; €3eDDD<d6TDY -1 Lithographi c Apparatus, Device Manufacturing Method,

Per f or mance Nmmmmmmmm m“wod, Cal i brati on Method and Conput r e
present inven to a |lithographic projection appaﬁ@@ﬂlw@mmmmn‘
conprising: - a rasigti on systemfor providing a projection

radi ation, including a pul sed radiati oh source; 5 - a support st¢Q®*ure for
supporting patterning nmeans, the patterning neans serving to pattern the
proj ecti on beam ac@@&l@gr@hioA@P@E@llﬁ,leth pufacturingMethodit e tabl e for

hol ding a sybstrate; .- a proj.ectiqgn st em f.or . pr.oj in h atterned
beam ont o ?qgﬁrﬂﬂncﬁgfﬁsﬂﬁngfﬁ?‘hgasg ff‘ﬁf’a;ﬁsﬁ‘?ﬁdfbﬁ%"'!‘ﬂa{esi’ﬁ&f&r“’ system
for controlling the energy of pul ses of said projection beam The present
invention further relates to nethods of neasuring the perfornmance of a

radi ati on source and calibrating control systens, in such |ithographic

apparatus, to device nmanufacturing t hods _usi ng such apparatus.,and to a
conmput er progr BAG Prsent HYERtieR {%eséoggﬁ%gﬁr @hl%P@g"é’HP’E Bpllagﬁﬁlc%l?“m: hods of

t he invention. ! . . ' . 4 e
broadly | nt or pb EELgehSHhmaa! b3y hikce BRRRRon Bt Gf SaRTEh HARIBIMHEET 1o
an i ncom ng ragditiopBolitegm Wi th a patterned cross-section, corresponding to
a pattern that is to be created in _a target portion of the substrate; the
term"light val SUPPOHSHUSNELIOpSURPEING RAUEMIRE WERISethe PARIAEANEANS SPNEILS ai d
pattern wll corr . parti . ] I er in a device being
cr eatesred in thegtpa{'ﬁé&%gBiﬁ?cglﬁg%gé%%g%g&gg?Q%?%ég?{&gtpggaﬁi rcuit or other

devi ce (see beh gygstratexai®f@hofingtisdbsprates er ni ng means include: A mask. The
concept of a mask is well known |n lithography, and it includes mask types
such as bi nar ya Peiecsien systers forrajscing the pawcﬁbfta@hwp adangptpastiomefithe a5
wel | as vari OlrJT?u h%grjéj mask types. Placenment of such a mask in the

radi ati on bea (Pg & gel ective transmssion (in the case of a transm ssive
mask) or. refl egtdriol bysterh fer onaslling tie dmefdyestipulses bBsuid pRfjectibs beanli at i on

i npi ngi ng on the mask, according to the pattern on the nmask. In the case of
a mabk, the suphopresent inyenuerefugiher relpsgasde matiodsof megingithe parforptanesofensur es

that the . can _be hel d.,.at..a desire Si ti . .o =2 1 NCOMm

Fadi at 1 oh LR e ed pdiephrk O SheRSCin P iUPelsBfic aop i B UelRe

desi r ed. mandfapiaHg aiERIAb Gsifg KGN apPparatis.andica €XAPMeLprofrapifd? isstdetinee i s a
mat r i xaddr essabl e surface having a viscoeeastic control l|layer and a

ref | ect | GENRULFSYSEM tg CIREK oE@pRods ofithe BIVeNtdhi nd such an apparatus is that
(for exanple) addressed areas

15
The term “patterning means” as here employed should be broadly interpreted as
referring to means that can be used to endow an incoming radiation beam with a patterned
cross-section, corresponding to a pattern that is to be created in a target portion of the
substrate; the term “light valve” can also be used in this context. Generally, the said pattern
20  will correspond to a particular functional layer in a device being created in the target
portion, such as an integrated circuit or other device (see below). Examples of such
patterning means include:
- A mask. The concept of a mask is well known in lithography, and it includes mask
types such as binary, alternating phase-shift, and attenuated phase-shift, as well as
25 various hybrid mask types. Placement of such a mask in the radiation beam causes
selective transmission (in the case of a transmissive mask) or reflection (in the
case of a reflective mask) of the radiation impinging on the mask, according to the
pattern on the mask. In the case of a mask, the support structure will generally be a

mask table, which ensures that the mask can be held at a desired position in the



of the reflective surface reflect incident light as diffracted |ight,

wher eas unaddressed areas reflect incident light as undiffracted |ight.

Usi ng an appropriate filter, the said undiffracted light can be filtered
out of the reflected beam |eaving only the diffracted |ight behind; in
this manner, the beam becones patternea 10 according to the addressing
pattern of the matri x-addressable surface. An alternative enbodi nent of a
progr amabl e nincemingtadiation heAnayand shatittcan ke aroved tplativetto gie heamyif 89 rr or s,
each of which ﬁ;fan ge individually tilted about an axis by applying a
suitabl e | ocal ¥¥88%el ectric field, or by enploying piezoelectric actuation

means. (nce ag&iﬁgo%&@fna'ﬂer rfaﬂfo? afta§. ORE Exatnfedf ﬁ&ﬁ%@e@%ﬁy&ﬂa&ﬁ@t 15

addressed mrro reflect an"incomndg radiation beamin a different
di rection to uskldehsalsls sulfavehaving ;a vistotlhsts avammoldayertahe arefldctied atfdoeam i s

patterned according.to. th dressing pattern of fhe matyiX-addressable
Mirrars, The r SeRPHIPTAGRIE Egaa SebAn ApPRTARyS w%ﬁ@rcﬁxmfeheﬁassgﬁﬁeam e

pat ter ning oot kMesBi etk MR bALh I, SRR ARILC. L T ays
Mor e i nf or mat | winddressadrareds reflécditRideat gt @s uadiffracesd light.CUsinpan gpsropeste f or
exanpl e, from%J]irt]i tgjd Stdgélﬁsgggatgggé USbSﬁggaSQéL fz,i\ﬁrl;dgq%s ;ié?)g?’(l)lg?’ and PCT
pat ent appl i cabitgFnEc\3H gy OADDLY SEIBO PYL OLP Edileq faoepupat ed
herein by reference. ;. . .0f. . [ ' r .ar t he said
Sopror L ey s R POl o2

I CID may Dbe Taceefdid) tothy adiréss 2@l oT ek mAtriRr Qi3 saphduefab&DARr ray.  An
exanpl e of such a constructi onmi%sﬂ given in United States Patent US
5,229, 872, whi disraiive sadrgdisrent efia progeAmmaRie mimer arRyempleysAIBYEX t he support
ani on ey be {iigeEER ATy REnSE B wBRiray B TR SR 00 TR €
the rest of thbpsapptyihg aBYitabid loeidedieleciredld, @R By efpRRird sidddelecicr ect itsel f
o e el ke s s ARk ks s o
principles dis u ader
context of the patternin n her eahbove.. forth. ...-3 Li.thographic
pr oj1 ction app%@é?séesd’ @1 n&%gﬁ rl’i:ll e%?éq%wc%ﬁglﬁﬁ?del,gt?(}nnbeghlelgﬁaq%ﬂf?rgﬁ(hfega%?
integrated cireuinh8dredses mirrbi; FUBH rAares the reflectE@bd«A1 RipaGerid Adcofdig
generate a ci (ral(r:)lrjﬁilt atter nﬁéor r(gm)ondi'ngﬂdtgo aa\g)bair ndi vi d%ﬁtl | ayer o;. the 1C
and this patt eFtresIngpag e COMAI X AGERSS irEeys.( Eherequiseshmatiixng one
or more dies) re%si%g%ﬁﬁ [aé‘bé?férﬁ{ehiu%gs B & tFtﬁa}ic J}S%sbex‘&‘potﬁ o ed with a
| ayer of radiation-sénsitive nmateria resi by, Th general, a single wafer
will contain asitvands deeérivedhefthbed, GieatternitigdRéand @an taipriseldat offidre
successively irradiated via the projection system, one at a tine, In
cur #ht appar RIQSAMEIANIG Y %V%-%mgfwaaomag RUBAT 4T3y 3% herg peferred
distinction cap b nIBenhe FISSIb OGOk (RIaN abY PSS LSTON 88 add)ogne type
of lithographic proj&ction apparatus, each target portion 1S 1rradiated by
exposi ng the €3)523,£93 @ndRER asdnt ?p’lic@tﬁﬁrﬁ W08/ 3839 tand W Oi98/33096,041€iclyo; such
an apparatus is g:onnon%y@rief.erl{ye %to asgﬁmfer@stepper. Ialg an alternative
appar at us - - coHABIPIPOFEFERPIER RYJCIFECIEC.s € 6#§-03 S MFOAHPEABCHNITOT 8N t ar get
port on. s 1 LrAELAL Sk FLORLEREL KEbYLSSERAL Mtaha®: FBRL r@ULGH, Under the
projection beamin a'diven reference direction e "scanning rection)
whi |25 synchr onokish Ynaybefixed 9r ildasle bsieqaired.t abl e parallel or anti-parallel
to this direction; since, 15 in general, the projection systemw|| have a
magni fi cat i on 4 &eagsemmablgddy amray; An expmpiaef sygle a gonstiyctigis giventie Usitedt r at e

Scanncd. nor o TRFRFAERt o S0k 7P s PBebbRls Mt b tebRfer R bR 1 °

descri bed can thes@peanadctutein thix a8l Bay be @ibddfedasiianidr tableCor por at ed
herein by reference. 20 In a manufacturing process using a |ithographic
proj ecti on appaemples whichgaay ke fixqdeorgnovahlezasgemsitedi s i maged onto a substrate
that,.is at |east rtial covered.by a |layer of radiation-sensit.ive

e o PGt S bRty pear of gt Pl hortin iStebis, S EERTy SiiiEer oo
various ; : 7] LIS hoSRILS : ake. After
exposuré%ﬁgggj@ﬁ gltu gﬂﬁa @éé@lﬂﬁ?a%sgc Z%Blté’oh ot h%}r’ “%r%ggréﬁ?‘z’gm lgéljch as a
post - ex pdisaussedhinakech(iRER)ces 2houde bebeep e tie, breadencohté lof therphtterning means

measur enent /i nspection of the inmaged features. This array of procedures is
used as 2 heeapaversst st ern an i ndividual layer of a device, e.g. an IC
Such a patterned | ayer may then undergo various processes such as etching,
ion-inplantation (doping), netallization, oxidation, cheno-mechanical
polishing, etc., all intended to finish off an individual layer. If several
| ayers are required, then the whole procedure, or a variant 30 thereof,
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(and/or two or nore mask tables).In such "nmultiple stage" devices the
additional tables may be used in parallel, or preparatory steps nay be
carried out on one or nore tables while one or nore other tables are being
used for exposures. Dual stage |ithographic apparatus are described, for
exanple, in US 5,969,441 and WO 98/ 40781, incorporated 15 herein by
reference. Sonme current |ithographic apparatus use excinmer |asers as the
source for thelLithggraphieprogagtian apparatThemicbed e for aramghu lis St raarthfacturarofje

nunber of puls (calhﬁs ot or urst% js used to nake up.a single
exposur ellt %ﬁaée‘g%‘é"@é eﬁéﬂc 3SR PRILGPIDE ANGaRS HHYSQ%%‘GP«?"FE“P TBum of
the e”er%e‘éﬁéﬂd{%&)dad l%%imkﬂg 3 iRad Qﬂ{r 1§ ath Wlnﬁgeﬂ? %rlhf l'ed by
nonitoring t eac ul'se and alter e ener sequent
pul se t op&reibR €4B. atomﬁrtstngamy ofl gvratiiedyor & Qubsirhre (smmmazifeguhaeraebeangy Such
control may be effected by varying the voltage applied to excite the |asing
nedi um | gPatadewitly 3 dayek af fadiptionjsensitvsraaterdl (resishelnegenam!, arsingle water walli on
vorLa0e Qb At ARt oL RANEToct RIS e 3¢ ElhLRIEN Plyabiaf A el 201

at t enuat or° 6 &t |one era I"on ’sys

| i t hogr aplijeetiaR Bysteth Usne al B itisned B u@Raagpagatss) efner Tynrgqsattaﬂmtga@emueueon a
performance but to meet demands for inproved p or mance of

| ithogr amht;letaht@padutlaetlmtcanéerm@debswnttuocitffnwnﬂtyneaef ashinedntoing kypsr
specrfrc eve en th ul.ses pe sure s

Fbduc no HECGHREY PR ebP el doeh oo BarREns MR PRy Sinbond A EEE
PrespNt AL FARER 6o IRV 1aERE p&fitn b d; s6TH @pa&qmyb&hm%glmfé@rcd% ntrol.

In particular, step changes in operating paraneters, e.g. wien the laser is
turned oss awafehetebpsyi InAnraifeniativnapparaties e oomandy fefgredfto@s peteprand-soan when

th h I tit t t at | t It i
| arge. t - Siberasi e e roRioThE nrdif P broatlss Y A g AR Plterha i |
t he doseygiRl tnegirEfdctidn BeaRinAdifen RF@énce NG CHGT kRO scannimy" Airebidn) afilet he

| aser nust take account of such transients and other conpl ex behaviors of
t he | asesynchrepously mnnmgahen@bets%etableypawfqbbe&ntepﬁtaﬂdlto his digeation; Kage, part  of

t he nt r ol entls ch nnde the tra fer f bet ween
the 1 grinspeiharaiecia’ pitrn i hed A Bagiiordh AR Bt S ner oy
Ep. 5 Fi §Red ¥nitRehi¢h@eRabsuiaRi 18618 idcaht WASRS a fabiak Mtimey Bae R wiicH e 1 cul t
and it is particularly difficult to take account of tinme varying effects,
e.g. gasmagfi tableiinsaanacd. Mare infanatipn vareregendio dithsigraphiredaviaes agheie cont r ol

ner oy paperiian Bl ol ot EnIREE Wb brRb el ng

exposur egfadsteso the tine taken for themreduces nmachi ne throughput It has
10 been proposed in WO 99/08156 to tune the control paranmeters during an
expoXure by adletraﬁgaralfscrtmmg prosass pging 8 dithqgraphic y@r@eoenmagatusetpaﬁetnnt

out pot - v PR b [afeSablelt Pl AT el Pl @t MelefiPBance mst

be kept M@faﬁoﬁisatstnvefhereﬁimee;st)tPﬁ@%mma]ﬁa@gigg bepBhe muaexr@@swdeﬁgo to
gather the necessary information in order to calibrate the pul se 15

ener gy/ hyagieug pcha@eeg abeh asinipgreEst c‘@atmg)arat a gt bigkie] ABer exppayreddie t o

her ei naf t er ratio ] sent
et B plal Baalbiefed fb ARG T urcs! clch o8 8 pBSELL ARPRBTS N

dosesconddvelopmeht, laihaﬁi bake ah@ meastir@hiéntGhspebior SMBA Irhaed foatie VI a®t dfod  of
measuring the perfornance of a pulsed radiation source in a |ithographic

appar at ugrocailirasas hsedsis @fbagiake pattgrn mgmtlhedttab tayeodf sdeyiesne.gf arskKi.$uchdi at i on
sour ce, eveneglirlnﬁ\;l osu%es The first and ot her. .obj.ects gye .achi eved
accor di ifUEeLARer i fgndip F‘i%oé(af‘P‘tseraf%?B‘fﬁ S&‘“‘bf‘%?%‘&‘f‘%dﬂ“ APPEPIAGE a5
speci fi e@o n%lﬁ ;%tgﬁﬂtroﬂgoﬂamﬁr &Rlho- ﬁllaarta%%a%umﬂrg etc2§11tlﬁeﬁde%%%nmnt rol
system conprises a closed-1oop controller of mnimimorder. By using a
cl osed- Iatff)pm onalinti dl llayrer df seweral lapiers aredreqyirdd; eheprtas wholeipneceduieoar pvaniantes a
dea co tr | e iscrete tinme system (j.e, criticaII da system
3000 yeiep. il e locketFReaddnr Faeh SRR BN ohy b 4t &5 ot dbiceh M
|nventor I pulsed
Fadi at i rr@%?}t?fi*é% SO (R SRR A R Lk B ttﬁé%f*%g“‘
sour ce ca¢chrfiquensuciehedicing on siwing whende thenindisiduapdefiess2ah e mouatetionst or der
time del ay ich equals z-1 in the z-domain where z is a conplex variable.
St r uct urcarrietyenaieaed tox pinh etos Buithes infermagion isgarding syelk Beocesses eandet r ansi ent
effects. The control systemcan therefore be inplenented as a sinple
integrator, e.g. a backward Eul er discrete -6 tinme approximtion Tz/(z-1

) where T denotes the duration of each discrete tine interval, and
approprrate control paraneters adjusted to effect dead beat control or a

o o e N T 1 L 1. .




25 - a radiation systemfor providing a projection beam of radiation,

I ncl udi ng said pul sed radi ati on source; - a support structure for
supporting patterning nmeans, the patterning nmeans serving to pattern the
proj ecti on beam according to a desired ‘gatter n, - a substrate table for

hol ding a substrate; 30 - a projection-®ystemfor projecting the patterned
beam onto a target portion of the substrate, the nethod conprising the

st eps of obtmbwdyfor eyampler frampheibedk INicodchiphabeicatiany & Rrattéca Gutdertadi at i on,
the values of at |east . .0f .. .t.he se ener a tral .i nput

bopl | o Semisadicit Bpessingdy Thisl BHAn B el 46 gath Motiren e TEabhimine bal ues a
pl ural it yof I 7 Gt : ' age (MA) error between
t he measﬁ:roé’dw%Z’IIggﬁaﬁg7?6{/g$(g§’tm\ga Sfebfteeclln r‘gﬁ‘r%selgﬁlg“%andard devi ati on ( MSD)
of the error b&bihersakdief simpheitye theyabjeetiansysent maykdremafterdse refendedtedyy sai d

cal cul ated val ues indicate the performance of the radiation source and/or
sai d i t HisgRenshi howsves, dais tesm shepldrbsthieadlyrptepretedias gneaimpassiag varesdyRresgui sh

bet ween . at. Y ' t] I C ts
pased ono ROIRHPY r54ahenEuh iR 1eaR AR SRR, FORAEN o anfl ShBloBRR FHb R " cge
of st abi lfortekamplt. The sRliMMundysememipPilco FicRidk @omboreats dﬁ%fdtiﬁgia@ét&din té gy 10
Movi ng Average val ues and | arge magni tudes in the Moving Standard Devi ati on

val ues i aiithsse designy typest fov dirsctingsthaping o eontrallingihe peajection beem| of sadistign, dat a

froma test run, peak val ue f the indicators my,be use S _perf orjmance
reasur s o pePrrerRRcu e Ete e gt G R APk e S b Bt o1
the e@nt Fatth&etheRRhraptic Yppayitidmabebei @?E YaviBg BeS baibie ubstrfOmBREat i ve
pur poses, the perfornance indicators are 15 normalized. A third aspect of

t he pr esénd/dariweer msie mask tables). dib snch “gewliple lstage’ peaviass therasditiond] @blesrs t o

0 ov 9, R o bSO e ARSI o QSRR Lon

t he met hehile @A b FioRdothbietables B% Heing ¥ed FR s PssuR@. DHA shgke fiaidpadie of said
radi ati on source and said control system according to the nethod descri bed

above; adpprathagrealesdringd foopxample.dndied.969.44hanil WEh$/407NHy sncemoraterd
15  herein by reference.

Some current lithographic apparatus use excimer lasers as the source for the
exposure radiation. These lasers are pulsed and a large number of pulses (called a shot or
burst) is used to make up a single exposure. The dose delivered to the substrate in an
exposure is the sum of the energy delivered in each pulse so that the dose may be

20  controlled by monitoring the energy of each pulse and altering the energy of a subsequent
pulse to compensate for any deviation from the nominal pulse energy. Such control may be
effected by varying the voltage applied to excite the lasing medium in the laser cavity, also
referred to hereinafter as excitation voltage or high voltage HV. Another means for such
control is a variable attenuator positioned in the beam path in the radiation system of the

25  lithographic apparatus. This approach has so far provided adequate performance but to
meet demands for improved performance of the lithographic apparatus it is necessary to
control the dose to tighter specifications, even when the number of pulses per exposure is
reduced, reducing the opportunity to correct dose errors.

Excimer lasers used at present are complex devices and exhibit complex behavior

30  under control. In particular, step changes in operating parameters, e.g. when the laser is
turned on at the beginning of an exposure or series of exposures or when there is a change
in pulse repetition rate or excitation voltage, result in large transient oscillations of the

pulse energy. To avoid variations in the dose delivered at substrate level, the control



repeating said steps of measuring and adjusting to reduce at |east one of
sai d cal cul ated novi ng average and novi ng standard devi ati on val ues. 25
This method i s advant ageously applied using perfornmance indicators neasured
during actual exposure processes and thereby provides an on-the-fly
calibration of the control system capaBte of taking account of source
agei ng and ot her phenonena that nay take effect in a shorter tinescale than
of f | i nesysédnh farahe lases naushtake acenunt efdsuoly transi¢nte andaethercdopmplexcbahadionyoft o a
further gspect of .the invention there is provided 30 et hod of

ol | br at TIRJEAer CERHT I AMEEEIGD CAMBleSoipLabar dh RERAT 8t PR caiok nogr aphi c
appar al ugy RIS LA whiGARbAAS tRAFER: mnkﬁo@?au@éme'h@@ﬁa&ges eBlo Of
first order erefy at least one paraneter of the conttol system associ ated
W t h t hetlredalieatavity and thiccautpet patheestrggd Epl n general, a plurality of
paraneters assgciated with said radiation source can_%e adj ust ed, _g_ but
the ptesent inV@AtYHRE tedaramedys of diedaencontioh systeam icdiffigyitandplgst he specific
transfer b OR: i vl i ] vity and
the. put sBRREaP BrEhEERAL AR R Vorir BRRL 20 b8 At 1BETl”

pul se- enedvity! Onghnathdd afened@hihgahscantrobparamytendis 0 inaké tesviine bisiag @ nmeasur ed
in the HV-Ep calibration. Said nethod of HV-Ep calibration 5 relies on the
first or8paciiciraerense arpfie s thegnergyepes pulse d1oweven i mepBiieiapnts canpet bo|

desi gn of _m pi pum order . t h iJie refer e o de +Rn_thi
foxt °to- Pt bR es pit o REEMIBER b BebTe BB FRoRRY RO Bl ™ °
manuf@ct Yedh [2bpdsed in WO 991081 36 tdquisdBt cohtkd] paranidedrs @k dhedposuie byan
appar at us has na;lidot her possi bl e applications. For exanple, it may be

enpl oyedadding a smplé distusbange taithe pulse ienergy seftpointoigmperarily suspending enittwdnce and

9 . e domal : L aut o - i epl
pancl s, bt e e afBics FTBe RlsaGu SO BReR. TREGer o alr-SNR AR Spprect ate
that, i nrdgnRerments,ané disfurlsaned mukdt I kept Vot smianl MhadeF8 5, taltd’a lopetipk, t he terms

"reticle"”, "wafer" or "die" in this text should be considered as being
r epl acedmapy eXROSHISH.40 Gather the neeaspasy Infermnation i grier tosgalibrage thepulieget

portjon", r ectively. .15.1 he_present ..4oc t.,. the.terns s radiation”
bna L eatner PRy ol feeluaim dbs Juted SaRpaRG G R bREREEE: peF Y Epon,

i ncl udi ngalibriticavi ol et radi ation (e.g. with a wavel ength of 248, 193, |57 or
126 nm and EUV (extrene ultra-violet radiation, e.g. having a wavel ength
in the range 5-20 nm 20 Enbodi nents of the invention wll now be

descri bed, by way of exanple only, with reference to the acconpanyi ng
schematic drawings in which: Figure 1 depicts a |ithographic projection

appar at us accon e digotjert af fhielpsésepriboelitionnd pefvideelithoy@phic@ppardtas cagiblee 2
depicts the radiation source and certain other conponents of the apparatus
of FGur ef morepacgrates dosgiepiiol.sltis & Bitherpbiestof the inyentiondo preyidg meodoel ce of

t he app . Fi - i i . f roliler to be
added tg{nt%%ﬁggfr[\]%er c??ws-@%%gr%lfg% ld!fgd ﬁ‘?“gﬁﬁé‘%@ﬁm ilégﬁgj%p%\g%‘{ %pgﬁg} Scaglgt r ol

syst em f plethol€of @ibaiting theSuntroEsydfentofsaiinadiation e6tires; RiveHurinpe Xpoviasd.i on;

Figure 6 depicts a control systemof a third enbodi ment of the invention;
and g Fi guFlesfirst angl otherapbgectfrap pehienedmaeqrdingito therinuergiontisfnance neasur es
of the lithographic projection apparatus as specified in the opening paragraph, characterized in

25  that said control system comprises a closed-loop controller of minimum order.

By using a closed-loop controller of minimum order, the present invention
provides a dead beat controlled discrete time system (i.e. a critically damped system with
no over-run or oscillation in changing from state to state). The inventor has determined that
despite the apparent complexity of the pulsed radiation sources and their behavior, the

30  structural dynamics of the source can be modeled by a first order model, preferably by a
first order time delay which equals z”' in the z-domain where z is a complex variable.
Structural dynamics of the source do not include parasitic and transient effects. The control

system can therefore be implemented as a simple integrator, e.g. a backward Euler discrete



I nvention. 1n the Figures, corresponding reference synbols indicate
correspondi ng parts. S Enbodinent 1 Figure 1 schematically depicts a

| i t hographi c projection apparatus 1 according to a particul ar enbodi nent of
the invention. The apparatus conprises: a radiation systemEx, IL,, for
suppl yi ng a projection beam PB of radidtion (e.g. 10 DUV radiation), which
in this particular case also conprises a radiation source LA, a first

obj ect t &mecappraxdimatienlez-irwpere i dradtesithendusatiansdf each diserefesimdintatvalg a nask
R (e.g. a reticle), and.connected.to fir sitionin ang for accurately
ot on G SPTREP TS £SRol AR TS pehed fdSHoel deud vedthontio L wideser abi o

(subst rataﬁ%l\%ﬂ%ﬁi)on\fﬁer%ﬁﬂ ARG, e By HSSas ﬁff@nﬁﬂwﬂ{ t fHRvafidify glogaﬁjd ng a
substrate (e.g, aresist-coated silicon wafer), an& connect’ed to second
posi t i onffing ondeamsodebis independdne bfthe palst irepetition tdie afsolreferrad e Miréihafteespect to

item PL; a projection system ("l ens") PL (e.g. a refractive |ens systen)
for iragPHeplyas therepptitior datpoit tvhigh e seuree 1sepprratedohhis allowa repstitipiorate on C

e.g. compLi.si ) L: e nat e As her.e depicted,
{ e apparichadi SifiePbedBl BllRE hndbaholth 3OS DR3hGateq CoRuidils BER)

However, duritigeofsa discretd timBytep|TSeanlte ddditted inethe Badkivweed BMRE approXinRisnApl € (e. g.
with a reflective mask). Alternatively, the apparatus nay enpl oy anot her

kind of psultigip AgonERlfystembH 188 sumpaty 4z pitker thancan injegepjoroThis haype as

referred;to . 3 - Q....an_exci ner._ | aser roduces a, beam of
radi ati oﬁﬁ.e aflg?@x eetggn{’]?nsdsegé{#gﬁ‘lﬁﬂ% gepgtﬁul ’iagemg ﬁg?slt% CSE}E_]&%P(‘%“M G r‘f‘is?‘fg'?)or)
1L, &bt heffedlide/Tbday coritralf provide@wiang chirett BN-EY calhdiibn BAY te8n BRABS ousSUCh as a
beam expander Ex. The illum nator IL may conprise adjusting neans AM for

setting ¥dowgh parasineiefbects suebras resdhatice Segeancies obthedadey areafoe speeifically as

outer an -ianer, respective of .the intensity distpibution in the
oo T HShi e B orbEd PStaner bak e vafaet BV Rt ouR AL Uit s ted " such
as an i nigakedgainst e AitTOTHRBSA add Afinst icdrfcB HWREp chiati@AM PB
I mpi ngi ng on the mask has a desired uniformty and intensity distribution

in its cross-sédeedforward lopp ganibghpronisied to piiedistively apueat trapsieptreffedtst Aat t he

sour LA nm e within the,housin f .fh i t hoar aphi ¢ _prQjectj.o

appaf%t ué‘es(l ‘%{}s/ofibasre\é\%tftleoﬁ1 rpat?én%%’s? 8 %gﬂlﬁfﬂgr ﬁghkggsﬁaﬁ?mﬁ ifgécgs Wié‘fgur y | anp,
for exanmdild bdedrrdcted car b Bikedbs @ mhifinh@iBider ioaél. Fhexaliph tHeAbdthing
projection apparatus, the radiation beam which it produces being | ed into

t he appargehanigefoy feag-fonwendecomieetian staigurallyl eanplpysesetd fingt erider éme Yelay hi s
LT SGEBE Bk b IS B LS EHREER R Bl
The control system may deviate from perfect dead beat control because of so-called

20  parasitic effects (parasitic dynamics) or to provide robustness, i.e. control design that
provides a reliable system even when some system properties vary or are unknown.

The second object of the invention is met by a method of measuring the
performance of a pulsed radiation source and/or a lithographic projection apparatus, the
lithographic projection apparatus comprising:

25 - a radiation system for providing a projection beam of radiation, including said
pulsed radiation source;
- a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern;
- a substrate table for holding a substrate;
30 - a projection system for projecting the patterned beam onto a target portion of the
substrate,
the method comprising the steps of:

measuring, for a plurality of consecutive pulses of radiation, the values of at least



The beam PB subsequently intercepts the mask R, which is held on a mask
table MI. Having traversed the mask R, the beam PB passes through the | ens
PL, which focuses the beam PB onto a target portion C of the substrate W
Wth the aid of the second positioning neans (and interferonetric neasuring
means 1F), the substrate table WI can be 10 noved accurately, e.g. so as to
position different target portions Cin the path of the beamPB. Simlarly,
t he firstonpokithé pAsmenengyaansl accntrbinpetepptied tcthe radiasion sposet amgin t he mask R

with respect to the path of the beam PB, e.qg, after nechanical -retrieval of
the ek’ R fr ofrlst HBR NPT e e g Al vl GEACPaN oned erent - of
the obje : 1 i ] i =St roke
nodul e (glﬁ)ol},tr"zé;é‘%ga it onier%rlbgtn @g[}gﬁglﬁaﬁﬁ%{i \ngLdg agilg%r%%ggtl \%ﬁ?e??dﬁgdr}goahé
posi ti onispgdardusviatiom(MSDYof the pirocbétivgeitheimdagated valuk gtid @ tdrgethaineyer, in
the case of a wafer stepper (as opposed to a step-and-scan apparatus) the
mask $able MT Nﬁ&?r‘ibbl??f*ldt?élcél?ﬁﬁ‘i‘é@i‘@él indicate e perfogpansg of therradietien squrcenay be
fixed. Ma a te. | i gned using nmask alignnment marks ML,
BEor L ReRRhlsSist ibpding

M2 and sﬁ 2. The depicted apparatus can be used
in two differermhismensd is2Blelto distinghieR be@éen apieatiBelat, akhberh\Fasdifig kept
essentially stationary, and an entire mask inmage is projected in one go
(i.e. a spegntongl pagprmangn tastsdaseshapethe piak Jose detivergdeat subsirateslevelt atgl e WI i s
then shifted in the x.and/or directions _so that different .target

por 11 on ELoBaIP e & R ok SElABRRR ARG, Bty vaBHIs R TRt a1 1
the $@ne M&SRAANEragPAlLESanda%GE Riaghitdtdes dn He\WABviha SERHardDAR4tidnOAlesi S Nnot
exposed in a single "flash". I'nstead, the mask table MI is novable in a

gi ven di indicatoardlativelysenstabld coptrobsyatendi Aewell an full datgfromheteyt minypeeki on) with
a speed v,. SO at_th rojection be PB is caused.jo scan over a jrask
rmge: - cSHUET P IS nity el v Helramae SRR ThEmRERA S R v T ¢ ne
sane or GpAsHlng afld 6fmh¢M@fenavhﬂgﬁﬁelc&nfolwnpdimwwih‘ Mis the

magni fication of the lens PL (typically, M='1/4 or 1/5).1n this manner, a
30 rel atively Peafefeblyaespecia compgadvhpwposes gbe performianhe indidators ag t o
conpifnise qﬂ.rgsolution. Figure 2 illustrates certain conponents of the
radi at i off°SBUEEE LA and lithographic apparatus 1 useful to explain the
control of theadGag agifdct ¥Ehe fresént iMRnEUR BidsahSalibve ldBErBRA perfdrnaf¥posur e.

The radiation source LA conprises a laser cavity LC containing a |asing
medi um  éndicatas £q pranidets methedof qaditirabipg sheheagirol gysteayef +-pulpedowilidtian bgurbé¢ gh

vol t age po supply HVPS. On appli.cation of a triqgger T he | aser cavity
eni 1o a Ut DibogHBRin APt SRR e e P ebieR feandihod ESfurrte

phot ocel kheRtepskoBr vari ous reasons, the 5 radiation source LA may be | ocated
outside the cleanroomin which the |jthography apparatus 1 is kept and so

t he P oj ect i onmsaawmingphe perfsmangetf gaidgadinon squiesangdsaid coppral sem by beam
delivery _pi B I 0 iSe a gas purged pipe and mnors to direct
proj ecti Sgcoggla%%%eggon a%‘@b" o?)(r)l‘zer’s. In the |ithography apparatus 1, the
proj ection beapdjbRirgAYREERR paranidtdrdflsgid LOnRbl st @fid VAT, ot her opti cal
conponents of the illum nation systeml|L-O such as the adjusting nmeans AM
i ntegrator | N mepdatigrrdihsens ofmeagusing andradjysting tcedugesit least gue dfisaide of t he
mask patt rn ia toQ,en gvreo' ectgd onto the farget pO"tiOl’l of the substrate W
by the pf%f‘ééttcl & é% SHEPL™C AR eﬁes}ad’y senso '°E§a“§s'posi ti oned behind a
partpslly silvenRGnéthéd @rad%ﬁég%b@dliﬁﬁbfﬁ&dfu@fngé}ﬁrfbﬂﬁﬁicg|i1ﬁii§|éw!§$ﬁéa§|ﬁ€11 al ong
the direction of propagation of the 15 projection beamin the illum nation
syst em | Huzinglaqted Sxpesyre precessesragy thereby pyowides & on-Hhedfly eadibration of ¢hey. 1% of
the projectign beam A spqt,.sensor SS may al so be ovi.ded on the wafer
tabl & anfott gy o Ple dakiRg Regbntt sRovge RefiBe AR P& MO REIHUA POV de
measur emgfik efibctih h SBorf? eimtblcAld! fiaR SffAnaNBRH0Rs cAbePcaki@yt! | t hographi ¢
apparatus, the radiation source is set to provide pul ses of 20 a const ant
ener gy and usedlttmateylaccatdingad alfasied agpect bfthp inveatiemtherpyis peovidegisair ed by

photocell PC tq regulate the high voltage HV applied to J.aser cavity LC.
Cont 301 Bretiodeof qaiating 1 senthsysim Ak Bilbed rasiabo sowse ikp BogMeigeam
intensit : '

vari abl eXﬁ%ﬁ%rﬁWc@&?h%?&%@é&?g’ﬁ?éyegﬁpfébﬁg‘cﬁlérgo%fggl dﬁégrg% rﬁlj er of
pul ses, et lgast ofle parameteeof thedorths sgtan aswbcianddawithl drearadiatiorsoueeeio adjusteds 25
di vided by the nunber of pulses to give a target energy for each pulse. The
vari abl elragensralia Rvrality of pagameajgrs passpelatedvarhsaidedintionspigrse capbeadiested,| ar ge
intensity variations. It will be appreciated that for a scanni ng exposure
the total dose nust be correct over the width of the illumnation slit in

t he scanning direction so that the dose nust be correct within a nunber of
pul ses that depends on, anongst other things, the pulse repetition rate,

- ”~ Y a1




10 anplifier 11 has as paraneters gain and of fset val ues which are updated
via inputs 1l1a, Ilb in a manner to be described bel ow. The present inventor
has determ ned that the structural dynam cs of the |aser, excluding
parasitic and transient effects, act as a sinple first order discrete tine
system i.e. the pulse energy depends ohly on the last high voltage val ue
previously conmanded to the 15 laser, and its transfer function is given by
z -1 onl ybut Heepréseadipsenidnshsslests 8 simple methpdtof nalitating the epesifae wansferni ni num

order enoblig dend NERl ROnIoluLh 08 SEISBILSIet, Pl SO
dead beattﬁgl%} Ffcti BRI lpgax‘i’feheﬁthgggufdé-'eﬂ&fg%ﬂf;glh'-r\%‘l’ﬂg??gﬁ{%ﬁ@g@cogxﬂﬁrm?{ﬁ Ing

St andar d viation perfornance ures o ne or HV- Ep
cal i br at ioffsets oihéulese arasieatrin the HiV2Epkelitratiorl Sariddethod of HY-Ep ealiteatidrack | oop

described above, the control system| O has a feed forward correction
Epcor ? ddekssianibe fisy ofdes timerdsiay modehsf the sapres in qmahipaion witlecontedh desighar d

correcti I:S: r ed in ternms of pulse energy and added prior to
anplifi e(r%?ﬂﬁl ﬁpﬁ 8§0ﬁegti vely, the feed forward correction can be cal cul ated

in terns of a higlugbkperific Rferee nebiteqadeid tias e totht @ke Nk appeatud 1. 1 n a
sinple inplenentation, the feed forward correction may represent a first
order estaceritingrio gte innentioniin the manugecturs of Hos itrshowld bespplidtly upderpfeod thaer

such & siHgt B PRI SR PR RNt GubRABbe el BB RLe B PebHBIEE -
the for stin Bl HATfAQUR oFliReRthed DYtiéR syRemiBaldana dMdarestibn phth@nd forum nation
systemlIL. The feed forward correction 30 "as i ntroduced above may al so

correct froggnetiadenantmesnériast Bquid-csnistal display perels, Hindilm magneticlhnadsmetchat t he
transi ent..behavi.or.. of current. iation squrces varies..e. w Lh time

and or wiTEH SR arisan vt RSl e R e SR RE Sush SR Foealirso AP our ce.
Anot her  @RBOFINERGINsOtetiche, WuremMior Odic" HERisGEREhbild bk @bfiddded hfbéing eed
forward controller that -13 automatically | earns the transi ent behavi or

t hat shouerRlageddyyithe mees genpeal tepms Emagld’, Fybstrate’ apdr' asges partion!, reppestiyelysever al

control nethod Xi st ch_as. repetitive, . adaptiye, Jjterative, and

| ear ﬁi?ng, ~whi cﬁn ﬁg rgﬁeg(?)é’chplﬁ]nh(t) PR irgcﬁlgflorf:oq%dt ﬁ??ﬂ c%rﬁturs%(# Yoeei'nc?w_gaisheor y
of Iter atall\typés%ilélébﬁ&nﬁf%ﬂ&ié eddiatfonBRRdaPhIaABleErddRition (b.@SRIth aeXplicitly
using the repetition rate 5 independent m ni mum order nodel and control
desi gn. Taveldgthred 348, 1983, U] oyl 26tim) andddyY (pxremeanltregipletordistioniersg. gn

beconmes |l ess enpirjcal .but base n_earlier used and known control nethods.
The | ear rﬁ‘i“‘ﬁl&gé{%lﬁief‘gﬁfh‘f‘ih%réag%?’?ﬁ“Phe pul se energy error vector [Eperr,n],
whi ch contains a time series of Ep~~. _ (Epre~-Epm of at |least a part of a

conplete burst, where b 10 indicates the burst nunber and [x] is a notation
for 80vector x. On the basis of this error vector a correction term/[fb+i]

15, L% 1 andsSh PP of FH) pA6 SRR LG SRR ByPcat
with reference to the accompanying schematic drawings in which:
Figure 1 depicts a lithographic projection apparatus according to a first
embodiment of the invention;
25 Figure 2 depicts the radiation source and certain other components of the
apparatus of Figure 1;
Figure 3 depicts a control system for the radiation source of the apparatus of
Figure 1;
Figure 4 depicts a feed forward controller to be added to the control system of
30 Figure 3;
Figure 5 depicts a control system for the radiation source of a second embodiment
of the invention;

Figure 6 depicts a control system of a third embodiment of the invention; and



wherein Qz) is a discrete tinme filter, p, is alearning factor, 7~ is a
forgetting factor, and QQz) * [x] indicates that vector [x] is filtered
with discrete tinme filter Qz). At a next burst this nmenorized correction
termis used as a feed forward correction term and injected in the control
| oop via prediction filter B(z). if no-%now edge on initial transient
conpensation is 20 available at a first burst (i.e. b=1) then the nenory
can be defi ned Fagures? o 18 are grgphbdé¢rhonstrating thetperfombance menjyreswii thé

effectively neans no transient conpensation during this first burst. Notice
t hat the"P‘\éHBP‘Pr of vector [Eperr,n] can be equal to the nunmber of pulses in
a burst. To re : r e ] : (SRR ut ati onal
power of the cgfﬂnp&%t%gélg§’sct6 Igr%]ébg)?fi : ir%”ﬁfe? ﬁée I"'ear nllnﬁgaal gor%/qoﬁl%mﬁ?gﬁg

i npl enented, preferably a maximumis inposed 25 to the | ength of vector

[ Eperr,b]. When a burst contains nore pulses than this maxi rum then the

| ast $ sanples of correction term[fb] are linearly forced to zero. This

mechani sg ﬂr @vents1 the injection of a step-wi se disturbance in the

controll t the end of vector [fb], which would negatively inpact
the (dose) per f@si¥enGenehaticsy ddpidiog ligilatphrRaeaidiSapphiang PaRCbidinY @la
enbodi nment , thfg%naxi mum | eng'fyh (I))f vect or ?Ep?ﬁ?ﬁl, b] hzfg been 30 \% ed

bet ween Pertignkir e@mbodimens efsthe inygntions dibg@pparaios eordpri®s. The per f or mance of

the |l earning al gor.ithm.i t wery sensitive .for thes anet.er as |l ong
s the. mix] mumArHgesD Pyt db- ks T « Hoiection raRRd REATRRE fus
behaypor miiviifatidfi which i GRUSREeul TVasEMES Esthprises & FadinFone¥Brce LATEXI NUM

| ength of 300 with'r equal to 50 seens to be ‘a safe -14 choi ce. Learning

and forgetti ngaffasttaijest (able (arask able) ddP @ravides! with a masb boldenfed haldingsnveni ent .
Forgettin cfor 7~.can be chosen smaller.than uni to account .for

Changi ng ik Rokerd a£etsior s carnemc o raep b ighliedniis o cCuRihopBitianite
activel y yhOnhaat wih Papect @ itdAPLL r ansi ent behavior 5 (that shoul d

predictively corrected for) that has becone irrelevant. Learning factor p,
is a wei ght faatsesondfobjestitablef(substratedable)oWilaprovided withEpabstrdsd haderfared t o

t he i Sti i nformati in [fb]. choosi ~ Smaller than unity, the

| ear ? ng Qrd%&?f%ﬂq% evgqﬁﬁta ‘%@3'?03%3\}]?‘7%9 %#g%’r%lg(‘foﬂlé%(ge%t&sg‘ép resent in
the err 0rpo§ti9ﬂﬂ% n_[é%ﬁ@fbrl%]:ounhél?r positibhimg hdeibshas dimhbgiebbiodtenPPEr | €arni ng
speed. Note that in standard LC applications, the I earning 10 al gorithm
(or the updat e apmjedtionssysioint(Clees)’) BLi(exgharefeactve lentsystem)dor meagingan of t he
repetiti veﬂgi st ur ancg i S Igﬂ{ netd. tThi S Olgﬁ ng:t sui table for radi atdi OS‘I

sour ce t MEAERER POLIOROL HISAPISE R OHL A AECL RATHGT Elf-EnIARA EPE ORfr 9TdROtE dIFS) oy er
ti me and/i@fheWubéirate Whange i n operational paraneters. This latter aspect has

nmotivated the introduction of tuning paraneters |ike |earning and
for ge@t i My Hezecdapiated, ithe apppratusiis of aransmissiyeaype (eof. basa trhpsissive wask).

|l ef, 1 | ~.=0..8S. ,=0.5 d. R
FTter choweRt RSt i daliE be of 7 ol B0MRP B g BiF (i i DRSS o 1
dynani cs ridiR}. AlRWaBCIP! S Bpfaratis il empibiyadnbdier KAl 0E PattdPRini IMdang sblgad i | ter

Q'z) normalized to the Nyquist frequency, makes the |earning feed forward
corr ect i @rprogramodbleapietor iraynofr atype asweégreddedbovespeci al attention is paid to

t he phase behayior of bustness .20 filter z).. As ase .l ntroduced. by
such'a 111 Cer e sedrolRcti: PEERe PRl Bioglbl tsPm A B pE o aFbem
zer 029phasgy fntd 4EMlufEnon dystérh ((antiRAér) B ithe! diRRAY o RSN BIRAMVEFsed S
applied. The application of such techniques is possible due to the fact
t hat t he comditioning means, suchtag arbepmigxpindes Eg allaauilllumenntes Hithay eorhprisst pause. In
a particul ar  enbodi t, the robustness filter.QQz) is a second. order |ow
Dabe 111 AARSRE Hesms L 1or sebimeain Bhiey g o Fdipteens LoFBBS IS HSS ¢ a6,
Wth suc filt ¥ kOl gtk fi b tem i 2l such
that tho % Bt il o-inRlReclOby) SHEE SRyl Bimddoh iR Wha LEARRE
modi i ed wilt gbhedalbeontprise vatidis other compseneitg BudhuatenrinepenedN(dnda. conliérsei | vel y
fourth order filtering). Special attention js also paid to the initial
cond?®i oS Qfn thigway, thebeansPR impipgingran the mask Briws awlesisst wifomity andt have a
negati ve. | ct,.on the.i [ i content at the start of correction

9 frgﬁ?s?ty dﬁgr?%utt{oH An ﬂ% grog@gecggn.

vector [ ere’is a 30 certain dependency between

robust ness fil {ighod¥ibE nole@Mith régarll 36 Fifure-1 tRPthefsot@e A Rey bali®in the. The
realization of prediction filter B(z) depends directly on the structural
dynami cs hotsinghef theithagiaphicpoejedtwnappanatvg (a5 isioftentheraase whomthesbugediAgis (such
that dead beat control is effectuated). According to standard 1LC design
filter B(z) is ideally designed as the -15 inverse of the process
sensitivity, which is z(z/(z-1)) for the radiation source. Since one part
of this filter is identical to the summator, it can be further sinplified

. ~7 - o - . o T




The above proposed |earning feed forward correction algorithmcan be
regarded as a real-tine nethod and does not introduce a neasurabl e negative
i npact on the performance of the (dead beat) controlled | aser system

provi ded that no transient and/or 15 parasitic effects are present.

Enbodi ment 2 A second enbodi ment of thé0invention is the same as the first
enbodi nent save in 20 the construction of the control system which is
descr i bed metwwlariipeos example)e bitdblatiemay hlse banemaote é@rraﬂhedlithngmmm system as

shown in Figure 5. This_ conirol system uses contro]ler 20 to provide a
cl osed | BHYCHORABRARIEOHE FasliatpRdeamophieh i P;SQF?“:?ES e I ot the sk by the

energy s r ating
e T L s T A
desired dessufle [Albsdr alcndrdyet. mduhenmﬁm@aah@dzﬁmsemmpass bothrof Vi ous
pul se_energies in subsequent pulses as well as an algorithmto calculate
t he eXci these ee¢nddPs- age HV that nust be applied to the laser cavity LC to

ncor por at 6.1 oatePeRiEAFegBPRPiercel (R NARR, Bt SRR oo o

in the | agprHAMS: ﬁﬁ@@se@ttﬁan@am%%emfﬁms&s tﬁog%_ h tHéQersOPIL, %cl’ﬂﬁ;@hédﬂg,
occurring 30 downstream of the energy sensor he controller 20 may al so

cont rol thecbeanrPRoht atargshpertion CwfThe TuhstretgrVablith the aidrmfshesecenth be used
when the requi.re var i tlon of. Ep is rge enou 0 use the
aser 't o PORUPRIPE MsAPRt0g Hiprte B heia PdinERep i S PEn Rt e WERSHEN 0 o
tinmejgAl %bve& hecuratlyab gesoaerstts poaki e dﬁﬁfbnb?ar%b‘i%@rtfo%s ef ihend pitﬁ bamev&hm -16
| ow frequency vari ations while the high volfage can be used to effect

rel ati velPB. Bingitarfy, Sepfémicyositioning theans catb bEnteddd aeratgly osition theembgkoR ment * of

th L. th th t nbodi t t
of Cthe. cotitBpedy ot pAllar B tet gk ek pEE BEBCaLCENal A homeRoR e | o
this systemskibfrs Bptduhl 8%8an2in g&ﬁra@ﬁﬁo@dﬁﬁﬂn@ﬁﬁ‘@lefo@k@l A81ek MIEIwansinasst e

control loops. The inner control | oop conprises |aser cavity LC, photocell
PC and i mabizedwith timd aléIOfZI.Qngl-&trOk@ nmdufec(mmrsé p@uﬂuanm;g)candtarsbbrt{strom:t put

| h . d b hot PC, | .t
Cet pB nt sl e BT TgNe} ST Bt pehexBleiy GePRGE RS Pasr FHYE o B abi e
at t enuat Qfse\Wh waftrl sePpAiak @PpGRE LS step-afli-sENLAPiraBRNER MR a1 MPPHRY

controller 22. As in’'the second enbodi nent, the control algorithmmy al so
i ncor por gustbé eauettod vma shaat sgmkmamuator,@rmmvrfmdelvradc Rchndtsubmm\é’ mAY ect s

in the | di cted and ot her 15 ef f . d 0, | gns,heat i ng,
occur i nge Aerere DK TERREapys Ve mESieiy® et gl R0p i s
also a fEEdbaC'T'héﬂélﬂcteﬁQbﬂ»a@éM]QQaﬂé &é&%%&ﬂfe%@ﬁo@@ﬁ set point ESrer

representing the average energy g r pulse required to deliver the desired
dose2@t dubst r &t sep msbéc, therm@sla@b Aidgekert eswngalbr at@tmy@m and prentirgmaske

i nner and_out.er cont " J, d r.at ed
separ at el %?rf&lp{q%“te e§8 f f 3I gg ac?ﬁrﬁﬂ’ SR ﬁl%ngdﬁefsé’ S sour ces.
Per f or mapbfe Wﬁl@lﬁ@ﬁsﬂﬁedﬂﬁ@lwx énd/bey &%Jt]@hm&ﬁt é)filffei’éi’lt e P4t peltidna0Rsn Of the

i nvention, and/ox (energy) 25 controlled radiation systens in general,
nmovi ng aberma;'mt@blyﬁn\hewg@,andard devi ati on perfor mance measures are

def i ned, t follows: VS~~, =
Soan speda’ [ e ey ssent Bl PheCping 3P PRt Bcepl Dot i Fishy
WB, ~25t Foﬁ@hﬁv\lglgnlot XpoRéd inmlﬁ%leidasw dhbebdnile m3§( taBleMT ié R1094Hle R o t ar get

portion = w dth ar get portlon (mM; RR = laser repetition
rate [ HzBiverdgecimwi (ﬂEdSOrQﬁHGCh Ctalydlrwtlon’é, &g.ithe hdgeqwnwpthmpm wlsy that
t rapezoi &wcr 0Ss-.sect at ha

ez PR Rion e PE N calfseliowfat sver.a itk s sprreptin the SpBbEe S Then
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Si m | ar | whidhh¥ isthetneagnificaportt efthe ﬂenstPrILe(tymd:zﬁ]Iy M = 1/4 0d3/5)=Irt this manner, a

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

resolution.
Figure 2 illustrates certain components of the radiation source LA and lithographic

apparatus 1 useful to explain the control of the dose delivered to the substrate during an



N =FLOOR Wr"-r . RR (3) stir-r vs~ar The operator FLOOR rounds the operand
down (towards zero) to the closest integer. The nunber of pulses in a

di e-scan Nscan is: L +WN =r~ 00R dre tliJ-i . rcan .rcarr 10 Note that
the total length of a scan is given by: L =L +1.Y~ (5) .rcan dre rkr-t The
substrate di splacenent per pulse 8 inflimj is: RR W can couple a discrete
time vector to a discrete position vector as follows: to + NJ~a~ ]; tk =to
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hasof CaRpias 1S KERTAR sa fHsdroiectoppeRmPs ilsonhaedlcing ninberiphy Plfiths

ti me- i nStRneemeliPQSipipedBD] Which ARy QRompRisS & 25 u\;tﬁ@d O endHie&s kSdirddted. This
IS consi tsb?ent vm'etlh rlit(iap defll niti?ﬁjyof gfiéa gk,p iclﬁpi S not d(safi nledtfor Ao
(see aboypeojedtiombeas)PB dtvand asy eotoegsk = NS, ;~ , is the nonent that a first

area on the target rtiqgn has 5 received a conplete dose. This neans that
roas A - A the 18RSEraplY appRraRisde frOrc S IIETE R GRETSA oEDEr of o par
of the t%ft@ﬁdaft&@%é"l‘?&hétsoéﬁlcﬁ’l% oR¥nt§ f the uriRakoN e s H28), sdtflias m?(eopen the
illTumnation field at the beginning of an exposure.” The I nstance =
Nscan- ( Nedjusting mpanssA My éntégrstor i ardtortdeader 00k te dhunesgte et mggkaR.eAndmagd t he

target portion receives a conplete dose. In other rds it js. the | ast
rmmgnt F Iﬁ’gfhednfﬁ!ﬂ paglern is then prggcte onto the target portion of‘t’ﬁe su%strate V&byt e

projection system PL. An energy sensor ES is positioned behind a partially silvered mirror
positioned as far as possible downstream along the direction of propagation of the

15 projection beam in the illumination system IL and measures the energy of a predetermined
fraction, e.g. 1%, of the projection beam. A spot sensor SS may also be provided on the
wafer table and used for off-line calibration of the device but cannot provide a
measurement of pulse energy during an exposure.

In a known lithographic apparatus, the radiation source is set to provide pulses of

20  aconstant energy and uses feedback control based on the pulse energy as measured by
photocell PC to regulate the high voltage HV applied to laser cavity LC. Control of the
dose delivered to the substrate is based on the beam intensity as measured by the energy
sensor ES and effected using the variable attenuator VAT. Each exposure is built up from
a large number of pulses, e.g. 50 or more, and the desired total dose for an exposure is

25  divided by the number of pulses to give a target energy for each pulse. The variable
attenuator is used, with predetermined settings, to effect large intensity variations. It will
be appreciated that for a scanning exposure the total dose must be correct over the width of
the illumination slit in the scanning direction so that the dose must be correct within a
number of pulses that depends on, amongst other things, the pulse repetition rate, the

30  scanning speed and the width of the illumination slit.

Figure 3 depicts the integrated control system of the first embodiment of the

invention. In this system the variable attenuator is set to a fixed degree of attenuation and

is omitted from the drawing for clarity. The control system 10 has as input a desired pulse



over the conplete slit-width is given. Frompulse NS~~; (NS;;~-,-1 )+1 the
reticle masking bl ades are gradually closing (i.e. closing the illum nation
field). The instance k = Ns~a" is the |last pulse of an exposure of a target
portion. After this noment the reticle masking blades are fully closed. A
dose D(xk) received by the resist at pddition xk on a target portion is 15
approxi mated by a summati on of pul se energies Ep(i): k D(xk)= ~Ep(t)

(k- Nf ~r t eeergy Rpraniting ds-a(pullS¢reBergy-set poiffth diyom thie sebteactaprl 458Ptxac)s tha pplse] at
position xk is giyen by: k k DE(a~' k)= ~ (Ep(i)-Epn )= ~Epe~. (i) =k
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Is divided by the reqlui red dose. This results in a normalized version of
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MAE, " (xk) as given in -19 equation (12), I1s an indicator for the relative
dose er r the rapetitipngete ipdapendance of theiradiatid soWitpe model). The above described

components form a basic feedback loop forming the main part of the control system. The
10 amplifier 11 has as parameters gain and offset values which are updated via inputs 11a, 11b
in a manner to be described below.

The present inventor has determined that the structural dynamics of the laser,
excluding parasitic and transient effects, act as a simple first order discrete time system, i.e.
the pulse energy depends only on the last high voltage value previously commanded to the

15 laser, and its transfer function is given by z"' only. The feedback loop of control system 10
is therefore of minimum order enabling dead beat control to be established by appropriate
adjustment of the gain value of amplifier 11. The gain value to achieve dead beat control
may be determined using the Moving Average and Moving Standard Deviation
performance measures or using off-line or on-line HV-Ep calibration schemes as described

20  below.

In addition to the feedback loop described above, the control system 10 has a feed-
forward correction Ep,r determined by predictor 13. As shown in Figure 3 the feed
forward correction is expressed in terms of pulse energy and added prior to amplifier 11.
Alternatively, the feed forward correction can be calculated in terms of a high voltage

25  correction and added after amplifier 11. In a simple implementation, the feed forward
correction may represent a first order estimation of the initial high voltage to be applied to
the laser cavity. An option to reduce a possible negative impact due to the use of such a
simple implementation of the feed forward correction is to ""dump' the first pulses to a
closed shutter or masking blades in the illumination system IL. The feed forward correction

30 as introduced above may also correct for transient effects, to be discussed below.

It is known that the transient behavior of current radiation sources varies e.g. with
time and/or with a change in the operational parameters of the radiation source. Another

embodiment of the invention, depicted in Figure 4, is a feed forward controller that



value of this indicator can be expressed in a percentage, for exanple 0 - 5
% In addition to a dose error, the pul se energy error may have high
frequency 5 variations during an exposure. This effect is characterized by
a Moving Standard Deviation (MsSD), which equals the standard devi ati on of
the energy pulse error relative to thelfbving Average (MA) error in [m]: k
MSDE(xk)= N 1 -1 J-k-(~[Eperr(1)-~E(xk)J2 (k=Nrd-a'..Nfrau~ .rlii-a fG-r
(13) 10 Autvoratigblly kedrngéhesransient behavior thatl Slwal dpredistivelj bdoelsecm@ifocidpend on
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resenbl ance with the actual dose error at the substrate. 25 For a

parti cul aectappesrtation termsHi.ikis laafnedest! stoneking memotyeMEXN eccardingité fler ent
settings (g ul se 61? r%}é,‘ repetition rate, etc.) are perfornmed. During the
test rund l‘f‘Wé‘gBB frergy is measured with the energy sensor ES and at
substrate level with the spot sensor SS. The Myving Average, MA, and Mvi ng
St andard Devi ation, MSD, indicators are calculated fromthe energy sensor

dat a and separ #fpall ¥ Q@zdm(MHé&]spofEmeapkpr data. This enabl es d20
determ ning the rel ati onship between MA and MSD results neasured at the
ener sensor and MA and MSD results at substrate |evel. Then, cal culating

MA and vi des
an ol | ne it KR 16 ORciRe AR TG S LaekmiN R, KL A PHEOR W10 G
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accuracy szeﬁéa&r%aomutﬁryﬁ isfused #5 3 f66¢ mar%comﬁa%m il inisetediigthees 9 and
s R R v
of t26t axjiDblead ﬂmsttﬁnrst (i.e. b=1) then the memory can be defined as zero (i.e. [fy=1] is a
vector of zeros), which effectively means no transient compensation during this first burst.
Notice that the length of vector [Eper,b] can be equal to the number of pulses in a burst. To
reduce resource claims with respect to memory and computational power of the computer
system at which the learning algorithm is implemented, preferably a maximum is imposed
25  to the length of vector [Eperr,,]. When a burst contains more pulses than this maximum,
then the last r samples of correction term [f,,] are linearly forced to zero. This mechanism
prevents the injection of a step-wise disturbance in the controlled system at the end of
vector [fy], which would negatively impact the (dose) performance of the lithographic
apparatus. In a particular embodiment, the maximum length of vector [Eper,] has been
30  varied between 50 and 1000 pulses, and r between 10 and 100. The performance of the
learning algorithm is not very sensitive for these parameters, as long as the maximum
length of vector [Eperrp] — r includes the transient behavior of the radiation source. For

current laser systems, a maximum length of 300 with r equal to 50 seems to be a safe



10 different dose settings using the spot sensor in place of a substrate.
The apparatus in question would pass the conventional test because the
total dose delivered at the mddle of the target portion is well within a
limt of 1 % for exanple. Nevertheless, the |arge pulse to pulse
variations indicate that the controll ed4system is close to the edge of
stability, though inproving during the test. This is quantified by the MA
val ues, wethioisie. aI so show 15 |l arge pulse to pul se variati ons and the MsD
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30 certain dependency between robustness filter Q(z), learning factor | and forgetting factor A.
The realization of prediction filter B(z) depends directly on the structural dynamics
of the radiation source and the minimum order control design (such that dead beat control

is effectuated). According to standard ILC design, filter B(z) is ideally designed as the



25 remain fully functional when a varying reference Eprer for the energy
per pulse is applied. Based on a control system conprising a closed-|oop
controller of first order, two different nethods to determ ne the

pul se-ener gy/ hi gh-vol tage gai n and acconpanyi ng of fset val ues (the HV-Ep
calibration) are inplenented. The two -At hods are distingui shed by the fact
that the first nmethod conprises the step of using test runs (denoted by off
i ne 30 kHweke ofshd proaess sensjtivilyj wWhichns z(z&z-<@donthe madistozh soorde\/SiHpee ot pdt at i on
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exposur e rkd)-tr el Al d¥dstnd ffodate/s RleadtPMM RAUByOfmpaet bitghe Ni mum or der
controlled system for exanple by applying prediction error techniques. To

furt her perfomnaace hbthaddeaddest) odntenlledNasepsystei, providedithatsnogransieheatdéat si gnal ,
for gﬁ]arrgl e a hjf h frg&’gency sinusoid, can be injected in the controlled
syst e sBFRSLE CHECEAFRIFERR data with additional information on the
controlled system This to be injected signal is designed such that it does
not affect dose control performance. The design of such a signal 20 is

gui ded by~t he performance neasures as defined above. Wil st specific

enbodi nent f tl’tl i nvention have been described above, it wll be

appr eci a@@%ﬁ—?" he invention nmay be practiced otherw se than as

descri bed. TheAdQe6rd dthbsinti of Me inRERTIAGS tHe@amke 4k thel kSt dritbidhbRkave in- 23
CLAIMS: 1. A lithographic projection apparatus conprising: - a radiation

syst 2 f e qonswiction@f theponfreloystem, ik iplescabiediblow; i ncl uding a pul sed
(2012 on SOUr ey scoR BHBRR e BBl A BURPSRE IR SRR,
desired gaist@nitol sysRmSusesh EHidIleABd & provide alciised 1cdpFefiatidbitrol based on
proj ection systemfor projecting the patterned beamonto a target portion
of the stisgmisgtemergyrad measured by the energy sensor ES. Controller 20 operates a control
strategy incorporating an algorithm to calculate the target energy per pulse to deliver the
25  desired dose at substrate level and to compensate for errors in previous pulse energies in
subsequent pulses as well as an algorithm to calculate the excitation voltage HV that must
be applied to the laser cavity LC to deliver a pulse of required energy. The control
algorithm may also incorporate feed-forward algorithms to compensate for disturbance
effects in the laser and predicted and other effects, e.g. due to lens heating, occurring
30 downstream of the energy sensor ES. The controller 20 may also control the variable
attenuator VAT. The variable attenuator can be used when the required amplitude

variation of Ep is large enough to cause the laser to operate outside its operational Ep range

for a sustained period of time. Also, the variable attenuator can be used to effect relatively



- a control systemfor controlling the energy of pulses of said projection
beam characterized in that said control system conprises a cl osed-| oop
controller of mninmumorder. 2. Apparatus according to claim1 wherein said
cl osed-1oop controller is of first order. 3. Apparatus according to claim1l
or 2 wherein said closed-1oop controll el6-conprises an anplifier and a first
order integrator. 4. Apparatus according to clainms 1, 2 or 3 wherein said
control dystfemuendyecrmtidesdhibetie higintolage carbeausel aseffarp pelativiehphighn t her eof .
5. Apparatus according to clains 1, 2) 3 or 4 wherein said control system

i s i ndepdFRMISRCYOfariatiplhet i tion rate of said pul sed radiation source. 6
Appar atus according to any one of the preceding clains wherein said control
system further conprises a feed forward controller for providing
corrections to conpensate for transient effects arising fromchanges in
conditions. 7. A nethod of neasuring the perfornmance of a pul sed radiation
sour c® an@mbedimentdgr aphi ¢ proj ecti on apparatus, the |ithographic

proj ection appajfat.us_c rising . . -24 -. a radiation.system.far. providing a
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serving to pattern the projection beam accor di ng to a desired pattern; 5 -
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rojecti t.he patterned beamonto a target porti of .the substrate, the
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y
a control” 1 nput applied to the radiation source; "and cal cul romt he
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the radi ation source 15 and/or said |ithographic projection apparatus. 8. A
met hod acadgoerithmg te corppenisate Tondistndhanceseffegtssin dlpe laser @andl predantédhand otbérudes t he

o8, ST O e R B P R ST Bk
control loop is also a feedback loop, following an externally provided setpoint ESes
representing the average energy per pulse required to deliver the desired dose at substrate
level. The advantage of this arrangement is that the inner and outer control loops can be
designed, tested and calibrated separately and the outer control loop can be used for

20  different sources.

Performance Measures

To measure the performance of the control loops of the invention, and/or (energy)
25  controlled radiation systems in general, moving average and moving standard deviation
performance measures are defined, as set out below, using certain parameters, as follows:

Vcan = Scan speed [mny/s];

We = effective illumination field-width [mm];

Wit = total illumination field-width [mm];
30 Lg.e = length of target portion [mm];

Wi = width of target portion {mm];

RR = laser repetition rate [Hz].

The desired intensity in the slit has an approximately trapezoidal cross-section. W is the



excinmer |laser and said control input is an excitation voltage applied to a
| asi ng medium of the |aser. 10. A nethod according to claim7, 8 or 9
wherein said step of measuring the pulse 25 energy is carried out using an
energy sensor provided in said radiation system 11. A nethod of
calibrating a control system of a pul seld-radi ati on source in a |ithographic
apparatus conprising: a radiation systemfor providing a projection beam of
radi at i onwidtinet hatfi thg phatqaulistensiyOvtiitst Waf, i, rthe oudth et tha betipma@f thestrapseedidr e f or
supporting patterning nmeans, the patterning nmeans seryving to pattern the
proj ect i ofheRehePaRberfinvdses i the gHectiveslip Rl ner 1§, (disregariing gfestsiofpulses or

hol ding a sa%%t{ %ﬁ_e; -25 - a projection systemfor projecting the
patterneoqubeam nt'o a target portion of the substrate, the nethod
conprising the steps of: suring the performance of said radiation source
and/ or said IiN@g,greaspMGD%qé Lo cRR%n apparatus according to tk@ nethod of
any one of clainms 7 to 10;\ defawisti ng at | east one paraneter of said control
system associated with said radiation source; and repeating said steps of
neasui ngSignrlidhe sumber efpulses inthedotal SihNsioris: of sai d cal cul at ed novi ng
average and novi ng standard devi ation values. 10 12. A nethod according to
claim 1l wherein at |east the steps of neasuring are carried out during
exposures of target portions of said substrate. 13. A nethod of calibrating
a control systemof a pulsed radiation source in a 15 |ithographic

appar at us accorg’i ng_hf | @Vm_2, é e nmet hod conprising: adjusti at Least
one paraneter of sisar ¢ {0l 56 tlem associ ated with said radi at’i on source.
14. A method according to\ci®dim 13 wherein said pul sed radiation source is
an 20 exoeE, ;ﬁ&qﬁl § ' rises the
gai n whi ch n(é?gt,\ st (gogrlgﬁlgsgﬁé ?ﬁ%ﬁ%@‘})@?ﬁgﬁ%ﬁé%ﬁhgﬁ%ﬁsﬂ‘g e applied to
t he | aserTleawinber afiguls¢sanpulisecaarde.gis: 15. A devi ce nmanuf acturi ng nmet hod

conprising the steps of: 25 -%Frovi ding a substrate that is at |east
partially covered b¥La | lalrer+ B, radi afi on
N =FLOOR| ———*=L.RR @)
o Vﬂ‘ﬂ}l
10  Note that the total length of a scan is given by:
L_mw = Ldn + W.rl:t—l (5)
The substrate displacement per pulse 8 in [mm] is:
|4
6 — scan . 6
R (6)
We can couple a discrete time vector to a discrete position vector as follows:
1 N k
T=[ty s —ity +—"=]; t, =ty +— k=0...N_,
15 TR TR b (k-O N 3
X=[x,:0:L_1 X, =Xy +k-0 k=0...Noa)
(7

using the notation for a vector: [start,aye : incrementy,ye : €ndyae], Where the numeric
difference between two successive elements of the vector is defined as incrementyay. In
this way, pulse number k in an exposure indicates a certain time instance ti of the exposure,

20  and a certain position Xy on the target portion. Strictly, xx combined with a certain substrate
displacement per pulse 8 and target portion-width W is coupled to a certain position area
Ax in [mmz] on the target portion:

A =W, ((x, +k-8)=(x, +(k=1)-8))=W,, -6 (k=1...N_) (8)

which has of course a constant size.



sensitive material; - providing a projection beam of radiation using a

radi ati on systemincluding a pul sed radi ati on source; - using patterning
nmeans to endow the projection beamwith a pattern in its cross30 section; -
projecting the patterned beam of radiation onto a target portion of the

| ayer of radiation-sensitive material,-18haracterized by the step of: - 26
controlling said radiation source using a closed-loop controller of mninmm
order. 16. A nefhedustare dr=e0 mcthe tastlimeimstdoatoe pesitiors pisttbefore sissdan, odpre no

controller i f first order. 5.17. A _conputer ogr.am co i Si
code rrearPé‘lleﬁ%lgfedV\jqéﬁ ‘%%’éﬁfeé‘ﬂwé}ﬁ the def ‘g‘Pfe%V&‘bgﬁhé IngP qﬁéfﬁ%ggoPAS aram

|t hogr apfeC, '[g.ﬁ.l?l' apparatus, instructs said conputer systemto
perform!t[elg}a'lee sbte{e,%g 0 !Ia?ﬂe nmet hod of any one of clainms 7 to 14.
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. shi—e """ scan
i=k—(N;m—.—1) =k—(N

)

.rﬂl-:_])
(10)
20 This Dg(xy) is closely related to a Moving Average (MA) of the energy error per pulse in a
slit:

1 £ , 1
MA ()= DB ()=

sht—e 1=E(N ,1,,_,'1) shi—e

-D_(x,) (1)

In order to find a normalized indicator for the dose error, Dg(Xy) is divided by the required

dose. This results in a normalized version of the above MAg(xy):

1 & .
25 Exn (xk) = £ ) 2 E_Pm(l) (,é = N.flxt—e o Nmn) (12)
Y Bp @) N
=k-(N 1)

sht~e

where Epr(i) and Epe(i) indicate reference energy per pulse and energy error per pulse for

point i. This normalized Moving Average of energy errors per pulse MAg,(Xx) as given in
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Fork =[1 ... (Nge-1)], as no area on the target portion has received a full dose
until now, it is defined that the MA and MSD figures are equal to zero: MAE ,(x).= 0.and
MSDgn(xi) = 0.

As mentioned at the beginning of this section, the intensity in the slit has an

20 approximately trapezoidal cross-section. Such a trapezoidal shape, or any other shape, can
be incorporated in the performance indicators of e.g. equations (12) and (14) by summation
over the total number of pulses in the slit Ny, and applying an appropriate weight factor to
each pulse. Calculating MAE (xi) with the above refinement will result in a performance
indicator that has an even closer resemblance with the actual dose error at the substrate.

25 For a particular apparatus, a series of test runs with the laser at different settings
(pulse energy, repetition rate, etc.) are performed. During the test runs, the pulse energy is
measured with the energy sensor ES and at substrate level with the spot sensor SS. The
Moving Average, MA, and Moving Standard Deviation, MSD, indicators are calculated

from the energy sensor data and separately from the spot sensor data. This enables
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test of dose accuracy and repeatability of a lithographic apparatus whilst Figures 9 and 10
show the MA and MSD values, calculated as described above, with Epyer = 2.35
(mJ/Pulse)/cm? and Ny = 50. The test involves performing a series of test exposures with
10  different dose settings using the spot sensor in place of a substrate. The apparatus in
question would pass the conventional test because the total dose delivered at the middle of
the target portion is well within a limit of 1 %, for example. Nevertheless, the large pulse
to pulse variations indicate that the controlled system is close to the edge of stability,
though improving during the test. This is quantified by the MA values, which also show
15  large pulse to pulse variations, and the MSD values which are high at the beginning of the
test and fall as the stability of the system improves. Some MA values are close to or higher
than the acceptable performance limit at the beginning of the scan.
The results of a second set of tests, carried out after re-calibration of the apparatus,
are shown in Figures 11 to 14, which correspond to Figures 7 to 10 respectively. After re-
20  calibration, the results in the conventional test are very similar but it can be seen that the
raw HV and Ep data varies much less than in the first test, indicating a much more stable
control system, further reflected in the smaller variations in the MA values and the much -
smaller magnitude of the MSD values.
As mentioﬁed, the conventional test does not discriminate between the apparatus
25  before re-calibration, which is on the edge of stability, and the apparatus after re-calibration
which is much more stable. The first apparatus, though operating within the limits
specified in the conventional test, is vulnerable to a change in conditions, such as a change
in the response of the laser or a reduction in the number of pulses in the slit width, which
may drive its performance out of limits. This can be shown with the MA and MSD
30 indicators of the invention. Figures 15 to 18 show the MA and MSD values from the first
and second tests described above but recalculated with a number of pulses in the slit, Ng;,

of 25 rather than 50. It can be seen that the MA values recalculated from the first test

results, shown in Figure 15, increase significantly whilst those from the second test, shown
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delay, z° ! independent of the repetmon rate at which the laser fires pulses, the control
system can be implemented as a summator, z/(z-1), the parameters of which can be
15  adjusted with reference to the MA and MSD performance indicators.

Interpretation of the MA performance indicator in the frequency domain provides
an alternative way of determining a specification for the performance and calibration of the
radiation source, e.g. how accurate needs dead beat control be approximated, or what type
of varying pulse energy reference signals can be considered meaningful. For example, said

20  specification for the calibration can be translated into a specification for the required HV-
Ep calibration accuracy. The usage of the frequency domain interpretation of the MA
performance indicator affects the complete design for the control and use of the laser
system, and is much broader than an accuracy specification of the HV-Ep calibration alone.

Here it must be emphasized, that all the methods described in this invention

25  remain fully functional when a varying reference Epes for the energy per pulse is applied.

Based on a control system comprising a closed-loop controller of first order, two
different methods to determine the pulse-energy/high-voltage gain and accompanying
offset values (the HV-Ep calibration) are implemented. The two methods are distinguished
by the fact that the first method comprises the step of using test runs (denoted by off-line

30 HV-Ep calibration), while in the second method an HV-Ep calibration is performed with
the data acquired during an actual exposure (i.e. during production, denoted by on-line HV-
Ep calibration).

The off-line HV-Ep calibration provides a sinusoid signal to be imposed on the
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requires less time and pulses for a cahbratlon with the same accuracy.
The on-line HV-Ep calibration aims at utilizing the information already contained
10 in pulse-to-pulse data of the controlled radiation source in a lithographic apparatus.
Information is already contained in said pulse-to-pulse data due to the peak-to-peak
variation that occurs on the energy per pulse of every radiation source. HV-Ep calibration
parameters can be obtained from pulse-to-pulse data (acquired from specific signals in the
controlled system during normal exposure) in combination with structural knowledge of
15 the minimum order controlled system, for example by applying prediction error techniques.
To further improve the accuracy of an HV-Ep calibration, a preselected signal, for example
a high frequency sinusoid, can be injected in the controlled system such as to endow the
data with additional information on the controlled system. This to be injected signal is
designed such that it does not affect dose control performance. The design of such a signal
20  is guided by-the performance measures as defined above.
Whilst specific embodiments of the invention have been described above, it will

be appreciated that the invention may be practiced otherwise than as described. The

description is not intended to limit the invention.
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radiation source;

- a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern;

- a substrate table for holding a substrate;

- a projection system for projecting the patterned beam onto a target portion of the
substrate; and ,

- a control system for controlling the energy of pulses of said projection beam,

characterized in that said control system comprises a closed-loop controller of minimum

order.

2. Apparatus according to claim 1 wherein said closed-loop controller is of first
order.

3. Apparatus according to claim 1 or 2 wherein said closed-loop controller comprises

an amplifier and a first order integrator.

4. Apparatus according to claims 1, 2 or 3 wherein said control system effects dead

beat control, or a close approximation thereof.

3. Apparatus according to claims 1, 2, 3 or 4 wherein said control system is

independent of a repetition rate of said pulsed radiation source.

6. Apparatus according to any one of the preceding claims wherein said control
system further comprises a feed forward controller for providing corrections to compensate

for transient effects arising from changes in conditions.

7. A method of measuring the performance of a pulsed radiation source and/or

lithographic projection apparatus, the lithographic projection apparatus comprising:
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the method comprising the steps of:

measuring, for a plurality of consecutive pulses of radiation, the values of at least
10 one of: the pulse energy and a control input applied to the radiation source; and
calculating from the measured values a plurality of values of at least one of: a
moving average (MA) error between the measured value and a target value and a moving
standard deviation (MSD) of the error between the measured value and a target value;
whereby said calculated values indicate the performance of the radiation source

15  and/or said lithographic projection apparatus.

8. A method according to claim 7 wherein said step of calculating includes the step

of normalizing the calculated values.

20 9. A method according to claim 7 or 8 wherein said pulsed radiation source is an
excimer laser and said control input is an excitation voltage applied to a lasing medium of

the laser.

10. A method according to claim 7, 8 or 9 wherein said step of measuring the pulse

25  energy is carried out using an energy sensor provided in said radiation system.

11. A method of calibrating a control system of a pulsed radiation source in a
lithographic apparatus comprising:
- a radiation system for providing a projection beam of radiation, including a pulsed
30 radiation source;
- a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern;

- a substrate table for holding a substrate;
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adjusting at least one parameter of said control system associated with said

radiation source; and
repeating said steps of measuring and adjusting to reduce at least one of said
calculated moving average and moving standard deviation values.
10
12. A method according to claim 11 wherein at least the steps of measuring are carried

out during exposures of target portions of said substrate.

13. A method of calibrating a control system of a pulsed radiation source in a
15  lithographic apparatus according to claim 2, the method comprising:
adjusting at least one parameter of said control system associated with said

radiation source.

14. A method according to claim 13 wherein said pulsed radiation source is an
20  excimer laser and the parameter of said control system comprises the gain which models
the transfer function between the high voltage applied to the laser cavity and the pulse

energy.

15. A device manufacturing method comprising the steps of:
25 - providing a substrate that is at least partially covered by a layer of radiation-
sensitive material;
- providing a projection beam of radiation using a radiation system including a
pulsed radiation source;
- using patterning means to endow the projection beam with a pattern in its cross-
30 section;
- projecting the patterned beam of radiation onto a target portion of the layer of
radiation-sensitive material,

characterized by the step of:
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order.

17. A computer program comprising program code means that, when executed on a
computer system controlling a lithographic projection apparatus, instructs said computer

system to perform the steps of the method of any one of claims 7 to 14.



