Tum nation system (illumnator) IL configured to provide a
beam PB of r d&dgatildfs {peal@mative ofcadobbhenteystdm anthat A Higurs 2, sudpport (e.g. a
mask 10 table) MI is configured to support a patterni ng devi Ce'ﬁ&fﬂé%’ﬂ a
mask) MA and HI8U8 o &t 8B REPE Pf rd8t 58861t PYSHITh O SR gMCHBRS! btely

posi i ong.tA6.REEL S pgdevice with respect to a projection system
("l'ens™) PL. A substrate table (e.g. a wafer table) WI is configured to

hold a substrate (e.g. a resist-coated wafer) and is connected to a second
posi ti O%}‘g?ﬁgﬁﬁb %ﬁﬁ:ﬂﬁiﬁlﬁ &H% miﬁggs the substrate with respect to
t he proj ﬁ]@ . 'és PR system (e.g. a reflective

pr oj ect impyrk @nghwhlaniapp& b iilgﬂ'ﬁ(ﬁﬁgi LR iliRERI R d?@t%ﬁl?(ﬁlﬂlrﬁiﬁ%f)t]ﬁ%ohﬂﬁﬁre@ to beam

PB by the patterning device MA onto a target portion C (e.g. including one
or nor e proviés p hehmt BB ofubdittient &5 UVhe Bgparadtatien)ofA Hisyuseppat (sg.of mask

reflective type, f exanmpl e enployi.ng.a.reflectiv sk .Q a bl e
e dPPaMans sontsteel Spapent s By PINRAGHS (o 2 R T P bt T
appr eci atr@thdshahinsh@varraviahatSacomitebepsiitios thapainaag evity peth fe@iecewanpl e
20 enploying a transm ssive mask. The illum nator |IL receives radiation

froma madpgionghsteny;ieas"sBL. Shubsiie tbledse. & haleritibipoflapprligpphiodiols may
be separ aéu%st?ﬂ%'(é. & resfsﬁéoa?%(@%%eg éﬁllhel@ c%%ec?e%ufgca?s (33{1@13?5 d%ﬁfﬁ@t%ge
source. 1n Such‘ cases, e source 1s not considere o formpart of the

| i t hogr aphirateR5p@aiat alidlsutataiet iigh rageatto ale beoj@anersadtby fasBedprhojeotion he
source SOto the illum nator i .the aid of .a radiation collector,

L. with
i nclladi FysteBresxanglcetsuprompstien kar) Beds erpfignrsddp dmagtir srtien Wpatad g ithyurity
filter. 4 : QLR - o I ;
appar ai G oy O SO RER bR 2P RR AR T A g pArhE D (g DA of s more
i |1 um naies) of ltheveybsirate! Wde Tha appjrass iofiFFiglevilces chafrefretied tyme, ddj estnpidhe
angul ar intensit di.strihution of the beam Gener{::xlaltsyIje at lLeast the outer

and/ or it }qqgaa%{g]ecgy(et Bi3f PE@W?Wable mirror array o as referred to above,

However, it will be appreciated that the apparatus may be of a transmissive type, for example

20 employing a transmissive mask.

The illuminator IL receives radiation from a radiation source SO. The source and the
lithographic apparatus may be separate entities, for example when the source is a plasma
discharge source. In such cases, the source is not considered to form part of the lithographic
25  apparatus and the radiation is generally passed from the source SO to the illuminator IL with
the aid of a radiation collector, including for example suitable collecting mirrors and/or a
spectral purity filter. In other cases, the source may be an integral part of the apparatus, for

example when the source is a mercury lamp.

30  The illuminator IL may include an adjusting device configured to adjust the angular intensity
distribution of the beam. Generally, at least the outer and/or inner radial extent (commonly
‘referred to as c-outer and o-inner, respectively) of the intensity distribution in a pupil plane

of the illuminator can be adjusted. The illuminator provides a conditioned beam of radiation
9




referred to as a-outer and (7-inner, respectively) of the intensity
distribution in a pupil plane of the illum nator can be adjusted. The
illum nator provides a conditioned beam of radiation 9 PB having a desired
uniformty and intensity distribution in its cross-section. This beam PB

i s i nci deéBthaving tehiesineds ki Manityiand nténsithdistritomon fireitrrasies-pegiipe  irs Bamnip

refl ected.by.the sk the, b PB.,pass t.h - i i ystem
P, whi ch it g Tseskdi, H1ED PSRy ap YRR SETA AR B IR B
Wth thengi dh®bednh@BSRRQAANRASH Heqibieetisieysem PV ahidh docus@obi thean osens or

|F2 (e.g. an interferonetric device), the substrate table W ,canﬁ\pewgoved
a;:ctjr at gilayget E@é@lon é@)%ﬁwtsl@b%@?h‘t’\/i- ?}ﬁl%ﬁﬁ@ ehihe peroge POpEPRNg rﬁ‘§‘g§j? # _a|togat h
o] ea . i r - r i ani Y RRehtion
sensor IHofimlo(nes?eé‘.sora&&i(%tgé%?é?tgﬁgrtoﬁeﬁk géeql\?neé’e E'ngﬁs t%ge taggedw{\ﬁo acggr at ealiy
posi ti onydchatdmske My W thpsesgediffdat tthgeippirtions Ct inethbgauth oPBhe beagn P&t er
nmechani c?aj .ree'{[?i e%/al fr(_)_mpa mask |ibrary, or, during [}g scan. ln general, 10
movenent Sigfilatiieths iraicositippingsdavicedd apg awqsitionesepial | 'L &8t AT H of a
| ong-str I t-k-0ni 5 Stihe bedh ne
posi 1 orieigy) Clhyt e A ey R B e ey

However , PRN elshefien seechfinieal Stecajpypelr fipas aoppds diray ar dsganresdant He gm@kd,t abl e
VA ol SHBSETER & AHirapieDe At QB Aot g bhak i Panih el ot b 15
substrat | JEHARR TR, THe kdeRideledind PR&LatHS), Gaicho@rid$ed dfn
vari ous %8 elé@ For p@@ﬁgﬁé, giildng)g}togpﬂm)dgﬂ,iH t heg(qirrrla?k 1t alb?)e MI' and ?ﬁg

subst r at tactmmbitienME deveek ®P{ aed FBHt Haweyersimtlicorras pf ankiEnnsT 43 epiosektdat t ern
inparted to the projecti eam i s projected on tar ti t
once (i.¥angerk ﬁ??g‘% ks’tahle?@@@a}é%océ’g?%#e% Pre Sléoﬁtgttr@(aet %u?ag(%rl @Wf@a}cﬁgn
shifted fifud MeasK MAHArsulsiid BCinapBe 20 ghdialsing makd {lghatett markged1 pgdetandn C -
can be exposed. In step node, the nmaxi num size of the exposure field

i ml5s tébsieate eligmanhsmarigrijefZportion Cimaged in a single static exposure.
In a scan node, the mask table MI and the substrate table WI' are scanned
synchronously 25 while a pattern inparted to the projection beamis

proj ect ethompiciad bffagels @arid @ad & (iricss ndodesi Rgl exathpig i etep upuisuthe)maskhe
velocity and direction of the substrate table WI relative,to tht

tabl e Mrable Mdt @wdnthasabsspte table(Wd) ara Srptr sty satenatyaidls & 87
charactesj st.i -he: praj ect | ; i et ReinBRX%tamgm
si ze of %n@hgggoo@% ggj ?ﬁgﬁ&%{aﬂﬁ% P@ﬁcﬁé%&%@#% #)(Elhlt% ﬁ?ﬁz)@?‘ggan ni ngE

di rext i ogxposfre} HEhet subgedte pabile i WH isrhen shifigd én dyn aiviand/ex podireaion so that a

different target portion C can be exposed. In step mode, the maximum size of the exposure

§8|Pg&es“l§

field limits the size of the target portion C imaged in a single static exposure.

In a scan mode, the mask table MT and the substrate table WT are scanned synchronously
25  while a pattern imparted to the projection beam is projected onto a target portion C (Le. a
single dynamic exposure). The velocity and direction of the substrate table WT relative to the
mask table MT is determined by the (de)magnification and image reversal characteristics of
the projection system PL. In scan mode, the maximum size of the exposure field limits the
width (in the non-scanning direction) of the target portion in a single dynamic exposure,
30  whereas the length of the scanning motion determines the height (in the scanning direction) of

the target portion.

In another mode, the mask table MT is kept essentially stationary holding a programmable
10 B




30 whereas the length of the scanning notion determ nes the height (in the
scanning direction) of the target portion. In another node, the mask table
MI is kept essentially stationary holding a programmable 10 patterning
device, and the substrate table WI' i s noved or scanned while a pattern

i mpar t ecpattornitgizviveamdi tee prbsjratctade BAE © raovied g eanpst vhidha LRtterR MRS Rhde,

gener al | ul sed radiatjon_ source i Qy. a r Hl:
patternitﬁ@%ﬂ ilﬁé’r?lgc"tﬁ‘%)(?&toea (&St B df”f"gcdelg% Iesrlgg%eé[k%n&ngg %e tgegf tlah{eu%}n
substrat@ tabl en¥byal aﬂdﬂh@%?d’%ﬁﬂmﬁbﬂ@ ¢esahing deddi atipdatepuk sepiddnfieigash scan.
5 This node of operation can

e readily applied to naskle%s | j t.hogr aphy
that ut impyasent pf thgrsabsiraby eblsa fearrin hgwgey Fesessive gadatien B ﬁﬁsc#(“;‘}’lﬁ%%ﬁ e
mrraqr ray of a.type . as referred. to i naf: F utili
ver ati bt s ARFuDE FEbaE' BBau MRl SRR ARRRRI A e
10 use mEYgahsebRep R0y eeicd ghas2 bausmabkysiemafrey ofettgresnifiged he
position of a wafer on the wafer/substrate table W or "chuck" as it is
somet i metorabbpered to in the art. This includes two interferoneters |IF, one
on each of opposite sides of the substrate table WI. Each interferoneter IF
is positioned 15 to direct neasurenent radiation onto one of a first pair
of m rr orsmMnafidiatanaioe vaioisnded tienvaropposiegesirtedar kstisty differentappdss of hese
mrrors ML being substantially perpendicular to the radiation emtted from
t he Idssoeseapayalsoiteeydp¥sfet er | F. These will be referred to as the X-
mrrors ML. In addition, each interferometer IF is positioned to direct
measurenment radiation onto one of a second pair of mrrors M that gre
angl ed aFigdts Pegneassysent fre ddiermitiipihe pbsifion pf o padutondhc sraigaaysricdPle r om

the interferoneter, IF.. These mrrors M2 are provi. ' i gewal | s
of the ta & P&Tﬁééﬁlsvﬁo’fﬂlemb“@ r?%frg‘ﬁoeﬁlt %%‘sﬁﬁéggﬁ%%g O%B%?%froggz It\)cEé ﬁ‘c}“he

X- i nor so M 20gh bepRRAL Sidedbf hekbsMitealile GAT r Eedh iaterfohenaaf Eris patiti@edT and
so nbve when the table WI i s noved. Radi ation refl ecteijtfrom ea

. C -mrror
M 1S di toediteetinisankement radatiasoniesweiodcdrsi pript Bl hat %%HOHQH‘%(BB used
to determ ne. the, x-posi.tion.of apl: diraty diehihewt @#d from
the angl S¥ORB Y cﬁféh%itarbg%tté%%orﬁ%?%%&el g‘%lﬁ%\é%%tdr?@%%@?eﬂﬁlnrlr ors ZM -
posi t i ongdiABe uRitdierd VBt agbcibiea ineffamnicabllE \Wheae o/ill e mefsubd bytsethe Py

reflected back to the interferoneter |F., The dofs Lﬁ.ha%] are Sho‘{‘“ad?art‘io%he
Z- mi nor smneeM i bpadditpnggash intgeprometsy &8 bgfpotsﬁ’é’nffi)g% TEhERTEF Y he

~interf erot Sl olfFa Pe%gﬁ@ pﬁﬁscij'ﬁirg'ﬂ{ Wtﬂgﬁ%%ﬁ[@rﬁt&ﬁ degrees to the direction of
20  propagation of radiation from the interferometer IF. These mirrors M2 are provided on

opposing sidewalls of the table WT. These will be referred to as the angled mirrors M2.

The X-mirrors M1 and the angled mirrors M2 are carried on the wafer table W'T and so move
when the table WT is moved. Radiation reflected from each X-mirror M1 is directed back to
75 its associated interferometer IF and can be used to determine the x-position of the wafer table
WT. Radiation reflected from the angled mirrors M2 is directed onto ome of a pair of Z-
mirrors ZM positioned above the level of the wafer table WT and then subsequently reflected
back to the interferometer IF. The dots that are shown on the Z-mirrors ZM of Figure 2 are
indicative of the positions where the interferometer IF beams reside during measurements.
30 By using radiation reflected from each Z-mirror 7ZM in combination with a measure of the x-
position determined using the X-mirrors M1, it is possible to obtain an indirect measure of the

| height of the Z-mirror ZM and so the wafer table WT.
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30 By using radiation reflected fromeach Z-mnor ZMin conbination wth a
nmeasure of the x- position determned using the X-mnors M, it is possible
to obtain an indirect nmeasure of the height of the Z-mnor ZM and so the
wafer table WI. 11 Directly above the wafer tabl e#\?r .S an.array of |evel
sensors Prectiyibeve iy walen talle VAl wanygray obtevgl sepeere i@h%‘iﬁ‘]“ IRGJWIER TIRYET 55

opti cal Jgtec%’i reﬁ@ﬁﬁ?c{riﬁgég\%ﬁ&p% ?pijlfg:al]gl@{f@%énsog;%dQHi Sir SHPM. e dbB8NYWH B

represen e posl ere evel sensors LS rmeasure height. In the
parti cul the watbcaepbensthewositinndwhere ¢helevdl hensarsr a8 mehsurehefhts ém gerprtic8lar s

| i near and incl udes, fjve sensors, and t he nber of asurenent points N
i s el evefampfe %L‘i’r“s‘é‘,ﬂlg'%re\%ﬂ © 4y ﬁ?vég?e&f%ta ’ﬁﬁme?ﬁ %“ESP@H(E% hvr‘?bsg'g “of

sensof s apdhenAfeAYf GRALSHER RS NeRUIE R WS eslrsas: Wal be agpredihie et
nunbers of neasurenent points. Figure 3 shows an alternative arrangerrent

for measdifferegt himebérewé|serobrsaandafr errapmdnfeguatidng cohld belgsedatseyell apdefanaitght .
In this case, the Z-mrr ZMis directly nounted on the back of the wafer

i
tabl e WIHURRFS ‘B%ﬁ%u@ﬂfé‘?mlméct measure of the wafer table height. In

practice, however, inplenenting this can be difficult, because typically
the wafer table W' novenent nechanismis provided at the rear of the
tabl e. 1Bigime Joshoers ancligeatyeimamgamenifepmgeauring theoleveay 2 vHer sndgauplly B8 of

SR R SR A LT

di f f er enfabp-WasSidd @N6aAgHeSEreth@emafeest theacdfed aYR hdgnsdn preaser kneaver, may
optionally be static. In this case, typically each |evel fe&?ﬁr woul d t ake
a nunberingfemensag utheimean sbatdiBigulh hecasth dyristYpSientvadid 45ioW deMAKCRYYEr age

val ue, tlﬁgghgg%mtigp#aqg&éggﬁgﬂéeregrq)fﬁjeggﬁgs of noise. In a typical exanple,

each | evel "sensor € sI'x hundred readings at a single point,
al though different sensors may be configured to take different nunbers of

readj ngs. and i ndeed djfferent nunbers of readings. may.he taken at .gifferent
boai 13 onts SHiet, fo cGBler 8 AbouH SRS R b HUpiogeY bl Ba e Th &

reduces 1 R&J3HTREN, Ghe TRASULRERALF aﬂdeﬁgﬁﬁﬁitwb&* 16§l a6hsor O Meisifmdnts @l SO
i ncreases the neasurenent tinme. Hence, there is a trade 25 off between

cal i br atpesforedret emtbureEifSuemrepesitinns armey theAusalam Bacheleveltsereer msagurenenti ¢
reaStr STERL oAl A T Y RE U 810G 85 e
measur engidssrendBaSH cIPRESuf@hert pol8t 41 provide an average value, thereby to reduce the
20  effects of noise. In a typical example, each level sensor may take six hundred readings at a
single point, although different sensors may be configured to take different numbers of
readings and indeed different numbers of readings may be taken at different positions of the
¢ table. As will be appreciated, whilst increasing the number of measurements
reduces the effects of noise, it also increases the measurement time. Hence, there is a trade
25  off between calibration time and measurement accuracy. As an alternative fo a static
measurement, the wafer table WT may be moved along the direction of the level sensor array
LS, whilst the level sensor array LS is taking measurements. Measurements relating to
specific points of the wafer may be obtained by sampling the sensor outputs at appropriate
.times. In this case, the number of measurements that are taken at each point will typically be

- 30 lower than for the static measurement, and may be only one.

In the example shown in Figure 2, the wafer table WT is movable using a controller (not

shown). In particular, the wafer table WT is moved parallel to the X-axis in steps from the
12 |




specific points of the wafer may be obtai ned by sanpling the sensor outputs
at appropriate tines. In this case, the nunber of neasurenents that are
taken at each point will typically be 30 |Ilower than for the static

measurenent, and may. be gonly one.. |n the e | e, sho in Figure 2, the

Nafer ¢ aBE AR ooRoRE GoSTEE SebCRIENT AeL oD Sen el TAa FETeEtar,
the vaf ef 148l afpdigt ARY 8 nRRANLER! ALQ (B8t Xa@Xivafet Boipt PSR drl€ by 12
extrene |left position to the extrene right position. After each step, all

| evel seersbr Evebwensong Gieent aY getfenafints paiditMt kivel semwes thisnpriducess Navi
result, each wafer Lnt IS asur ce ach .level sensor.. Gven N
water pormraratfatn At bén TR ot et et B RO g S ERE REE I >
then & hegreayasiechDleMaosl pdstitireo PRI #ARH SableSloalt the Gightrhbst LB SERSPLorrAk T aY
at the left-nost position of the wafer table, only the rightnost |evel

sensor cowEr goiat. AMdhenexpsient 2 leael senesorripris covas, waier peial asleseser Thponeangover
a wafer poinpt and sq _.on. .Thi ans that for_.positipn 1<-. n evel
cencors Tgu B 1%iaf 3 DsiMiet InaT Sbersoarr Areek P pbiial o< sendb L

cover a pmafi@kndded SMver @%féfrgfoirﬁo;ﬂdt fopg MiorNk s NNy, MA‘FN-_H% Mve @tﬁﬁ&s

|
sensors cover a wafer point. This a %s up to NM neasur enent I'n I's way,
by novi ngvehe weémgomt.1 O har addly upSo MNVaheagerehentshbn thisf way, By modeg tessendor

| i ts | bt.ai ned. Thi. [ :
meaclh OO ptt BRaT 115" B oBeat gt HEpb i} SO RPBFURE PIpOG L WA  on

the waf eferitf O scBUHIP bEmedABmidRdy a&%ﬂm% bé‘?eg%ﬂg(il fRtRde UTdF Y Sosttions
al though in principle, the neasurenent at Y= shoul d be accurate enough

for a Z-n theowafeafor| exagipdul- 00, b andtl€8 mhatasciodshisd enolignicappilifpuel i he

measurenent . sites is not es ial. r stitchin 15 the pitch has to be:
02 b1 ¢ ol FEmeRpERerf e £ BhapdBE SRy & HAEeSt W Darrd] "o
measur er@nided thanedmplefef@eHappif 6 G@MAKWERRAT sitdh ihndlYeshdnifienr Fordiedtpgd, ation
of the neasurenents or mathematical fitting of paraneters describing the
mapstSandhe REctbgsdp be: Yarpishsmewsipromait s phehilS Bt Indhg eyeny dpat degaiselap
measur e [ trar Nnos) ti 0. ' ] re-unf ess,
waf er un I%ite%télé%{?ec Eéckno'i'Jl J%f%%tunPﬂBagdr?egg?degﬁdwitggdalp qjigg%sg?rt&ég%?wgk ?t Eslgt
errors. fossegueetor yatlengandriatinexpyeaséton deeribmgl thy elhpsanisthe wafr.
measurenent on a point on the wafer substrate WS for a given wafer |oading
orientation is: v,eas(xws,yws) = dZ(X Y)

-xLSd RY(%riﬂl?Q:?S:\P{EmYéf‘@s) riRre 72 MvA( EnSr meRuMARNE aVan aBffird X, W BodiRASUr ed
/ dZ a Ry and d Z and Ry

waf er thickness/ height, dZ Ry are the stage

20  including mirror unflatness, wafer unflatness, chuck table unflatness, and level sensor spot
offset errors. Consequently, a general expression for a level sensor LS measurement on a

point on the wafer substrate WS for a given wafer loading orientation is: -

Vineas (Xs» Yips) = dZ( X, ¥) = x,5dRy (X, Y} + €, (X, Vs ) + Wi (xwaf ] ywaf) +dz,(x,5)
25 _
where Viess 1s the measured wafer thickness/height, dZ a Ry and dRy are the stage Z and Ry

position error due to mirror unflatness, respectively, where Ry is the rotational position of the
wafer relative to the y axis, Cyye and Wi are the true height/unflatness of the chuck and wafer
as a function of the x and y positions of the wafer, respectively, x¢s is the x position of the LS

30  spot and dzs is the z error of the spot height.

For the stage position measurement system as in Figures 2 and 3, dZ(X,Y) and dRy(X,Y) can
be represented by independent one-dimensional maps, i.e. dZ(X,Y) = dZx(X) + dZy(Y) and.
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position error due to mrror unflatness, respectively, where Ry is the
rotational position of the wafer relative to the y axis, ce?e and wo-, e
are the true height/unflatness of the chuck and wafer as a function of the
x and y %%fltlons of the wafer, respectively, xLS is the x position of the

LS 30 spdilXahly™ &%Xkﬂ“ AREY) ekt slpuld e nated diasdZx cing IR yx e ﬁmq@or@t%fgbe
POSi {1 oMy IRARY SR UALL Mo ATLOURGS &aﬁn%gma’%@y%}&@@@%@ can

be represented by in epende one-

dzZy(Y) andlatrkSs afRii¢ 36-09iled 40 Ry X mirthy 86 e above sdpaitibd bbenmt ed t hat dZX and
dRyx are functions of the wunflatness of the so-called z mrrors. Al so,
dRyx, dRyy, dZy and dRyy are functions of the unflatness of the so-called
45 degr ees M T Or eS8t M) E5EEY 2t d8X(YOn xhdBorBs):— x adRaabl s

Yws) =dZx( X) ? XLSAdRyx( X Wn, e (xwaf ,
YMa%) dng E:{S ) Sﬁggé %og%sﬁ§¥¥&§25|T%gMugﬁV%ﬁ%zﬂﬁmgr st age agd position

of the level sensor spot are related to each other in the foll ow ng way:
10 (YLS (YW5 (Y) Assuming that y[.s = 0 for all spots, for neasuring one

i ne in rectlon o\ waf er, 15 and .for mafe rot ion, the
hbove ocuagt tbsoh RN O AL whBE B Bl ot of Ble Jve? Bt arf (éﬁ%s)
dzLs (xkﬁﬂl&ﬁeMMeh@ﬁwmuﬂngﬁmyesents t he conbi ned effect of cnue and wm,

i.e. of chuck and wafer. For one wafer |oad angle there is a fixed
rel dli on between a position in WB coordlnates and in wafer coordinates.

Furthernore, for measuring one |i d|r ctlon the y direction does
not play arole, i.e. only lea §i t contrlbutlon 25 For a line
of neasurements in x direction Wby e t | evel sensor and with a
neasurenent pitch equal to the pitch of the Ievel sensor spots, then: 14 VI
dZ& N - xLS 4 dRyx-N CWN-4 dzLS,-4 Vz = dZx-N - xLS,-3 dRyxN CW.N_ 3
dZLS 3 M
Assuming that y;s = 0 for all spots, for measuring one line in the x direction over the wafer

I5  and for one wafer rotation, the above equation reduces to:
Vineas (Xs ) = dZx(X) — x,gdRY (X} + vrrue(xWS)_ +dz; o (x;5)
20  where vy, represents the combined effect of ¢yye and Wyye, 1.€. of chuck and wafer. For one
wafer load angle there is a fixed relation between a position in WS coordinates and i wafer

coordinates. Furthermore, for measuring one line in x direction, the y direction does not play

arole, i.e. only leads to a constant contribution.

25 For a line of measurements in x direction with a nine spot level sensor and with a

measurement pitch equal to the pitch of the level sensor spots, then:
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v = dZx_N - XLS,4 dRyx-N cWN dzlLs,4 v10 = dZx_N - xcs,-4 dRYx-N CWN 3

dzLS -4 W1 = dZx_N, - xLS,-3 dRYx-N CWN-Z dzLS,-3 MV18 = dZx_N -
XLS, 4 dRyx-N _N dzLS, 4 M V2N'9 = dZxN - xLS.-4 dRyxN ?_4 ?,-4 V2N*9 =
dZxN - xcs,-3 dRyxN ?3 dzLS,-3 ''.. Mv(zN)"9 = dZxN - xLS-4 dRyxN ?

dzLs, 4 where vito9 etc are -séfs, ofx, npdRur grent g , trakgn, by each of the nine

| evel sensors at a single 5 peasurene oi there being (2*N)*9

nmeasur ement points in total~ 9%‘”3_%%# Qk%eNrT%tbeWi’h%‘cs"{ hese equations only
take i nto account points onM he wafer that are neasured by all |evel
sensors. Hence, neasurenmepts, yor _extr pgjvt&i opg; of x where only one or a
subset of the spots a ’ ~ . ded. 10 Note that
the indices for the maps “aZx4@nd. dRyxs §8-rorhN-t & ®s.The i ndi ces for cw

(chuck wafer) go from-NAgro N-i . edrihg sanme, gsdzgr ,the maps but 4
extra at both sides because , of the 9 spot |evel sensof. Finally, the
indices for the LS spots goMfrom-4 to 4 (9 spots). Note that XxLS, 4 is
the x coordinate of the L§=sgbt ,w-td ndityey,, + 4w 15+ Hngerder to solve the

above set of equations,—they,canm be witten in nairi x-vector form v =M|5

with e.g.: 20 15 dZx-N__MdZxN dRyx-N._ MV _dRyx,—v=M
Vyegay = Q7% — Xpg 4 ARYxy + Wy, + az;g 4
Vyyeagy = A2%y — X 5 ARYXy +CWy 5+ dz;g

M

Voawnsyso = dZxy — x4 dRYX, +cWy,, + dz s,

where v et are sets of measurements taken by each of the nine level sensors at a single
5  measurement point, there being (2*N+1)*9 measurement points in total. It should be noted
that these equations only take into account points on the wafer that are measured by all level

sensors, Hence, measurements for extreme positions of x where only one or a subset of the

spots can measure on the wafer are discarded.

10 Note that the indices for the maps dZx and dRyx go from —N to N. The indices for cw (chuck
+ wafer) go from —N-4 to N+4, i.e. the same as for the maps but 4 extra at both sides because
of the 9 spot level sensor. Finally, the indices for the LS spots go from -4 to 4 (9 spots). Note
that X(s .4 is the x coordinate of the LS spot with number -4.

15  In order to solve the above set of equations, they can be written in matrix-vector form:

v=MP

with e.g.:
20
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CWN4 Vv(2N)"9 M CW dzLS,-4 Mdzcs.4 and with matrix M accordingly. 5
In order to match the rank of the matrix M two constraints are added. By
matching the rank it is meant varying the rank so that it is equal to or
greater than the nunber of unknowns. Matching the rank can be done in a
nunber of ways, e.g. by adding rows to the (WkriX to inpose a constraint
that the average map update equals zero. Angjher way to inpose 10
constraints is to reduce the nunber of paraneters|. This nethod in fact
results in colum reduction. AlternativelyAZthe icolums of the matrix and
t he conponents of the vectors may be |11 cc@@%@ed to determ ne the
constraints. Figure 5 shows the mrror map i?af”is obtained if the above
equations are solved for the 1 neasyrenent™at =0 with the wafer
orientation 0 (i.e. the nornal fér load guirenf ation). This provides a
measure of the z-position error| IM an ageyracy—4dnalysis is performed on
the values, the standard deviatjons shown |[i‘H-Fitdure 6 are obtai ned. From
this it can be seen that these Valllits are|®f the order of a few Angstrom
This neans a 3a value of approximately Innn, Thils is very accurate. A
waf er hei ght map can al so be obtained, as shoWf iin Figure 7. 20 The 36
values for this are of the sane order as the&zmirrlor map. The ninor map of
Figure 5 is for neasurenents taken at a wafigq orijentation of 0. To gain a
measure of the reproducibility and accuracy,, the |m nor maps and waf er
hei ght maps of three other wafer orientat|6%54mere cal cul ated, these being
90, 180 and 270, although other 25 orientations could equally be used. As
Wil beEﬁgpﬁ@ghQEQQﬂagaﬁd@%@entat|on 180 is identical to 16 the O
measurenent with the exception that the wafer heights are neasured in
opposi te dlrectlon To include this in the cal cul ation, the colums of
mat r| X de [ é' aniéa %ﬁ{e mzﬂ? k%ttwg%nﬁtlla%f%br%%ﬁd&f %yulitaﬁﬁgthlégmqg‘fm
except f he” R0 °r oWs | represe t

is meant varying the rank so that it is equal to or greater than the number of unknowns.

Matching the rank can be done in a number of ways, e.g. by adding rows to the matrix to
impose a constraint that the average map update equals zero. Another way to impose
10  constraints is to reduce the number of parameters. This method in fact results in column
reduction. Alternatively, the columns of the matrix and the components of the vectors may be

combined to determine the constraints.

Figure 5 shows the mirror map that is obtained if the above equations are solved for the
15 measurement at Y=0 with the wafer orientation 0° (i.e. the normal wafer load orientation).
This provides a measure of the z-position error. If an accuracy analys1s is performed on the
values, the standard deviations shown in Figure 6 are obtained. From this it can be seen that
these values are of the order of a few Angstrom. This means a 3o value of approximately
lnm. This is very accurate. A wafer height map can also be obtained, as shown in Figure 7.

20  The 3o values for this are of the same order as the mirror map.

The mirror map of Figure 5 is for measurements taken at a wafer orientation of 0°. To gain a
measure of the reproducibility and accuracy, the mirror maps and wafer height maps of three
other wafer orientations were calculated, these being 90°, 180° and 270°, although other

25  orientations could equally be used. As will be appreciated, the orlentatmn 180° is 1dent1cal to
16




constraints. This was al so done for the orientation of 270, which is the
counterpart of 90. 5 The results for the mrror maps obtained for the
different orientations are shown in Figure S. Fromthis is can be seen
that the variation per mrror position found for the four wafer

ori ent atthorl¥ msasBregnenmwithils ereapisont Hat thehavaler i heights Aenmessurdte imaprsitand

thus the,waf.er ..contributi.on is properly renmoved/split,.from.the mrror

cont 1 batigrion TS SRbige sl oo SYIERE et TRFER! BRrHLIREHIRE Poktf e (o
det er m ngiitheoalkbatitiLai MipPEd TBRoHA Mickht for Ind 14T tdHGoWS), yezgfe@émfrﬁ igét
maps al so show a consistent picture as is clear fromFi gure whi ch shows

that theengirdiet dihisowas fler doncafed thegericatatins of 239°, gdidng by cowmspart REYEane
shape exgept for.a.tilt caused bhy.the,zeroing error Lgh js. i.ncl uded
e cHresPUR bt g RS Shipthby SPoE T RAR ofibh Blions L Sk iy

mrror nepmCes Recaeby séepihadde binateht @ neieronipblitian flemdiar the fopr wafet pl e
just one wafer orientation is required to obtain an accurate mrror map. 15
Based orPrichtatinnt kedet nes This gisewt thee the prigratirapob e yafes andsiBrs pisgvalsbve,

it is poss| ] g r : t;aby huck

flat ness('.% gﬂgﬁla pyrgli?gsrgfggpn tB ﬁeeﬁsr%ﬁq‘r??%th tﬁ%p mé‘i@&s@“ﬁ%’ D?tgl S?SN%%SS%?@Pe to
unravel wirer ofi¢mtgiionain dequdedrto aleidrmireutht @bsohftasninel ImapstoLBitsipai-6 nof.f be

resi dual s).  using the LS neasurenents. |In thjs case, the asurenments at the
t wo 1%20 SHirbiiatinems B2 PP ELEbRioRYe a5 Cleyr E‘é’@‘r ﬁ@gfe yhichphowghiahyo v

= dZxXN -l SrizftafRY forho a4 soNaghw?ll 28 082wl H8% Nave tbSamd sSPONceft il 1- V
N-3 dzLS -3 MVO = dZxN - XLS, 4 dRYXN N ? ?,4 v10 = dZxN - XLS,-4 dRyx-N _3
3 ?.-4 cavkedl by BZxeoing Sror3wHR¥Xs Mot McRidedMiNih2 calculrtiodd. v E®nz tiZxilysis XL S, 4
dRYX-N YC;d\I mmv,vitN is cqezalf %haAt' a nl\ﬂrror map can be very reproducibly obtained with a few nm. In
principle just one wafer orientation is required to obtain an accurate mirror map.
15
Based on the mathematics of absolute mirror map analysis described above, it is possible to
determine a measure of the wafer table WT or chuck flatness. The analysis of the mirror map
shows that it is possible to unravel the mirror and wafer contributions (as well as LS spot
offset residuals) using the LS measurements. In this case, the measurements at the two

20  orientations can be expressed as:

For O degrees,

17




V2NF9 = dZxN - XLS,-4 dRyxN 4 WN 4 dzLS, -4 V2N*9 = dZxN - XLS -3 dRyxN _3
3 dzcS,-3 MV(2N)*9 = dzxN - XLS,-4 dRyxN ON WN dzLS 4 For 180
degrees: pMRoEOOZX_N - XLS -4 dRYX-N C N4 WM dzLS, -4 VP = dZxN - XLS _3
dRYX-N CN3 W dzLS-3'.. MVP = dZxN - XLS,4 dRYX-N N4 dzLS.4 VP
-x dRYx- ? P -N LS, -4 NRNZByS s 4 RYRy T cdZtNw- X Fs3 dRYX-N C N2 W
dzLS,-3 5 MV P -x dRYy§ —47P N.LS 4pN NN-s LS 4 . M VP*9 = dZxN - XLS, -4
dRyxN 4 WN dzLS, -4 VP9 = §zxK"= XLS'-3 dRYXN" ™ N3 WN dzLS,-3 M
VP(2N? = dZxN - XLS.-4 d N CN wN4 dzLS, 4 where P = (2N)*9. For the
180 degrees case, the wafepzindigesdmyme, +eversead, wdz respect to the 0

degrees case. Creat i‘ngv—grggrrx-—_vmwmqﬁ—cmw@w of both sets of
nmeasurenents enabl es t'tre” Efttrek e WA Er ot #iTbUtTonE 48 be di st ngui shed
for one line in x directjodZx_}() -Agai, WRyi_p, ordern +twa sot ¥8;t;he above two set

of equations they can be yfitten in matrix-vector form v=M 15 18 with
e.g.:

Vg = dZx_y — X5, ARyx_y , +C s+ W s+ dZLSA
M

Vywsoy = AZXy —Xpg 4 dRyx, +Cpy_+ Wy tdzpg

Vynwger = ALXy — X5 dRyx,, ey s+ wy 5 tdz g
M

VYowane = dZx, — Xis,—a dARyx, +cy y+ Wy, t dZL5,4
For 180 degrees:

Vo =dZx_y — X5 _, ARyx_y +C_py_y + Wy +dz
Vo, =dZx_y - Xrs5-3 ARyx_y +€ 5+ Wy oyt dZLS,—B
M

Vp,o =dZX_y — Xgq ARYX_yy + €y + Wy g +dz,g,

Voo = GLX_y, —Xpg g GRYX ey s+ Wy 5+ dz,5 4

Vpo TZX_y o — Xy 5 ARYX  HC Wy, dz;g
5 : M
Vpoyg = AZX 0 —Xig, ARyx y tHC st Wy s HdZg,
M
Vooanves = L%y —Xpg o ARVXy €y + Wy g F dzs
Vpoawvasy = A%y —Xpg 4 ARYXy ey g+ Wy 5+ dz;5 4
M
Voian+ipe = dZxy — Xpg 4 dRYxXy +Cy o+ Wy o+ Az

where P = (2N+1)*9. For the 180 degrees case, the wafer indices are reversed with respect to
the 0 degrees case. Creating a matrix-vector equation consisting of both sets of measurements
enables the chuck and wafer contributions to be distinguished for one line in x direction.

10 _
Again, in order to solve the above two set of equations they can be written in matrix-vector
form: :

<
I

=

)
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dZzx-N M dzZxN dRyx-N Mvi dRyxN M CN4 V(2N'9 v p=MV(2N'9 CN WN 4
V2' (2N)'9 M WN dzLS. -4 Mdzrs.4 5 and again wwth matrix M accordingly. As
an alternative approach, the two sets of equations for 0 and 180 degrees
descri bed above can be solved separately. Consequently, the solutions

woul d bewitldZg- N dZx-N M M dZxN dZxN dRyx-N dRyx-N MM dRyxN _ dRyxN 10
Po - , Plso CN4 WN4 CN4?

dzx_,
M
dZx,,
dRyx_y,

' dR
X
M yN

Vvt

<|
]

i
i
=

Vw1 o

Vaxan+1)#9 M

5  and again with matrix M accordingly.

As an alternative approach, the two sets of equations for 0 and 180 degrees described above

can be solved separately. Consequently, the solutions would be:

dzx_, dZx_,,
M ' M
dZx,, dZx,
dRyx, dRyx,,
M M
_ dRyx,, - dRyx,,
10 o™ Copyos T Wy > P ™ Cpyos T Whia
M M
Cyra T Waas Cysa T Woyos
dzp5 4 dzis 4
M M
dzys.4 dz;s 4

Subtraction of the two above parameter vectors gives:
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MMCN WN CN WN-4 dzcs.-4 dzts. a MM dzLS 4 dzcs, 4 Subtraction of the
two above paraneter vectors gives: 19 M14-N4 - WN Pa Pi SOMW - WN-4
M Fromthis the wafer flatness w N 4,...,W can easily be obtained and
consequently, the chuck flatness ¢ N 4,...,CN can be determned. 5 Before
removi ng the wafer contributions, thefhbroing efror evident in Figure 9 has
to be corrected for. To do this, a l|pear_fjt |s subtracted fromthe wafer
hei ght contribution of the vectors. The'fesdl't|after subtracting the
linear fit is shown in Figure 20; PwhicM clearly| shows that the Wand 180as
wel | as the 90 and 270 provide the saw&ngqb%L‘wafer shape at Y=0 10 mm
The result of the relative chuck diffagﬁﬁeeé;For 0 and 180 as well as 90
and 270 (which cover the sanme chuck ROSitions)/ obtained fromthe data
above is shown in Figure 11. Figure 11 of course is, except for the
Y-Sign, Sy ARG ihEwMePHMeX 3, o T, gl dah 2LanaR dpehNRIGRd cbi@qhidhia! ihy @hedkuck
maps of 0-180 and 90-270 (on Y=0 mm)-is of the order of maximim 4-5 run.
Thi s i s thatmgesdnishdicgatchmhe détetnhieedaccur acy wi th which the wafer hei ght
cont%ibution can be 15 determned. As will be appreciated this technique
provi‘des only a relative and not an { absolute chuck map. Nevert hel ess,

this gi viegoR@ UaRhiHy GBUsdel LHHMABDATERS Weind \Birhs tviBEdt Ok Fikre Ry hhtd be
arrangenent of Figure 2 can be conpensated for, an alternative  arrangenent

can be uwedeted favdodiot thiss e limgarufity is pybtrastadhomithe vafir desht mrjubeionofidhgws

such as 20 arf,ange . bef or,e,..this h I rf TRt I ne
each on ShEBsi f]?ee %Fﬂg@e&s@tﬁagﬁ%‘fheerhﬁegb fts 3@‘."5%11 !fl%lhl% 1(9?1@21?&062%&%%5%? g
i nt er f ersp4rRh@ 0%ankA 80SaspRdi &9 MBSI° hed d7Tesbyvideshdeamsglobal wafer shape at Y=0

10  mm. The result of the relative chuck differences for 0° and 180° as well as 90° and 270°

(which cover the same chuck positions) obtained from the data above is shown in Figure 11.
Figure 11 of course is, except for the Y-sign, symmetric around X=0. The difference between
the relative chuck maps of 0-180 and 90-270 (on Y=0 mm) is of the order of maximum 4-5
nm. This is a good indication of the accuracy with which the wafer height contribution can be
15  determined. As will be appreciated this technique provides only a relative and not an

absolute chuck map. Nevertheless, this gives a useful chuck flatness measure.

Whilst errors in Ry in the arrangement of Figure 2 can be compensated for, an alternative
arrangement can be used to avoid these occurring in the first place. Figure 12 shows such as
20  arrangement. As before, this has two interferometers IF, one each on opposite sides of the
wafer table WT. In this case, one of the interferometers IF is positioned to direct two beams
of measurement radiation onto an X-mirror M1 that is provided on a sidewall of the table.
Mirror M1 is substantially perpendicular to the radiation emitted from the interferometer IF.
On the other side of the wafer table WT is an angled mirror M2 that is positioned so as to
25  direct radiation onto a Z-mirror. In this arrangement, changes in Ry can be determined by
monitoring the lengths of the paths travelled by the two measurement beams that are directed
onto M1. By averaging these path lengths, the X position can be found. By calculating the
difference between these, a measure of R, can be found. Changes in Z-position can be
determined using the path length of the measurement radiation that is directed onto the Z-

30 mirror. In this case, only the measurement of Z suffers from the effects of mirror unflatness
20




- of neasurenent radiation onto an X-mirror M that is provided on a sidewall
of the table. Mrror ML is substantially perpendicular to the radiation
emtted fromthe interferoneter IF. On the other side of the wafer table
W is an angled mrror M2 that is positioned so as to 25 direct radiation
ont 0 a Zndri dor eslibritivont bif sSRansmggeéwenterlappiapgkeseli serRgr sagpswegatsefFEHEd by
nmonitoring the |l engths of the paths travelled by the two neasurenent beans
that ar @'iQUERRBOUTSAISEAKA . By averagi ng these path |engths, the X position
can be found. By calculating the difference between these, a neasure of Ry
can be found. Changes in Z-position can be determ ned using the path

| engt h dhetpresent asuntemeptovidesiaat conratehand reprofiupible EghHANS el MEy &4 ¢ or .

In this case, | y the neasurement  of suf fees fix Bfisp@rror
unf | at n%smé@?gﬁ%’sg‘é’nceéﬂr 51;1%6)}’ 8&“0&“&%“35551 eﬁg "f "ﬁeht%{gé& gcpgé%agﬁl}szvells sensor
measur enBhd By A6SS i ediit S rewieAlSiYg ieveN@tasieorasarthe dipargsesdnntetho/ant i on
provi des an accurate and reproduci bl e technique for determ nin

a 5
measur e vafictzthsogiverition ierangrodigddivoicalbh uek 2 (HefIPHtch &E2rac o) ﬁoraplit%t P88 Ebhi c

apparatus., This is . done by usi -2 pliyr.ald t g eveldware
measur emEUS! fﬁ‘h3“@5%‘5&%&%@%%}%%%%0%%0%@vl\%i“gg ﬁgb#ﬁ\%@ﬁ&l gﬂraf i s enmbodi ed
typi cal leyhbdg@nedtGRIPBY issiBleJhaBt,ake Zopitibe errgrogfamrhugs odlattess ge can be

i mpl ementing the invention, alt hou%h_ it will_be appreci atﬁzd thg(it hagﬁjvvare
enbdfli manedionaayibisee the sRppREs, thercs B, MpARveRHBENCEN A IS FEHET YRKCk

Ut 2t g5 B 6EA0 B L0nUSSH RGRlIbat uthe apparatus, thereby to

ormance. Again, d typically be inplenented using sone
formof conputer software. It will be appreciated that departures fromthe

above-descri bed enmbodinments may still fall ithin . the s: g

i nvent i dhwilkee aéRréﬁl_ﬁTeé,thi‘th pﬂ‘éﬁl’l”?ﬁiffﬁ’me&ecﬁ}?v%'gestggb%%aglgoﬁlgr%%r%o@%gﬂ?Ejal

addi tionglyj 'Eﬁe%H?é bPhhe SHGHIOAS 1Y ckakhRIHERAMHILEE BirS bakx@nder tbgsoddc
different 'y positions, and at four or nore different wafer |oad angl es,
suchsas a@ditiofal iaRBmatanyg s@at0as Dpitaigng hicssurewinttiatad FUWes 2 YA TEIRNYY BRI e

hei ght of . the wafer an huck t.0 .be, di stingyi d b Heo BdIfe thi

fol | owi ﬁ@dé’ﬁf";‘é I Y e&n lgc reﬁgé"c?tfe Joghan %ass isgcl‘l]f %5{18,(:%(?,?30&? fl%gzqgacl?] of 't hese:
V,pea, (XEd YIS dz. dR( 2d hEZ%(ER) of thereaiiyand ek i seliptiiafished 20 forse (xws
| Yws) .ue (WK, Y, ,uf) dzLS (xes %9 In addition, .this would allow the
hei ght dhe follewmefesmatimacastgered & the berst ©F Rlpdatngc6R 8 hedhst antial Iy the
whol e waf er and chuck surfaces, so as to provide a two di nensi onal map.

Yy ous Xips» Vs ) = AZx(X) + dZy(Y) - x, JARYX(X) — x cdRyy(Y) +

20
Cirue (xWS ? yWS) + Were (xwaf’ ywaf) + dZLS (xLS)

In addition, this would allow the height of the wafer and chuck to be determined across

substantiatly the whole wafer and chuck surfaces, so as to provide a two dimensional map.

For this case, it is possible to present the different measurements in a set of equations. Given

25 the very large number of measurements and large number of parameters, this is omitted for

the sake of clarity.

‘Furthermore, although the invention has been described with reference to an apparatus in
which the substrate table position measurement system is interferometer based and includes a
30  Z-mirror, it could be applied to any other position measurement system in which movement
" of the substrate table has an impact on the Z-position measured. As an example, the present

invention could be applied to an encoder based positioning system as described in co-pending
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For this case, it is possible to present the different neasurenents in a
set of equations. Gven 25 the very |l arge nunber of neasurenents and | arge
nunber of paranmeters, this is omtted for the sake of clarity.

Furt hernore, although the invention has been described wth reference to an
appar at uBSi patenthipphicdtives sI9FEOO&L eandabiB el B3899,29 50 rihersasignis nefnwhishstre nfufly
interferoneter based and includes a 30 Z-mirror, it could be applied to
any ot heF‘C%‘BQTalteidgT‘Freﬁ’ég}é BTt systemin which novenent of the substrate
tabl e has an inpact on the Z-position neasured. As an exanple, the present

invention could be applied to an encoder based positioning system as

descri beBigire Eostpersdimexangie bBap gnender-bispd isysem ovith vbIchabe pyseniqgvapgon

10/ 899, 295,. the ,contents of i.ch are ful i t i

r ef erSch%‘a.n B4 Yirde Q‘St%ésh mg\r,i'ﬁ%tﬁsa?%ﬁl%ou eda%l %Jﬁ%{(c) esr?t?({)ngs% Vé;)%}{seteg%fegmyatb " whi ch

t he presgfisoisnvemMoufied t& tiaRaBetabReHere| thetthing lengrdat' iralgrspb at gstingy gatemudt ed
in fixed positions above the wafer table. Sensors ?re mounted. to the wafer

tabl e. Heneor pafe Kashrienson deigapmes efecpismers RMPRaEnthgl BF BPRUYhYth SERES ™ pai r .
Each sensor_det erm n r ' $b tHeQm W Lblerg8pect
to one %r}ea%r F{r?\%g %]lg] At glﬁ e?%ﬁ%é;sﬂé@n%é?orf %lem{s?%ﬁg}g??@efaﬁ gﬁ?ﬁﬂt@gr f ereo neters er?t).u nt ed
to the wakegratigblpgtandre teegiiadléngoipihat méras elcsdréed quieviahgnt Dog tohideir
mrrors described previgusly. Due to their 10 diffractive properti ez[{h | i ght
i nci Hent disiadtine perrsttissglightdpedent onship gtne PHIE BRAYESCH ¢ MR det’&ct ed
phase cANGs.dARSNLEILHeANY ndlben tedlih PAtherlg @0 Ghhalsbbi 1 ¥0-okitiohe

XY-position a the sensing/interferoneter beamhits the grating
pl at e. Ast whirlegulsendiginttefeeat e phaddts toegremusplats. X ausenlizthe Hrectad ghaseof

i nci dence of  the nsj radi atian. b er pendi cul ar th (als)
o o e KR 0R) 2O b ke DB RSBEREEHA b BE i
vafer | SwAnt Mehs PRASAlindiigh s isGlo¥ @ftaiabr OPer choi ce of the  conponents to
be neasured Dy each sensor, the position and inclination of the wafer table

wi thl¥espect to the fixed world can be determ ned by conbining the results

f the ipdividual L th it incl i pat Bt
ol at o0 wht HePeepaap L g ot SEETUE R 8 L SRLT pftbeh AR AL HED, o,

of the sgnsRenidith bergeRerl tyoedchacwaf, ehe padilien adth uslinktjoncafidi rvepferrteblat i ve
novenent between the | evel sensor array and the ‘Wafﬁé t ab) e, t:hgpi({:all by
movi ng Wi resgpeirio i ischverg cambe setamarined bneorabipwetas KSrEHNTC MIHENY) es

as descrée%&?rs,%g \ﬁloﬁf‘fgrll ¥nd inclination of the grating plates with respect to the fixed world and
20  the position and inclination of the sensors with respect to the wafer table. Thus, by causing
relative movement between the level sensor array and the wafer table, typically by moving

the wafer table along the X-axis, the same measurement principles as described préviously

can be used to determine Z, and if necessary Ry, deviations of the wafer table position for

each x-position. It should be noted that in practice, it is not necessary to know exactly the

25  wafer table position with respect to the fixed world. A less strict requirement is that the wafer

table can be positioned in a 3-dimensional orthogonal grid. However, to achieve this the

mutual relative position and inclination of the grating plates must be known.

In another variation on the described arrangement, whilst the level sensor array shown in

30 Figures 2, 3, 12 and 13 is one-dimensional, it will be appreciated that a two dimensional

| array/arrangement could be used, although this would increasc the computational complexity.
Also, whilst specific reference is made to the use of lithographic apparatus in the manufacture

of ICs, it should be understood that the lithographic apparatus may have other applications,
22




can be used to determne Z, and if necessary Ry, deviations of the wafer
table position for each x-position. It should be noted that in practice,
it is not necessary to know exactly the 25 wafer table position with

respect to the fixed world, A less strict requirenent {Ja t hat the er

tabl e caWchas Sesmeneagnrs pf BieBrairdranisab AEIoTEh tREEBAARTY AFECUNRATER, t o
achi eve byl Bimafilhebrdse i & s %0 (20l Bk AR hidle @t i ng
pl at es nus e known. |'n ahother Vvariation on the described arrangenent,
whi | st tsheulddeabpsensdrtharnin she ®hewhof such 3iferFitygrappliGitioBs, an@usernd thedteings

one-dinepsiopal, .it will be appreciated that .a two di nensional .

array/ ar y% eg’ﬁ’fﬂn Eﬁ‘ﬁlb& ‘k?é‘sﬁ?gg,sy%ﬂﬁyﬁ’(?%ﬁ“ I‘FPE.%EI%MF ctF’é”é.s%quﬁ%te - In
conput atj@nah GRMRb&KIL Yeforrdl &PherdRl s} b@?ﬁfébisb@ beREbLARS h§otmeantior t he
use of lithographic apparatus in the manufacture of 1Cs, it should be
under st codmphat tiable(d foohtgt sphialy appes atlasr phyeshiaicea snthibptcappidpeadansdhs, 22

such as the nuf acture of Jintegrated.optical .systens i

det ect i SAPPLt BFHY 90P MHEYREY (0 lﬁﬂ??ﬁflwpk% rﬁgé,ﬁemoaeui%gcsg@% A %ﬁlg/s?)? ays
(LCDs), frbécdscli thdreBaNBhdeC fhieadmplcLitordet to &BAUlatntig-lapprEc@tadibchain i n

t he cont'ext of such alternative applications, any use of the terns "wafer”

herei n reaystisée vesddicton apysyipo s Hpiese sWbshate [teat idieadyyeqndriag MUEINS PEGBSEE at e .
In addi tion, the substrate e 0 2] N : of e or
R g o e L A L L S

| ayer ofprojestict syb@mainskudaior flectidadledeval apanithiesivexqokethdiesistgnton the
metrol ogy or inspection tool. Furthernore, the substrate éﬁﬁbg Processed
mor e t halCieFiés SYPi§m BRARBPSe uSﬁd-oFaﬁheffﬂ@feeFlga%@aaat%}?%ibﬁ?g? TIped 105 §15¢ hat
the term, - her el Tt bs@hg eady
cont ai ngb %@m ag&g?@‘gg‘ée H%%@%?ﬁiﬁ%} ga??ﬁ\?ﬂioﬁg te?lga ?%lt&?\éc?gsr%%ﬁip _

appar at usedleHendebedile pedcifitesnizodiraétieof ihe énveatiow havedredn descpbe] &wve.chwalst em
including reflective elements, a transm ssive reticle and/ or, el n in

t he Lpr giee ERnrEHatey st{e"%tmﬂ’r?a&m’ﬁ‘g@l BRSLLE dPra?flng h%tﬁ?f??’l‘%e, He a%&ﬁgpgg%strﬁ%s
been deskiRedn oot UsEndeib BnkMe iddhd@dd on but it will be appreciated that
radi ati on of other wavel engths may al so be wused. Hence, while specific
enbodi nents of the invention have been described above, it will 15 be
appreciated that the invention may be practiced otherw se than as
described. The description is not intended to limt the invention. 23 WHAT
IS CLAIMED I'S: 1. A lithographic projection apparatus including:
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an illumnation systemconfigured to provide a beamof radiation; 5 a
substrate table configured to hold a substrate; a plurality of |evel
sensors for sensing a |l evel of a substrate carried on the substrate table
at a plurality of different positions; a systemfor determning the
posi ti onyvefat ie QubiEptig.table in at least a Z-direction; a controller
configured to cause rel ative novenent between the substrate and the |evel
10 sensor array, so that each of a plurality of the | evel sensors is
nnvable]jntofgﬁgﬁsitggn totnake a neaigﬁenent at a first point on the
substrate, tHherehy PECErYvea RPFPPE LK% over | appi ng neasurenents, and
each of the phull@hinkioDéysicV@INfigEIRE 86 ProvileibLarl of ridlatdin; | east one ot her
measur enent point on the substrate, thereby to provide at |east one other
“set of over| &Fpbtite Whlgsonisnsed o hoddhgsubstrafecal cul at or for cal cul ating at

| east one of 144 kI Of S, te of . Shr.a bl e
unf | at ness aﬁ?ﬂ%ﬁﬁ@ﬁ@ﬁfﬁﬁg%%%h%ﬁfgsg?ﬂ %ﬁ%§f0€%5| Eé%%%ﬁ?%t‘lﬂﬁﬁﬁgﬁﬁﬁ%
pl ur al i table affa uetityegfiali figengasitioasrent s. 2. An apparatus as clained in claim
1, wherein the systemfor determ ning Z-posjtion 20 includes a Z-mrror.

3. An appar af¥Staa ey dgterpinipg thepgsition of fiesnibstrate abledy at lepst f r digestigRini ni ng
Z-position i RGOH rg5#§ I i.m |
wherein the g%ﬁ%ﬁﬁg?ﬁ?@ com?: %%Sl?r?rglgﬂg%éggﬁgée}ﬂ br e a{l?\f/egﬁh%tdg%@hg#&lg{r?
anolit sémmor oy, es fuhdshobibptuadity alf the lbwel shesosdnsovalde irab a pbsitidm teamplag at us
according to claim.1 rein the controller. is confjgured to cause .

ol ot | va et her IREbSfn O ORS, heh  BORIdeS RS0 Yra I ¢ o
take 36hcARAGHERTEMNISeRh AR pAfralfty RIFUER | dedfso®d iomBORIIE OB 1calk orfother
apparatus according to cla|n1g whefein the nmeasurenents are taken at two or
nmor e di frfeesusemery ositroatthe bawtratsr therabatto pnevide# 17ast Ane afeasettafovadgpin ng t o
claim1l égﬂg&ﬁ&g thg controller is configured to cause relative novenent
in the X°&N P*8Etions, and the level sensors are operable to take .
nMeasyr enent saahlceRER 16 caculdtitpddt Idagt e of PAShIkOBEpNEHIESEs;Of mBaRbdip@l ity

of Y directions. 5 8. An apparatus according to claim7 wherein overl apping
measur epbgirate dabde paflatpesgand a measure of the level sensor position/offset using the plurality :

of overlapping measurements.

2. An apparatus as claimed in claim 1, wherein the system for determining Z-position

20  includes a Z-mirror.

3. An apparatus as claimed in claim 1, wherein the system for determining Z-position

. includes an encoder.

25 4. An apparatus according to claim 1 wherein the controller is configured to cause

relative movement of an amount that corresponds substantially to the sensor pitch.
5. An apparatus according to claim 1 wherein the controller is configured to cause
relative movement in the X-direction, and the level sensors are operable to take

30  measurements at each of a plurality of X-positions.

6. An apparatus according to claim 5 wherein the measurements are taken at two or

more different substrate load orientations.

24




two or nore different substrate |oad orientations. 9. An apparatus
according to claim1, wherein the systemfor determning the positiaon for
of the substrate table is an interferonmeter system 10 10. An apparatus
according to claim1 wherein the radiation source is a volune radiating.

- source. 711. A apR@dtdd Uscorit@ntdicemt 0 whakm heWanSIs itsh@mﬁ%dﬂeatﬂo%uwur ce
is a plasna radi ation 15 source. 12. An apparatus according to claim1l

wher ei n TelREVpBOVEmeH igrther’ aad & ainrycm ai ﬂwﬂ@\’df sengorp @t Dp@rﬁble\lﬂﬁ@bﬁ tion,
X- pOSI t III?&S I%I[%%Igtg f%%{lﬁ éiu&'éll?% Ofgcp%t %lnd cac Ipa?. Bﬁlraﬁ%% SEEJ ﬁreC{lonS

position re AR appa 3%l aim 1
i ncl udi ng a support configured to support a patterning deV|ce t he
patterni ng device configured to inpart the beamwith a pattern in_ its

cross sécti onafRPaEiysy feﬁce@mgow %19@% iR Qygrlarpieg n]@ﬁ%if@éimfﬁ B 3ken af ned
radi ati wogpfngr@dlff%h%ﬁos@%Ida%neﬁtaa&ﬁ substrate. 25 14. An apparatus

according to claim1l, whereln every neasurenent point is neasured by each
| evel sensor in the |evel sensor array. 15. A nmethod for measuring mrror

fl at nesg and/,or c k flatness in a lit hic s m 30 that has an

i |1 unindt i onAgy@P@W&écﬂ%ﬁ’f&mgeta C@admp%o‘vl?fa@géﬁ%%tﬁ% Orr‘gf‘é‘?“&{lﬁ’%&;t QPR 1 at e
table  garida e iotBRld afifiRSshak sysapl Ural ity of Ievel sensors for
sensing a |l evel of a substrate carrled on the substrate table at a

pl ut@lity of different p05|t|ons and a systen1for determning the
position.of the substrate.ta | ea direction, the

Povol vi ng cafdwRtas alengRy Sy derin gl fofih HETLh B rontBe Tilitiiee

| evel semsey array, so that each of a plurality of the level sensors is
novabl e to nake a neasurenent at a first point on the substrate, thereby
to provide a first set of overlapping neasurenments and to at | east one

th i i t
orner TSRS RO LRl B 08B TLAL R nd ROLERY SR Ri Y AR o5
meakur esdufrcgposi tion. errors; substrate table

12. An apparatus according to claim 1 wherein the position errors are any one or more of
Z-position, Y-position, X-position, rotational position relative to the X-axis and rotational
position relative to the Y-axis.
20
13.  An apparatus according to claim 1 including a support configured to support a
patterning device, the patterning device configured to impart the beam with a pattern in its
cross section and a projection system configured to project the pattered radiation onto a
target portion of the substrate.
25
14.  An apparatus according to claim 1, wherein every measurement point is measured by

each level sensor in the level sensor array.

15. A method for measuring mirror flatness and/or chuck flatness in a lithographic system
30  that has an illumination system configured to provide a beam of radiation; a substrate table
configured to hold a substrate; a plurality of level sensors for sensing a level of a substrate
carried on the substrate table at a plurality of different positions, and a system for determining

the position of the substrate table in at least a Z-direction, the method involving: causing

25




unfl atness and a neasure of the |evel sensor position/offset using the
plurality of overlapping neasurenents. 16. A method as clained in claim114
wherein the relative novenent is of an anmount that 10 corresponds to the
sensor pitch, thereby to ensure nmeasurement overlap. 17. A nethod as

~cl ai med relaticd AbRnldnt BoVeeh thelBstEYSHRIThE RivelRhes Hay NG thitadh BOSHILIBEYy
includes a Z-mrror, and each |evel sensor neasurenent is a function of

Z- i r r orof HBe davel sensoussis rra@@bkemgm@k%mdnwv@megé Ak arfirsipprinbph ske sehstrate, 15
18. A mﬂé}% @(? J)\?}hér%d ﬁ&‘s@ & ao'fn?)x;egl %éhgrxﬁeasu c—:mentssygllicia ' a?rlegs?t S n})t?xlep 9
Z- pOSItIOﬂ I ncl des an encoder an eve sensor neasurenen IS a
funct i omaburthenthmighin the sabstlagasierebyad tprefidé helegt oad@ther sethstovatigpigl ght

and lLevel sensor sp ot offset error. 20 19. A nethod as clained in claim15
wher i n REFFUEPS, nag1 deflelqraninipg ghleagirons ofj & Mme3suEs plopasitionsgrrs:r wbEraia fble

unfl at nggg.aad ahg\é%eﬁﬁ@%?rtheo@%l%b%f ﬁ(fésfﬂ? 0ff§%¥8§1¥§ﬁ1 n;ﬁbr\éhﬂgof{or\]f@rlappér&g A

si mul taneous equations by transform eminto trix“fornmat

nmet hod aoeerdnagsto claim 14 wherein the position errors are any one or
nore of Z- 25 position, Y-position, X-position, rotational position
relative to the X-axis and rotational position relative to the Y-axis. ((

21. A mgphod sa@e@bdiafelalReCindlMnlth WhGERI the Iféi'@m!é\{ﬁéwlre%%t {&Qoffﬁﬁaaﬁwuﬁ af S are
taken at a plurality of different wafer |oad angles. 30 . A netho

accd? di megrespordsdp thesenpos péin thﬂebmw@ﬂblapmmglrmuaymveﬂmts are taken at a
plurality of different Y positions. 26 23. An nmethod according to claim 14,
wherein the |ithographic systemincludes a support configured to support a

patterniing davine®od khelapaéd BY §1hing 1 S&Hcren GRNkE@H B deRrhifRa the A positREAM
with a pattern in its cross section and a projection system configured to

proj ect Inchdes pagiraednd arhlesh seieo ﬁﬁiaﬁlﬁﬁfgéﬂ ipor funehoropl Fhairsubwighit e. 5
24. A rrgh%ggte %ﬁ{%[drlg},élger% faé fJf ¢ &: ein every neasurenent point is
on ThHeE

neasure evel senso ével sensor array.

18. A method as claimed in claim 15, wherein the system for determining Z-position
includes an encoder and each level sensor measurement is a function of the height of at least

part of the encoder, substrate height and level sensor spot offset error.

20 19. A method as claimed in claim 15 wherein calculating at least one of position errors;
substrate table unflatness and level sensor position/offset involves solving the simultaneous

equations by transforming them into a matrix format.

20. A method according to claim 14 wherein the position errors are any one or more of Z-
25  position, Y-position, X-position, rotational position relative to the X-axis and rotational

position relative to the Y-axis.

21. A method according to claim 14 wherein the overlapping measurements are taken at a
plurality of different wafer load angles.

30
22. A method according to claiml4 wherein the overlapping measurements are taken at a

plurality of different Y positions.

20




25. A conputer programon a data carrier or a conmputer readable nedium or
a conputer. 10 program product, the conputer program having code or
instructions for determining mrror and/or chuck flatness, the code or

i nstructions being configured to: cause rel ative novenent between the

subst r atg. anchd Methb@Y&lordiBREPElaid! I AYwhcBén ttﬁhaﬁthggﬁﬂﬁc S¥stén RlHidRb iatsupﬁz{q the
e

| evel sensors is novable into a position to nmake a nmeasurenent at a first
poi nt ofoRBired; s SYRIOE, @ PAderBIRg deyiosy e pritesning device spnfagured, & impyt itlee
measur e . e.r. Y v nt ween the strate and. the
Tevel SOEuh it 7 GRUASIE Bblt SolBY SIE L wREHIRF PAGF PURRRE ol 1 o

| east ompattahdtbradiatens viite MEaigeRIrtidn efthe hebsaiestrate, thereby to provide at
| east one ot her set of overlappi ng neasurenents, and determ ne at | east one
of a’measure of position errors; substrate table unflatness and a neasure
of the vel s i LR/ 9ff.s ' | v, [
Teasur crent s 0RO gD B oLl oHRIGH chotf sReMpRichY pdlhy RURLISERA B3,
conpr i skmth lesil nepsat orl hadevebsemsafarmy. measure of position errors; a neasure -
of substrate table unflatness and a neasure of |evel sensor

position/of fset as determ ned using the apparatus, nethod or conputer

pr ogr anpgf aﬁycongfutérff)%og(}éﬁ%fﬂ N SrAEG- 2 &ﬁnﬁﬂer eadiB iR r OIdé?E&ﬁ]%Eg%i ng at

| east one of a neasure of position error; a neasure of subStrate e
unf L@t nprgrasn gragugie Ssucanpiier poghmslmys cplsirtingnictipistor determiniig mogeraphi c

appar at ys,,conpr, §i.ng usi ng,set.s of .over|l appi | evel sensor neasurenents,
each se?nd/%roc:%iﬂf @?tﬁ Sr@ﬁ&@%ﬁfﬂﬂ%@%ﬁ%&?‘l&?&é‘%ﬁ{fﬁé?-i ty of sensors at
substanti al | yakhflfpEEnPREIchi Bitweenifle WilkEaiecnind thd BV RENSE huSaye QT M S&ch
measurenents taken at different positions. 27
of a plurality of the level sensors is movable into a position to make a measurement at a first
point on the substrate, thereby to provide a first set of overlapping measurements;
15 cause relative movement between the substrate and the level sensor array to move
each of the plurality of level sensors to at least one other measurement point on the substrate,
thereby to provide at least one other set of overlapping measurements, and

determine at least one of a measure of position errors; substrate table unflatness and a

measure of the level sensor position/offset using the plurality of overlapping measurements.

20
26. A method for calibrating a lithographic apparatus comprising using at least one of a
measure of position errors; a measure of substrate table unflatness and a measure of level
sensor position/offset as determined using the apparatus, method or computer program of any
of the preceding claims.

25

27. A method for determining at least one of a measure of position error; a measure of
substrate table unflatness and a measure of level sensor position/offset in a lithographic
apparatus comprising using sets of overlapping level sensor measurements, each set
comprising measurements taken by a plurality of sensors at substantially the same position,

30 wherein different sets comprise measurements taken at different positions.

27




