P-2107.010 5 10 LI THOGRAPH C APPARATUS AND METHOD FOR DETERM NI NG Z POsI TI ON
ERRORS/ VARI ATI ONS AND SUBSTRATE TABLE FLATNESS BACKGROUND OF THE | NVENTI ON
1. Field of the Invention The present invention relates to a |ithographic
apparatus and nethod for determning a neasure of Z position
errors/VY@iPaPi%ns and/or a nmeasure of substrate table (or "chuck")
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substrate. Lithogr %Sl’j}c jgﬁéralﬂgA@lg used, ?If)’gﬁ %%%‘m t he

manuf acf ur fint Cl its (1Cs). In this case, a patterning

devi ce,hﬁﬁﬁﬁﬁwlgﬁ%éfhiﬁ\%yﬁ red to as a mask or 15 a reticle, nay be
used to generate a circuit pattern corresponding to an individual |ayer of
the | Cl. ThiEBieldofdbnbvgrliony a proj ection systemthat is between the reticle
and the rat i rqQvided to inage an irradiate ortjon.of the
reticl eT%éJn?) ?)ésgﬁt lglrv g@?onpg?l?‘?%ﬁoo %a Oé?gq G4 F&rﬂﬁgngprp%}lg%t I {)ﬁi ege%l{né?ﬁ a
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The pattern can be imaged onto the target portion (e.g. including part of
one, orflaeessral, di es) 20 on a substrate, for exanple a silicon wafer, that
has;@ | ayer of radiation-sensitive material, such as resist. In general, a

singl e substyrate contain n rk of adjacent target portions that are
success?'vel ybg%ﬁlggl%%??igﬁ?\dﬂat?‘f%gr aphi ¢ apparatus include so-called

st epper 3, lithdgriphi€ Bppae@adist A@eiin® eHat blick 9 dekif@ipated oty L£MARS poGioadfANtire
pattern onto the target portion at once, and so-called scanners, in which
each t afupstratpolithegraphicjappaaiugcay bpyiseds Mrixagpicén Petmaniaggetdigaghtedhe

proj ect j.on- [ - gl ' 11 QQ,: .U | il t y ni ng"
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ant 15 pas adtick, ntag Hehissd &b g@rtdton cirbuit patedin aorrdéspbadinigphac irrlpyiauAatlagr ofithe
interferoneter mght be used for measurin di spl acenents with a high,

accur aclfs: TS As 9l WUTE 2 PIOEcCHGRSENEE topt iRt e e rF%@%%@%S@ stEge %{] 8in by
referen - di i gy i b I e J r ter.
The K R o L el e BB OO R AT s
a pol ar pojaatoibepstem spdliddseconfmmestp | to tdirectgy skapeemdydroatral abasurameditibeam and
a referface beam a reference, mrror and a msl?fﬁremsnt mrror for

ref | ect T MGPAIREN FK R Whftesd I9BKNPE U BE RO LS ng part of one, or several, dies)

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 apparatus 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, usually 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 contents 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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beam respectively, and a phase detector for detecting the beamresulting
frominterference | P-2107.010 between the nmeasurenent beam and the

ref erence beam By displacenent of the neasurenent mrror, a total |ength
of a negiqpfg?@t path that is travelled by the neasurenent beamalters,

whi ch resul'ts in a phase shift at the phase detector. Using the detected
phase sRift, it ossible to tgete m ne t he dimslgjllacerrent f the mrror. 5
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nmeasurenent mrror.” W nmeasur enent mrror aced 1n a direction
per pendivbithatesil® inhe pieRSshif m@nhe Passy ddidior. NBaiBg I BoRIRtecldaphase Ishift, auih t he
mrror at a different area on the mrror. Unflatness of the 10 mrror thus
r esul t spessibitoadetapminerihe Hisplicemeioé thremstarenent by the interferoneter.
Mrror unflatness is a particular problemwhen an interferoneter systemis
used’ in conbination with an array of |evel sensors in order to determ ne

both t NR tfodthinferRRSALAHR1eREs cah BRovIHDREAD Bl AR 3l R Jﬂg}o@mn Rftniihe

wafer that 1's on it. In this cas nmeas ng t x and z 15 positions is

t ypi cal ngasiedngent s emgrs apgruppduattel unflasessi ohatle Xmaastremdnit r mitrsr. WHRsUtheng t he
| evel of the wafer surface is done using the |evel sensors. Using the

Z- mi r r omepsimaend Anigied is displagedk wra disgadion perpandicylas 4¢ pheemeasuganet fepa, the

bsol ut f th f hei ght h ti that.th
nei ot B Re bRl R Tne Girrea anbines: w8 AR rUget i e 8 Ion of
t heyghaf Elrirrh&!{ﬁwfh%‘:é%\x/l?srlﬂ ah'éfro}’ﬁ{ the B?skangfé’ﬁie‘éa#&é}néﬁtb hee fRk6at@rtable, i.e.

waf er 20 heig ertical position waf er surface-vertical position of

substrate). An arrangenent of this type is described in nore detail in US
6,674,510, the contents of which are fully incorporated herein by
r ef er enMBIrOPRGHP@AE W th PRFICY 1A, ProhlfEheRiCIc 4R BY§TEEOHECRUSCRhen s Devel

sensors sitioned at 25 different x-pasitipns (suc s an optical |evel
sensor sEo iy B g of le oSl MR BRL bR e R B EPn DB bR Comse e o1
tabl e hag shesthg DM IR EdIat oMAhEaRPIHA isl oh iTOMEHis da8NnReasBA the Qindl, Whi ch
it can be neasured by the first sensor to a position at which 1t can be
meaklur epodityorishe tgecadlyddsensing apirogiateapesitivatd &i ffdeZentrrasbMeaateng tial e
x-positions are applied. Hence, different positioni n% errors result for the
two nealsieledfehe yaf@evEaseis drneaninghe deviel saserspm/sigt the<-mirer, Pagitonendnces
in the élép\x(?e?fle} 16(\)/@1, st p%%&glettga&etérgl?nesgncans%hltg \r/r?elasuzre of the wafer height, on 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
measured 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



P-2107. 010 sensor neasurenent is taken at an x-position that has a different
|l evel to that of the previous neasurenent. This is turn neans that the
measurenent radiation will be incident on the Z- mrror at a different
positiqr_n I@e guse the Z-mrror may not be perfectly flat, the wafer height
(whi ch i% ependent on the Z-mrror vertical position) may be incorrectly
calculated. 5 Hence, in order to conpare the results of the asurenents an
absol utSENSer FEAFYFMARS dgkepb an RSB ot has o i Tpient leyelitp é@attog‘%%wreéws f or
mrror enUMMA i g f 1 t
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above. migeradiandiffefend pbhitish. aS@AGie Mk ZhErpf @sNtoti by BErécdly, flitheHeewher
provided a lithographic projection apparatus including: an illum nation
syst emheight (ghickds tepgpdenti ateths eunmpovertiealipesition) mayDeaneertestly aplsutatdel e

fi d t.o hol bstrate; t f det i ni th iti f th
corl et 6 B0 2o AURRLAS S YL ST SELSTIR DS LD PRSLA G of e
| evel %ea@m%Hll%ﬁHi@éFsrg@fifédqgcﬁr{?e&l?@rrﬁfg‘ﬁtefréf.e table at a plurality of

di fferent positions; controller con ured to cause rel ative novenent
bet ween the substrate table and the 20 |evel sensor array, so that each of

a pluradummARY OF TREANVERTPON | S novable into a position to nake a
measurenent at a first point on the substrate, thereby to provide a set of

over | appisran aspeciirtberprasent inyentiohue allptigteodt lpasy phrtwdpisihe Profdeme dissysbd e t o
at IOeastD one ot her neasurenent point on the substrate, thereby to provide
an&t her®§&Y of overl appi ng neasurenents, and a cal culator for cal culating at
| east one of a neasure of position errors/variations; a 25 neasure of
substrate table unflatness and a neasure of the |evel sensor positiaon/offset
usi ng Agserdieg to ofirshaspertgighegrepen dventon dherpisayayidag adidhogmphicpigigcior er i es
of over hBErBf'u@%th?d{ﬁ% sensor neasurenents, it is possible to estinmate

[

haiay’ . S
positio errors, particular Z position errors, substrate table fl atness,

and | evel sensbummaton systenotdsfedured3d prénide ¢ heanbef chdimeions t h a hi gh degree of
accuracy and rggr oduci bi | i té/r@ Al h%‘ﬁf tBese can be determ ned fromthe
overl appi ng 3 ¥l niﬁ‘ﬁ_ _Grt% iy gra!tg,ﬂm_ 010 The position errors may
be any one ofsyiBfeioPetérRifftgthOPositlorPthé bibRraté tRAS i 4 2lkiretREAL | ONal
Yy g
a plurality of level 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 errors, 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.



position relative to the X-axis and rotational position relative to the
Y-axis. The system for determ ning the position of the substrate table may
include a Z-mrror for use 5 in determining the Z position. Each | evel
rreasure[pl E%ﬂﬁ e |level sensors nay be assuned to be a function of Z-mrror
hei ght , 4 Yate hei ght and | evel sensor spot offset error. The cal cul ator
may be meNYdsgidhedrord ?'Hétﬂn?tdhe?ﬂr nda St ZORRitlih, YhsosiRAS W-Fosfior ré@fbital ON
errors; the neasure of subStrate table unflatness and the neasure of the

| evel wsiion relakye ioghg St adeandyptatiopphiosiiion relaiivee the Ysaxitil t aneous equat i ons
that each equate a | evel sensor neasurenent to a 10 function of Z-mrror
hei ght, substrate height and | evel sensor spot offset error. The systemfor
det er m Thengstémpfos idéteaninirayth pokitide ofitheasibsithd tabEamhy ikWiele aBasiuoe tbrhiye t he

| evel sensors. may be a function of the helth of at least part of the
encéderin d§t§’5§t‘¥%& Berfepgtition gFach kyel measHesdroysthstevst pasprsanpppe agsymeddo| evel

Sensor g@rg ‘"ﬁYnc'ﬁBM Jrez- ?mﬁbgﬁ@{ h sl héi Hte nP §1056§rsorT E‘;ﬁtscﬂ?sé%ﬁ of Thpe
y 5 ol l'er may e

array may be separate donstant prit he contr
conf i gunbdlde nausecord gatddvie ctahm&meaattleasobn@uf alﬁunnasultemdtz-pmiﬂi@smd,sthe o the

sensor pitch, thereb ure ne renment overl 20 The | ev sor
array ?/as}“i‘?cqftlfdllgs%a%lt%’?%llup e f B EREUIP 21? g’g{ﬁ]sfﬁnéor oL 58 Yor

det er mé&ld"ﬂg b REQAS diinBRaRbul BguasiehsS EHa%é‘cht é%*%la@ Wep&hk&“{%a{sﬁrén{%'t wlg at
| east one interferoneter. Additionally or ternatively, the systemfor

detlér nmifonctigpntdfel-posortiegght fubsttdte heightsind d¢wel sealsdrespotigfisetetrade at | east one
mrror for directing radiation fromthe at |least one 25 interferoneter onto
the Z-mrror. The illum nation system may include a radiation source. The

radi at iTHe SORCRr MBY%rhRify Z%Hﬂi@ﬁ'tﬁa%Qh@Ihtl@gn SAdHdeE - Eddielev@dhadsuRa oMEce may
include a plasma radi ati on source | asma radi ati on source may be an

el ect rilewd! sensstshapy be sdunetongef the haight owtd@mt part pif Hnencgders suhstrate hippght

radi ati n;%kg operable to emt radiation in the EUV range.
Pl asnma %ngd?‘%gée%g? g“llfsgeegs Sroptl cally transparent between radiation pul ses.

4 Ft-52107 010 The apparatus may further include a support configured to
support patterni ng device, the patter ning device configured to inpart the
beam wﬂilw lgveh senseF ATRhMAY §e alipsar aryaf devel ssmeoapdhe a@refgrsnwh? BFRREAY PAcl ude
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i nvent Io’.f ran atre@niethatscoprespoinde to theryetidooditeh) tt&rd:hyttb egsnap hle@surement overlap.

20  The level sensor array may include a plurality of different level sensors.

The system for determining the position of the substrate table may optionally include at least
one interferometer. Additionally or alternatively, the system for determining the position of
the substrate table may include at least one mirror for directing radiation from the at least one

25 1interferometer 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.



systemthat has an illum nation system configured to provide a beam of

radi ation; a substrate table configured to hold a substrate; a systemfor
determ ning the position of the substrate 10 table in a Z-direction, and a
plurali @f lI evel sensors for sensing a |evel of a substrate carried on
the su s UG able at a plurality of different positions, the nethod

i nvol ViTye appatsdisi@lay hidtidr MBcITRY Q@ﬁﬁ%or@@&ﬂ“ﬁ%@?edt Resup F!Qﬁtar piterdng defiee, |yel
sensor array, so that each of a urallty of the l[evel sensors is novable
into a m@gmngodﬁvm conigurgd rfmalsrmrtet hearaWith a fattesy ingisionessgpctidie subst rat e,
thereby to provide a first set of overlapping neasurenents, 15 causing
relative novenent between the substrate and the | evel sensor array to nove
the pl urtal agpyradis ey elrts@nisclige taoprafecti@@systa@n eoafif@ed e PeojeenBtpapeinsd on
the substrate, thereby to provide at |east one other set of overl apping
nmeasur éﬁ@ﬁ‘tl%nOlﬁﬁét%réﬂd?ﬂ“a?fi%thﬁsh@gﬁﬁre of Z position error and/or
substrate table unflatness and/or a neasure of a | evel sensor

position/of fset using the sets of overl appi ng nmeasurenents. 20 The position
errors Awyprding anynaher aspectosfethefinvenpos; thewnis pqua'dsd timethoX4paslithographic
rotational osition relative to the.X-axis an ational. position relative
to the SYS'ER;t E s‘l’lﬂﬁé‘“ IBWB}naE‘%‘héb%‘e‘%FP%@g%ﬁi;‘%@%i‘ i3 ﬁ& %VPBIF‘% frate
sensor %abl@f&%nﬁﬁﬂé@'&é hefd @%ﬁﬁbtﬁ&f AYsy i fo%ﬁie%n%ﬁﬁgrtﬁé ESjsn%(n 8f %“s’ifb@t?&te pi tch.
The rel ative novenent ananount that corresponds to the sensor

pi tlén, tabiemeb@ dltf:ctans,Lmd an}dasidlt)ecvdblnvel cumsotsafor saifseng 4 leveli ofat subsiray sareind may
|nclude L.on sour ce. |on sou be a. volume radiation
sour ce orths SitfrlsfhiR AL SRR BNt plid e RR o Binele. “The pi aorm 30
radi ation sQui§ifg M@XtiRemANeBbR ek & th@'sﬁsiiﬁaﬁegﬁncph%sréﬁelsééﬁé&ear&"y o kipser
stinmul at ed Iasma source. The radi ation source may be operable to emt

radi at |e@ﬁhp aphlealauvf therlgec! ssnProEeTGRE anca:deﬂqmtOtma}@rmméﬂurmm@taof t he
pr esent r ed ram_on a data carrier
or a Cof}ﬁs)t rgg%saﬁg?rat% g’il re ? 1%v1de%1 it rs{g?:ygg orvog I;ig n% Ir%e&surtemel,?tﬁ conput er

pr ggr am or Qgﬁsaug %lathD@baéﬁl@{tQﬁtWéenhﬁa stitgstraghdothe i1l ketsbt aftsy eombivgur ed
to: cause rel ative novenent between the substrate and the | evel sensor array

so t hatthepralitpopleval ssnepratq ahylegst ongatheppepsusERRi Point §n {is, sbsEate ntherchy
posi ti g E—&bl&%‘a&ﬁef&t cf‘ét‘ﬁf%x%‘? 3k P%rla?gfngrrﬁéasulggllems Sy éa.h&nz?tHig q‘ﬁl%lxs%re §fEr eby
to pr ovi § set “of overlapp neasurenents, cause ative novement
bet weerpokiiens tibsit raaﬁe)ramﬂ)strhle tab\llaelunﬂemsssr addfonya t @easune dfhe leptlursasoty of
| evel sen,soIrl/s ft ast one ot her nmeasurenent point on the substrate,
t her e by)0§](§10 oftset usmg t e sets of overlapping measurements.
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 each 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.



provi de at | east one other set of overl apping neasurenents, and 10 cal cul ate
a neasure of position error and/or substrate table unflatness and/or a
nmeasure of a | evel sensor position/offset using the sets of overl apping
nmeasur "ﬂéf | 5 The position errors may be any one or nore of Z-position,

Y- posi t ,'9@ osition, rotational position relative to the X-axis and

rot ati oR&dordifs itd b@éthér%?ééw& th® pkddént Ynderkidn, MEOK Prddéda RBRHIRF prspast of
the present invention, there is provided a device that is nade directly or

i ndi recant ¢ dad egrricheor| @ tohowputep gadapla arediamel/ o a denmpkernprogfane tpipdusty et hod

Accor i ST rodPR 3 e BbsRlm bt BT RESARe B PSEAG RS b BY BTy 2™

met hod for calbdfeddtivegn@ enlent bagicap tHeGubfipad aidithedovad kérBbN arirayusd thgt @lch| east
one of a measure of position errors; a neasure of substrate table

unf 15at rd<sPIERUbROhE deied sgmorsdy Brovablsdpie apnsitionga makesemeasireraay et arifiFdd
using t ot her aspects
of T HIBAAE Sl TLAG (Pbro RISl b PO Bhe Ak Y or ei
enconpass aldaute/pésiveimaleesht betavgaetiecsubstentk aid e, levehs¢nsdi mgayudotmewd thk et

(W) radiation (e.g. having a wavel ength of 365, 248, 193, 157 or 126 nm
and extrﬂ tyu?ﬁlﬁf&f%}issms @e%\ﬁaq ape aﬁ*ﬁgﬁlee%lr@?e% RO @natﬁwawvéwgfh?rqu ®Phe
range o i Gl sucsh as ion beans or el ectron
beans.q#ﬂgdggE%?%83??g¥ﬁ%ﬁgﬁggeﬁ@g#%6§z§&%g§g?hgg%ouId be broadly

i ntlér pr et ed akutad er maagure ocofa posieen ceror hantd/arasublsrateswatilet onflatpesst artddoraabeam
of radiation Hat ern over..its. .Cross-sectjon such .as to create a pattern

'n &t APGETS A PO SO Re EQREL PRE T sl AP BEREIRR e pat tern 6
P-2107.010 inparted to the projection beamnmy not exactly correspond to

the desired pattern in the target portion of the substrate. Generally, the
pat t er nThergesrioacrioss mp be pry erst Qronog @4 krpasition, ¥ aqrosdipporcpassion, puatidnell ar

funct | gp“o%lt'o'ngé(ﬁ{ivé B.ifle QgXi}%Sncﬂ%'te{l%nﬁfp%%}tF% bRt dS thgﬂzg%&s.po” ton, such as

an integrated Circuit. € patterni'ng device nay be

tramgsm ssive/transparent or reflective. The patterning device may include

any of masks, progranmmable mrror arrays, and programabl e LCD panels.
According to another aspect of the present invention, there is provided a device that is made
directly or indirectly using the lithography system and/or device manufacturing method

and/or computer program of any of the preceding aspects of the invention.

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
determined using the apparatus, method or computer program of any of the other aspects of
the invention.

25
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 beams, such 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



Masks are well known in Iithography, and include mask types such as binary,
alternating phase-shift, and attenuated phase-shift, as well as various
hybrid mask types. An exanple of a 10 progranmable mrror array enploys a
mat ri x fﬁgzgﬁgent of small mrrors, each of which can be individually
tilted reflect an incomng radiation beamin different directions;
in thi ﬁnmraaab thé peojeé@idnebéaasl nsamdtl &aP@f toiEpond h1€hs UPRRApatendin BRAT S

t he wei ght t he atternlng device. It holds the patternlng device in a

15 way gwérmmﬂjl o heh%lbéﬁrat@nﬁamqr@iw dhe paiterp ampaited fythevroicstion heardeillgn of
the Iitpoa e@RR@E C [

whet her or ﬁ%?fth paﬁ?gﬂﬁpﬁgﬂ% &%ghﬁé%o e% Rgﬁﬂ%ﬁ%g%JE%F%%V|r§ﬁﬁgg h
suppor t acanintegeatededtvaiti cal cl anpi ng, vacuun1 or other clanping technlques,
for exanple electrostatic clanping under vacuum conditions. The support may
be frame or a table, for exanple, which may be fixed or novable as
requiregye a@emnmemermyy s@wﬁﬁnfsmémal%aﬁﬁ% bETHREyHEThE PattSmity @vileS! red
position, Tor exanple with respect to the projection system Any use of the
ter ns "mayimnd¢lade eny ‘'ofresdsks,hprogrammahyie airroc sy emddpregraonyaide s.GD tpantlhe nor e
gener al "p n|n ns". The  t.erm "projection ystenf used hereln
Jhoul o Mok yearel ShPkRdp RBO ARG B8 ipGtts Rtk S AeB s Fiiued fmatie

pr oj ect hRReSNi%t &M at'téi'l‘&ht‘éé lpngsetsehiﬂt a6tk Y1Cas QR b &y b3 MSTh £ ésekh%aamg% JrRti cal
systens, and catadloptrlc optical systens, as approprla%/p for exanple for

t hel@®x pprmra@mﬁld@l inEtrop Atk iemglays edmabix drmngemkel of sroalbmyirretse hadsof Wélctlse of

an i nmmersi.on f.l uj e use

ner ei -t bl %o L8 Rhed an YRS BhrPRonE FuR i aNBr sl

" pr oj ecthiDmamestBdtefled@d Dog@miid pattermpdtl | on system may al so enconpass vari ous
types of optical conponents, including refractive, reflective, and

catadi optric optical conponents to direct, shape, and/or control the beam

f radi
oF 12 851 Sogl sl SRR SRR (0RLL 5] AEERAALB lcrice o
appes at way Riyerfding0bn ah¢ ypientas og then@atteimag &vageYheodesi@r of $hlbﬁthb§taphibabl es

(and/or two or nmore mask tables). In such "multiple stage" machines the
addi t i ofRparas PR oerEINHORSs éacfi # 195 expMRe Wk&ﬁth%roéﬁar Heopajteatighdevies ispe

carri edyQyty QN0fen %hvﬁ]?{ rﬂa’f’lllee% @f@ﬁlcﬁn uS8 heBhan A ‘éla%p é, \}fa@lm&soracftﬁ (Peing

used for exposure. ograp apparat us may al so a type wherein
t he subdbmaing iteshniquest Sed examalel elgotrabtatic clamping under vacuum conditions. The

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  wvarious types of projection system, including refractive optical systems, reflective optical
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



having a relatively high refractive index, e.g. water, so as to fill a space
between the final 10 el enment of the projection systemand the substrate.

I mersion liquids may al so be applied to other spaces in the |ithographic
appar at g r exanple, between the mask and the first elenment of the

pr oj ect &HO & em | nmersion techniques are well known in the art for

increashﬂghﬁggz@gnﬁﬁﬁcal aperture of projection systens. 15 BRI EF
DESCRI PTI THE DRAW NGS Enbodi nents of the present invention will now be

descri bed, by way of exanple only, W th reference to the acconpanyi ng

" i vm h &b h
S e s T

|i t hogr egpldios taszﬁrxabttsmagcmbmbsmg[nt@ch Hﬁlm;ﬁsemtge” Ahchitee fiid @dﬁmdﬁramlﬂﬂﬂeSZ is a
nDre detail ed view of parts of the apparatus of Figure 1; Figure 3 is
anot her Maypedisehinparaliclopr prRRaralRpasiaRLRIaY Pe FRigH @upon ppg QF &104¢ fableg wiltenat i ¢

vi ew of %eﬁﬁ@ec@?pﬁﬁfleﬂréﬁ&n EIQ%] ﬁgee&g eveI of a wafer on a chuck at

three different osi tions I gur IS a plot of Z position variation
versus x position for the neasurement mrror of Figures 2 and 3, i.e. a
mrror p:. Fi e 6is a plot of s andar eviation mrror herghts Ver sus Xx
posi ti oﬂrﬁe lifhy g%r ICﬁppgra&lS;srleralﬁﬁ %a &PH E@m n {hgsubsiraje isdamersa:in giliguide 8
shows f guifin g " PR TRk, g.gp“iaﬁer % 0fo A {J:6E ® it & IO Kigh! on of
30 the wafe Fi gur oms our wa maps, each waf el ng

di fi@r enkem@ni efnthatprgectoh sy‘sthm anglf the sulﬁrcrgtstr hnmerssjnnl\rwlddﬁmay\/afse rbermpphecbfo
Figure 9 after a.li P-2107. is a

ear, fit; Fi | ot of .t
ToPat by B sies in e o s Ae BRAATAS T prmete gretiten haeRer and e et
waf er ogjeghabl QH§ 1pr$:]'er953ne syflszerhs hﬁﬂleﬁsh(;ne 'fé%ﬁﬁl'qﬁ@s ARASKIERESR N SH StheMrt 9ot hat
of Fi gure 2 and Fi gure 13 1s an exanp e of an encoder Syst em for neasuri ng

t he posrrtcre@ﬁmamht mgnérivgl apeatuiool pwjeetiavafystemsabl e.  DETAI LED DESCRI PTI ON OF
THE DRAW NGS

15 BRIEF 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 indicate 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, i.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 1 shows an apparatus including an illum nation system (illum nator)
IL configured to provide a beam PB of radiation (e.g. UV or EUV radiation).
A first support (e.g. a mask 10 table) MI is configured to support a
patter ng%ﬂpﬂ;ﬁbce (e.g. a mask) MA and is connected to a first positioning
devi ce at "accurately positions the patterning device with respect to a

proj ection syghued {id £p®t bf e retise! BistrateQatiiall feréReGis adud@fd oft:2pdsBlonV i s
configured to hold a substrate (e.g. a resist-coated wafer) and is

connect &1 W verf&feusAMLGBSI t i oni ng device that accurately positions the
substrate wi %@[ufee??%%hatltg{n}agﬁe %94"?%{“9?@%@%‘5.{955 !rr% F&EPI% Prgyection 15 system

(e.g. areflective projec ens 0 ’nage a pattern

i nparted to Flyare H8ain BB dxymiphe opaint etidoideg sgkeath Clor MAeaznting ahé giogionpaidt i on C
(e.g. including one or nore dies) of the substrate W The apparatus of

Fi gut e Icfigatignof avafei@bieve type, for exanple enploying a reflective mask
or a programmable mrror array of a type as referred to above. However, it
will be appreciated that the apparatus nmay be of a transm ssive type, for
exanpl e DEZXAH/ED ®ESCRIPTIONOF THE BDRWENGEhe i |l um nator IL receives

radi atiaon fr a radiation source SO.. The source and the i t hogr aphj c
ppar at D) ShES B AP s A s a0 {BF GRS CH B TP HE SO i EOTFETE 11 asma
di schar ggviRUL G8am!PB YGRIiEARE . 1 U9 SOBUSCrddftida). & ahsi aqyﬁgsﬁ Q. hahmypart
of the l[ithographic 25 apparatus and the radiation is generally passed from

t hel@outable) BT {ocantfiguied| tosiprarios patierning Heviehe. saiadnask) M4 add stdooneatal toect or |

i ncl udi f or..exanp] e. suyj l.,e collecting mrrors and/or.a ectral, purity
1T ter. s pgvikgpng gevice HdhcisF Satefabe o by RelaRie $idt wif Firetdpt ac us.
for  exprpdctionpiterh TEeBLYPLE Al ibStrATB kMW (&.d. aWafer3@biENGV T lid sbfRatArto hbldmay

i ncl ude an adjusting device configured to adjust the angular intensity

di st ri batskbsiragsf (e tseighroahweter) ynd ktconaesied tche seapndrpoatiphong deviesrthatadi al
extent (co nly .referre 0. as..a-outer d 6-.inner especti vel y) of the
“ht onsi 65 e tsiipRe T fibstdionrii sPghE o3 et iwele BT BES aif Fititefius ec.
The1s | | pyser@i@g. PredéttaspmdjeeaodidnspPEds uedd fodigha@t ia0pht@riPmZpkdtéd @d the PB
having a desired uniformty and intensity distribution in its cross-section.
Thi s beasanPBB by thenpatisanng dgvicn Mo maareghpeHon £ kg dinghidingeonea@kmeksh| e

MI. Bei C e am. - th ap, t

pr oj ect :81%# §§§{%e§r}1ﬁg r?%v&/? cggggagaasljéﬁé’st%fgﬁ%%gmfnéitg gagl%ﬁtg %?‘%e{ygg’otbtr i%gm of the
subst r atepMyingi 4 reflebgvaindslobr b lpeogamondlepastdriadmnly nd adgpte ae rdfitaht @ove.

position sensor IF2 (e.qg..an interferonetric device), the substrate table W
can be MOVEYET gcv&lufbgt@mﬁcwée.dgt_ha% © ZBPH U BY e O adTanpRISSHE YR SUteXBPIS ons C

in $he %})Byﬂfcg A& sPERMeFRask.

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 c-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



Simlarly, the first positioning device PMand a position sensor IN (e.g. an
interferonmetric device) can be used to accurately position the nmask MA with
respect to the path of the beam PB, e.g. after nechanical retrieval froma
mask | i 018" during a scan. In general, 10 novenent of the object tables
Ml and /1%"be realized with the aid of a | ong-stroke nodul e (coarse

posi t i opBNEhyirgneldésire Yt fofthitP K&d fméhs 1€ d{stitiRioR 8 itk IcPsts REAtionMTTIG S bR PBPAr t
of the positioning devices PMand PW However, in the case of a stepper (as

opposed igiscigentgwghasrapk My virbisk is kzebd en e mesjk thhele M HrRxingtefieoted by hhﬁr maskt r oke
; d d
act uat O'i\/lg,ntlh%{ bedh @%agg k)ﬁ(gql wﬁl\{)qﬁgct %@%815? x%vél%thefocusn?¥ ebgea B% P2

usi ng mask ignmen nnen
The deptagepoatpmaC aif ke Qﬂd’strbte Ws®dtH the\add bOMS seaﬂﬁSposE@hu%x@vme@WI dndst ep

node, the nmask table MI and the substrate table WI are kept essentlally
st at 7 onBPSjtoRAENSEr HiY Engi 3k INEREGramatrici dyige).ciie sybstrmte bl M.caﬁ bseanyeds
proj ect t t n I

xposur P &g, 86 BC ARG PRER fnifns & 1 O Buf T bF Lelky P

di r ect i Simsalyt hiet fiest pdsifibeing rﬂevicarPgétanamr;idsﬁimnGenm bé (e>gpe:s emterfd:mn&tr&p
node, the nHX|g§n1su§e of th Qsure imts the size of the target

e
por t i on9eYiFqEgRAeUse tosffCﬁ@liaée %Pa 1fiQn 35955@5%\4% ‘V‘lrﬁ}r‘née%ﬁ‘éﬁo tiesoeath of therheam t g e
M and ﬁ’ﬁeoes%'bﬁéraﬂq@cﬁaﬁmaﬁ r%eaélefraﬁaa%gsme ?%0810%{1}{ géc%b'meﬁ&ég?{tgrna

i nparted f he projection beamis projected 0 a tar et portio
si ngde dyovemeit @S(‘qh@smm:) tatﬂrbﬁel\dﬂélamtiWT \aiﬂidbajraahzed enthathe tand of ableng-atreke abl e

WI | at to t k t t fi t d
mage § BVURE(FotHEPotRar P RS TP S1REE PRI SOL Pe RoSySTERT MIMCT [PreViint fode.
t he maxiHeupdsticknOletif® BYPARHPEY f HEWeVdr] A iR e of W QEﬁkpe(r d(as b{aﬁosed to a

non- scanning direction) of the target portion in a single dynamc exposure,

30 wher ecionerhéhd eragk fhatdé Mﬁem@cla«n nom@cmwcm shiut sfreenasiuatpieohlyi ghmagilre t he

v is. kapt QGG bt oatey RERGIG ng nihchidelt PR3, B o™ ©

pat { er nkugtraie \ali @@nﬂmkbp1§mpstrate table WI i s noved or scanned while a
pattern inparted to the beamis projected onto a target portion C. In this
node, generally a pul sed radiation source is enployed and the programrabl e

it ! :
Ctbst r atie £EEHeE Gpb BatiD B B 8% IEOLE oLl Phof Bl R SER oy el oo
5 This mbtieMIf amp ereadubsifate aabld &V T eddlképt eamtlhlgdstmomﬁ,k\lvlem ah |et1tlmgfaapﬂmy t hat

utilizes progranmable patterning devices, such as a programable mrror
array Ofm@argegg% t@rp@c@@r} epm 1s projected onto a target portion C at once (i.e. a single static

20  exposure). The substrate table WT is then shifted in the X and/or Y direction so that a
different target portion C can be exposed. In step mode, the maximum size of the exposure

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 (i.e. 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



to above. Conbi nations and/or variations on the various nodes described or
entirely different nodes of 10 use may al so be enployed. Figure 2 shows a
system for determ ning the position of a wafer on the wafer/substrate table
W' or ?%5 S it is sonetinme referred to in the art. This includes two
interferc (9# | F, one on each of opposite sides of the substrate table
WI.  EacBattdphifil ieviedah@ thd fubk®ath @bild WoONRGnHRdlo? sehnh& Wwhilt apdfteiBhipastéfioat i on
onto one of a first pair of mrrors M that are provided on opposing

si dewal fhs fant feprosdsias ontees darastr pastien . Ipethisgmedd sgeaarally 4 yub@? pehaticnul ar

to the | ation i ] i nt t JE. _oIh wi | |
e ot ef L Fsnloflehlyihe B ABeniash AL R LR ICUAGATE Byildo ol VB, 1
posi t i onpelementdifftiee subsrasUaEEBVT of aslbetivieomn sucoedsiveadiatibn pulsecaiithgRadcan.of

mrrors M that are angl ed at 45 de.?rees_to the direction of 20 propagation
of radi aSoMOLE oth OREMAFIAR efANe PENESARITY |apPlicch dQ emasklessy lithograghy hrbowiilass on

opposi n .zﬁlﬁﬁﬁ!l e ek 1 1 ef t ngl ed
m rrorsg rl%Jr The %(fjﬁl@%r?o%?eM%dﬁsg tﬁél&bﬁ%ﬁﬁgﬁﬂﬁblﬁﬁﬁ}i&ﬁéﬁ%ﬁg act éralﬁseF %ﬁeﬂt he
waf er tabdbevd®™ and so nove when the table WI is noved. Radi ation refl ected

fromeach X-mrror MI is directed back to 25 its associated interferoneter
| F and can be used to determine the x-position of the wafer table W.

Radi at i egnibefatiesd SR/ RRatibg &ﬂ&k%ﬁ%grﬁe&e@ld&r%b%d G LREROIi PRl Hll%ﬁe@(tf a

pair of Z- mrrors ZM positioned above the |level of the wafer table W' and
t het0 subssequealsd he employed.ed back to the interferoneter IF. The dots that
are shown on the Z-mrrors ZMof Figure 2 are indicative of the positions
where the interferoneter |F beans reside during neasurenents. 30 By using

radi at i pipuret kesv L4l sytamfengdierdrifiing s Xp(Zd}»ﬂidrﬂoﬂ?é)ﬁdafdﬂ%bi tA8 whlfdrisuBstieagblee of
the x- position determned using the X-mirrors M1, it is possible to obtain

an i ndi MEcPr rebaskir e ibfis savectinpeetedérredap in e &t mlhisgnclpdgsdwg istsrierpmsiers éF, t abl e
W. 11 P-210 i I.ect v h e . is a r. of | evel
Vensor s o daeh il ophblifadat o0 Siekdic VBt PRI ierteforilot @Yo jonddl o

optisal td év&t nxangFemsntafdiatibe oatd oaL0e First Pag SHohETEH O (g ard PROVIRE &h
represent the positions where the | evel sensors LS neasure height. In the

part i cuPeposingxadgy Blsstfols tablerthgsg mivorstMd hging gubstantially pegpepdisplar fosthes

| i near i Y : u ASULENRD ishts N

is el evga'rzll.g‘m&;q %(%gﬂ?&g gr‘:)h} @e%‘g ﬁ%?%e;d létlgeﬁ?eg%}l%tglggﬁt ha%Ee &h} Egr ent gnu Setlri)lg %f

sensor smamoks M 1.ahr additen taguinadrfeporseteolll id pbetioiseictp decvmbisuasndht fddeatnt

nunber Sor?t]; Orlrllzaosfug Egc%% p%(l)l‘l th Sﬁrrors M2 that are angled at 45 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 WT and so move
when the table WT is moved. Radiation reflected from each X-mirror M1 is directed back to
25  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 one 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 ZM 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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Figure 3 shows an alternative arrangenent for neasuring the |level of a wafer
and equally the 10 wafer table height. In this case, the Z-mrror ZMis
directly nmounted on the back of the wafer table WI and so can gi ve direct
measur e 041 17@? waf er table height. In practice, however, inplenenting this
can be P P because typically the wafer table WI novenent nechani sm

i's prov Dﬁ%@tl}a&bdvh €hd wafer @lbld Wer {salalgray B 1dvel RhsRE LEO T &nThelgdaR nadse ut e
mrror map, the x-position of the wafer table WI' is nonitored using the

i nt er f ePbeidiceans sgsontygessyshs Hpiical lefel sensars a@éﬁh@mr 188 gas a slihe elotsnth §Win§n
erfor i r

E ensor nﬁn%a‘zag?%%g}e%ﬁ X MS%C?%E’%%Q%%&%G?E S&% Lfssﬁlt %ﬁfhse }é\glgﬁtr Iflyp| Qar{ '?u; each

| evel sexmmyle wload irt Eigereaz nhebeny of levﬁbsmsme mSns dinair aacihcl@esiiveesapdrs,poi nt

and rOVI ge val ue, therehy. reduce the 20 effects of n0|se In
i cat ﬁ&? alée ol desashianent BetiLo ﬁé@ﬂVFak@fswrm hfdwéL bf @RBicAgicdaaty

s. ngl e BRicAdnt nﬁhﬁo@gmeﬁg&g Sh&Rt asePeH u%()np%oﬁlgrﬁé ﬁlééﬁegs wentRkerdbhd er ent

nunbers of readings and 1 ndeed differen nbers of readi ngs may be taken
at di f f eurebdrs pbsictsupesedfpoitie  substrat e table. As will be appreciated,
whi | st increasing the nunber of neasurenents reduces the effects of noise,
it also increases the neasurenent tine. Hence, there is a trade 25 off

bet weenpgalkd s Oih 51&&%%%5@ Iﬁr}‘&nﬁle@sﬁﬁﬂé &feylevé}%f%r\vﬁies SN O a
static nmeasurenent, the wafer table W' nay be noved along the direction of

t hel® evalafes éarbé@helalntr dy this Sasewthie|ZsmirdreMasy éirecélefns@mt@d olashell@ck of thekiafer

measur e surerrents relatin ifi oi.nt s of t fer may be
obt ai negl%gy saﬁ% gfa?fgév gh%%rm%aa‘?rﬁu(&thg ?{ptta@ﬁpl? r}g lce YRS case,
t he numﬂﬁleﬂéntl@a%ﬁ efmnbs HifAdular Bechadee fypadallgadk Raifdt ta\bﬂd thrymOe.zaqlnbﬂt be
30 lower than for the static neasurenent, and may be only one. In the
exanpl eMsHEmsT i§ IEpYdedatthe ragpolhedable.abl e W is novabl e using a control | er
(not shown). In particular, the wafer table WI is noved parallel to the
X-axis in steps fromthe 12 P-2107.010 extrenme |eft position to the

ext renmelr bght tpakidrindme aifdbeslueaatirrsit ﬁ’@p ald xlpeyitlonsehder wafouvele VYT &

target wafer point take a neasurenent. a result, each_ wafer point is
measur ethoBHered Bipingethe Hniegfgrameters dbrand g pwﬁalw Réfeiel SesAr &-Samaasuranespy is

SeNsor s, Ll Rl ‘quﬁ&% c?il%‘]%re\iﬁm? ?—ﬁ%@ B0 hSosd the WaterM Eatcﬂqgﬁg @Flés]?)r ABshMed waf er

tabl e p85| t1ons e sensor 5 array at nost position
of the wajeaptibaddlyebe statiy. Inhthis caget mpmallyemeh lesehsarsor eworids take avafiraberpafi nt .

At the next ste 2 | evel sensor cov a wafer point and so, on,, This
Teans. IRARTHREIS Asae GreasBempmporfang preye oaietsee Hiy Breravararen fent

fory@osit@NoMhsis® ma Npiddl 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
substrate 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 to 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



| evel sensors cover a wafer point; and for position N< n< MM (M+ N -
n) |evel sensors cover a wafer point. This adds up to NM neasurenents. In
this way, by noving the sensor 10 array LS relative to the wafer W a series
of overh%ﬁ@'z g%LS measurenents is obtained. This series or sequence of
measur e y optionally be repeated for three different Y positions on
the waf e;ftre(rﬁanlreftqm@m@h o tHEktrebhearght HabitioN) ARer dabklisep! 10 1dvB] nGéts @ovkring

al though in princip t he neasurenent at Y=Om shoul d be accurate enough
for a 73 r‘i‘irg‘?toWafﬁ’iaBOlm takg r@ommur%nﬁo@%a resydft cacdniier BoiBY i mapYrsonse yhe
measur egept S i hehi be: 0
B ol el Rentch. IO RE IR poltl |l METIeDS stk S DRSS ¢

neas ur emeadusernents df Np>e}vf elon, theﬂelase N&M b@vaﬂﬁahble \pbmhoﬂny Stammgwnhm]hces'qn@drat ion

of t nmeasur e ts or nmathe ical fittin par anet rs descri bing the
BT e BB a7R PPOHSM GBSl Py Bl BIEDBaR NEVAISaenSarers o
rreasur ewafet Péfnt a4k RE %J{tr ﬁé;y Mevel Bt khAB covet @ waﬁ&' Sehnghdd &R TR kANess,
waf er unfl at ness, chuck | e unfl atness, and | evel sensor spot offset
errors. th@bﬁsqnpmmnl M na& Igbme}eaél exgoressvarra wefer aolngvior peeiisoMES faMdr enent
on a poi nt on the wafer_ substrate W5 for a given wafer |oadi ng orlentatlon
i s Vmels¥elsensprs soer a=vefoy pointyand fgr pq&rﬁwﬁg n £ N+ MM gy - yigvel sengorse(x. f
1vaar) Y/ SUr S i ght,
iz a RS &F%Mé a&o&nt ﬁghlé‘{aggsgu%%ﬂ@d @eaéﬁgm ?Ofr[]{ tggr\g@ 3)36&1{5%8%’&% Shi§
unfi@t ness; LS edpeet otk yv,afen/rWr e sR}ésMﬁ olvergappirigall § afvaburpdsht iiOobtained. h@hlswaf er

relative to the y axis, co-"e and wnue are the true hei ght/unfl atness of the
chuck affdichar éﬁquel&e o m%ﬁ%rteméﬁtwabt ertiopallinbe teppried fqrdhrsc giffared Xaapsations

r espect by hd walleS ihe ckdifipt AOB! bl i 9b0 () LS indRadB%h ARGIALSikduchg 2
error o espot elg t. For the stage p05|t|on measur errent syst er%as in
Fi gur espi2napid, B¢ mzsmwm:m & =Ry §uld beamurabeenoaph ésrend -l roy niapd éshndldnt
one- di ngnsi onal i and 13 P-2107.0Q010
Ry ( X, Y5 SO Rp My AP o A BEMFRA S (et o5eTiaha T AR RC e
funggiopg ngt%h thQé?to bid ahRess %@Jsuﬁeﬁf%nﬁ% pidH €9 &HoM. I [oths evé{tstﬁat tHEYYerlBRYY
dZy and dRyy are functions of the wunflatnéss™of the so-called 45 degrees
m rrorsof S@asmgnamgv@ e@fuat:nfcm, iee quansbe Sledld witle by linear interpolation of the
(xus, Yws Z)%(l %(%E%&E%T ?th(ggf palr‘a%delt?gg giYs)c blnthee m(a)[%’vz%nd t\ﬁ\é\svx)af& wen, e

(xwaf e

Various components contribute to a level sensor measurement at an arbitrary X, Y position,
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:

Voneas (Xs> Yws) = dZ(X,Y) = x, g dRY(X,Y) + ¢, (X, Viys ) + W, true(xwaf’ywaf) +dz 5 (x5)
25
where Vmess 18 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 wyye are the true height/unflatness of the chuck and wafer
as a function of the x and y positions of the wafer, respectively, x; g is the x position of the LS

30 spotand dz;s 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

13



St age position, position on the wafer stage and position of the | evel sensor
spot are related to each other in the following way: YLS ~Yws J X Y
Assum ng that YLS = 0 for all spots, for neasuring one line in the x

directi 9519’f%‘iothe wafer 15 and for one wafer rotation, the above equation
reduces to: vn,eas (xws) = dzZx(X) - xLsdRy(X) + V,,ve (xws) + dzL3 (xLs) 20

wher e VHRyREY) epdRsERY & ARG/ (ENMbsiadd B¢ heell thdt dAxr atRl &Rk e, functions ©f tHef
chuck and wafer. For one wafer load angle there is a fixed relation between
a posi t beffatngss BE thosr-ealledt e mimpg. AtsondREx, dRoe ddiy rad R yyrue tiwestivns ef theor

reasur | s bf B8 shlatfed!hs ﬁggtrieé%’]nirﬁogse.s% tfld £l:§>§%i|ggxr’ﬂatgﬁ%%c&% .play a role,

i.e. only T'eads to a constant”contribution. I'i'ne of measurenents in
x direction with a nine spot |level sensor and with a neasurenent pitch

equal to the pitch ofxt! evek(»’eng PGt SRV “ x14rRB21Q7. 010 Vi = dZx-N
- xLB. -4 dRyxN + CWilt_ SQ@”&’st.-(zt PS/%%Y%X%SN 2 gllg, gzc@x;N +OWN 3 +
dzZLS, -3 M VO = dZx_ N - XLSndXadRyxs) Ml amyvdl %sat)S 4 v10 = dZx- N+t
-xLS.i dRyx-N+i +cw N3 +dzLS,-a vii = dZx_,v+i - XLS.-3 dRyx-N+1 + CWh. _Z
+ dZLS. -3 MV,g = dZx_N+i - XLS, 4 dRyx-N+i + CWN+5 + dzLS. 4 MV2 N'9+1 =
dZxN - xcs,-4 dRyxN + OmMN-4 + dzLS. -4 V2N'9+2 = dZxN - xLS.-3 dRyxN + cwN-3
+dZLS, - Staga/pegitorpppsition ag tipywaler stagq ad pesdiRpeRithed eliseasor spintiag; ®lajidre vi t 09

etc arees%':gzhegfi %%wvg%entas_taken by each of the nine |evel sensors at a
single asur eren poigrw Y there bei ng (2*N+1)*9 neasurenent points in

totad. It should be noted
-G
Yis Yws Y

Assuming that y; s = O for all spots, for measuring one line in the x direction over the wafer

15 and for one wafer rotation, the above equation reduces to:

(Xys) =dZx(X) — x, dRY(X )+ v, (Xys) + dz, o (x,5)

vmeas

20  where vy, represents the combined effect of cyye and wipe, 1.€. of chuck and wafer. For one
wafer load angle there is a fixed relation between a position in WS coordinates and in 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:

14



that these equations only take into account points on the wafer that are
neasured by all level sensors. Hence, neasurenents for extrene positions of
x where only one or a subset of the spots can neasure on the wafer are

di scard?% O%g 6\Iote that the indices for the maps dZx and dRyx go from-Nto
N. The fmdP&8L0¢ or cw (chuck + wafer) go from-N4 to N+4, i.e. the sane as
for the maps but 4 extra gt jpat h_si degrbecause afgihe 9 spot |evel sensor.
Finally, the indices for the LS sp6td go from?¥4 to‘4*(9 spots). Note that
XLS, 4 is the x coordi nat"e=o‘(Z"tMéxL583égb’f—w\iﬁct“hzvndr%em-4. 15 In order to

sol ve the above set of equati ons, they can be witten in matrix-vector form
v=Mp with e.g.: 20 15 P-2107,010 ~dZx M dZxN = V1 MV(3N+1)"9 P= dRyx M
dRyxN CW N4 M CV\A+4 - ¢ N , M4 ingly. 5 1In order to
mat ch the rank of the matyi=xdM .t wo, coa8yry ai mtev are-dagded. By matching the
rank it

vy =dZx_ = x5 s dRyx . +ew  , +dz
M

Vig =dZx_y, - Xis.4 dRyx ., +ew_y s +dz g,
M

Vaneon = ALxy = X5 4 ARyxy +ewy_, +dz;5_,

Vonrosy = AZXy = X g 5 ARYX, +ewy_ +dz g,
M

Von+iyxe = dZx, —x,5_, dRyx, +cwy , +dz g,

where v etc 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; g4 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

15



is meant varying the rank so that it is equal to or greater than the nunber
of unknowns. WMatching the rank can be done in a nunber of ways, e.g. by
adding rows to the matrix to inpose a constraint that the average nap

updat e gqﬂ Z? ero. Another way to inpose 10 constraints is to reduce the
nunber of § é ters. This method in fact results in colum reduction.
Alternatively, the colums of the matrix a qQ&he conponents of the vectors
may be conbined to determ ne the constrai MFilgure 5 shows the minor nap
that is obtained if the above equations ar oIved for the 15 measurenent
at Y=0 with the wafer orientation 0 (i.e. thgxpormal wafer |oad
orientation). This provides a neasure of t =position error. If an
accuracy analysis is perforned on the val g Y*the standard devi ations shown
in Figure 6 are obtained. Fromthis i{ can|bB& seen that these values are of
the order of a few Angstrom This Ymeahs a yglue of approximately |nm
This is very accurate. A wafgr=|height | map= an_dLso be obtai ned, as shown in
Figure 7. 20 The 3a val ues for this re ofl cthesslane order as the mrror

map. The mirror map of Figure Yoy +ife nmeaswyyenents taken at a wafer
orientation of 0. To gain a mneasure of the reproducibility and accuracy,
the mirror maps and wafer height maps of thf¥e« other wafer orientations
were cal cul ated, these being 90, 180 and 27 a) though other 25 orientations
could equal ly be used. As will be apprecia the orientation 180 is
identical to 16 P-2107.010 the O neasure mnth t he exception that the
waf er heights are neasured in opposite di To include this in the
cal cul ation, the colums of matrix M describing the wafer height

contrib down except for the latter two rows,
represeﬂ%%ﬁgﬁgﬁé%(%%%%?ﬁg?#?s This was al so done for the orlentation of

270, _which is the counterpart of 90. 5 The results for the mrror maps
obtained for th ferent orientations are shown in Figure 8. Fromthis is

can be B?e@ﬁertmtlat@m@e\faﬂ af the mavax Myitwe spnsisants arsadied; Ky malchingdhg wok itwaf er
t hi h d

012t Bl B! Sl kol oIERDS KA uf DE RLIEINRY U Bl A"

contri bMamtmrng fhe rahlsraaxs bowont hiata numslier @iﬁevaywaé grby)adcﬁng abweono itise mewixi toed to

determne the absolute mrror map to within 3-6 rim The 10 wafer hei ght
maps al SBPSAACANEIGHY Bletie be’é%&?r gagsundatec pRIS £F18m vésngtneé WM dRPeKons
thagg t@@nsﬁﬁl'nﬁnfs%' 24 céc e QuAkd rafet8R! ThSmefhoand V\ﬁ L8¥eid PeuRATe
shape except for a ti caused by e zeroing error, |c I's not I ncluded
in the wdhcimnatAImnsatwlét}o thet doduramsad fythe magrix and-be componenitsofthe sectotsatayaben r r or

T can,be, YT ¥ ASRRANGL DY Ry ned W th a few nm In

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 analysis 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
Inm. This is very accurate. A wafer height map can also be obtained, as shown in Figure 7.

20  The 30 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 orientation 180° is identical to
16



principle just one wafer orientation is required to obtain an accurate
mrror map. 15 Based on the mathenmatics of absolute mrror map anal ysis
descri bed above, it is possible to determ ne a neasure of the wafer table
W or ¢ %§§7fh tness. The analysis of the mrror map shows that it is
possi bl avel the mrror and wafer contributions (as well as LS spot

of f set pRshduRhskeHEMtNGith e LRcERRAUMBITRIRY Safek Theldht$ afAfRasdrbe iﬁf%?ﬁb'sﬁfe”ent S
at the two 20 orientations can be expressed as: For O degrees,

P- 2107. ditgxtivn. Fo diminde tisin thedRjoulationCthg- epluspys\o imattzd &{ ddscriping=thel myaferN -

XLS. -3 s, 3+ dzl.s. -3 Mv9 = dzZxN - RYX- N +
o s P edeulsps e PidpluSgnitn xeg s el tyS SE repréieqiit B<

dzLS, - 4condiraihts= THEX Wb atsoXloBe f8r R Gkehthtior 0€2M62 whidl N¥-tBe toﬁﬁb@aﬂ%f o vl 3 =

dZxN+1 - XLS, 4 dRYX-N#l + G- N#5 + w.al +5 + dZLS. 4 M v2N9+1 = dZxN - XLS, -4
dRyx3+ +Tlnresulss {aytiaermirpergnaps obfgined for the different oxegatlgnwﬁhpwn ovFure 40 3 +

GogreesFelb VPN BoR e gt B3 IRRe et Gy R fPoatdl,
XLS, - 3 afenxations s G-O-rin. +TMN3m¢a1dZtIhSl; tht oféntRicd of d@(Nafer)@rﬁAﬂﬂiR‘fﬁ’e NaferC- N+4

+P\_:_\A]\_I |4 go d%%?qul 155 p%lgggrjfgredw Zﬁpht ﬁ:orélt Qllqgr\%n§1b$aégzlgé sQ shws t?lat-l__]?lst O%e 4

wafer orientation is required to determine the absolute mirror map to within 3-6 nm. The
10 wafer height maps also show a consistent picture as is clear from Figure 9 which shows that
the orientations for 0° and 180° as well as 90° and 270° have the same shape except for a tilt
caused by the zeroing error, which is not included in the calculations. From the analysis at
Y=0 mm, it is clear that a mirror 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



vP+la

dZxN+1 - XLS, 4 dRyx_.

++|
- XLS,-4 dRyxN + CN-4 + WN+4 + dZLS, -4 vP+2N 9+2

CN-3 + w N+3 + dzLS, 3 M VP+(2N+p*9 = dZxN - XLS, -4 dRny +CN+4 + WN 4

;?ét?éégﬁggz@mﬁith reségy;rl%o 't

+ CGCN+5 + wl 5 + dzLS,4 M vP+2N 9+1 = dZXN
= dZxN - XLS.3 dRyxN +
For the 180 degrees case, the wafer indices

he 0 degrees case. Creating a matri x-vector

equati on consisting of ‘be_tdzxser,sc of f dRpaswements engj_ol es t he chuck and

wafer contributions to be\fgs i
in order to solve the dbovE*tmo~*
matri x-vector form ;F=WI5 15
V(2N+1)*9 V(2N+1) " 9+1 1)
again with matrix Mar\a(’ﬁﬁﬂv

ngw E?d for"one 1'ime i x direction. Agai n,
set “OF-edifat on% Ntsh*ég%can be witten in

18 P-2107.010 with e.qg.
dR_MJ\I szLaS 4 M dzLS, 4 5 and

9d N, M
LS4 M~ + ~N+4 LS4

dZxN M dZVN V, M

C_n+a
=X 4 ARyx ey st W g+ dZLS,—4

—Xs5,3 dRyx y, +tC y Wy, + dZLS,-J

—Xis.4 dRyx_y  +C s+ W s+ dz,g

X34 dRyxy +cy_y +Wy_, + dzg ,

X153 dRyx, +cy 3 +wy ,+ dz,s

— X5 4 ARYXy + oyt Wyt dzg,

—Xis,-4 dARyx_+cC_y g+ Wy 4t dZLS,—4

Xis-a dRyx_y +c_y s+ Wy, + dZLS,—S

—Xis.4 ARyx_ +C_p, g+ Wy o+ dZLS,4

X154 dRyx_ y, +C 3+ Wy, + dzs ,

X5, dRyx—N+1 TC y oy T Wyt dZLS,—3

—Xp5 4 ARYX €y s+ Wy s +dz)g

- dZX -N+1
Y= dZ'x—NH
M
Vig = dZ'x—NH
M
Vaneout = AZXy
Vonrorr = dsz
M
Vaniyse = dZx,
For 180 degrees:
Vpo = dZx_y,
Vpy =dZx_y -
M
vP+9 = dZX—N
Voo =dZx_y.,
Voo = dZX—NH
5 M
Voos = dZX_y.,
M
Vpoanson = A2
Vpaansosr = AZXy
M
Vp.ananyo = 42Xy

—Xi5,-4 dRyxy +cy s+ Wy, tdz5

~Xis3 dRyx, +cy 3+ W 5+ dZLS,—S

—Xis,-4 dRyxy +Cy g+ Wy 4+ dzg,

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:

<l
Sl
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11 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 N MdZxN CGN4 + WV-4 MCN+4 + W4 dzLS,-4 M
P= P180 MdRyxN C N4 MCN+4 WN4 MWH4 dZx N M dZxN dRyxN M
dRyxN CE%—%%¥1QM+4 M CN+#4 + WN 4 dzLS, - 4

with e.g.:

g

M

Vian+1ys

<|
I

S
1l
<

Voan+1y9+1

Var(an+1y*o 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 Po=| 77— | PwoT |
Cona Wy Con-a T Wy
M M
Cnia T Wyis CyoatWoyy
dz,s_, dz;g _,
M M
dz5, dz5 4

Subtraction of the two above parameter vectors gives:

19



M 1 dzCS, 4 | dZLS, 4 Subtraction of the two above paranmeter vectors gives: 19
P-2107.010 Po - P180 = W4 - WH+4 M WNa4 - WN-4 ~-M From this the wafer
flatness w N4, . .,WH4 can easily be obtained and consequently, the chuck
fl at nes q ﬁ 45 - , CNH4 can be determned. 5 Before renoving the wafer
cont ri bUti 8 Q the zeroing error evident in Figure 9 has to be corrected
for. To do this, alinear fit is subt fﬁted fr t he wafer hei ght
contribution of the vectors. The res ubtracting the linear fit is
shown in Figure 10, which clearly shoWd-~-t hdtv.t he Oand 180as well as the 90
and 270 provide the sane gIobqﬁ.mg&PL shape at Y=0 10 mm The result of the
rel ative chuck differences for 0 and [L80 as wel| as 90 and 270 (which cover
t he sane chuck positions) obtained fr e above is shown in Figure
11. Figure Il of course is, except f the Y-sjgn, symretric around X=0O
The difference between the relative chuck maps of 0-180 and 90- 270 (on Y-0

Ef t he der of maxi mum 4-5 nm This i goad |nd|cag$ t he
accurac

W&ﬁert %Wé%he?vyhtca’&&?ﬁlﬁﬁbﬁ&:bfsagﬁdéélﬂ cgasefigeny Hea As

Wil beﬂagakeg]ateqLﬁgﬁ%g&g%Hmﬁap provides only a relative and not an
absol ut e chuck verthel ess, this gives a useful chuck fl atness

measure. Wiilst errors in Ry in the arrangenent of Figure 2 can be
conpensaé%d for, .an aItanatlv arraﬁgenent can be .used to avgid these

occur ri RYOFTIRYIRg g Wafer soniriuiigps 1 ZEods CTeic AVENl Bigrinddie e beas

bef or e, cdriicRd @8 T itk ef i8EL RIS kabtdotedOREin QRE afl? &Fﬁ?@%bﬁ@lbﬁh&?%f ffe the
wafer table WI. In this case, one of the interferonmeters IF is positioned to

di rect veatorbedhs resolt aftensibtranting the diieart fitde smmlraFugxrerﬂQ rdrichvilleartpashoiws
id oSI | | t | tantiall
per penartebitsr Bl TRE S B OB 2 rbie e RS HRIOREEPEa Vo (e

ot hEF si@le The trébeltvaf e reRbve cMickl diffeftnadtfor @° nhd N0 ME wdlieds 9 afisztgeoned
so as to 25 direct radiation onto a Z-mrror. In this arrangenent, changes
in Ry carhiglecenst diensameachygk 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 R, 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



nmonitoring the lengths of the paths travelled by the two nmeasurenment beans
that are directed onto M. By averaging these path I engths, the X position
can be found. By calculating the difference between these, a neasure of Ry
can be %gg@ﬂ ﬁganges in Z-position can be determned using the path |ength
of the PE radiation that is directed onto the Z 30 mrror. In this
case, Ofd sbhealibeaRmr SFeRt L@fngztl&uﬁ)@@ﬂ@pﬁ{g‘)'Ev%heseﬁefcfreﬁfe§su?éméﬂt§ I &scribed

unfl at ness 20 P-2107.010 *andso calibration of RY usi ng the overl appi ng

| evel spiesopslpesmuimeesssars. descri bed previously is not necessary. The
present invention provides an accurate and reproduci ble technique for
determining a 5 nmeasure of Z-position error and/or chuck unflatness etc in

a | it hographisentaippétiinUprovides Sini SccdRRE ahy réfbd\@itfle pbdhndduet for letedm@iih@p@pi ng
| evel measurenents. The apparatus and nethod in which the invention is

enbodi edlersip ehLinpsiion eamé@ﬁé/ef ehudky ylafesoetcdp wplithegraphis gppsratusr ddircts for
|
enbodi oot bty s BN Ao BRI mthsuker R EOPRE BhREGs AT IR

unf | at neasheahe inamtibe il Gmisdddt gprally ms@heco&rkmltap[nagatmsr cbh@h&b)prdspamrrpr ove

per f or mance. this vvouldtylcally be i ment ed . usi ng so f or m of
conput eProdegt tfﬁgrlé“pl?me%qgl thee Wﬁbg althoysh Hatwn@egar%p@r%a ted diat; prcware

above- dg3gsdifests )?g%gﬁ' eﬂlﬁgﬂ)ﬁe rﬂﬂlﬁéﬂ }tfaéu%ﬁoglltlbn ettbi Mdlod jﬁgcﬁ GRRSNSS 'E 7D be

i nvention. For e the tec can be exten provi

addi@ i onszl to eéldratettho appasamsh tharelytot iakpirong prefosmesree n&gam,ttha; weuld eyEpl@ﬂly
differegt.lﬁ/ %gsit ons, at four or re different wafer | oad angles,
such asPimRiement us’%ﬁonﬁ Cﬁalpf‘?ﬁréo {61 d al | ow dzy, dRyy and the

hei ght of the wafer and chuck to be distinguished. As before, the follow ng
equation can be used as the basis for cal cul ating each of these: 20 vneas
(xws, Y\/\lj)wiﬂ bbzmmciatedizwt\@epaﬂmsd@yx(lx) abovg{dssiRped ¥mbed@oenie mayveilll fahws) +
Whue udalwheh'ghtof
e war Sbig g S, oF 8 55 b ok duheieold TectuBa e bF it lngredeer e,
and] L hugdditpdal aBsmatn, sschl & By QAkitlemdadurdinditdTBNS s o M@Pferent9rpokitiofis,case,
it is possible to present the different neasurenents in a set of equations.

G ven 28 afefoveuoy mege gbffmﬁhwfe@floaﬁeMSem as 8n00,| Hilgand ZferDoing this
par anet gr | S S 4/m t .8l f hough
the i nv‘g’nﬁllﬁoatrll a%iybegﬁ %@gger’ Flgggt V\né]t?'ﬁ r e er encgl(la1 {0 Xe deﬁ% &{eggA:‘grl? eRr é’ )

the following equation can be used as the basis for calculating each of these:

vmeas(xWSJyWS) = dZ'x(X) + dZy(Y) - xLSdRyx(X) - xLSdRyy(Y) +

20
Corie Xipss Vs ) + Wine (xwaf > Viar ) +dz o (x5)

In addition, this would allow the height of the wafer and chuck to be determined across
substantially 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
21



whi ch the substrate table position neasurenent systemis interferoneter
based and includes a 30 Z-mirror, it could be applied to any other position
measur enent systemin which novenent of the substrate table has an inpact
on the 5-88§hiéon measured. As an exanple, the present invention could be
applied'@ ncoder based positioning systemas described in co-pending 21
P-2107. 0&0patdle HptisitordPRY/762992008d A0 1ORIBID5ankk YontbRsBHOwhRR ateNfully
contents of which are fully ‘incorporated herein by reference. Figure 13
shows amcerpargiddehendin &y refareoder - based system with which the present invention
5 can be used. In this, grating plates are nounted in fixed positions above
the wafer table. Sensors are nounted to the wafer table. Here, the term

' encodeFigufeef ElsovisOard egdnaple g 4pl @icod@tdsedSOREM withi whickahé ps@BOnveélfioar m nes
one or nore conponents of its position with respect to one grating plate.
In esseffiebe pife: sbnidiy Srafing Plales e mowicedris frsdrasifions abRES War wAler dile. and

the gr aéix@&s%&%h@?g@ﬁ% ttl*?eew%fé'x"t&@é.elfﬂére,%f& BAIUBF FerBiRSG #g&g’@? L Qys!y.

Due to therr ractive properties, light incrdent on 't ing plates
i S subj eatortpaira Pdrhsensiraletpeminel @ne detheet edmpbiases chianpesiti@peitdsespett tonl y on
the Iight path | ength, but also on the XY-position at which the

sensi ngPn¥Ta RGP I8ifet 1BrestiBstn (AP SENSPRETg }Ia?rifefs@ms%& rmounied fp thestafer tehle et ect ed

phase eﬂ@pgaﬁl.gg ?%t@%Ya?en%eZe%Jibﬂeﬁtngk §hOTmitAe g %eﬁfpr%vhsusiﬁn@iue%ral@ira.t I on
may be perpendicular to the grating plate, although this 1s not essential.
15 W5 befivactive poapertex, dplaviecidet evafhergratsngaplates e seged do agphaay chadige.eTha

pr oper oi.ce .of the conponents to b sured b ach sensor, the. position
P+ nfAed Bss Fee BTG PPN ot HER dupeneio bR asT PROR SoritaitBn be

det er m peshify the QBRI RlerFSmERS bédn$ hid the Beatind itk dUBla re SBNGO UStectedBhARSI i ON
and inclination of the grating plates with respect to the fixed world and 20

t he posdapends emy Vi arel Znbhd anglopt ingalesemeioths seusing radispien tmaycbe prepengliculart abl e.
Thus, b ausi.n elativ venent between the | evel sensor array and the
waf er ré&ﬁ%%mb9§P@§¥F§h%vﬁ» W?%ﬁaf?ﬁﬁgﬁafer tabl e along the X-axis, the same
meagur enment principles as described previously can be used to determ ne Z,
and if necessary Ry, deviations of the wafer table position for each

x- posi t Aphefore, memied abryenibe expfernigta levelpseasari areay. | 1ves anproppleelderaplytheo know

exact | Yed eon%&ts%fb%.rmgat%ﬁl‘e% l?)ﬁédctn' %HSOVIM, {h@d{o%ﬁ%gcatngt i%cltixl?a?i,[otll ge %rférdtabl'é‘ less
strict requirenent 1Is at e war er agl e can be positioned 1n a
3- di mrenwitbnedpeartd hivgfinead world dan Heweieehinetl byaohibinigg thd ®silfyeof thelindividust] at i ve
position and inclination of the grating. plates nust be known.
sensors, the position and inclination 6f 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 previously
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 increase 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



In anot her variation on the described arrangenent, whilst the | evel sensor
array showmn in 30 Figures 2, 3, 12 and 13 is one-dinensional, it wll be
appreciated that a two di nensional array/arrangenent could be used, although
this moglq iaﬁgease t he conputational conplexity. Also, whilst specific
referen'@ P de to the use of |ithographic apparatus in the manufacture

of 1GCs, sich ashfélInthneactird & Sheefhtddnasticah Systdnid) QAR Gn@RBREASH Patierys RRve

ot her appllcatlons 22 P-2107.010 such as the manufacture of integrated

opt i cal magrstidomagymeaIEiEs Aittidiensel Hisalaafl@Pns thin filmymagnstic headsnaicnlt

nenDrre . (Eren=h)
shoul d gugg%%%g?gé%%}?ﬁlghig gx%ontex%héﬁmeuéﬁbp%ﬁ gﬁg%yggpgﬁgglca |ons
any use“wdfet’ H&arélﬁrnm_,f bé warstdcred eyr@inpmomy wixe themmmlgemdalsgemﬁ;smm thh t he

nDre general term "substrate". In 5 addrtron ubstrate referred to
her el n #slidse thy Shhslaledrefrareg e hsFeinfpay b %Rwa%w%%ers%e Para?t%%sar@ myfary ack
(a tooI Y/ I at velops
the ~expangh FublcRiy HdoIaBR LSl AES Ryl BELSL s SIS 4R F a0 OF)

subst r atxposaly rézest) pr ac ess®ibgyope indpactiamnom]. f Bnrtleoranopd, ethei subsmtermhy) ber eat e
a nmulti-|ayer strate used here also refer to

C, h
2 st PRl tpte, FRn EE. Joh ExiR in e B sFut acawh g 1G] B 4 B s | o

the |ithperaphiséd agRaY ﬁltaysals@%%r'tgeadsdbgt%té'@l% el &&ﬁ&hy%m@ﬁrecﬂr@ce%q a
projection systemincluding reflective elenents, a transmssive reticle

andl®r keyesentlso,i whildghe bﬁhogrephuccﬂpp@@amsedﬂsmdamgbd@ea usfé@tlve;mrtudieran@rae t he

apparatushsbendecrbe W t EUVradl it owill

abbr eci Hossnon S bR FheBts EERrald Srgvis Ry Tl o eitrbanlt ineCe

whi | e spefdclion sﬁl@ﬁ)dﬂle@eﬂ&csb@ﬁlsémeFmrﬂie@lﬂbteQﬂlef'@{)@ralﬁﬁelﬁhsdﬁ‘éﬁrd'e&ﬂﬂ)e@tf@’\/@c it
will 15 be appreciated that the invention may be practiced otherw se than as
descri bwih Etﬁ‘éraddemrh%tm il besappseciated tabiediatign (of piher taselepgtbmimay glso g

P-2107. 04 WéA whife Mﬁ?eln%o Imdiid &f%ﬁé’%ﬁ%ﬁ!‘é&h&fe‘)&e%ﬁ%&%g@@Q{%

H 3

i ncl udi ng: an T r1um onssemconfr eam o I'ation;
S alsubsd rapprciatdl ehat ORE | @umtbnt énayobe ;ﬁacsmb@tcrtaérenseatrmnuaaldetscyntmﬁ. ITkeel
sensors for sensing a |evel of a substrate carried on the substrate table
at a pl dgssmptigp léﬂoﬁpf@éﬁ%rﬂllrﬁﬁémmﬁ?@mna system for determning the position
of the substrate table in at |least a Z-direction;
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a controller configured to cause relative novenent between the substrate and
the level 10 sensor array, so that each of a plurality of the |evel sensors
is novable into a position to make a neasurenent at a first point on the
substraE) gg?geby to provide a first set of overlapping neasurenents, and
each of PEHE’{) rality of level sensors is novable to at | east one other
measur eNeRA TS O AQMEDesSsubstrate, thereby to provide at | east one other
set of overlapping mneasurenents, and 15 a cal culator for cal cul ating at

| east one of a nmeasure of position errors; a neasure of substrate table
unfl at ness and: . Of - | 1sQr position/offset using the

pl urali '?'y ogq%}@%g?@%gf’ﬁc’ég"%ﬁégﬁ?ierﬁ%ﬁ%%&& .g'Anpappar atus as clai meg inclaim

1, wherein theilByshaionf Wstethedodifigined B¢ proviles Bdatiof rd@atieygl udes a Z-mirror. 3.
An apparatus as clainmed in claim31, wherein the systemfor determ ning

Z-poxition pAEIStaEdakin canEpmed to hpdd a subsfatgppar at us according to claim 1
Whiaod A el . ' . _
erein the &%ﬂh&ﬂ ()Jehﬁsgﬂﬂﬁé?Hg$ﬁ§ﬁ§8q$ﬁ§%fa¥ﬁtﬁﬁh ?%ﬁBX§HQQ§sﬁgmﬁH%

anount that corresponds substanti e sensor pi h-appar at us
accor di mblet2n aglhahlinylof\difgerentrpositiengont rol l er is configured to cause relative
novenent in the X-direction, and the I?vel sensors_are operable to take 30
measur ement s &Yt &7 dstermining the nogijiogof thesybstrateble 1 at leastafrdirgstips;

according t O%%I‘i’t}cmeﬁ F%ﬁé&ot&ﬁsé@%% gﬁ&%@gr{g&?\g%@&gg §€ﬁs’g\rta¥é()an9 the [EDEIC

different substrate orientations. n appar at us
accbi di sapsoroarclyasathit casheff eipturahty of dint lewél|semsorsiscoovablpuinteda pesit@Eu®enake

relative novenent in éhf >H(’é’?1nd Y directigns, and thg | evel se sorfﬁﬁ’are
oper abl & RGSHEREN el BRDACS B SUSERICOICEDY) PP Y'ES 2 dtTshach S oY TR End
each of nRaRkdth@ltd, tahdodacl o the Frn@RE: oBleyANscARRE Aty aBRCR &l REsttheCdtRéM 7
wher ei n overl apping neasurenments are taken at two or nore different

subst r atneaduoerdend ioentoart the ssbst@te, Arerelpplarprovide at &astdonegother ssit af wvdr]apphigr ei n

the system for ngeterm' ning the position 10 for of the substrate table is an
i nt er f ePSRMIEPEY &4 10, An apparatus according to clainj wherein the

radisiti on sopgRulafor Fo O416UTRi 24 18dsk BHe SOHMERsure of position errors; a measure of
substrate table unflatness and 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 claiml 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.
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15 11. An apparatus according to clainm wherein the radiation source is a
pl asma radi ati on source. 12. An apparatus according to claim wherein the
position errors are any one or nore of Z-position, Y-position, X-position,
rotatiog_a)[1 Q%E'Qtion relative to the X-axis and rotational 20 position
relativ 8 t Y-axis. 13. An apparatus according to claim including a
support configured to support a patterning device, the patterning device
configured to inpart the beamwith a pattern inits cross section and a
proj ect Yon sP8t PG peReFEBg tte iy écthersin the certrdlr iagpafigwed datceuss 25
t ar get o} r L4 I.Ng M r. fl.atness
and/ or gﬂ%yﬁ @Pg{%ﬁgnﬁﬁpzx’% I@?ﬁ%g@%ﬁﬁ@é&%&;ﬁ ger]jla{ehgg&ﬁg% b%noﬁr{tﬁ%’it%é%l‘?eon
syst em oeadfurguoerdattaacipo by phlealay b&Xrpositionadndtdchof apleuligtofat éirécalbhe

com;_% gured to hold a substrate; a plurality of |evel sensors for sensing a
| ev of a substrate 30 carried on the substrate table at a plurality of

di ffereft podMt ARREtuS AEroxding 4o SHAIMof Whetedt AY¢11apgIngt Measysanenty Aregpkernat
Subst rap bARbE difter@ht 1Ba%ke af lich@bhon. the method involving: causing
rel ative movenent between the substrate and the |evel sensor array, so that
each of a plurality of the level sensors is novable to nake a neasurenent
at a fipst pﬁh'ﬁpp@rﬁtds%c&ﬂdb? foa¢lgim 11 WaERRY theGyseRViod @eermidisd tHeGosifon

over | aptpﬁiggg measurenents and to at | east one other 25 P-2107.010

nmeabir e thssuhstradhtapleds g igeriierometer Rsf@by to provi de at | east one ot her
set of overlapping neasurenents, and determ ning at | east one of a neasure
of posi r“i)on rrors. tusuap:ggrh%te tC zlijll 8 w nrf.l Bneas and a neasure of the.|evel
sensor positi OB PS8t n& e P Ut & ?W? of 6§}b°rrl|s§blbcierf§av YIS Hes. 5
15. A meduaed as clained in claim14 wherein the relative novenent is of an
anount that corresponds to the sensor pitch, thereby to ensure neasurenent
overlap. 16. A nethod as clained in claim15 wherein the system for

det Y mi hl.ng AhepBaggbisiaccendingl© dlaiollutbereia e mdiatom samet sacplasoy eddigonsor
measurenpent is a function of Z-mrror height, substrate height and | evel
sensor POt&offset error. 17. A nethod as clained in claim15, wherein the
system for determ ning Z-position includes an encoder and each | evel sensor
measurenent is a function of the height of at |east 15 part of the encoder,
substral? hef\gHPPYAYS Respsding é%lénnlswg@rem the osien grors are any one or more of

Z-position, Y-position, X-position, rotational position relative to the X-axis and rotational

20  position relative to the Y-axis.

13. An apparatus according to claiml 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 patterned radiation onto a

25  target portion of the substrate.

14. A method for measuring mirror flatness and/or chuck flatness in a lithographic system
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
30 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
relative movement between the substrate and the level sensor array, so that each of a plurality
of the level sensors is movable to make a measurement at a first point on the substrate,

thereby to provide a first set of overlapping measurements and to at least one other

25



18. A method as clained in claim15 wherein calculating at | east one of
position errors; substrate table unflatness and | evel sensor
position/of fset involves solving the simultaneous equations by transformng
then1inh%g? gﬁérix format. 20 19. A nethod according to claim 14 wherein the
posi ti oh / are any one or nore of Z- position, Y-position, X-position,
rot at i ORRhsuP@Ré: ifdtht 'l Rk IsMBstiae, tiGe t@&ir@w@@@t [QkBSHcOMBEr s @ oléRippliRl ati ve
to the Y-axis. 25 20. A nethod accor to claim4 wherein the overlapplng
measur emsatuseragres, taal edetarmining i leas mtyo 1 mgpsure 08 POSiAR erTorsy aubwr @ble 30

21. A r ver | nis are
aken ahitiest S8R THGuk dTh Mot BB By SIS Gte R BIRAET IEEERS T
cIa|n14nmwh@®ﬁmnsthe | 'i t hographic systen1|ncludes a support configured to
support a patterning device, the patterning device configured to inpart the
26 P22107.010 beamwith a pattern in its cross section and a projection
system gonfi Q%@tﬂo%gs PlRh&fin Uit 1PAERLDEE rélﬁgbéﬁf&&n%}tlg’ oftah @Gkt AQM L1 ON
of the substrate A conmputer programon a data carrier a conputer

r eadabl eommspondsto dre sensoompptah,ehereby foranguranmqasurdnett, oxteﬂep.corrput er program
havi ng code or instructions for determning mrror and/or chuck flatness,
the code or instructions being configured to: cause relative novenent

bet weeny¢ he RHQ&%B@%@cﬁﬂﬂe@h?chﬁMQB'ﬁﬁﬁéﬁﬁh@§§ﬁ%nf§Pd&B%hnEQQHeZQ&mﬁmn
plurality of the | evel sensors is novable into a position to mak

meatUr emehdeata Znfimostandpedchtleve] seheorsuerstireatent it hdnediont of 5rmmoddleght| rst
set of e renent cause rel ati ve novenent between the
substraﬁg’% %Eﬁgg?gﬁﬁYe§8ﬁ§%FW§P%g?GF@ move each of the plurality of |eve
sensors to at |east one other measurement point on the substrate, thereby
to prOV|de at | east one other set of overlapping neasurenents, and determ ne
at | east7.oneAomethogeasseipignask imelgin j I§n wherasn she sysiem rfar deteapiningi#Fpasitivass and
a nmeas he | [

vert appcgehah iogRE i SR 30 SaRb L AR TS T RRab T gL Bl Rt
appes at st 60thPeh&Ideg suisdtig: dight@as leveN&nsdr spot dTBRBEHE. Of position errors; a

measure of substrate table unflatness and a neasure of |evel
18. 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
19. A method according to claim14 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.

25 20. A method according to claim14 wherein the overlapping measurements are taken at a

plurality of different wafer load angles.

21. A method according to claim14 wherein the overlapping measurements are taken at a
plurality of different Y positions.

30
22. An method according to claim14, wherein the lithographic system includes a support

configured to support a patterning device, the patterning device configured to impart the

26



sensor position/offset as determ ned using the apparatus, nethod or conputer
program of any of the preceding clains. 20 25. A nethod for determ ning at
| east one of a neasure of position error; a neasure of substrate table
unflatnﬁzﬁ Z@g a neasure of |level sensor position/offset in a |lithographic
appar at Uus 8 ] Qising usi ng sets of overlapping | evel sensor neasurenents,

each sepeant W & Pafl@nR2ISH ERFE Béctioh AN BibjektiBh Wystkint Yor@igufe@N®Oprdjeet the
substantially the same position, 25 wherein different sets conprise

measur eb@terrediradianomenty jartprgetepartipnef the swstratey
23. A computer program on a data carrier or a computer readable medium, or a computer
5  program product, the computer program having code or instructions for determining mirror
and/or chuck flatness, the code or instructions being configured to:
cause relative movement between the substrate and the 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 first set of overlapping measurements;

10 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.

15
24. 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.

20

25. 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,

25  wherein different sets comprise measurements taken at different positions.
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