Ll THOGRAPHI C APPARATUS AND DEVI CE MANUFACTURI NG METHOD Background of the
Invention Field of the Invention [00011 The present invention relates to a
- I'ithographi c apparatus and a device manufacturing nethod. Rel ated Art
100021 A lithographic apparatus is a machine that applies a desired pattern
onto a target portion of a substrate. The |ithographic apparatus can be
used, for exanple, in the manufacture of integrated circuits (1Cs), flat
panel displays, and other devices involving fine structures. In a
conventional |ithographic apparatus, a patterning neans, which is

alternatively referred retd e used to generate a
circuit pattern corresBgﬂéé§§§§g§%§§§5§ﬁg§%g%é&ﬁ%ggsﬁg%Pthe IC (or other
device), and this pattern c I t get portion (e.g.,

conprising part of one or several dies) on a substrate (e.g., a silicon
wafer or glass plate) that has a | ayer of radiation-sensitive materi al
(e.g., resist). Instead of a mask, the patterning nmeans nmay conprise an
array of individually controllable elenments that generate the circuit
pattern. 100031 In general, a single substrate will contain a network of

adj acent target portions that are successively exposed. Known |ithographic

apparatus include steppers, Ln,whic h,target portion is irradiated by
exposing an entire pattern o}%?cé(g{%@%toj?@ee{nvﬁ%&?q on in one go, and scanners,
in which each target portion is irradiated by scanning the pattern through
the projection Reamem M giden direction (the "scanning” direction), while
synchronously scanning the substrate parallel or anti-parallel to this

direction. modn- 100A4T MR IeRR kAL ARMNPEE 858k ahd § gDy that uses

an array of individually controllable elements Instead of a mask to forma
desired radi at i gunufestggmedopattern on a target. The array of elenents is
used to pattern a radiation beam and the patterned beamis projected onto

a target surface of a substrate.
Related Art

[0002] A lithographic apparatus is a machine that applies a desired pattern onto a
target portion of a substrate. The lithographic apparatus can be used, for
example, in the manufacture of integrated circuits (ICs), flat panel displays, and
other devices involving fine structures. Ina conventional lithographic apparatus,
a patterning means, which is alternatively referred to as a mask or a reticle, may
be used to generate a circuit pattern corresponding to an individual layer of the IC
(or other device), and this pattern can be imaged onto a target portion (e.g.,
comprising part of one or several dies) on a substrate (e.g., a silicon wafer or
glass plate) that has a layer of radiation-sensitive material (e.g., resist). Instead of
a mask, the patterning means may comprise an array of individually controllable
elements that generate the circuit pattern.

[0003] In general, a single substrate will contain a network of adjacent target
portions that are successively exposed. Known lithographic apparatus include
steppers, in which each target portion is irradiated by exposing an entire pattern
onto the target portion in one go, and scanners, in which each target portion is
irradiated by scanning the pattern through the projection beam in a given
direction (the “scanning” direction), while synchronously scanning the substrate

parallel or anti-parallel to this direction.



The projected pattern conprises a plurality of pixels, each pixel typically
corresponding to a respective one of the array of controllable el enents.
General ly, in such techniques, each pixel has a peak intensity that is
primarily dependent upon the correspondi ng respective el enent, but which is
al so dependent to sone degree on the el enents adjacent to the corresponding
el emrent. 100051 In a basic form of programmble array, each el enent may be
controllable to adopt one of two states: a "black" state, in which its
correspondi ng pixel on the projective pattern has a mnimumintensity; and
a "white" state, in which the corresponding pixel has maxi mumintensity.
Thus, the array can be controlled to expose the target portion of the
substrat e t[00] desi rMakipst tiography refersr ©s [itbolaphy thatbisac ki aanayd ofwhi t e" pi xel s,

each pl xel del | V 1v1 ?l a(:oct(PglfaglsFlenqgnltsnlgsteagspamas torfadl aéelsprzi rad’latlong the exposure
step. 100061 It se nore sophi's progr anmabl e arrays,

in which each e:tpesmmatters og ofatgen [Thaptag off{bemdtsmusai tpbareailairddiatioh grey states,
in addition to h&?n V\ﬁd t?gb(att%[ﬁgd M@!nt@%{%aé%&ﬁcﬁm akl;arlggt su fgcg\N?a %%)Xtr ks to deliver

doses between t “%iner dose
control deliver &tk bypjcetad Ipattrink edmpresad plslifyi wfemxdiseaath Bselttypub\@y achieved in

the eventual cxpaaylfaRets Sf AedBRORE At EREE ol 6588, of exposing

the substrate targe face uraltyo prxels 1s sonetines referred
to as a printi n§eraradly, ingued twh@lﬂuea,rﬁa%irmwhasafpeélletﬁ@m gatys primpyilack, white, and

grey states is y gdentt Dﬁ)npﬂhgc‘cgﬁ’& (;m}ﬁg%spegﬁ§cé[eh}eﬁtd bS wlkEYs S8l € printing.
100081 In certaln appl i cati ons, F he radiation dose pattern to which the

substrate is t éersedensiooasdeatenyn B clametyadisest ta he eutemondingflemephi t e r egi ons,

defined as [gb@@i Ons 1h Qbééﬂ'f&-ﬂl &px@@%ﬁm%l@ﬁ#a?rea&lféﬁﬂleﬁnﬁ?ﬁé@hﬂi’oll\éakUe is to be
del i vered, and "bl ack" regions, defined as regions doses snal |l er

than a certain {PAdpRsoneqf avasttese “Hiagk viae dgwhigs C%‘X%PPﬁ‘p’ég Piglendgbst rat e may

have a resi st 9%%Eb1vetﬂaﬁerﬁ 88 aSthinintRt Rfchsdy; ﬁa\él‘wltaseaeernramcﬁ ik eshol d
activation dose n such cases, the white &éons are those to which the

del i vered dose FTERPNERERIXA hesmaximum ‘W&‘tsf%r?h% Ry e besprrolletdo bl ack regi ons
are to receive kgss themafgettdmloacbt th¥ 8dbist@dte th RrdeSROpaerndSEresSondiigt hat on

subsequent deve| tﬂf I’lp,? and “w 1tee %llx%ﬁkeagl?%gxgpgeh%’rﬁlg raeg)?r\é%%ndmg dose of
radiation during the exposure step.

[0006] It is also known to use more sophisticated programmable arrays, in which
each element is controllable to adopt a plurality of grey states, in addition to the
black and white states. This allows pixels to deliver doses between the “white”
maximum and “black” minimum. This finer dose control delivered by each pixel
enables finer features to be achieved in the eventual exposure pattern.

[0007] In the art, the process of exposing the substrate target surface to a
plurality of pixels is sometimes referred to as a printing step, and when an array
of elements with black, white, and grey states is used, the process may be
described as grey-scale printing.

[0008] In certain applications, the radiation dose pattern to which the substrate is
to be exposed may be described as comprising “white” regions, defined as
regions to which a dose greater than a certain value is to be delivered, and
“black” regions, defined as regions to which doses smaller than a certain value
are to be delivered. For example, the substrate may have a resist layer, the resist
material having a certain threshold activation dose. In such cases, the white

regions are those to which the delivered dose is to exceed the activation



[eaving only the pattern of white regions. [0009] Wen controllable el ement
arrays are used in nmaskless |ithography, there is a possibility that one or
nore of the elenents may be, or may becone, defective, and will be
unresponsive to control signals, or will not respond in the normal, desired
way. For exanple, a defective elenent may be an unresponsive elenent, stuck
in a black or grey state. Alternatively, it maybe an elenent controllable
to adopt only a reduced nunber of its nornal states, so that its white

state or whitest states, are inaccessible. [00101 When no conpensation is
made for the defective elenments, radi agi.on doses delivered to the target
substrate nmay be smaller than desired. "Wiite" dead pixels may al so ari se,
for exanpl e cor tespeadhdge bRckkgoBAteIo ktditKess hamtht bdtivitionhieshaidst ate. " Wi te”
dead pi xel s cangot be orrecﬁpd mh% Entend d fqb%rjnt "bl ack."™ Therefore,
all "white" dead°Hi L&" P2heLFPYUHE Inigiermeny Be Riack Epigpseare fEVatray is used

for |ithography Jeatiog orﬁy(fhﬁ’pitem deWhItdE’lﬁgiGﬂse of programmable mrror arrays, by

emoving AT by or Soneiroue e Sl Bitar B i BRBBARSEhe i rror

bl ack by | ocal mheqop&stblhqnthatf orarbraiimebbthaglenﬁﬁtemaalbe, ¢rQOdy1decdge, pr oduce a

desired exposur 1ter a_tar t,rat use a
t wo- pass maskl egsfg‘ﬁwf h%&r‘/&rh%ymﬁ%)t 1V§ 0 (ionts 181%3% Or WIP nmdeslxé%'lsl(\{nczl?l¥ part of the
target surface nemekgogetiviyo Fer epamdd, atiwfkocteeelermeetmaytbmnmmsruwe steps are

used to deliver, . &9&%@%&{2% gxte?“s‘ta&:c’t emamgj Gt Bé‘gﬁ @1b1'n8{? dose to each

part of the substrat e pi ca he substrat foved between the first
and second exp@@moéabéﬂtteg@ptqné'laacduv@nvmbqrh@tSbelamW@}@Ghail@rwlstystem such

that a particul @tratel%%ﬂnest%{atetskh‘?eJn@crc&% surface is not exposed to the same
pi xel tw ce al. I xel correspon ing to the same controllable el enent).

This has belM®one t‘H ¢nj 119 QOMpPpRSatioREx efhe defectivh glemgntgjapdizgionve pi xel can

have. Al'so, evepgdef deﬂ@ergﬁif) ﬁGIath%ubs?rLt@HEP&e%méﬁe?tth&%?e'at “Witthgqarray, a
t wo- pass system enabl es an |$r oved total dose accur acg to be achi eved

conpared with aPE‘Flﬁglaéalé%ﬁfé% eOEPGaTespOdiTe 1o demssoiisk & aftisi red exposure
pattern of "whi it emel Mﬁeokf ad [SLHIOAEn R Be ccﬁreEt@J g6dn iskhdcacepft a resist

layer of a subst lglz?e[ke’” Therefore aPasglteS Xesatdem 1I n Ei¥ b dI ybl k> before th
pixels need to ema e “black” before the
array is used for lithography, for example, in the case of programmable mirror
arrays, by mechanically deforming them to a tilted position by
micromanipulation, by removing them, by creating a grating on them, or by
coating the mirror black by local deposition of an absorbing material.

[0011] To produce a desired exposure pattern on a target substrate, it is known to
use a two-pass maskless lithography method. In such a method, each part of the
target surface is exposed to a pixel twice, i.e., two exposure steps are used to
deliver, in combination, the total required radiation dose to each part of the
substrate. Typically, the substrate is moved between the first and second
exposure steps, relative to the beam projection system, such that a particular part
of the target surface is not exposed to the same pixel twice (i.e., a pixel
corresponding to the same controllable element). This has been done to limit the
maximum effect that a defective pixel can have. Also, even if no defective
elements are present on the array, a two-pass system enables an improved total
dose accuracy to be achieved compared with a single exposure method.

[0012] To produce a desired exposure pattern of “white” and “black” regions on

a target surface of a resist layer of a substrate, a two-pass system is typically



arranged such that in each exposure step a fully white pixel delivers a
radi ati on dose just greater than half the resist activation threshold dose.
This is achieved by appropriate selection of exposure tine (i.e., the tine
for which the substrate is exposed to a particular pixel in each exposure
step) and the intensity of the radiation source. [00131 Previous systens
tried to use as short exposure tinmes as possible, which increases pixel
printing rate, and hence inproves throughput, but this is limted by the
swi tching speeds of the controllable elenments (i.e., how fast they can be
controlled to switch fromone state toe4another). Previous systens also tried
to use a radiation source whose output power is no higher than necessary.
This is becauseryangaisecteahdtyy eablhecpbsiugh;&p afflils whateipieed dplorera ridigioni gher its
cost, and the higher —the co he Ream condi tian transport, and

pr oj ectl on syst e%sjusﬁemer than ﬁalft ereSIS acnvataotnéhrfsﬁdldlg(ésﬁmlrﬁl in”%hd%h i on, higher
beam i ntensity bwapptopade sepctanm of ¢mosusam(ﬂl e, dte@imp fordbgh thd atbstorte iof cert ai n
conmponents. Thu re t. r. i t has been
that the proj ect§é)8é EeB ﬁlallzut ?’dﬁllxﬁtug?%gtex%g?%ggﬁ%(ﬁheiﬁ&%{tgferﬁgel enent to
produce a correggdioneli sagree.whit e” pixel, which delivers the required dose in
the in pa”h&l‘é' ar GWME sQ%Elrﬁ%‘&'todsea%shor?exg&ﬁn%tﬁﬁééspgfs%% ®hich han hal T the
resi st threshold dose. 141 To nmake best use of aval 'e source power,
prior art met hoalsrewasn@x%e&éﬁmga%t% afﬁid@elcetﬂbprpﬁ‘eis throughpat, bk his linyited)i ons of t he

target with el eppt swikfingkedshite cBMlohétble é’hﬁ’é‘nis‘? e, bRleRbthef ALO1 Thus, in
general, in a typical tw)-pass nethod, "white" regions of the target have

been printed usFgolsdin St""ét@h fiom enjestais o avaRerinFreViov BT Ao Misdiqise i e . the

maxi mum achi evaplfiaiod &ﬂﬁietvbhow ctdfbut b@weﬁ&’sr to lﬁgﬂeafhaﬁ a6le@hlyOMh&aY ce and range
of elenent states), and "grey" bl ack" FI xel with intensities down to

and
0% have al so bB®AUSEEERFrlly thehighgr thrsormrepoyass er*é%i“bl‘&?]%é“‘b‘ﬁf‘?‘é‘feh 100161 In

such net hods, pﬂ@b&se@f&hdlﬁéﬁlul’coﬂdftloﬁlﬂg,ellaﬂdﬁﬁﬂfand Si0j6QidR kRtedls Yequikddni@sponsi ve and
|so V\ase naple to i.nter with the source

set in a "black” stat 3 _
eam o make & ESHEPPBUR FoAFD 1T SelsE RO BN TP her wor do. 1 ¢
the el ement is acteldednale ofl@pehdaionmBdritiin admipohdns. Thusl i@ pfrOIOGK spGeni, Xxel 1S a
" bl ack the general requirement has been that the projected beam should interact with a
fully “white” element to produce a corresponding “white” pixel, which delivers
the required dose in the in particular exposure period, i.e., a dose just greater than
half the resist threshold dose.
[0014] To make best use of available source power, prior art methods have been
arranged to print the “white” regions of the target with elements set to their fully
“white” states.
[0015] Thus, in general, in a typical two-pass method, “white” regions of the
target have been printed using “white” pixels of maximum, 100% intensity (i.e.,
the maximum achievable intensity with the particular radiation source and range
of element states), and “grey” and “black” pixels, with intensities down to 0%
have also been used to build up the desired dosage pattern.
[0016] In such methods, problems occur if an element is completely
unresponsive and set in a “black” state, or is otherwise unable to interact with the
source beam to make a contribution to its corresponding pixel. In other words, if
the element is a “black dead element” and its corresponding pixel is a “black

dead pixel.” If, for example, the “black” dead pixel falls on a “white” region of

the target surface, then instead of delivering the required dose (e.g.,



dead pixel." |f, for exanple, the "black" dead pixel falls on a "white"
region of the target surface, then instead of delivering the required dose
* (e.qg., approximately half the threshold dose) in a first pass it wll
deliver a nmuch reduced dose, even a zero dose. Even though the part of the
"white" region upon which the "black” dead pixel falls nmay be exposed to a
full, 100%intensity "white" pixel in the second pass (e.g., corresponding
to a non-defective element in the sane el enent array, or a non-defective
el ement in another array), the conbined dose it receives nmay thus fal
significantly short of the threshold dbse required. 100171 Cearly, such
under exposure resulting fromdefective elenents has a detrinental effect
on t he dosage pamushmn@xhﬂém@dnbyMﬂmemphomﬁsSpmﬁttwmndﬂhbeanwmmreciated t hat
simlar probl e”ﬁefil?ceégosg%\ge%razcler]:),dosealgjvpn ¥ht0 %gglgoﬂge‘w% Jrggtl?enl 1%86 bl ack, a

defective ele i'S una liver, via
its correspondlwgwmﬂxébhdé(EufmxﬁﬁéhmhybhwgwmddsagwlHﬁO%nmmoﬁythe passes.

[00181 One pr ovi, s 315TRE el QaGATRANSAIG B, B 5Ad. Bk aekaplie] 19

illustrated in pro ected pattern of nine pixels
is shown, fallimghospmg clamsnearagf orzp lwnrdt:@ctrvegleanntofl awtln@araget) ther f ace. The

boundary of thecyided 4548 HrQBivésSnay! tﬁhgka@lf%fgﬁlﬁcJM%Q{oﬁ%?ﬂﬂe thkdifoiddbse P xel s 10, 11

falling on the white region are “intended to white (1.e., to print
at full intensitgyiredand pixels 12 falling on the black regi on are intended

to be ful | 0(#1'78‘0k ('Cl&rly G ﬁhdlﬂn@xﬁ&"ﬁfetr)!s).lltlnmvc@fectweml@ﬁ%hts lhad a1 @ dead
bl ack pi xel To conpensate for this, rather than belng fully bl ack,
\

non-whi te pi er %eﬁl@nt%éffifﬁB’bﬁer@@sa@%aﬁteﬁ’l aghivedibyghe progessy ks with grey, such

that their contggphidiaic@sat bithilart f6b1&ntiRdcOR il RSRO thakl 8Lihy Eufikrddy Pi xel | |
conbine to conpgnsate at |east partially for the d tg(&hlost as a result of

the defective el ne defeqiyye clemens s spidn & 1T PR 2 ‘é@?’ﬁl W the sane
exposure step (s @rrespdfididgepifedaSiffitianty hp@Absagdis 0k dfeheGagipensate for a dead
ek el o eSO Ry S SPLT s cL n
conpensati on i NFi& pHeeedkingified pxsiebtsmu&nu ofrtieePixek HARAn, Allpgobi em wi th this
corpensati on rre(t:orr]r(lje:(r:I of ahva”l e\r/e%{o‘n o% a target surfacg "f‘h@ %ounggrly OFthe white region is

indicated by broken line 13. Pixels 10, 11 falling on the white region are

intended to be fully white (i.e., to print at full intensity), and pixels 12 falling on

the black region are intended to be fully black (i.e., zero intensity). However,

pixel 11 is a dead black pixel.

[0019] To compensate for this, rather than being fully black, non-white pixels 12

neighboring dead black pixel 11 are made grey, such that their contributions to

the radiation dosage delivered by pixel 11 combine to compensate at least

partially for the dosage lost as a result of the defective element. Thus, the

neighboring black pixels in the same exposure step (e.g., write pass) have been

used to compensate for a dead black pixel 11 falling on the edge of a white

region, and it is also known to use neighboring (i.e., surrounding) black pixels to

provide such compensation in a preceding or subsequent pass.

[0020] A problem with this compensation method, however, is that by increasing

the intensities of pixels 12 from black to grey values, the positions of the feature

edges between the black and non-defective white pixels may be undesirably

shifted, and once a black region has been given a grey dosage, it is not possible to

reverse this. Correcting with neighboring pixels in this way leads not only (and



the intensities of pixels 12 fromblack to grey values, the positions of the
feature edges between the black and non-defective white pixels may be

< undesirably shifted, and once a bl ack regi on has been given a grey dosage,
it is not possible to reverse this. Correcting with neighboring pixels in
this way | eads not only (arid --6-- necessarily) to a shift of the edge
position, it also nmakes the edge | ess steep. The (NILS (which is the
(normal i zed) imaging |log slope) gets worse. Also, if the dead black pixel
falls on a line edge, rather than at a conmer, the nunber of inmmediately

adj acent bl ack pixels for conpensati one-purposes is reduced. Furthernore, if
a dead bl ack pixel falls within a white region such that it is surrounded
by non-defecti Vﬁaecwbdrﬂf:)t@@hﬁicﬁthefe@pa@matilmﬂmizsqnbeedgealessptreqwirde no

conpensati on. Anot her att .to. s t.he probl em of , under exposure
Fosuiting rom CalsdabRGi s himbeR) imsding Seabrius B AE ahtadi 1 ona
wite pass, Wwhiddadibiayk pigel falesf@ra ik ddge, aBhea thag laeanero, fheins@ber of exposur e.

Here, the substrat h ect to .the ectl n system such
that no part of e lak%brs@aceq W%%nplﬁeels i)? comgealsatlto ﬁ) sal?nsre ect ive pixel

twi ce. The cl eaFurthprmpas $f 4 deadnbiek slpécfitlfswomirﬂ awhige regi_elh puck rtha arlget ed radiation
Q0SeS L0 o2t 20! ERtoRAd 5, Al RS SUASE FALE LS LARGIGH ol BURL 1han Lhel

desired doses in the preceding expos re step or ough good
conpensat i on nasonipensatedni eved, the problemw th this technique is that the

need for an @qpltt! ongbih mttsgptrzm dﬁgﬂg&ﬁ@% LQUIRRM e re m@%«?ases costs and

conplexity 1 i's ac I eve urther arrays o ntroll abl e
el enents to thdﬁs@tlvﬂﬁlqmms@olxrﬂeq“lbp@doﬁseﬁnadﬂﬁtlmaiwgtepfS@(MlE}lHﬂlvbthough t wo- pass

systens have bex%?en@@t%%b&b‘?éin-ub bl b exPc%ux%PﬁEr@%eashG‘s@ateﬁshﬁdvecP&zﬂp' ens of

defective elenents occur also In sin ass nethods, and nultiple-pass
met hods usi ng t I§pRsed tothe Pfﬁle@tloﬁé@%u?fﬁhaéé%ﬁ’w&h? aleiraicsan befipeed on  dosage

patterns. [0023f, ddikme dtRENE phRIBIIR, AMO BT RSSO Gladd ﬁfém‘fﬂ:aﬁl? 16 he
conmpensation for effects of defective elements in maskless |ithography.

(0024] Ther ef or ¥liveffragetqdaadintion deses te sqlqeier pajis apthF tubsfietendid regstredippar at us” t hat

lower than their desired doses in the preceding exposure step or steps. Although
good compensation may be achieved, the problem with this technique is that the
need for an additional write pass reduces throughput, or increases costs and
complexity if it is achieved by adding further arrays of controllable elements to
those normally required for printing.

[0022] Although two-pass systems have been described, it will be appreciated
that problems of defective elements occur also in single pass methods, and
multiple-pass methods using three or more passes to achieve required radiation
dosage patterns.

[0023] Thus, there remain problems associated with the compensation for effects
of defective elements in maskless lithography.

[0024] Therefore, what is needed is lithographic methods and apparatus that
allow for more efficient and effective compensation for effects of defective

elements in maskless lithography.
Summary of the Invention

[0025] According to an embodiment of the invention, there is provided a device

manufacturing method comprising the steps of providing a projection beam of



allow for nore efficient and effective conpensation for effects of defective
el enments in maskless |lithography. Summary of the Invention [0025] According
to an enbodi nent of the invention, there is provided a device nanufacturing
met hod conprising the steps of providing a projection beamof --7--

radi ation using an illum nation system wusing an array of individually
controllable elenents to inpart the projection beamwith a pattern in its
cross-section, projecting the patterned beam of radiation onto a target
portion of a substrate, wherein the projected radiation pattern conprises a
plurality of pixels, such that no conpensation for defective elenents is
requi red. The elenents are controlled such that each pixel delivers a

radi ati on dose nﬂiagdsrﬂﬁﬁlgan itlinainat&n Wseﬁhatsﬁgaﬂmgzlofimidmlly ¢vaxsliablen dose to t he
target portion |1ngnhetoe Lﬁlé SLe Bnb Vith & tensat{ocnosf or (()Jlef ective
elements is reqlifte t’h MrethBd eont Fonils tPhep SRS i EH Y hat at | east
one sel ected pi pejectdgltha/mtsmahbeam@f edstah anadd tafgetqrorto 9€3a subgiragat er t han t he
nor mal maxi mum . Thi : t t |east

part al 1y for ot gagt i RERISH R R LRl b R EREELES 8 e St ep, of
a defective el emempensationdoridpfoctiye ploséntsipiquind.tThe clamemyare ontralegi xel adj acent

a sel ected pi X ch?ﬂlg dp(;pé].xg eHJl?s%h%&SBR)% F& 3 lerdafdPthhh gx%PetQﬁxEnte{ion at the

| ocation of a sel ect | Xe resul ti ng rom exposure o ocation to a
pi xel affected bymal mpowAL dees wcthe Yasgee parfiemin the cappstrpstep (| When g di fferent)

exposure step. m?pegaﬁ&] & de%&@paemal lwe@@%& Y |defdld LhRroR! @ENt s may al so
be described as conpensation di scussed above,

conventional co ﬁ*ﬁ'@ﬁ%%ﬁﬁl?lﬁhat ﬁ‘é?aﬁfﬁﬂ%selﬁléti?@l’fei deliyesppninsreased padigtiosieprensat i on doses

up to the nor mkreﬁéﬂtﬁﬂn'tﬁ@lomhl%ﬁhm'dos% in the @ﬂ)og@@&ep PhQ¥bkiREsaRY @
fully-white, non-defectjve pixel in a si ng e exposure step/ wite pass.

Thus, conpensat Pidfisieagially iy %téf‘éSttoﬁe qfrf@)thesd eﬁg‘nf}ﬁéarﬁecfé‘éosﬂ’éls pfed by sel ected
pixels in the pagh®@cs &Qndaataaa%gwrtmﬁmmmedn@t mrﬁmemjala@y@sehw@m bl ack or

?Il:l\e/)ént I[ 82272’_ OIS ggl():(glggg (%) an un gl'g)g)ggdreno tI;[e?ar;[;ert1 i)osrtloenrgtt)%g Ilorggtﬂ)tn ofa seiegt%d present
pixel resulting from exposure of the location to a pixel affected by a known
defective element in another (i.e., a different) exposure step. The step of
exceptionally controlling the elements may also be described as a compensation
step.

[0026] As discussed above, conventional compensation methods were limited to
using compensation doses up to the normal printing maximum, i.e., the dose
provided by a fully-white, non-defective pixel in a single exposure step/ write
pass. Thus, compensation was limited to increasing the dose delivered by
selected pixels in the projected pattern that would otherwise have been black or
grey.

[0027] In contrast, according to this embodiment of the present invention, doses
up to the predetermined normal maximum for normal printing are used, but the
method reserves at least one increased dose for compensation purposes. This
can allow for that nominal white pixels in the projected radiation pattern to be
used for compensation purposes. Thus, even when a dead black pixel falls in the
middle of a group of surrounding white pixels it can be compensated, in the same
exposure step, by increasing the radiation dose delivered by one or more of those
neighboring white pixels, above the normal fully white value. This may

conveniently be achieved by reserving one or more of the elements’ most intense



up to the predeterm ned normal maxi numfor normal printing are used, but the
nmet hod reserves at | east one increased dose for conpensation purposes. This
“can allow for that nom nal white pixels in the projected radiation pattern
to be wused for conpensation purposes. Thus, even when a dead bl ack pi xel
falls in the mddle of a group of surrounding white pixels it can be
conpensated, in the sane exposure step, by increasing the radiation dose
delivered by one or nore of those neighboring white pixels, above the
normal fully white value. This may conveniently be achi eved by reserving
one or nore of the elenents' nost integse states (i.e., the states in which
they interact with the projected beamto nake the greatest contributions to
their pixel's i sbtenge.fthesgtesamviici tey iaenperithalic pedjecped bpms@Inake thbie | ower
intensity states_hein sed faor.normal printing. 100281 In a multi-pass
ot & a1 s S MReliEs by PR TRl iy Beconreiitastetermay be
del i vered i n onthe&ivepintepsity stas bt¢ingused foatorhdprilgen under exposed in a

previ ous st or t i1l receiye. i.n. uent pass as a
Peaul i of BEPho’ oxpababiimms{(E TR RHUEE aRRe B IR O B ve

el enent. The i mey baddverddseonvesiep th n lewetianathat hesrbesd iundantxgosethan h ar ge enough to

compl etely cOMpRRSALRy d:hafhfi ki@ & S5 4okl n AkeolGOEREALROCT expoOsUTe i n

anot her step. nmpensation tfor the effects, 1n a particular step, of a
def ecti ve pi xel ofhgingqeposediethe gixel gorrgsponding totarkapwy dedstiveeademes0J291 | n general ,

in a mlti-step;IRINOdose Bty MR TRERRANOR ﬁr‘gﬁl%i?ééh R Corhpletery®de i n each
step for the effects of defective elenents in that Step using adj acent

pi xel s. This reeRigsssatehid 22igleriter oPr 3y IpBersA LNdsFExpOUIsdn pogef #&d by t he ot her

step or SFepS-CBQ&%@&mﬁ%ﬁﬂ@&ﬁ%&h@@ghﬁu&hﬁmﬁﬁ@%d%%99§wﬁﬁn&&ﬁﬂe usi ng
adj acent pixels, may conveniently be referred to as sinultaneous

conpensat i on, WHFR SMOLYFATERESEE i on” in preceding and subsequent steps may be
referred tqo@d pre- cREpRRSat i AGItIARE mePOs bs GQNREASALHONaspaSRGE | vel y. 100311
Conmpared with conyenti onal tgfds, i% t he above enbodi.nent produces the
sane final radi 3¢ edﬁeaﬁ%g‘é{’g%ﬂg%l ogl of dgfietye elgpayyin fhat sfop Uiingerdiageph tine with the
sanme nunber of piAES@§isfed@ephs ih@insdfe@tpendati@ito bd proveded 8Nk OYferatdp i | | um nati on

or steps.

[0030] Compensation in the same exposure step, using adjacent pixels, may
conveniently be referred to as simultaneous compensation, whilst compensation
in preceding and subsequent steps may be referred to as pre-compensation and
post-compensation respectively.

[0031] Compared with conventional methods, if the above embodiment produces
the same final radiation dosage pattern on a substrate in the same time with the
same number of passes / exposure steps, then it may employ an illumination
system that delivers a more intense beam. The increased intensity is required to
provide the capacity to deliver the radiation doses above the normal printing
maximum. Although there are consequential increases in cost, significant
improvements to the pattern quality are achieved as a result of the ability to
compensate with white pixels, and a further advantage is the avoidance of an
additional clean-up pass, which would reduce throughput.

[0032] In one example, an increased radiation dose deliverable in a compensation
step is larger than the normal maximum dose by a factor of up to at least about
1.1, 1.5, oreven 2. In the last case, in a two-pass system, a compensation dose in

one exposure step can provide complete compensation for a zero dose, rather than



systemthat delivers a nore intense beam The increased intensity is
required to provide the capacity to deliver the radi ati on doses above the
“normal printing maxi num Although there are consequential increases in
cost, significant inprovenents to the pattern quality are achieved as a
result of the ability to conpensate with white pixels, and a farther
advantage is the avoi dance of an additional clean-up pass, which would
reduce throughput. [00321 In one exanple, an increased radiation dose
deliverable in a conpensation step is larger than the normal naxi nrum dose
by a factor of up to at |east about 19--1, 1.5, or even 2. In the |ast case,
in a two-pass system a conpensation dose in one exposure step can provide
conpl ete conpensﬂﬁhanwmeﬂmﬁxﬁﬁgﬂddeﬁebyJ@kmammhhamnaERMkﬂﬁkswhite dose,

bei ng deliver ed a dead int ot h ass t he maxi num
"por sased dose PR e Al Edan rtae SRR RRTRELAST b som

si mul t aneous cosmpensabliaogoub $ommsutimedg reqmrea,ddu 4ddoion tte ppa-eor post- post -
conpensation fo [ 00331 Typically, a substrate will have
a target surfacgeo"{p%sv\%)%qﬁml%o Iétméornm ned radiation dosage pattern is to be
del i vered. 0033} hi s &xpirgplyes subdtretedfdslagea tpgttefage toodivpr psdgtermord nal white
regions, to whi r I I et erm ned

t hreshol d value&P%ﬁTB%%%ghé ?Vg%eggavggdn%ﬁﬁnmﬁgﬁﬁthi&mgﬁlongg to which a
radi ati on dosageonipeisss nethiaal white regions tetvdhidiriamasddptivindassdeatl Idasvegueléo 4 s t o be
delivered. The th i , the nornmal
printing step) @Eﬁ%nﬁﬁeecgﬁl%%%‘%als% 1s§g§% (geglle%rédngﬂd Bmg{ "Z%egﬁ%g?ngﬁ%h t hat each

pi xel projecteﬂmthUﬂ@Pmeﬁmﬁﬁé%Fﬂﬂgﬂ@m%ﬂqﬂth@éﬂﬁégﬁdNUG§ﬁ¢b@rs a radiation

dose no greater get.an tl“ﬁkesta{ gtd(ﬁ'ﬁﬁﬁrm/ @&ﬁlroﬂgg mleIMfsrfpén §l0$6mlan the exposure
step. The conpensation step then con‘grl ses controlling the el enents such

that each of th@lmlgéﬁt@ﬁt“é’éﬁhﬁ? samnsisg confiplineche demetitsychathittsraheditebgi on and

delivers an i ncgsR&esbntd @6 falihOih) OB réSonldbidlersWhddtaBod R Rkrealen Ot her wor ds,
conpensation involves the white regions selectjvely being (_}l ven overdoses,

above the nor nal ametrgedﬁwwmdn@owlhrp@%w dosen ﬁbwp%"aq FtFIhg Bh a white

regi on may thuscdagpeseficdGiep theh Contheibds ¢ettroRiRg the BlEm&asach HAsRh opthe cal cul at ed
magni t ude, to co ensate for .an adLoace t dead g ﬁﬁlé faIJing é)n t he sane
i? Ti \E se

white region i NSt PR RIS L B yhItoATEIR ¥, 2lofiere

radiation dose to that white region. In other words, compensation involves the
white regions selectively being given overdoses, above the normal white printing
threshold. A pixel falling on a white region may thus be selected to deliver an
increased dose, of calculated magnitude, to compensate for an adjacent dead pixel
falling on the same white region in the same exposure step. Alternatively, or
additionally, a pixel may be selected to deliver an increased dose to a white
region at a location underexposed by a defective pixel in a preceding or
subsequent exposure step.

[0034] In one example, a substrate may comprise a layer of radiation sensitive
material (e.g., resist) having an activation threshold, and the predetermined
threshold value may be equal to that activation threshold. In such instances, the
target surface is a surface of the layer. For a single-pass example, the normal
maximum dose is arranged so as to be greater than the predetermined threshold
value. For a multi-pass example, the normal maximum dose may be less than
the predetermined threshold value and greater than half the predetermined

threshold value.



additionally, a pixel may be selected to deliver an increased dose to a
white region at a |location underexposed by a defective pixel in a preceding
or subsequent exposure step. 100341 In one exanple, a substrate nay
conprise a layer of radiation sensitive material (e.g., resist) having an
activation threshold, and the predeterm ned threshold value nmay be equal to
that activation threshold. In such instances, the target surface is a
surface of the layer. For a single-pass exanple, the normal maxi num dose is
arranged so as to be greater than the predeterm ned threshold value. For a
mul ti - pass exanple, the normal maxi numodose nmay be |l ess than the
predeterm ned threshold value and greater than half the predeterm ned
threshol d vj@b3ase. - - Ifone k3§ heitthotMasoaiphicawo b dXpdsiR@tepethe COMPri se two
of the exposure st§¥ t he two exgosgﬁe st eps conblnln? t o, deliver the

PY £ &

predet er m ned r &% Ff Y8 SgRbinip iVer iy PedelSHBY PAPYLA%SF ti on of the

target surface. paifem ts anmemaion ayrgedbortied ehbntagzenayfadze Ths @ainé :frra@atfh step, but

with different sets of aglxels corre Oﬁ'q'v@%{to d| ferer} ts of the

controllabl e el SFEATS M eten g™ s B “ERpOLe"™ LT hieh a?lgest porti on.

Al ternatively, dc»rfefslmndmg todrffeazylsetmgnthmleble elédgentsgegpusddeckxpdsove, each
exposure step 0 u aneo conpensation for the
cgmm ea‘ig' et ? rp (? Kl]]gl n?ﬁll é{yé &Iﬁ r{a.?'s Hl§¥ Fe usnp Qg

effects of defective e alternatively,
the first exposdeseritst ewvmwycmmmess@ alapp@nmmlmsraml)onmsltaep)ufs or

under exposur e i p, n&gﬁsaﬁ&%ﬂﬂ SUROSHIR A SRmer W ¢ %a?ﬁeps%%g%g%ﬂi’sure step may

conpri se post-conpensati on underexposure effect's in the first exposure
step. ]0036] Inammtlmﬂwlfestemwemme?lwpmpmheppr@}new%@nﬁtamfoat| on pattern

cor r esponds tou@der&ﬁ&ﬁ@m s LR esz{,osw@@te LETRDLRoR expddredfep Ay Thus, the
step of exceptionall contr ol ‘ements may conprise tontroll | ng

sel ected el errenﬁ@n@m:ws'twmpemﬂtwglfqr ue@rqxwprs pidiicridn the featlespagwE fteler i ncr eased

radi ation dgeR$. 10G34de ekﬂn@@@acﬁm@m e prsjbaeﬁadlﬁmngineﬁlc%% bmisi ncludes a
defective e errent at a known position. hi s exanpl e, the conpensation

step may conpri e repeiit'e el of Hig clsmentoet t‘%?[S‘FéY éThéﬁél}?tS?P Pharedtiatdyy adj acent the
defective el emeRdntrolling the elements may comprise controlling selected elements such that

their corresponding pixels deliver increased radiation doses.

[0037] In one example, the array of elements includes a defective element at a
known position. In this example, the compensation step may comprise
controlling one or more elements immediately adjacent the defective element
such that their corresponding pixels, immediately adjacent the defective pixel
(i.e. the pixel corresponding to the defective element), deliver increased radiation
doses. Thus, when a defective pixel falls on a white region, its effect may be
compensated by controlling elements surrounding the defective element such that
surrounding pixels, which fall on the same white region, deliver increased doses.

[0038] It will be appreciated that, for substantially simultaneous compensation to
be provided, each pixel in the projected radiation pattern will have an intensity
distribution primarily dependent on a respective corresponding element but also
dependent on elements immediately adjacent the respective corresponding
element in the array.

[0039] In various examples, dose control may be achieved in a variety of ways.
For example, pixel intensity may be adjusted by controlling element states and/or
by controlling projection beam intensity (e.g., by adjusting laser pulse height,

given a certain pulse length, such as 10-30ns, when the projection beam is



such that their corresponding pixels, immedi ately adjacent the defective
pi xel (i.e. the pixel corresponding to the defective elenent), deliver

i ncreased radi ati on doses. Thus, when a defective pixel falls on a white
region, its effect may be conpensated by controlling el ements surrounding
the defective el enent such that surrounding pixels, which fall on the sane
white region, deliver increased doses. ]0038] It wll be appreciated that,
for substantially sinultaneous conpensation to be provided, each pixel in
the projected radiation pattern will have an intensity distribution
primarily dependent on a respective cantespondi ng el enent but al so
dependent on el enents immedi ately adjacent the respective correspondi ng

el enent in the povidyd by QBB laser\satirce) UsAlexariydlye ixetl dsetianomby 6¢ may be

by cont ol 11 ng. oS e e Sy s Rl BEERae R Tl g br of ect i on beam
intensity (180491, by ladjeesimpig corarokof thpuddiatiomdasephieliveregiby earhgixelgs t ai N pul se

| engt h, such as - : j i IS |l ..provided by a
pul sed | aser soﬁ%gééawgﬁ?g?ng?$%§ﬁ$§Egyﬁg%k@Hg§§$g%S%%gfrghmgdjusted, for
exanpl e by adj usmirpiéing ths elementd may dompritelsontjoll 04 Ok clemenipeuch dahgscle, control of

the radiation dosas.deblXerefibYo FRAR RitShedsmAGhiEMAdumERNt T ol |1 ng

(adjusting) pixel intensity. us, . ordinarily ~controlling the
el enents may cotifspsigeand it step|of pregrtiopally spreing sheslatents @y cemilie pi xel has a

peak intensity pRubilighe efehRits uchteH 4ch ORGP Rt iRB MLk | Nt ensity, and
the step of exceptionally controlling the elements may conprise controlling

the el enents sutntifyapisksdhensibs aeimal MpripRm iptsesitan Thadiessddpepleak intensity,

hi gher than t heinRagifyahayhekightthdn Meaidshd] Yhaxith iktBeRERS@FoREBst a | Nt ENSI LY MBY
be hi gher than ghe normal maxi mumintensjty bé UF“O at | east a factor of
about 1. 1, 1. 5oonel ghoanl-h 15 orcqyer fgpchppt fmin ﬁ%ytbeadweladP i of 100- 200%

is reserved for2menpeRsaidifatofpthRa6ERipoeddYeyelitt®- 100%1d%orusae] f or nor nal
printing. 100411.1n one exanple, arrays of elenents are used in which each
el ement, when R8!"™&efective, is controllable to selectively adopt one of at
| east threqo®Gtipt €S. Inoneexample, arrays of elements are used in which each element, when

not defective, is controllable to selectively adopt one of at least three states.
These states comprising: (a) a nominal black state, in which the element interacts
with the projection beam so as to make a minimum contribution to the radiation
dose delivered by a corresponding pixel; (b) at least one nominal grey state, in
which the element interacts with the projection beam so as to make an increased
contribution to the radiation dose delivered by the corresponding pixel; and (c) at
least one nominal white state, in which the element interacts with the projection
beam so as to make a contribution to the radiation dose delivered to the
corresponding pixel greater than that in any grey state. Normal printing is then
performed using elements set in the black or grey states, and compensation is
performed using elements in white states.

[0042] In one example, controllable arrays, such as programmable mirror arrays,
are used in which each mirror element is controllable to adopt a range of tilt
angles, such that the state of an element can be used to determine the dosage
delivered by a corresponding pixel by affecting the intensity of that pixel.

[0043] Although a method embodying the invention may be carried out using
elements which have a single black state, a single grey state, and a single white

state, each non-defective element can also be controllable to selectively adopt one



These states conprising: (a) a nomnal black state, in which the el enent
interacts wth the projection beamso as to make a m nimum contribution to
the radiation dose delivered by a corresponding pixel; (b) at |east one
nom nal grey state, in which the elenent interacts with the projection beam
so as to make an increased contribution to the radiation dose delivered by
the correspondi ng pixel; and (c) at |east one nomnal white state, in which
the elenment interacts with the projection beamso as to nake a contribution
to the radiation dose delivered to the corresponding pixel greater than
that in any grey state. Normal printinhg-is then perfornmed using elenents
set in the black or grey states, and conpensation is perfornmed using

el enents in whibea &hedﬁ%rey[s&&ézﬂdi&rleikﬁv&ma@tpdeﬁﬁaoﬁ(gmyroewhabktae arrays, such
as programuabl e mrro(r1 arra n?% gch mrror elenment is
control | abl e t o“AERHSPUES ﬁd%sb%cfwet Pt u%\??g easconffpé’ﬂ %BP‘eltslw%ea§tate of an

el enrent can be u&ﬁﬁityt Ghdg’e;eammv«hae§thtenﬁhys°agﬂdlsdete|dvemﬂmhms&ne@rrespondl ng

pi xel by affect5,n9e pten t% % i xe 1[)108 1tA|thouhamathod
enbodyi ng the mveﬁat non 5& e TEY "B e%"é’f%&‘ ‘S THEAE S ch have a
singl e bl ack st &4 atates <sr| mgbetogermyle Srabale Iamdn@tcsbﬂgbleemﬂu tHencest at e, each
non- def ecti ve eln%\le en#ence ”n%esgrt 051 ntfrtﬁ)e roected ra lats%l ¥ tl ¥ c{t¥1 adopt one
--12-- of a serie t at’ds da e whiffe” s fa each grey or
white state cor‘gr@§p@fmd<iibngthtmaaOfampd@bleWEMNmaymmmdto a correspond| ng
D e o e 1t NSl B Qi AIANMNLAL ShALESAIRYd O Wy ) SCrete of
conti nuous series ref erapr non-der ective el enent

control | abl e tothaébplﬁnta@erﬁﬁhylﬂa%le b@un tsmm@sammrrwmrcentrlbmloerﬁa@be gr eyscal e

printing to be [ d}lgigelg sition of the
proj ected radi a?&gﬁrﬁ%ngt t%tlr_tlﬁ@gon Spoh g:??}ﬁ%eﬁéﬁ%%ﬁt bag%r ray of

control | abl e el &asfvise 3ydaredns tf&dﬁg@w@dm 10 4artespondipg o @t@mﬁﬂ@ Inthe series of
white states inghUdRsisBn\ MRSt nshRks s!aﬁn%kx%&deéﬁ]?elﬁi&@?@ﬁceﬂh@t eracts with
the beamto provide a maxi mum contribution to the peak intensity of the
correspondi ng piveaty a5 fet Qfﬁﬁlxﬁtﬁ?ﬂ%mdﬂgmmeéﬂﬁl%@m’gn@ﬁt intprsggey t W ce as | arge
as the |argest ggatribution corresponding to a grey state. In other words,

an element in the whitest state nmay provide a pixel having tw ce the
[0045] In this example, the black and grey states together form a first set of

states, used for normal beam patterning and exposure of the target surface of the
substrate, and the white states form a second set of states, reserved for use in
compensating for the effects of defective elements in the current exposure step or
in previous or subsequent exposure steps. Reserving the second set of states in
this way provides exposure headroom.

[0046] Another embodiment of the present invention provides a lithographic
apparatus comprising an illumination system for supplying a projection beam of
radiation, an array of individually controllable elements serving to impart the
projection beam with a pattern in its cross-section, a controller arranged to
control the elements, a substrate table for supporting a substrate, and a projection
system for projecting the patterned beam onto a target portion of the substrate.
The projected radiation pattern comprises a plurality of pixels, each pixel
delivering a respective radiation dose to the target portion. Each element, when
not defective, is controllable to selectively adopt one of at least three states. The
states comprise: (a) a nominal black state, in which the element interacts with the
projection beam so as to make a minimum contribution to the radiation dose

delivered by a corresponding pixel; (b) at least one nominal grey state, in which



intensity as that of a pixel corresponding to an elenment in the nost intense
grey state. 100451 In this exanple, the black and grey states together form
a first set of states, used for nornmal beam patterning and exposure of the
target surface of the substrate, and the white states forma second set of
states, reserved for use in conpensating for the effects of defective

el ements in the current exposure step or in previous or subsequent exposure
steps. Reserving the second set of states in this way provi des exposure
headroom [00461 Anot her enbodi nent of the present invention provides a
Iithographic apparatus conprising an-j3ld um nation systemfor supplying a
projection beamof radiation, an array of individually controllable

el ements ser Vi Nghet eneiPiberactshith e Pfoptiorobeaeddswh k@ aPpadctedded i N i tS

cross-section, ntroller arr ntrol the el a substrate
table for suppoFWWﬁ§“§”§3ﬁ§¥W@?%‘g%ﬁﬂ“ﬁmﬁy 8%??%ﬂm“%9§§éﬂ$¢§? proj ecti ng

t he patterned beagmopiiomiml wmeg:&te mmhidh&m eﬁﬁleﬁth&er&mﬁﬁh’taﬁﬁmectfﬁhe proj ect ed
radi ati on pattern co ses, a plural.it xels, e xe delivering a
| espect | ve rad: BAFOR Bokoros s Rl 6 Risiin Bese R inke Shen” “hot
defective, is COdirteslﬁinﬂlag)blﬁelgﬁatSIEh?ﬂd’tatllledy)gr@d‘(aﬁt Tigrentollerad arlaggzgt t hr ee

states. .The st a;[dlensanﬁ'?on? roﬁ?he efen?entasu@ﬁ){n t each eglmg‘t(l:tlgd Sptts%%g &f tfxeq)lml ch the
el ement interact fe ¥ i mum

contribution tootgeyma&saﬂh@nmmnbelsdgmﬂvemmndbqséammﬂyespmhdmng pi xel ; (b)
at |east one nom.pal &f ?%pﬂvﬁﬂe tatbd 1o BHb il cor.é%nsané for e e M Jenteracts with

the projection beamso as e an i1ncreas contri ion to the
radlatlon dose dékmweP@dSby the correspondi ng pi xel ; and (c) at least one

nom nal |{0647iaat €in ltlr's Moglgw}lthfﬁe g(ln'l?r Es al’rgrﬁg@(li @)%tsétg%%lé& dptnF' greQ roj ection

beam so as ke a contribution to the radi—ation ivered to the
correspondi ng p#tries forgréinarsmormpphsubstiatetexpasurgayd g resgrvathawkite sppsfosont rol [ er i s

arranged ordi naglefsatich B&Bésésohe %%Le@% %hélugfaeﬁ-:&% Rakft gement adopts
one of the black or grey states. e controller 1s further arranged to

sel ectively conﬁfo?Fedtlhéff“@Pge?Fé’ﬁU Be affscting dstdosstvpitean daliziered Eash perovi de
conpensation fogetdife Bkh&ftisScrolladR 18 SdidcHGe1PhdbB! She of a series of grey

states, and one of a series of white states, and the elements may conveniently be
provided by a programmable mirror array.

[0048] In one example, there is a lithographic apparatus in combination with a
substrate having a target surface to which a predetermined radiation dosage
pattern is to be delivered. The dosage pattern comprises nominal white regions,
to which a radiation dosage at least equal to a predetermined threshold value is to
be delivered, and nominal black regions, to which a radiation dosage less than the
predetermined threshold value is to be delivered. The series of grey states may
then include a maximum grey state in which the increased contribution is a
maximum for the grey states. The illumination system and controller being
arranged to expose the target portion to each pixel for a common exposure time,
and the illumination system and elements being arranged such that exposure of
the target portion for the common exposure time to a pixel whose corresponding
element is in the maximum gray state delivers a dose at least equal to the
predetermined threshold value. Alternatively, exposure of the target portion for
the common exposure time to a pixel whose corresponding element is in the

maximum gray state may be arranged to deliver a dose less than the



[00471 In this enbodinment, the controller is arranged to use the black and
grey states for ordinary, normal substrate exposure, and to reserve the
white states for conpensation purposes, i.e. only uses them when a
defective elenent has affected, is affecting, or will be affecting the dose
pattern delivered. Each non- defective elenent is controllable to

sel ectively adopt one of a series of grey states, and one of a series of
white states, and the el enments may conveniently be provided by a
programuabl e mrror array. 100481 In one exanple, there is a |lithographic
apparatus in conbination with a substmate having a target surface to which
a predeterm ned radi ati on dosage pattern is to be delivered. The dosage
pattern conpri sesdaaminadihrestivld elue ®gtigodagr thart lalfikRipeetarmied kta¢shddh dosage at

| east equal to a pr edeterm ned threshold value is to be delivered, and

nom nal bl ack regions, to which a radiation dosage | ess than the

pr edet er m n@e49y hr es ik ebovatiedingnts canlaiovd &k bester @l(chakslosage) costradf grey st ates
may then include, &, TR AUy ALEY: 3 Eul Ml BLER S AGLEASRG, cON T buti on
is a maximumfor the grey S R T N R TN system and controller
bei ng arrangeduding ssxpodag phxels timitefetd 19096 harnpal whiter@ssodnlypi xel for a common
exposure ti and i LLum nat i : I arranged such
t hat exposu@?%f th@gggdrvag%{mﬁlw gaﬁ b?)é?s‘ét egg; %ﬁ%ﬁ%@ﬁ%ﬁﬁ?gqgl me to a pixel
whose cor r espondiim §whitdr-gharwthite"sfos qerredtien prapdsesum gray state delivers a dose at
| east equal t he j lad v : jvely, exposure
of the tar glg{}ﬁa)orti Oﬁﬁ{o&gfén‘?{oﬁﬂg{éggcah %géﬁgésgrpgésﬁ%%%%%d%aﬂﬁr%ﬁ whose
correspondi ng eméssgsspseiina qlganup gcherpg saidienee gjoilherprsequeptip)regustienrin anged t o
deliver a dose th?élghﬁuh@ﬁbntumg the sefbie SR HEbRfTIEde At £30Qb HoMal ue but
greater than half The predeterm ned threshold value. 100491 The above
ermbodi nent s canthgladditietebosh &x tther clenmnt ey, gesodiated glegtronishtandwidet han wit h
uncorrected deagoRbielidd Hat {HAD bt 1 af QRIVRALI RBRAt HATWRCAdQ JEL hods  usi ng
surrounding pixels limted to 100% nornal whiteness only. [00501 The above
enbodi ment can BEvVidededniupedseas providing the capability to print

“whi ter-thagesmhi t " Huther 6@bdd@fidntsOfdatiXed, fASEantages of the present inventions,

as well as the structure and operation of the various embodiments of the present
invention, are described in detail below with reference to the accompanying

drawings.
BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0053] The accompanying drawings, which are incorporated herein and form a
part of the specification, illustrate the present invention and, together with the
description, further serve to explain the principles of the invention and to enable a
person skilled in the pertinent art to make and use the invention.

[0054] Figure 1 depicts a lithographic apparatus, according to one embodiment of
the invention.

[0055] Figure 2 illustrates a defective pixel compensation method.

[0056] Figure 3 illustrates part of a lithographic method, according to one
embodiment of the present invention.

[0057] Figure 4 illustrates defective pixel compensation steps used in a method

according to one embodiment of the present invention.



100511 Anot her enbodi ment can prevent a third pass being needed to print a
m ssed dose in a clean-up schene, and hence avoid the consequenti al
reduction in throughput when using the sane nunber of controll able el enent
arrays (33% or the additional cost for the elenent arrays, associated

el ectronics, and wider projector field that would result if an additional

el ement row were needed to provide clean-up doses. 100521 Furt her

enbodi nents, features, and advantages of the present inventions, as well as
the structure and operation of the various enbodi nents of the present
invention, are described in detail belisw with reference to the acconpanyi ng
drawi ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS/ FI GURES 100531 The acconpanyi ng
drawi ngs, V058h ar e Figuoorifastrateefirthe defbdtivapide]l canpensatiopaeps ugd id he
specification, i“hqﬁ%rq&g oQ?eQﬁ@ %Ptt%gyentiQn anﬂ together with the
description, fulfREFSETVR 8% EXplain ThePprincrples of the invention and to
enabl e a {de&59bn skiFigued illnstiatee pgresfian pent ofaicmetto amitke carsboudieg t he i nventi on.
[ 00541 Figure |.depicts a |lithoaraphic . apparatus ccording to one

nbodi ment of  PHEE oA eh - C0RuRRR S RRE S ibeaBiE RS et ective pi xel
conpensat i df06fkt hod Figh@0bi tstigieg pareof3m jatrhyusfteteaients applath¢ cayfesp@nding hogr aphi ¢

nmet hod, accordi . i -] Nt 100571 Figure
4 illustrates d@gﬁ%?ngﬁﬂﬁggpgg%ﬁ%@%?§§$%ﬁ%Eﬁgﬁégﬁ%%%9¥ﬁggbﬁﬁ?hod accordi ng
to one enbodi nmegmbodimentpd themesseminventipent i on. [ 00581 Figure 5 illustrates
further defigghjve Dipgle COURGHRS Bl G'hn SEBPsE 3Rk bt e cdRIPREAACCOr ding to
one enbodi ment” of the present i1nvention.” 100591 Figure 6 illustrates part of
an array of el eitieatiy pefieintiedueest pe 8 deraeti sybstratenip en Yihegraphis methed pr oduced on a
target substratgelfin@alcbhAHiBR NS adBldh@do onel AR Ineh GHHE presdnt | USTT At €S part
of an array of elenments and the corresponding intensity pattern produced on
a target substr@®UH a |ithographic according to one enbodi nent of the

present invegekj on. HHOGledentiiflefitRn Bvilll doWSter @k@Deddlith Bfreadt Rrh@y of elenents

and the corresponding . _ ) , o
accompanying drawings. In the drawings, like reference numbers may indicate

identical or functionally similar elements.



intensity pattern produced on a target substrate in a |ithographic nethod
i ncl udi ng a conpensation step according to one enbodi nent of the present

i nvention. [00621 The present invention will now be described with reference
to the acconpanying drawings. In the drawings, |ike reference nunbers may
indicate identical or functionally simlar elenents. --16-- Detailed

Description of the Enbodi nents Overview and Term nol ogy 100631 In one
enbodi ment of the present invention using a microlens array inaging system
it is the function of a field lens of a beam expander (which field [|ens may
be formed fromtwo or nore separate lenses) in an illumnation system to
make a projection systemtelecentric by ensuring that all conponents of the
| i ght beam between the field lens and the mcrolens array are parallel and

perpendicular to the m C&kﬁ[&%ﬁéscﬁgth%"&me %Bﬁlg qugh light beanms between
u

the field |l ens and the mcrolens ar be 51 antially parallel,
absolute parallelismnmay not be achi evabl e. 100641 Thus, given a degr ee of
non-tel ecent ri Cigy¥vie® shiterRiRicggt i ON system  according to one enbodi ment of
the present invention, small magnification adjustnents can be achi eved

W t hout undjgge3)oss oh &Q%h&’éodﬂen@'bﬁ%%ﬁs&g uﬂaﬁmﬁﬁmmg’f‘&rnﬂcrglfenstilﬁ | ens
conponents which are | ocated between the il andt substrate t abl e.

[00651 | n one effBRENSHETRD ‘téstb"rf(‘j]l“éle??fdrﬁe@%?%@ﬁhﬁﬁm?x%’éjﬁ(%‘wéﬁﬁldplI The term

"pupi | " being Us@Embybefhin®d 466 UiEHR imoteQefafhEnstsYindin Rha@ivEEdmr ays of the
proj ection beamintersect which rays | eave the patterning systemfrom

different | ocat9BHS PEYSHiPY &SR tiFrantiapy ‘é*F‘Hlnﬁ&‘aéi‘}%‘foé‘WP‘Efﬁ}fs %thet he same angl e
relative to an dightSbearBfbetwden e djeRiClehsOihdRBARICYENNS ArrhyS alRQYPatblibl 4n@ t he

patterning system 100661 For e | e, accor to one epbodi ment of the
present inventi BFfpen%léfgl'gh%ﬂﬁdmémﬁF%V eHe"{'fn hﬁgghsligg’t'?ﬁ‘inf P\ ch the field
lens is initialkpe f&[d’laﬁmd the @icHpine biredyans Haaubseatidlly famnd| dsbdludoeam of

radiation bet Vve%arl]rallletllsm may n&%e ac}hleeva?br ray of

[0064] Thus, given a degree of non-telecentricity in the projection system,
according to one embodiment of the present invention, small magnification
adjustments can be achieved without undue loss of focus by displacing one or
more of the lens components which are located between the pupil and the
substrate table.

[0065] In one embodiment, a projection system will define a pupil. The term
“pupil” being used in this document to refer to a plane where rays of the
projection beam intersect which rays leave the patterning system from different
locations relative to the patterning system but at the same angle relative to an axis
of the projection beam which is normal to the patterning system.

[0066] For example, according to one embodiment of the present invention,
assuming a microlens imaging system in which the field lens is initially arranged
to generate a perfectly parallel beam of radiation between itself and the array of
lenses. Also, assume that light reaching the field lens is diverging. Any
displacement of the field lens away from the microlens array will result in the
projection beam becoming slightly divergent, whereas displacement of the field
lens towards the microlens array will result in the projection beam becoming
slightly convergent. Given however that the field lens is a relatively weak lens,
displacements necessary to change the magnification of the projection system to

compensate for distortions of the substrate (typically of the order of parts per



| enses. Also, assune that light reaching the field lens is diverging. Any

di spl acenent of the field lens away fromthe mcrolens array will result in
the projection beam becom ng slightly divergent, whereas di spl acenent of
the field lens towards the mcrolens array will result in the projection
beam becom ng slightly convergent. G ven however that the field lens is a
relatively weak | ens, displacenents necessary to change the nmagnification
of the projection systemto conpensate for distortions of the substrate
(typically of the order of parts per --17-- mllion) can be achi eved w thout
affecting the focus of the projection-tveamon the substrate surface to an
unaccept abl e extent. Al though focus change due to displacenent of the

m cr ol ens arr ay ntilliwgrcelsbecachiawwe withow afféchng thefostsradithe prgeceiof beamton or der ef f ect,
and resultant changes_in nificati Q cond.order effect,

ever thol eas ussbart s R eh bRihRe Blef, RERSORLBLSR R GET L 11 (i
enbodi ment, t he displedecheht@fithe mpyoléne amaydewands oodway fiwmrigd sbsomtetispdirdr  nor e
tenses. Each fi i i ed . r t] it her towards

or away fromt hgld(rérllE %:f?eo’ 3@%@%&%@% 1 ﬁgéln#él'l% (}neaﬁgs%%nrrgflr gei?%cf’t ed so as to
result in a di hewsrtealass uiefubmagnifecation admgimerttimeabé wedeacr oss the surface of the
exposed sub te. i 3 ) ved in

transl ati onlsbf':lgrl?:ij1 / or I’? :ﬂ?at %ﬁOH%SB%ggﬁ%ghftl%ﬂgdé %%?M‘F%S’f %d(ﬁal ly

control | abl e el &weienses. Fachisiddens may bywaply sawdlintrpalatimsibir jowarser pr et ed as
referring to any gayines thitrokAhrRE ot feld RnERABWLIAR, hIG RIFING radi ation
beamw th a patterned cross-section, so that a desired pattern can be
created in a targélerepénl ehapss ipmagniisationpaes de surfaqepd the gxneged'sphsgie: val ve"  and
"Spatial Light Myt @ midolVhrsaydes@vitn UsRMibdkoliNirsingont ext . Exanpl es
of such patterning devices are _discussed bel ow 1 A programmable mrror

0069
array may cOM¥ise aTWi“%Taé(GHP@@Q‘éPSP’é°“§r8¥13fb§€l§m[eﬁéﬁﬁs Agje emRIPEL oel asti ¢

control |ayer agkbuflibeBloh®fnteMfRet&ll felmhg toldd@ ddvas that ok balséddb éndowehi nd such an
apparatus is that, for exa ressed (?Leas of the ref]ective surface

pl e, adt
reflect incidenf®Meghre s "g“F)‘f g?aﬁ‘c‘fv 2 PRUGHEd CREFEiQs Wriktidrse®ed ar eas
reflect incidepittetd @hbe dcitedith thrbét partiQthbrthe glbtktratdJThergmartligippaepr i at e spati al
f'egf“egg Lgley ;‘EgﬁJ‘fs{aé’%ﬁPﬁghtMo%u bioS WM Rad didobE L &T in ML coRlextt Bantpll ! €Ct €d beam
of such patterning devices are discussed below.

[0069] A programmable mirror array may comprise a matrix-addressable surface
having a viscoelastic control layer and a reflective surface. The basic principle
behind such an apparatus is that, for example, addressed areas of the reflective
surface reflect incident light as diffracted light, whereas unaddressed areas reflect
incident light as undiffracted light. Using an appropriate spatial filter, the
undiffracted light can be filtered out of the reflected beam, leaving only the
diffracted light to reach the substrate. In this manner, the beam becomes
patterned according to the addressing pattern of the matrix-addressable surface.

[0070] It will be appreciated that, as an alternative, the filter may filter out the
diffracted light, leaving the undiffracted light to reach the substrate. An array of
diffractive optical micro electrical mechanical system (MEMS) devices can also
be used in a corresponding manner. Each diffractive optical MEMS device can
include a plurality of reflective ribbons that can be deformed relative to one
another to form a grating that reflects incident light as diffracted light.

[0071] A further alternative embodiment can include a programmable mirror

array employing a matrix arrangement of tiny mirrors, each of which can be



diffracted light to reach the substrate. In this nmanner, the beam becones
patterned according to the addressing pattern of the matri x-addressabl e
surface. 100701 It will be appreciated that, as an alternative, the filter
may filter out the diffracted light, leaving the undiffracted light to
reach the substrate. An array of diffractive optical mcro electrical
mechani cal system (MEMS) devices can also be used in a correspondi ng
manner. Each diffractive optical MEMS device can include a plurality of
reflective ribbons that can be deforned relative to one another to forma
grating that reflects incident |light -as--diffracted Iight. 100711 A further
al ternative enbodi nent can include a programmable mrror array enploying a
mat ri X ar r angeniedividodlly tilteabout e adishy agayihg ashitabieiledalizd ale@isc field, 8r

| ndi vidual 'y til')tedloagloultezoae[%ct?ixilcﬁ%ag&rggagl X‘Jnnega :%n Ilflingitarcl?rlse lm?lt(%gl | zed el ectric
field, or by er?‘pelmcgylynéppl sz0ef BTt TE ™ ACt uati 6 nBans. Once again, the
mrrors are nataddsessablednasisapldessed motord willteflad dy igssenk mdiattopbeanwi | | ref |l ect an
i ncom ng radiatjgn. -] ' . ' t ed mrrors; in
thi s mamner 1 e pea et Bhid gDl bk Lo B AR BRE°C it cost ng
pattern of the ivpatteingd detdingoddisladdresping patern of thyeatrixeagidicssakle mumorsi x addr essi ng
can be per for MegyalheedSHid: A0 EesGh LA RefrornflB AR shilfilideckhidoth of the
situations descri eg here above, the array of individually controllable

el enments can cofpd-se one or nore programmable mirror arrays. Mre

i nformati Orlm%bm_ I Qf bW bBNSsistioREdeSeribed Rt Bovel Me G24Y Hnddigamed, for
exanple, fromUnited States Patents 5, 296,891 and 5,523, 193, "and PCT pat ent
appl i cati ons WFooB9IBBIs glemspts can©owgyiss 3006, Mefp PrOBraRMablE AiEY 3Rt ed herein by

reference in thgik BREhtBE ioﬁ%in@%?slgﬁhd@é %@mbwbég@a@ar@y can al so be
used. An exanple of such a construction is r% ven in United States Patent

5,229, 872, whi ciemle; Ry HtsA State Patprds 2399-88 1 ander @p it & FE-T Raéenbnt j ret y.
[00741 It shoul gphatiaRwWe gs/sd5etaddIvad 98/¥BebE whick aliRshphgte@herdie®t Ur es, opti cal
proximty correcfion features, phase variation techniques and nultiple
exposure t echniCtftr8& ST GREEISf or exanpl e, the pattern "di spl ayed” on the
array of [0073] A programmable LCD array can also be used. An example of such a

construction is given in United States Patent 5,229,872, which is incorporated
herein by reference in its entirety.

[0074] It should be appreciated that where pre-biasing of features, optical
proximity correction features, phase variation techniques and multiple exposure
techniques are used, for example, the pattern “displayed” on the array of
individually controllable elements may differ substantially from the pattern
eventually transferred to a layer of or on the substrate. Similarly, the pattern
eventually generated on the substrate may not correspond to the pattern formed at
any one instant on the array of individually controllable elements. This may be
the case in an arrangement in which the eventual pattern formed on each part of
the substrate is built up over a given period of time or a given number of
exposures during which the pattern on the array of individually controllable
elements and/or the relative position of the substrate changes.

[0075] Although specific reference may be made in this text to the use of
lithographic apparatus in the manufacture of ICs, it should be understood that the
lithographic apparatus described herein may have other applications, such as, for
example, the manufacture of DNA chips, MEMS, MOEMS, integrated optical

systems, guidance and detection patterns for magnetic domain memories, flat



individually controllable elenents may differ substantially fromthe pattern
eventually transferred to a |ayer of or on the substrate. Simlarly, the
pattern eventually generated on the substrate may not correspond to the
pattern formed at any one instant on the array of individually controll able
el ements. This may be the case in an arrangenent in which the eventual
pattern fornmed on each part of the substrate is built up over a given
period of time or a given nunber of exposures during which the pattern on
the array of individually controllable elenents and/or the relative
position of the substrate changes. 100851 Although specific reference may be
made in this text to the use of |ithographic apparatus in the manufacture
of ICs, it shoubghebdisplags @risfiloodaghétgtheddhetc. Thetskitgt aan wilbgppaciat us descri bed
herein may have_oih applications, .such as. faor anpl e, the manufacture
of DNA oh po . VR iR oF AL ABE R UGy S e RIS iR oo anc

det ecti on patt epndlief bereimmgm b¢ tansideredds synveymaus @gh the lmmre gendr@l terms panel

di spl ays, thin fj net - i i i1l appreciate
that, in the congtuégﬁa{gﬁ(% 2‘1} gﬁpog[fb?g?eﬁ%té\%g' g%%l"?sﬁ%% %e@eﬁrg?{oglhéﬁﬁlg%“ of the terns
"wafer" or "di b pieegsesidnbefery obafterovrsesdisr wdfon sxampleonireabu@ todlithett he nore
general terms B@Hgglali)ﬁk?;la%rofl‘rlestis@{og%bstpaqg aglh@&glopsrtﬁe%se&ﬁgd%s%t%r The substrate
referred to herein rmay be processed, before or after exposure, in for

exanpl e a track?{girelegy or frspaction togdi Whare gpphgsblei thadigclosyig dpreigfmaybei st to a
substrate and dgy@bPRIudhRfd SKR SRS §SdeSing Vs FartiPRiKeQLeie Rfay | NSPECt i ON
tool. Were applicable, the disclosure herein may be applied to such and

ot her subst r at e PpRTEEESS PR hap SPS: forgxppplen ordenie cigls el BYSHEy S0 be processed
nore than once, tHaOthe @¥aEMs@att DscddRM he) AdoGdfetodh dUbtlaie-thA¥REd) C, so  that
the termsubstrate used herein may also refer to a substrate that already
contai ns nul ti pfEHe %%%Oﬂem%‘irs-looml The terns "radiation" and "beant
used her ei N0@TsE ONPaskhe &rins tffieondhind ‘BbLCTUs@REENCEIcEmpaadlalblypldf | ncl udi ng

ultraviolet ( radi ati.on (e.qg. ving a | engt h of 365, 248, 193, 157
o 156ty and BEEHEeLr FeaioT sebEne siofoe BTN € gN Rkt g a
wavel engt h i n t heveleapjef 865, 3482 093; W) or 126 nwjednld eatsenzatltcd-ablet (ED&®ans, such as

ion beams or el rea((ilta i(())nn(e.%%qimr;lg a wavelength in the range of 5-20 nm), as well as particle

beams, such as ion beams or electron beams.

[0077] The term “projection system” used herein should be broadly interpreted as
encompassing various types of projection systems, 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.”

[0078] The illumination system may also encompass various types of optical
components, including refractive, reflective, and catadioptric optical components
for directing, shaping, or controlling the projection beam of radiation, and such
components may also be referred to below, collectively or singularly, as a “lens.”

[0079] The lithographic apparatus may be of a type having two (e.g., dual stage)
or more substrate tables (and/or two or more mask tables). In such “multiple
stage” machines the additional tables may be used in parallel, or preparatory
steps may be carried out on one or more tables while one or more other tables are

being used for exposure.



[00771 The term "projection systenfused herein should be broadly interpreted
as enconpassing various types of projection systens, including refractive
optical systens, reflective optical systens, and catadioptric opti cal
systens, as appropriate, for exanple, for the exposure radiation being
used, or for other factors such as the use of an imrersion fluid or the use
of a vacuum Any use of the term"lens" herein may be considered as
synonynmous with the nore general term "projection system"™ 100781 The
illum nation system nmay al so enconpass various types of optical conponents,
including refractive, reflective, and-aatadi optric optical conmponents for
directing, shaping, or controlling the projection beam of radiation, and
such conpdneso} s mayrhalisogriymidphaesiseschy biso Balf OWpe eRdrdieit kubetdage ior si ngul arly,

as a "lens."” [00791 The lithographic ratus n e of t ype having two
(e.g., dual staﬁ’g?ersegrl‘nar}@}“gh%ﬁ%%*?%?"@%ﬁ%ﬁ“?"ﬁ@’é&‘gt’\X‘Bte rsoﬁgre mask

tabl es). I n suct filimalspacplbetwest &geinanelahdnnes the hpeojetion kysenabnd @bl es may be
used in paralle p . [y e may be rri t. o one or nore
{25l es whi 1 o ontsfic,HERHAL Moy PARR, TP4gRRAG8 MLE Bl 0 0P 1 TD0%.
[ 00801 The I it hbgeamhicappppes; & esmplybeth g tho enagk and theyfye elehrenteif n t he
substrate is i r ] i guid. . J (=19 i ractive index
(e g water), DErRBctib o Wbl BT B U B o0t e

proj ecti on syst ewncesing thermmerepbapertere ef projeatien sisoms.| i qui ds may al so be appli ed

to other s int L4l | tSa etween the
Raésip F)&her, t!{'lé %@%@E@%ﬁb%@&& Wit a 1,04 Rg%ée?ﬁgb@eil.tb

mask and the first elenen “projection syste rsion techni ques
are well known plipwtinteragtians pesyveenjarfluidennd irrpgiatefh parfs ofrhe isehirate (S ttar e of

proj ection syst giByivelyA8dlehEHitdIii ihe shidfat@ PR AR 1Y) treREBNE ded Wi th a
fluid processing cell"to allowinteractions between a fluid and irradi ated

parts of the sufgepsabthegubstratey o sel ectively attach chemicals to the
substrate or to selectively nodify the surface structure of the substrate).

Li t hogr aphi ¢ Pr pjigtapRoPARPRmA pparath®0821 Figure | schematically depicts a
I'ithographic projection apparatus 100

[0082] Figure 1 schematically depicts a lithographic projection apparatus 100
according to an embodiment of the invention. Apparatus 100 includes at least a
radiation system 102, an array of individually controllable elements 104, an
object table 106 (e.g., a substrate table), and a projection system (“lens”) 108.

[0083] Radiation system 102 can be used for supplying a projection beam 110 of
radiation (e.g., UV radiation), which in this particular case also comprises a
radiation source 112.

[0084] An array of individually controllable elements 104 (e.g., a programmable
mirror array) can be used for applying a pattern to projection beam 110. In
general, the position of the array of individually controllable elements 104 can be
fixed relative to projection system 108. However, in an alternative arrangement,
an array of individually controllable elements 104 may be connected to a
positioning device (not shown) for accurately positioning it with respect to
projection system 108. As here depicted, individually controllable elements 104
are of a reflective type (e.g., have a reflective array of individually controllable
elements).

[0085] Object table 106 can be provided with a substrate holder (not specifically

shown) for holding a substrate 114 (e.g., a resist coated silicon wafer or glass



‘according to an enbodi ment of the invention. Apparatus 100 includes at | east
a radiation system 102, an array of individually controllable elenments 104,
an object table 106 (e.g., a substrate table), and a projection system
("l'ens™) 108. [00831 Radi ati on system 102 can be used for supplying a

proj ection beam 110of radiation (e.g., UV radiation), which in this
particul ar case also conprises a radiation source 112. 100841 An array of

i ndividually controllable elenents 104 (e.g., a programmable mrror array)
can be used for applying a pattern to projection beam 110. In general, the
position of the array of individually2gontrollable elenments 104 can be
fixed relative to projection system 108. However, in an alternative
arrangenent, afnbafareayndmbjebtniﬁla/ioduaiHeysormemdrtohb@biomnghﬁﬁﬁanmfoﬂ.m may be
connected to a 05|t on f.or. accur l'y positioning it

sho
Tn Teenect £ o il Rl diheasblran) AR RO itint S o i 01 dual Ly
control | abl[8086] enentPsojé&lidn syatem OIS (agr efduetzt ander ICAPE lehe sgtem brave a refl ective

o o et Bl SO0 SR o LENR DL Bl RO GRESEL 201, 105, can
substrate 114 (wirgr sysgm) ean ttusgioat Er@hegmg nlr;matte\mﬁémarm recgwals@m a2l--

substrate) and phineeifue 20l Gicld6300P L ARREGLEALA dAPAShEAN g, devi ce 116

for accurately posttioning su ate ' respect’ to projection system
108. [00861 Pr o}léctpiwtlsly%femn@@@al(erogctanam«’tgaafthzalawddf@rdlwmIens system or

a catadi optri CoRySitpillefeRRE |4 Jifh bt ‘?lﬁ%@hﬁu%ﬁjﬁmf&tﬁws siph materials, or

a mrror syste can be used for projecting t terned” beam recei ved
froma beam spl StYQaéProleEBmé&?PGfSaCOP%ﬂg@Pm%ﬁ?rtWWtf@zb’ff(e%tsgfthea&hﬁe or nore dies)

of substrate 13f4ndn?&&llf€dnlr91ﬁb@é§hu@m 18 ctTBshuid QIPeGLctiBNsys@Rges of the array
of individually controllable elements 104 onto substrate 114,

Al ternatively, PRojlcPmeisedyitels roBed) piosp BeeccPiitges e 28¢condar y
sources for whi ghrdiltemeiBpRNn%o @Bstﬁa{aqmrray of individually controll able
el enent s 104 act as shutters. Projection system 108 al sg conprise a
mcro |lens QWby (I\/I§}33rc‘i P28 rﬁnteh%m%réaéah%faw 'é‘iﬁl?rPEaé%"féﬁ%a“O‘f bzzpr oj ect

m crospot s ont oB&uDISD st Eintbhd illumination system (illuminator) 124, either directly or
after having traversed conditioning device 126, such as a beam expander 126, for
example. Illuminator 124 may comprise an adjusting device 128 for setting the
outer and/or inner radial extent (commonly referred to as c-outer and o-inner,
respectively) of the intensity distribution in beam 122. In addition, illuminator
124 will generally include various other components, such as an integrator 130
and a condenser 132. In this way, projection beam 110 impinging on the array of
individually controllable elements 104 has a desired uniformity and intensity
distribution in its cross section.

[0088] It should be noted, with regard to Figure 1, that source 112 may be within
the housing of lithographic projection apparatus 100 (as is often the case when
source 112 is a mercury lamp, for example). In alternative embodiments, source
112 may also be remote from lithographic projection apparatus 100. In this case,
radiation beam 122 would be directed into apparatus 100 (e.g., with the aid of
suitable directing mirrors). This latter scenario is often the case when source 112
is an excimer laser. It is to be appreciated that both of these scenarios are
contemplated within the scope of the present invention.

[0089] Beam 110 subsequently intercepts the array of individually controllable

elements 104 after being directing using beam splitter 118. Having been



100871 Source 112 (e.g., an excinmer |laser) can produce a beam of radiation

122. Beam 122 is fed into an illumnation system (illum nator) 124, either
directly or after having traversed conditioning device 126, such as a beam
expander 126, for exanple. Illum nator 124 may conprise an adjusting device

128 for setting the outer and/or inner radial extent (commonly referred to
as o-outer and a-inner, respectively) of the intensity distribution in beam
122. In addition, illumnator 124 will generally include various other
conponents, such as an integrator 130 and a condenser 13 2. In this way,
projection beam | 10 inpinging on thejarray of individually controllable

el ements 104 has a desired uniformty and intensity distributioninits
cross section. &A&%Aby tHe aﬁwhﬂivbﬁalry%@mlam elehefite OB kainQ 1dagids € 1, that

source 112 may thin. the h raphi ¢ projection apparatus
100 (as s oft cliuhb piCHon SR 105uPEa eyt bER B G GeR a0 o “oxanpl o)
In alternative ethddierEntras 18lource 112 may al so be renDte fromlithographic
proj ection 2 woul d be
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106 can be noveg et portions
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appreciated that projection beamn 110 may alternatively/additionally be moveable,
while object table 106 and/or the array of individually controllable elements 104
may have a fixed position to provide the required relative movement.

[0091] In an alternative configuration of the embodiment, substrate table 106
may be fixed, with substrate 114 being moveable over substrate table 106.
Where this is done, substrate table 106 is provided with a multitude of openings
on a flat uppermost surface, gas being fed through the openings to provide a gas
cushion which is capable of supporting substrate 114. This is conventionally
referred to as an air bearing arrangement. Substrate 114 is moved over substrate
table 106 using one or more actuators (not shown), which are capable of
accurately positioning substrate 114 with respect to the path of beam 110.
Alternatively, substrate 114 may be moved over substrate table 106 by selectively
starting and stopping the passage of gas through the openings.

[0092] Although lithography apparatus 100 according to the invention is herein
described as being for exposing a resist on a substrate, it will be appreciated that
the invention is not limited to this use and apparatus 100 may be used to project a
patterned projection beam 110 for use in resistless lithography.

[0093] The depicted apparatus 100 can be used in four preferred modes:



el ements 104 with respect to the path of beam 110, e.g., during a scan. In
general, novenent of object table 106 is realized with the aid of a

| ong-stroke nodule (course positioning) and a short-stroke nodule (fine
positioning), which are not explicitly depicted in Figure 1. A simlar
system may al so be used to position the array of individually controllable
elenments 104. It wll be appreciated that projection beam 110 may
afternatively/additionally be noveable, while object table 106 and/or the
array of individually controllable elenments 104 may have a fixed position
to provide the required relative novengpt. 100911 In an alternative
configuration of the enbodi nent, substrate table 106 may be fixed, wth
substrate 1fdofei ng noveshpemeiéeineSthiitet pak@ brd e Carhof mmﬁﬁa@]yt his is done,
substrate table 106 %@ ﬁrOViqﬁg with a nultitude of op 8 on a flat
upper nost sur f aé®oj ETHE 8¢ FHPSUGR P Qbﬁ)e‘hf"?ﬁj% g'ﬂﬁhade a gas

cushi on which i Sargbaﬁlﬁb&rﬂ20f5®ktﬂmﬁtﬂd Ing 1s$h.¢bﬁ‘foﬁéﬂ1tuethé.ﬂ.&d/0ﬂ}iHlﬁectlé‘nsC0nventI onal | y
referred to as an ar i arra bstr te H 4 is noved over
substrate tablg iggﬁﬁgfﬁmuggémﬁ? ﬁ%?@t5§?d§H8P§ ? AP SRERIT Y whi ch are
capable of accmm&heﬂpmﬁo&nﬂmmnﬂng substrate 114 mnth respect to the path of
beam | %ernat velgén s%&aggl%%4 nag e g quer substrate table
106 b seI ec{ artl ng G S ) p¥ G*RE By énsoaeggxco? asg“feﬁrough t he
openi ngs. 10092kngmmhmughﬂ]mthgnﬁghynapmgh&ﬂu&”lmﬁua¢oh¢dmmgﬁto t he
invention is herei i for. expo on a
substrate, it vmf%wI%Ha%%ﬁggggfggmgﬁg?qu'gmgﬁgeﬁf?%%ng%E%?&finited to this
use and appar at ysled O@amdyechen”us@dtht p dprcoprectitha sppdivt erthagatrsfiect i on beam
110 for use in L& J: aratus 100 can
be used in four ? ﬁ%ﬁﬁéﬁlkkégggh?gg ov&%%%g%uﬁh%gﬁﬁﬁhf&ﬁgmﬁﬂﬁe entire
pattern on the akm@ySHﬂ pwumvw@maphya@@mkﬁ@hsamm@men@h@nwghnom is projected
in one go (i. -,salﬁeo%g&k@e rumma)spegmom mwcwlsal%ﬁgrgﬁca&&%f Substrate
table 106 is then noved Iin the x and y directions 0 a different
position for a (mooercm@mterpéﬁ)é?gé@ thgﬁd?@rl%rﬁ rglptyetydarpetaigetratioatl dicaby  pat t er ned
proj ection beampl ¢ d8sed LWAGRRhading 8CHApBRACon R&ARBAI @l |y the same as step

node, except that a given
[0096] 3. Pulse mode: the array of individually controllable elements 104 is

kept essentially stationary and the entire pattern is projected onto a target portion
120 of substrate 114 using pulsed radiation system 102. Substrate table 106 is
moved with an essentially constant speed such that patterned projection beam 110
is caused to scan a line across substrate 106. The pattern on the array of
individually controllable elements 104 is updated as required between pulses of
radiation system 102 and the pulses are timed such that successive target portions
120 are exposed at the required locations on substrate 114. Consequently,
patterned projection beam 110 can scan across substrate 114 to expose the
complete pattern for a strip of substrate 114. The process is repeated until
complete substrate 114 has been exposed line by line.

10097] 4. Continuous scan mode: essentially the same as pulse mode except
that a substantially constant radiation system 102 is used and the pattern on the
array of individually controllable elements 104 is updated as patterned projection
beam 110 scans across substrate 114 and exposes it.

[0098] Combinations and/or variations on the above described modes of use or

entirely different modes of use may also be employed.



target portion 120 is not exposed in a single "flash." Instead, the array of
individually controllable elenments 104 is novable in a given direction (the
so- called "scan direction", e.g., the y direction) with a speed v, so that
patterned projection beam| 10 is caused to scan over the array of
individually controllable elenents 104. Concurrently, substrate table 106
is simultaneously noved in the sane or opposite direction at a speed V =
M/, in which Mis the nagnification of projection system108. In this
manner, a relatively large target portion 120 can be exposed, w thout
havi ng to conprom se on resolution. [0§R61 3. Pul se node: the array of
individually controllable elenments 104 is Kkept essentially stationary and

the entire maodlern i & thy @ptRaiRek OOMOInFIG Al gedy JFaldividally doaBoldblesubstrate 114
usi ng pul sed radlat|024§%sten110 ) Substratﬁ_table 106 i s gﬁ ed mnth an
s{pid 8 i s
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Consequent |y, 10.¢c SGaNacross substrate 114
to expose the ¢ r1a gntp({l (giégaqst #rom thi rHoilIer Eq{cﬁt nog-defecti ect1ve elini%tt The process is
repeated until cwwph@tf@ aécu)b&tyroat @”alsa_rlbs h%s@tdssens tembos@dmtq:m@ &y line. [00971

4. Continuous sga@n, gmn ]§gqt&géy%a&ngi%%g§%@§1puIse node except that a

substantial ly constant radiation tem used and the pattern on the
array of int#lUldual | ¥ cseertamplel hbbaieedfsireninslud@s(a) sblagkduateld wiechpat t er ned
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Conbi nati ons and/or variations on the above descri bed nodes of use or

entirely differ dtintastedistgbuties af itpegpprrespending @ixgl{h) ayvaidest statoin whichg1001 I n t he

enbodi ment  showmnd Radeleradlatiof iR Ahaxirieh ¥dndtbalidny atORy § plutAR! & el enents 104
is a progranmable mirror array Progrannable mrror array 104, conprises a
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patterning/printing, and a compensation set, used for compensating for the effects
of defective elements. The normal set comprises the black state and a first group
of the intermediate states. This first group will be described as grey states, and
they are selectable to provide progressively increasing contributions to
corresponding pixel intensity from the minimum black value up to a certain
normal maximum. The compensation set comprises the remaining, second group
of intermediate states together with the whitest state. This second group of
intermediate states will be described as white states, and they are selectable to
provide contributions greater than the normal maximum, progressively increasing
up to the true maximum corresponding to the whitest state. Although the second
group of intermediate states are being described as white states, it will be
appreciated that this is simply to facilitate the distinction between the normal and
compensatory exposure steps. The entire plurality of states could alternatively be
described as a sequence of grey states, between black and white, selectable to

enable grey-scale printing.

Exemplary Operation



mrror. The mrrors are controll able, when the elenment is not defective, by
appropriate control signals fromthe controller. Each non-defective el enent
is controllable to adopt any one of a series of states, so as to adjust the
intensity of its corresponding pixel in the projected radiation pattern.
[0101] In one exanple, the series of states includes: (a) a black state in
which radiation reflected by the mrror nmakes a mninmum or even a zero
contribution to the intensity distribution of its corresponding pixel; (b)
a whitest state in which the reflected radiation makes a maxi num
contribution; and (c) a plurality of --st.ates in between in which the
reflected radiati on makes internediate contributions. The states are

di vi ded i ntjo102] nor mHIG Ssashowdmadadgeimend of a@hvebtan litpatdpResyRgmpnd Nt i ng, and a
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[0103] FIG. 7 shows a first state of operation of lithographic apparatus 100
according to one embodiment of the present invention, while FIG. 8 shows a
second state of operation of lithographic apparatus 100 according to the
embodiment of the present invention. For example, FIG. 7 shows part of a
normal exposure step (i.e., normal printing), while FIG. 8 illustrates a
combination of normal and exceptional control of the elements to expose a
substrate and provide compensation.

[0104] In contrast to FIG. 6, FIG. 7 shows a row of elements 2 of the
programmable mirror array of the apparatus of FIG. 1, used to perform normal
substrate exposure (i.e. when no compensation for defective elements is required)
in a method embodying the invention. Here, elements 2g (g=gray) whose pixels
fall on a white region of the substrate are in one of their grey states. However, a
radiation source of sufficient power is being used such that, even with their
corresponding elements in these grey, reduced intensity states, the pixels falling
on the white region still have intensity I,. Elements 2b whose pixels fall on the
black region of the substrate are set in their black states. Thus, the controller of

the apparatus of FIG. 1 is arranged to control the elements such that white



adj usted by appropriate control signals. The upper part of FIG 6 shows four
of mrrors 2w in their whitest states, and two of mrrors 2b tilted into
their black states. The |l ower part of FIG 6 shows, in highly sinplified
form the intensity distribution along a line on the target substrate
through the centers of the pixels corresponding to the row of elenents 2.
As can be seen, the intensities of the pixels corresponding to white

el enents 2w (w-white) are at a nmaxi numvalue 10, and the intensities of

t he pi xels corresponding to black elenents 2b (b=black) are substantially
zero. The pixels having intensity |o awe projected onto a white region of
the target, with the transition to black pixels being arranged at the white
regi on edge. Thugiond Bf T;hlaitSrgé‘th’ﬂé/(ﬂSﬁﬂaIDﬁa)kpoﬂttb(}ﬁkelst\hl&)s&\/ﬁbrf&ﬁdndiﬁgsSi ble (e.g.,
nost i ntense) ell enent states arehused for normal exposure of white regions.
[01031 FIG 7 sASME™SF I Qe Y &M S'8fer ati on of it hographi c apparatus 100
accordi ng tjeimne entB)dioﬁﬁmypﬁlitln@hﬁh@ﬂ’eﬁﬁlﬁﬂi an iAMéasity h&idrooitwihddwhof G 8 shows a
second state of tion litho r at 100 acc rdlngtothe
embodi ment of thE %O:OZ Wtbe rﬁ FEYSE B op Peggg&rf%lu%ed%fsﬂ @rmaflp“ﬁdv% part of a
nor mal exposur eThusetpe éppaletus of FIG R it suitably aga)ngedmmﬂrcﬂlei: k4B beBisddltb ust rat es a
conbi nati on of n | eXce tion ments to expose a
substrate and pr%l\/dﬂlrgntenslt mel?lsgagya& %[dﬁidgo ?nhlc((i:’lo% rug% e(fto PEPE! 6, FIG 7
shows a row of élllenemblsviite aftertsity in ppeYPr@vrebbsequentrexprsumstepy Tif t he appar at us
of FIG 1, used 0 t en no
corrpensatl on foréng)e e{é{rll 15/@ éﬁggénxgeh%lys§%J%%¥eg%uv?l}eg§€og§(i%&£gel ?%tgﬁfpenbodyi ng the
i nvention. Her eovedpepisaitiapizg. (g=gray) whose pixels fall on a white region
of the subsipffe ar Guérk R ol VebEm QBTG Shgail RN SLsto fime T 8l at i on
source of suffl cient power 1Is being used such that, even wth their
correspondi ng ep ehifeasurg pige HERsingy hoyvevar.dartiefals vhife weion fogeivdagse, t he pi xel s
falling on thed&(@h;aqgréc@ahgbapmeldbsehﬁ\éeesmmsﬁ;aﬁdsarx toldbeadbIEHBRAES 2b whose

pi xels fall on the ion of the substrate are set in their black
states. Thus, tﬁ@lsc‘éi‘ﬁfert@?? %frt lem%ﬁégafﬁﬁ)s&nam@a&f copredled; tojadops? r anged t o

control the el eg@y"&ﬁte apprdbribld @ notldl bdiite pridfing,  kQGQRRmEH: 2WHas §3F gt are
normal |y expose i xel s whose correspondin

set to its whltest state, such that its corresponding pglxel has intensity 2I,.

[0107] In one example, fine positioning of the projected radiation pattern may be
achieved by grey scaling, which allows for independence from the grid of
mirrors.

[0108] In one example, non-defective elements may be controllable to achieve a
number, e.g. 64, of grey levels for each pixel. In this example, the control system
allows as close an approach as possible to the intended grey-level of the “dead”
pixel.

[0109] An example of how “off-grid” printing can be achieved is as follows. A
“white” line, two pixels wide, can be printed on-grid by setting a series of six
pixels to the following states: B B W W B B (where B=black, W=white, and the
series of six pixels runs across the printed line). To print a two-pixel-wide line
exactly halfway between grid positions (i.e. to print off-grid) the six pixels can be
set to: BB G W G B (where G is a grey state, halfway between black and white).

[0110] It will be appreciated that, although FIGS. 7-8 show element arrays

comprising controllable-tilt mirrors, arrays of different controllable elements may

be used in alternative embodiments. For example, piston mirrors, or mirrors

having a combination of piston and tilt function (so-called piston-tilt mirrors)



el ements are set in grey, not white, states. [01051 By normally printing
with grey pixels, an intensity headroom w ndow of 100-200% nay be reserved,
on top of the 0-100% used for normal printing. Thus, the apparatus of FIG
1, with suitably arranged controller, can be used to add the intensity

m ssed by a bl ack dead pixel (which was intended to print at full, nornmal
white intensity) in a previous, or subsequent exposure step. This

conpensati on may conveniently be achi eved when subsequent pixel patterns
overlap pixel-to-pixel. [01061 FIG 8 shows the row of elenents 2 fromFI G
7 again being used to print a white-f22ature edge. This tine, however, part
of the white region received a zero dose in a precedi ng exposure dose, as a
result of exposma)ebetusﬁda“déaiimbhmmd(s pbbeek pixel i bregsd byl Bedegtee plmsof t he el ement s
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the fol | owi ng sEflsubstrae {9 agpippEn @eC‘Wéﬁf %"ngdﬂi‘lbgél@mewmi”f“@ maypy the series
of six pixels r&medafyracaslablhhﬁnpfdmﬁead JutHW pistoh ehirddrb.Nt a tvvo pi xel -wi de |ine

exactly haI betﬁgn %El tOSItIfO?Mi‘Q“&) & |ntr rhd) t he six
pi xel s” can | set BlgsE g ‘ié"eﬁlo‘é}r*’éﬁo ‘P%\t 2"hal fway bet ween
bl ack and whit eémbo[iﬁileilﬁ)]f tﬁeterbﬂt|1nvbﬁloappl’ﬁﬁﬁdaﬁbeﬁerfohﬁéd, wigt zipbﬁhtgsh FIGS. 7-8
show el enent arr ri.sing. controll able-ti.l ors, arrays of
i1 Terent cont 8} SatE ERRILHES! Ry eefeedr e ik aieps ihbodi mont . For
exanpl e, pi st onbefirsvided$q the karget surfdcesof a resist layer of a substrate W. Part of the

pattern is shown with the desired boundary between black and white regions

being indicated by lines 13. A pattern 1 of pixels is being projected onto the

target surface, each pixel corresponding to a respective controllable element in an

array used to pattern a radiation beam prior to its projection. For simplicity, the

pattern is shown to consist of just 16 pixels. In practice, the number of pixels

may be in excess of a million. The pixels falling on the white region would

normally be set to one of their grey intensity values, and those falling on the

black regions would normally be set to black. However, pixel 11, which falls on

the white region, corresponds to a defective element, and without compensation

cannot deliver the desired dose. To compensate for this, the intensities of one or

more of the neighboring pixels 10, falling on the same white region, are increased

above the normal printing maximum. This is done by setting the corresponding

non-defective elements to one of their white compensation states. Thus,

compensation may be achieved within the white region, and without using pixels

12, which fall on the black regions.

[0112] It will be appreciated that the number and location of the selected pixels,
and indeed the magnitude of the increased intensity of each selected pixel, may

be calculated to give a desired compensation, and desired edge definition. Also,



havi ng a conbi nation of piston and tilt function (so-called piston-tilt
mrrors) --27-- may be used. Wth piston mrrors, a black pixel is created
by a 180 degree phase difference (e.g., 1/4 X height difference, passed two
times in reflection to give 180 degrees) between nei ghbouring mrrors. This
means that the pixel on the wafer is in fact obtai ned by the cooperative
effort of two sub-resolution piston mrrors. The pixels can thus be seen as
lying "in between" the mrrors. Both tilt and piston mrrors provide the
freedomto project any desired pattern on the wafer and allow for grey
scaling to nove the pattern over the mgror grid. Thus, in this exanple it
may not be necessarily a one-to-one nmapping of a pixel on the target
substrate to a mhil¢ @r probleth heittacomyntidhal Cdmpémitioabkenghanmend that A pi xel may be
Aipreteies s AL T s R A
the present i nvembedament vilhegieseraimvingion drefdeciecbveidosmgappehi@laaionsuch as t hat
shown in FIG 1. e HeS to be
provided to the Hf 6%69’9 agﬁsrt&g%ecg&&n&fwr%Fsa?aﬁ%ﬁk%egét?v% 51“1 g’ﬁ(ﬂF rate W Part of
the patternis cghmwntem tyhretilpangdibs do@cgl\b‘omndaar Sovtré‘bsméehcaaﬂoamk aand white

regi ons being Iﬂg&ﬁ ggpby lines 13. A pattern | of pixels is being
projected onto t target surface, each pixel corresponding to a respective
cont r ol | abl W18l enentF15n4 altustratesr pry- amdeadsttcomprasattiem m atyapisamedad.beam prior to
its pr OJ ecti on. a cgfdm%ltm e'nﬁ)'o&l}ﬁenttohtﬂe prgﬁhttuﬁreﬂlohsTﬁmeohtpasﬁgpﬁ} st of J ust 16
pi xels. In practice, the nunber of pixels may be in excess of a mllion.

The pixels fail |3ndll@nlht5ﬁ§65mF’taélp}eéﬁﬁubﬁa%mSwultMPWﬁPmBﬂnﬁﬁéOIs‘étngt o one of
their grey int e@&gh&mp\ﬁélsme saedxJoARS Gepl aﬂnkﬂe@&b%w&n@@&d&m egi ons woul d
normal |y be set to . However, plxel 11, whi falls on he white

r egi on, correspéﬁﬂgefﬁ“ﬁed@PédPWbEm@Péﬁéhpvwﬁﬁ%omﬂPH@HF“@dﬁﬁéﬁsat|on cannot

deliver the desickedpsian anmfe@mmaasec&wstebmsseonab&eu;;a&&mw {sies of one or
nore of the nei ghborlng ixels 10, falling on the sane white region, are

i ncreased abov@4%5&d ABP FASISURSHRAPY ‘i‘i@s"f?&%’fr%rﬁhe migjested RAMGHRRVEYP.set ti ng t he
correspondi ng  BoIkacealshifié@soth ARdEG i ieRlefidf ca fall Sthd sai pdreor@enpensat i on

states. Thus,  cQPENRaL ALiinls SIS S s ool on. and

simplify the description. This simplification results in defective pixels from the
first and second passes being adjacent each other (as described below). It is to be
appreciated that this would not typically occur in practice, where an array may
have in excess of one million elements, with fewer than 5 dead elements per
million. A central element of the array is defective, such that corresponding
pixels 11a, 11b of the first and second patterns are dead black pixels. However,
they both fall on a white region of the target substrate. Thus, in the first step, to
compensate for the subsequent underexposure of the target by dead pixel 11b in
the second step, pixel 13a is arranged to have increased intensity (e.g., higher
than the normal white-region printing intensity). Other pixels 10a of the first
pattern falling on the white region are arranged to have the normal, lower white-
printing intensity, and pixels 12a falling on black regions are arranged to have
minimum intensity. Similarly, in the second step, to compensate for the
preceding underexposure of the target by dead pixel 11a in the first step, pixel
13b is arranged to have increased intensity. The remaining non-defective pixels
all fall on the white region and are arranged to have the normal, lower white-

printing intensity.



12, which fall on the black regions. 101121 It will be appreciated that the
nunber and | ocation of the selected pixels, and indeed the nagnitude of the
increased intensity of each selected pixel, may be calculated to give a
desired conpensation, and desired edge definition. Also, --28-- while a
probl em wi th conventional conpensation techniques was that a conpensation
dose to an intended bl ack region could not be undone, in the above

enbodi ment of the present invention, the selective overdosing at a white

|l ocation in one exposure step, to conpensate for an adjacent defective

pi xel, can itself be conpensated by .reduci ng the dose given to the
"overdosed" location in a subsequent step. [01131 FIG 4 illustrates pre-
and post-cqop@nsati @nGi f idustres paﬁ&pﬁethlﬂmgrapma(ﬁr&mbdieﬁ@lotymgmstenbodi ment of

the present invention. This is in COEtdr 'ﬁg ¢ ‘ |H§h illustrates an
exanpl e of subsfARETANGTY 2 SPTHIP {578 5TR° 88‘??%% ea‘ErFSSIh “ﬁl‘?f’h"é‘ t fcent pixels in
t he same exposufist ]ﬂiefkpattehnlctlhﬁroﬁmtbd)rﬂlarfﬁﬂtexpm’éuthtEin uding altifst aichy o fi rst

exposure step aelgmensvigkpc 1nc dd a&fﬁcﬁve%lie%leecé]l\e' n (?sréttg dfectiVe Si)t(e(lj? using a
correspondi ng array o At a second %? p, a se p| er pattern |

b is project edAcsmood tohelaammgmleapatebyldtlhp}rosancbmarsa@yd expheirgstep, ect ed patterns
overlap, but h 0 f i ernent.,can fall on the
%Yneg ?cri gx?zig h]t:a‘? g%ﬁo dehlgf’ive eﬁ%e&? l%gﬁesfﬁ%sﬁl), d)%g 12§

same part of the ern (e.g., nine
pi xel's) is shomebleck smhpﬂOphajfendrrelalddistcmtep&ﬂlymdpiwilscisdenqbbliacﬂqlmat| on results

in defective pi a%géegt (Lc{e?mbgngrfnaf\bﬂltﬁt Inat%@ec%ﬁga gc&g, o tf@etpp&hl adj acent each

ot her (as descri app s woul d not
typically occurdqaﬁblp‘rka{t&ei He is agltievedbyanakingpirg! lddporeligignse. pscoawpareds of one

mllion el ement Gim Wrhf) v‘ﬁh‘?t\é‘?&elE DG PReR GRFn R SHBRSIS arf Black, W thdyi - A central

el ement of the array is ective, such that correspono’ll ng  pixels | | a, I
| b of the fi rst’“tsa‘f‘?dh%\%létﬁﬁ%fél%‘atter ns are dead bl ack pixels. However, they

both fall qpp@) whit g g9k %re@fatea bt thédid@lan&UE plel AdPost-LhSensakibn t he first
step, to conpensate for the subsequent under exposure of the target by dead

pixel 1 1 bin teff}*i‘éluése‘%ﬁ*lfate%f’léﬁlc}sp?)é‘ePndl%aaY%e“é‘fdrsﬁP?g?é‘EIY’toéfqﬁé@‘*e i ncr eased
intensity (e.g. contbir8fa sidgtafetida@mBody R thewhieh@®nl €gi on printing intensity).

Q her plxels 10a of the first
[0116] It will also be appreciated that in embodiments of the invention, although
radiation doses greater than the normal printing doses are used for compensation,
this does not preclude the additional use of normal printing doses (e.g., delivered
by black or grey pixels) to contribute to the overall compensation. In general, the
states of all of the functioning elements of an array are set, taking into account
the known defective elements, to give a dosage pattern (e.g., intensity
distribution). The given dosage pattern is set so that is optimally compensates for
the effects of defective elements, while giving uniform feature sharpness (i.e.,
uniform dosage slope at feature edges, giving uniform edge definition). This
uniformity is important so that nominally identical devices, formed at different
positions on the substrate, will have the same characteristics (e.g., clocks running
at the same speed). Thus, the element states are controlled to achieve
compensation which, at a particular point, may not give the sharpest possible

feature edge, but which results in uniform feature definition over the substrate.

Conclusion



pattern falling on the white region are arranged to have the normal, | ower
white- printing intensity, and pixels 12a falling on black regions are
arranged to have mnimumintensity. Simlarly, in the second step, to
conpensate for the preceding underexposure of the target by dead pixel |
ainthe first step, pixel 13b is arranged to have increased intensity. The
remai ni ng non-defective pixels all fall on the white region and are
arranged to have the norrmal, |ower white- printing intensity. --29-- [01141
FIG 5 illustrates a two-pass |ithographic nmethod enpl oyi ng post
conpensati on, according to one enbodi-3ent of the present invention. Here, a
first pixel pattern Ic is projected in a first exposure step, using a first
array of éOlément s While harioncdmbdéisients dfdifepabinvigvaatiarend heergdewdribgl ri se to

defective pixel,|.,e ltghould%e§ d%%gdth&Yl%&h%@ﬁéeﬂgreE’én%%ﬁlbyl&%F&%&ﬂn hd 1s projected
ep,

a
in a second exposure ef ect i ve

el enents. | n thalf arrdslot lgnigpion. g wéllbs app2ent t@peassohy %Ldkd 1nphexrelle@nt arCc have nor mal
white intensity, i k ded to be
normal white. I%m? eugg%g 5"1Onﬁah@%ﬁ%éﬁ%@%ﬁ%ﬁﬂFRH¥W?%@?%%Q£&%ead bl ack
pixel | | c is fawhihevritt 49¢ sepmk Phige ppivsadipn. 1Bgl thedreadthpnd peope ofgke conpared with

nor mal white p'3&&%&I&Qﬂmnmﬁ'n&b%%gmecrbytam&t@éﬁdz@h&cﬁﬁeﬁe@nﬁ% as they fall
outside the white region. ﬁ reciated that the
lntaé

si mul t aneous, mi@odlaﬁ@sﬁ@sﬁhoe@nved?ﬁmdmw epueih fhe|following ed by FIGS. 3,
4, and 5 may beyseshiseRagal s, or may be combined in a single method
enbodylng the invention. [01161 It wll also be appreciated that in

enbodi ments of the invention, although radiation doses greater than the
normal printing doses are used for conpensation, this does not preclude the
addi tional use of normal printing doses (e.g., delivered by black or grey
pi xel s) to contribute to the overall conpensation. In general, the states
of all of the functioning elenments of an array are set, taking into account
t he known defective elenents, to give a dosage pattern (e.g., intensity

di stribution). The given dosage pattern is set so that is optimally
conpensates for the effects of defective elenents, while giving uniform
feature sharpness (i.e



uni form dosage sl ope at feature edges, giving uniformedge definition). This
uniformty is inportant so that nomnally identical devices, forned at
different positions on the substrate, will have the same characteristics
(e.g., clocks running at the sane speed). Thus, the elenent states are
controlled to achieve conpensation which, at a particular point, nmay not

gi ve the sharpest possible feature edge, but which results in uniform
feature definition over the substrate. Conclusion --30-- [01171 Wiile

vari ous enbodi nents of the present invention have been described above, it
shoul d be understood that they have been. presented by way of exanple only,
and not limtation. It will be apparent to persons skilled in the rel evant
art that vari owgH&h8WJESIMED f[Sor m and detail can be rmade therein w thout
departing fromthe spirit and scope of the invention. Thus, the breadth and
scope of the present i nwakticomamsifoutick mabodp@niprising:ed by any of the

above- descri bed exenpl ar }O/a gt'ig?é)nqi grel%tegﬁongjlét %?%'ﬂ!agonb%itd%irrr‘z?d only in
accordance with the foll \)vipng ct &f and “thei r equil valil ent's”y T IS CLAI MED
IS: | A device nminudually eonirpipbleeielmods; conprising: (a) patterning a projection
beam of radiation with a [ . ndivi | | el enents; (b)
projecting the patter nedfbﬁ?%j'eg%rfg?{cl)erp ag%gé%\%oﬂ#@&ab\é?g%gé% 8%‘3&?%%% of a
substrate, the pfojubstatedthpprofeetehratiepedajraetipoirabeampremgppivsdligefa pl ural ity of
pi xel s; (c) contp[xg{sl ing the elenents such that each pixel in the plurality
of pixels delivers a first radiation dose to the target portion that is

bel ow or equal to a pretetwtnilingde elemmts seghdhat @yh pixphintlsiplyrdiy afhe el enent s
such that at | eagtis@ARes§HRELEGRISE o thitargbtpertih Ha@d el KEqRigel s delivers a
second radi ati on dose greater than the predeterm ned dose to conpensate at
| east partial | y2Pedetgmiieddese; e of (1) an effect of a defective el ement at

a known position in (d) controlling the elements such that at least one selected pixel in

the plurality of pixels delivers a second radiation dose greater than the
predetermined dose to compensate at least partially for at least one of:

(1) an effect of a defective element at a known position in
the array of individually controllable elements on a pixel in the plurality of pixels
adjacent the selected pixel, and

(2) an underexposure of the target portion at a location
corresponding to the selected pixel resulting from exposure of the location to a

pixel in the plurality of pixels affected by a known defective element.

2. The method of claim 1, further comprising increasing said second
radiation dose to a new dose larger than the predetermined dose by a factor of up

to at least about 1.1.

3. The method of claim 1, further comprising increasing said second
radiation dose to a new dose larger than the predetermined dose by a factor of up

to at least about 1.5.

4. The method of claim 1, further comprising increasing said second
radiation dose to a new dose larger than the predetermined dose by a factor of up
to at least about 2.

5. The method of claim 1, further comprising:



the array of individually controllable elenents on a pixel in the plurality
of pixels adjacent the selected pixel, and (2) an underexposure of the
target portion at a location corresponding to the selected pixel resulting
from exposure of the location to a pixel in the plurality of pixels
affected by a known defective elenent. 2. The nethod of claim1, further
conprising increasing said second radiation dose to a new dose |arger than
the predeterm ned dose by a factor of up to at |east about 1. 1. 3. The

met hod of claim1, further conprising increasing said second radiation dose
to a new dose | arger than the predetesni-ned dose by a factor of up to at

| east about 1.5. 4. The nethod of claim1, further conprising increasing
said second radiation désseering agredgovmiled ediatianglesagt prttarmtohie aprgetiet er m ned dose

by a factor of g@@u;?ﬂ@%ﬂkﬁﬁ%RMQQQ%%g%mn%mm£§ﬁ$nEthOd of claim1, further

conprising: --3 el''vering a predeterm ned radiation dosage pattern onto
a target surface of the substhigegionsieatondichgeadigtendopage etdarpreiudl ng, white

regi ons onto WhijGh, Qek @tk 0Rod9SRIE ddhvekgard €qual  to a predeterm ned
threshold value is delivered, and bl ack regi ons onto which a radi ati on

dosage | ess than said predebleiiiesien ontapaicharagdiatjen dogage lsss@fmppajer ed, wherein

step (c) conpri segieatd @lesiolvafiRiicflea@ENt s such that each pixel in the
plurality of piXxels projected onto one of the white regions delivers a

radi ati on dose no great eVhrHnHeR &) ermprisderEiofingsyd glsaeats sith thther ei n step (d)
conpri sez Contréhlclmﬂgl ih i @h@ﬁf?%ﬁ@g&lﬁ@fbjd‘cﬁadlbnt@@ﬁ@ofﬁhéli\agﬁit@%ggﬁi ed pi >O<|el i's
projected onto a white region and delivers an increased  radiation dose to
the white regi o&FI‘f’HS %Hﬁ‘ﬁ’é‘%&%ﬁ%ﬂoagfeafeé%’i sabpredetgrmpigedidgie: and | east one o f an

effect of a defective el eledid stid)@ompriced comedjliag B tlethdi@s such that each
said selected pixel is projected onto a white region and delivers an increased
radiation dose to the white region to compensate at least partially for at least one
of:
an effect of a defective element on a pixel adjacent the
selected pixel on the same white region, and
an underexposure of the white region at the location of the
selected pixel resulting from exposure of said location to a pixel affected by a

defective element in another exposure step.

6. The method of claim 5, wherein the substrate comprises a layer of
radiation sensitive material having an activation threshold, said predetermined
threshold value is said activation threshold, and said target surface is a surface of

the layer.

7. The method of claim 6, wherein the normal maximum dose is

greater than the predetermined threshold value.

8. The method of claim 6, wherein the predetermined dose is in a
range equal to or greater than half the predetermined threshold value and to less

than the predetermined threshold value.



sel ected pixel on the sane white region, and an underexposure of the white
region at the location of the selected pixel resulting from exposure of
said location to a pixel affected by a defective elenment in another
exposure step. 6. The nethod of claim5, wherein the substrate conprises a
| ayer of radiation sensitive material having an activation threshold, said
predeterm ned threshold value is said activation threshold, and said target
surface is a surface of the layer. 7. The nethod of claim6, wherein the
nor mal maxi num dose is greater than the predeterm ned threshold val ue. 8.
The nethod of claim6, wherein the pr-edetermined dose is in a range equal
to or greater than half the predeterm ned threshold value and to | ess than
t he predeterm' ned th)reshﬁﬂlednaxla:ldwéclaimSMeﬁomﬂ'Mgrmtfbmﬁhgﬁeps[cai m 8, further

conpri sing perfo S and. (d to del L the
Rt o mlnper | T ice ol il hipddthifioh Sl i bl |

surface. 10. Thaemﬂhﬂi@kgcﬁsur{ﬁcal m 1, further conprising performng steps (c)
and (d) first and second tines to deliver a predeterm ned radi ati on dosage
pattern to a target area of the substrate, wherein, during performng of
steps (c) and (d) tH& fiFstmethadef cleimel, ﬁtﬂéﬂg@tl@éﬁ@&ﬁﬁ@ﬂét)g@@@@@)to a first

plurality of salfh ﬁb'f?f&&ﬁjs‘e‘é%ﬁ& &Q@(ﬁ%‘ll%?@?de@e In :ﬁ%d& dosg eopnéé?HEntS of a said

array, and during performng o e se time, the
target area is ®@ajygdarce of the ybawirdVpireital ity of said pixels corresponding to

a second, different set of eQl&{FERISMEL Jflg@pss(@f’ggd?(glt@ﬁgtrt@% thd1l. The net hod
of claim 10, further conprisi n(% controgl lin i'rst set of elenments such

that the first araﬁ?amlwpwdtom %Plgralltﬁ6f%@@§‘eléﬁorfeé@§tim&??éﬁ§5éfeéct ed pi xel
arranged to del pedmeaR of NGIEASEAnd r adi ati on dose to conpensate at | east

partially for an underexposure effect of
during performing of steps (c) and (d) the second time, the

target area is exposed to a second plurality of said pixels corresponding to a

second, different set of elements of the same said array.

11.  The method of claim 10, further comprising:
controlling the first set of elements such that the first plurality of
pixels includes at least one selected pixel arranged to deliver an increased
radiation dose to compensate at least partially for an underexposure effect of a

defective element of the second set of elements.

12. The method of claim 10, further comprising:
controlling the second set of elements such that the second
plurality of pixels includes at least one selected pixel arranged to deliver an
increased radiation dose to compensate at least partially for an underexposure

effect of a defective element of the first set of elements.

13.  The method of claim 10, further comprising:
controlling the first set of elements such that the first plurality of
pixels includes at least one selected pixel arranged to deliver an increased
radiation dose to compensate at least partially for an underexposure effect of a

defective element of the first set of elements.



defective elenent of the second set of elenments. 12. The nethod of claim 10,
further conprising: controlling the second set of elenents such that the
second plurality of pixels includes at |east one sel ected pixel arranged to
deliver an increased radiation dose to conpensate at |east partially for an
under exposure effect of a defective elenent of the first set of elenents.
13. The nmethod of claim 10, further conprising: controlling the first set of
el enents such that the first plurality of pixels includes at |east one

sel ected pixel arranged to deliver an increased radiation dose to
conpensate at |east partially for an uspderexposure effect of a defective

el ement of the first set of elenments. --34-- 14. The method of claim 10,
further conprising: wont Thd héth@ dfloins EC fiblers&hpr3fngel ement s such t hat the
second plurality of pixel ncludes at | east one sel ected arranged to
deliver an increased raa?nift’iha% tll?osseéo"?oset gan%‘gﬂ%‘éﬁ woly hap g’iss[epoﬁ‘ rtially for an
under exposur e efutatiot ofgfixels iddfides b lvat elecshaietiéd p)ieltahfmgscemdbdvaah of el enents.
15. The nethod of cl ri.sin steps (c) and (d)
first and secon&mg?ﬁ§§m“%bnmﬁ?%@?ngmma g @%nMH ran mﬁqm%ﬁu%osage pattern
to a target areaﬁ@ﬁomhb&mmbswnamafMWhamahnuﬁdhmmng perforning of steps (c)
and (d) the first tine, the target area is exposed to a first plurality of
said pixels corresponding to a first set of elenents of a first said array,
and during perform ng- of The mghod(af ylamt fyrdiyr comprisiegcond tine, the target area
is exposed to a second p j f I to a second
set of elenents of a sec%ﬁg€$gg¥?§%gﬁgh§2|d%g%fﬁgﬂﬁtﬁépgﬁghﬂgﬁhod of claim
15, further conprede¢rmiped adiatioroiosdga patietydo ﬂargeftar@@f thg ubstrasqywhersinsuch t hat t he
first plurality of pixels |Qﬁhg%ﬁ§mg%né@@§ﬁs@pgmqghﬁgﬁggnﬂ;ﬁ@l arranged to

deliver an increased radiation dose to conpensate ‘at |east partially for an
under exposur e efargegresjp exgosed to a first plurality of said plxels corresponding to a first set

of elements of a first said array, and
during performing of steps (c) and (d) the second time, the
target area is exposed to a second plurality of said pixels corresponding to a

second set of elements of a second, different said array.

16. The method of claim 15, further comprising:
controlling the first set of elements such that the first plurality of
pixels includes at least one selected pixel arranged to deliver an increased
radiation dose to compensate at least partially for an underexposure effect of a

defective element of the second set of elements.

17. The method of claim 15, further comprising:
controlling the second set of elements such that the second
plurality of pixels includes at least one selected pixel arranged to deliver an
increased radiation dose to compensate at least partially for an underexposure

effect of a defective element of the first set of elements.



defective elenent of the second set of elenments. 17. The nethod of claim 15,
further conprising: controlling the second set of elenents such that the
second plurality of pixels includes at |east one sel ected pixel arranged to
deliver an increased radiation dose to conpensate at |east partially for an
under exposure effect of a defective elenent of the first set of elenents.
--35-- 18. The nethod of claim 15, further conprising: controlling the first
set of elenents such that the first plurality of pixels includes at |east
one sel ected pixel arranged to deliver an increased radiation dose to
conpensate at |east partially for an-ssderexposure effect of a defective

el enment of the first set of elements. 19. The nethod of claim 15, further
conpri sing: control l1Bnhg ThHeenestedoNcaimdt, foftheetepeising such t hat the second
plurality of pixels i“C'y%&&naﬂhéﬁ%%QXEQ%m§%keﬁhE9fQ%é?H,P[V%Pged to deliver
an increased radiation 905& t50 CORpensare At Jeast  parbalYy for an

under exposure pkdleotludds a lchef @etselva@edepiveimntnged td Hdiveregomdesed of el enents.
20. The nethod gf. cl aj i .0 xel respective
one of said eleﬁéﬁ@%&b%*%cQﬁ%ﬁﬁﬁ?ﬁgﬁﬁanﬁkgﬁﬁ?%&%ﬁ%ﬁ%@%%ﬁké?g% (d) conprises
control ling at ddfestivtelemeat efghedustedt ob¢lammist such that at | east one
correspondi ng sel ected pixel delivers an increased radiation dose. 22. The
met hod of claim 20, wherein the array of elenents includes a defective

el enent at a known p8si t Tbnmetheipf sleiaply Bytherspppriseigs control | ing at | east

one el ement immediately agdirdGeNthe sB@nd&li SRt RnE!sRFRRE BHGRhdat at | east
one correspondi ng pixel, inmediately adjacent the pixel corresponding to
the defective Brehyf pixgeincldessat st gie pdecicd pireherraassdda dglvseat o conpensat e

at least partiglblded Rliatidhedosd bR6hpaatatd NeadPhiitlly fbLarflRBBHosure - 36-- 23. The

met hod of claim 22, wherein the substrate has a target surface
effect of a defective element of the second set of elements.

20.  The method of claim 1, wherein each pixel corresponds to a

respective one of said elements.

21.  The method of claim 20, wherein step (d) comprises controlling at
least one selected element such that at least one corresponding selected pixel

delivers an increased radiation dose.

22. The method of claim 20, wherein the array of elements includes a
defective element at a known position, and step (d) comprises controlling at least
one element immediately adjacent the defective element such that at least one
corresponding pixel, immediately adjacent the pixel corresponding to the
defective element, delivers an increased radiation dose to compensate at least

partially for the effect of the defective element.



to which a predeterm ned radi ati on dosage pattern is to be delivered, the
dosage pattern conprising nomnal white regions, to which a radiation
dosage at |least equal to a predeterm ned threshold value is to be
delivered, and nomi nal black regions, to which a radiation dosage |ess than
said predeterm ned threshold value is to be delivered, and the step (d)
conpri ses: conpensating for the effect of the defective el enent by
controlling at | east one adjacent el enent when the pixel corresponding to
the defective elenent is projected onto a white region, such that a
correspondi ng adj acent pixel that is --pg.ojected onto a sane white region
delivers an increased radiation dose. 24. The nethod of claim 20, wherein
step (d) conprises cmntr @hd métodaf clsigl2ecihedinpheutitatratt yas @fargt @rmeat s, such t hat

a corresponding plurality of. pjxels .deliver increased radiation doses to
brovi de he. confoRREL I wreieamnidaGe o dona raFer 19 b e eredy PR % onpr i i ng:
dependi ng an i ntpetresi ¢oynpeibisg nanur wbite LEiosaotwhiihxehdidion dosagspéniti ve
COrearre o9, BB kR 20 USRI LR AL, 2l acert Lhe
(c) conprises caogriangltd wirich atrhttiat'whémgﬁless&mﬂaidmfcaeterefa@ththmm&d\;aldaas a peak
intensity less thag ohi &adalq *??t%g@{%glgé (.m ned normal maxi mum intensity;

and step (d) conprises corntro ements such that said at |east one
sel ect ed pi xel has agemipensating & the plegkofihedefpnsive alentenidiyepntioliagatidags nor nal

Maxi mum i nt ensi . adﬁ%}entlﬁﬁed’{ﬁ%&?fﬂ% gifxel%l)ﬁés néfe o M BNV EQIRELE §1 NG 1 ncreasing

the peak intensity higher than t normal nmaXi numintensity by up to at
| east a factor ofoecgBoup awigte regi@ysuch hat a cpiresppringrdiaet pikelithet B, f urt her

conprising cont rpRJjécie@gnt@@@&%ﬂte%ﬁdﬂ%ﬁ:ﬁ%ﬁ R IRl riRtsedsct | vel y adopt one
of at least three states, said states conprising,
24.  The method of claim 20, wherein step (d) comprises controlling a
selected plurality of elements, such that a corresponding plurality of pixels

deliver increased radiation doses to provide the compensation.

25.  The method of claim 1, further comprising:
depending an intensity distribution of each pixel on a respective
corresponding element in the array and on elements immediately adjacent the

respective corresponding element.

26. The method of claim 1, wherein:
step (c) comprises controlling the elements such that each pixel
has a peak intensity less than or equal to a predetermined normal maximum
intensity; and
step (d) comprises controlling the elements such that said at least
one selected pixel has an increased peak intensity higher than the normal

maximum intensity.

27.  The method of claim 26, further comprising increasing the peak
intensity higher than the normal maximum intensity by up to at least a factor of

about 1.5.



a nom nal black state, in which the elenent interacts with the projection
beam so as to nake a m ninum contribution to the radiati on dose delivered
by a correspondi ng pixel; at |east one nom nal grey state, in which the

el enent interacts with the projection beamso as to nmake an increased
contribution to the radiation dose delivered by the correspondi ng pixel;
and at | east one nomnal white state, in which the elenent interacts wth
the projection beamso as to make a contribution to the radiation dose
delivered to the corresponding pi xel greater than that in any grey state,
wherein step (c) conprises controlling7each el enent to adopt one of the

bl ack or grey states, wherein step (d) conprises controlling at | east one
sel ected el enent to 28adoibllie rﬁetwﬂiofﬂaiﬁltlaﬁlﬁheraﬁnprﬁhgcmbmﬁgleaoﬁ nadl ai m 28,
further conpris stin t n elenent, a radi ati on
dose delivered gq Phe 83??ggﬁ%n%mF mmﬁ(mf §M%“%%ﬁme %Sﬁﬁdf & contri buti on
made by inter actomnmsmé t he el enent wnth the projection beamto the peak
intensity of the correspondi T 29, further
conprising controlling each Egﬂ@%@%k%%%én@ﬁcmg{@%n%te gtg%vlﬂ{l/el y adopt one
of a series of theeipjestiantbeam sembhmkeepinintm tentrdytionte fomaiiatign dase a r especti ve
contribution toy |"s peak intensity. --38-- 31. The

nmet hod of cl ai m%wg[gﬂ;fas‘%erglggrgrnp%%?ng controlling each non defective

el ement to selectively adopt abisestghe aomingljgeey sfte, ihiwthéichgheaelement each whit e
state CorreSpon%é?&tst\@th%e %@&ﬁmems&gmmuﬁfnaleaswcoﬂtrfagaan@éwd' ng pi xel”
peak intensity. 32 claim 31, further conprising providing a
whitest state B’f‘élab?ﬂsdoéﬁfdeﬂlY@e%ydh%ﬂorrFSym@fng\Mﬁe]t andst gt e in which the el enent

interacts with the beamiQsiin®YbdialavhitBXhEUNWARA el RitehORela@s t he peak

intensity of the,  corresponding pixel, the maxinmum contribution being at
| east twice as W};ﬂl (3@ pigjection beam so as to make a contribution to the radiation dose

delivered to the corresponding pixel greater than that in any grey state,
wherein step (c) comprises controlling each element to adopt one of the
black or grey states,
wherein step (d) comprises controlling at least one selected element to

adopt a white state.

29.  The method of claim 28, further comprising adjusting, based on
the state of an element, a radiation dose delivered by the corresponding pixel by
determining the contribution made by interaction of the element with the

projection beam to the peak intensity of the corresponding pixel.

30. The method of claim 29, further comprising controlling each non-
defective element to selectively adopt one of a series of grey states, each grey
state corresponding to a respective contribution to a corresponding pixel’s peak

intensity.



the |l argest contribution corresponding to a grey state. 33. The nethod of
claim1, further conprising performng an exposure step using steps (c) and
(d). 34. A lithographic apparatus conprising: an illum nation systemthat
supplies a projection beamof radiation; an array of individually

controll able elenents that patterns the projection beam a projection
systemthat projects the patterned beamonto a target portion of a
substrate, the patterned beam conprising a plurality of pixels, each pixe
delivering a respective radiation dose to the target portion; and a
controller that controls said el enentsigt-o sel ectively adopt one of at |east
three states, said states conprising: a nomnal black state in which the

el enent interacts w3tlth Tihanddiodjofdtdiin G0 fibthadtoinprisingkent@lling tdchbist- cont ri but i on

to the radiation dose, deljvered.by a correspondin jxel .in.the plurality
of pixels: at | AETVEHEIRLSHETVYY HPPRYS PO GhER Bl Satethihe ncer act &
wi t h the proj ecttate nortrsimliag totagespedtiee @ntributon tess@despomting pingt’s pmak  conpared to
t he nom nal blaﬁ%m% ate, to the radiation dose delivered by the
correspondi ng pixel “in the plurality of pixels; and --39-- at |east one

nom nal white state in which the elenent interacts with the projection beam

to make a contribution tondiendeddLal ANLARS SomftRnk N Rfhel: il COr T espondi ng

pixel in the plurality of pixels greater th _ he at | east one
nom nal grey st stateas apheftbs plurphiz obunte stele irevhighdhg elantent intacte viiint s, such t hat

each el ement agopl % QRRideTa WRSIMANTLARILURSAEK 1Rt R iBfendit) Cordbhe | €aSL ONE

nom nal grey state, wherein the controller selectively Controls the
el ements to adeptesrondingpix¢ldhemaximum peyHIN Retigbleast bities 26 brgsrpyi de
conpensat i on f ofhe & fe8CoftriBition corresponding to a grey state.

33. The method of claim 1, further comprising performing an

exposure step using steps (c) and (d).

34. A lithographic apparatus comprising:

an illumination system that supplies a projection beam of
radiation;

an array of individually controllable elements that patterns the
projection beam;

a projection system that projects the patterned beam onto a target
portion of a substrate, the patterned beam comprising a plurality of pixels, each
pixel delivering a respective radiation dose to the target portion; and

a controller that controls said elements to selectively adopt one of
at least three states, said states comprising:

a nominal black state in which the element interacts with
the projection beam to make a minimum contribution to the radiation dose
delivered by a corresponding pixel in the plurality of pixels;

at least one nominal grey state in which the element
interacts with the projection beam as to make an increased contribution,
compared to the nominal black state, to the radiation dose delivered by the

corresponding pixel in the plurality of pixels; and



one or nore pixel of the plurality of pixels when the one or nore pixels are
defective. 35. The |ithographic apparatus of claim 34, wherein each el enent,
when operating normally, is controllable to selectively adopt one of a
series of grey states. 36. The |ithographic apparatus of claim 35, wherein
each el enent, when operating normally, is controllable to selectively adopt
one of a series of white states. 37. The lithographic apparatus of claim
36, wherein: the substrate has a target surface to which a predeterm ned
radi ati on dosage pattern is to be delivered, the dosage pattern conprising
nom nal white regions, to which a radi%ti on dosage at |east equal to a
predeterm ned threshold value is to be delivered, and nom nal bl ack
regions, to which a radiati anldosageorhiedsviithatnatesiaiwhiqhrteeeewenti ned t hr eshol d

value is to be ‘E‘n‘?éréc‘(e&l%dthe [Saro%g;%gﬁ)e%s %ﬁa%(% EohtrR LRG3 tﬂe%dia%ﬁﬁﬁos@ maxi rum gr ey
state in which sard In N tri DUt on s a maxinumtor the grey
states; the ill delivaad toolme w®ysspentingmoketih the plortityolf biaels greatertipa thatin expose t he

target portion Q}ga{a@&pﬁ{ﬁﬁlnaf@% £0mMDn exposure time; and the
n

illum nation system an t$ are used to expose the target portion
for the comon exposure time wherew thyicausiollgaentrels the elementosvdh thyy each 40- - el enment

IS in the maxi mim,gfaxo ér?st&& %ftﬂ?hdn‘ﬁﬁaﬁ %laék s‘i’é?ﬁ& iR at 'le‘iﬁ%he SR ofep the

predet erm ned threshol d val ue. ographi ¢ appar at us of claim 36,
wherein: the subé®rate has a target surface to which a predeterm ned

radi ation dosage patter n ' S tv@hel%fhtﬁ’eedohtvo%x%glectﬁzgl?c&%@%eEﬁEﬁtﬁB” conpri sing
nom nal white regions, a radi ati on dosage at | east equal to a

pr edet er m ned P‘I‘ﬂpé@ﬁﬁll‘ﬂ“\?&‘f ‘EP@““P%WP‘E? Sk teRPYideesoagensation i GHEsal bl ack

regions, to whi che & mdragixatdrame glasiager pirdswhddane il nprepiediessi ned threshol d
value is to be Qeflelvered the series of grey states includes a maxi num grey

state in which ctive

35.  The lithographic apparatus of claim 34, wherein each element,
when operating normally, is controllable to selectively adopt one of a series of

grey states.

36.  The lithographic apparatus of claim 35, wherein each element,
when operating normally, is controllable to selectively adopt one of a series of

white states.

37.  The lithographic apparatus of claim 36, wherein:

the substrate has a target surface to which a predetermined
radiation dosage pattern is to be delivered, the dosage pattern comprising nominal
white regions, to which a radiation dosage at least equal to a predetermined
threshold value is to be delivered, and nominal black regions, to which a
radiation dosage less than said predetermined threshold value is to be delivered,

the series of grey states includes a maximum grey state in which
said increased contribution is a maximum for the grey states;

the illumination system and the controller are used to expose the
target portion to each pixel for a common exposure time; and

the illumination system and the elements are used to expose the

target portion for the common exposure time to a pixel whose corresponding



said increased contribution is a maximumfor the grey states; the

illum nation systemand that expose the target portion to each pixel
the illum nation system and the el ements expose the
target portion for the common exposure tine to a pixel

comon exposure tinme;

element is in the

predeterm ned threshol d val ue

t hreshol d val ue.

maxi mum gray state delivers a dose less than the

array of elenents conprises a programmable mrror array.

--40--

element is in the maximum gray state delivers a dose at least equal to the

predetermined threshold value.

38. The lithographic apparatus of claim 36, wherein:

the substrate has a target surface to which a predetermined

radiation dosage pattern is to be delivered, the dosage pattern comprising nominal

white regions, to which a radiation dosage at least equal to a predetermined

threshold value is to be delivered, and nominal black regions, to which a

radiation dosage less than said predetermined threshold value is to be delivered;

the series of grey states includes a maximum grey state in which

said increased contribution is a maximum for the grey states;

the illumination system and that expose the target portion to each

pixel for a common exposure time;

the illumination system and the elements expose the target portion

for the common exposure time to a pixel whose corresponding element is in the

maximum gray state delivers a dose less than the predetermined threshold value

but greater than half the predetermined threshold value.

39.  The lithographic apparatus of claim 34, wherein the array of

elements comprises a programmable mirror array.

but greater than half the predeterm ned
39. The lithographic apparatus of claim 34, wherein the

for a

whose correspondi ng





