REFLECTI VE LOOP SYSTEM PRODUCI NG | NCOHERENT RADI ATI ON BACKGROUND Fi el d of
the I nvention [0001] The present invention relates to radiation systens.
Rel ated Art [0002] A lithographic apparatus is a machine that applies a
desired pattern onto a substrate or part of a substrate. A lithographic
apparatus can be used, for exanple, in the manufacture of flat panel

di splays, inteqREFECTIVE LOOPSYSTEM PRODUCINGINCOHERBNTT i ne
structures. In a conventional apparﬂﬁ%ﬁoﬁatterm ng devi ce, which can be

referred to as a mask or a reticle,” can be uUsed to generate a circuit
pattern corresponding to an individual layer of a flat panel display (or
ot her device). This pattern can bBACKGROUEMD onto all or part of the
substrate (e.g., a glass plate), by imging onto a | ayer of

radi ati on-sensitiv materjal (e.g., resist) provided on the substrate.

[ 0003] Instea@‘@@ogﬂ’@ilflwt@“patter n, the patterning device can be used to
generate ot her patterns, for exanple a color filter pattern or a matri x of
dots. |d40Mdd of Jhedsgsentinrensionirelates fyradialips 8YHeMs-conpri se a patterni ng
array that conprises an array of individually controll able el enents. The
pattern can b?{elﬁﬁlﬁﬂged nore quickly and for less cost in such a system
conpared to a nask- based system [0004] A flat panel display substrate is

typi cal | t angul an:.i i.t hogr ! ) i 0 expose a
subst ra J08E; N9V AP Bpparkdd ROIUARAE BAPROAILS, AEBIANRRAC STOP)
wi dt h of the raat asghstrate suast vfih eubsofate. Golithiographieaipph@atusafantbeeusatidt h (f or
exanple half of the width). The substrate can be scanned underneath the

exposure regi dff SxAFINIG 18 achyre of flat pane] Qisplays, aMegatsdsirguitsdhmkd t hr ough
b In thi 0 0S, Lt . 1 f th
a beam 1n tNla4Yier &eQﬁ:eP%%»Lof?ﬁﬂg\}%e#t@:?ﬁ{rﬁér gl &Hvéﬁlﬁnﬁﬁ%ﬁ;a’iﬁﬁse a e

exposure region covers the Substrate 't exposure can be
conpl et ed wi t tpatiermingglesicecwvhichldan thheeferpd suasea magh ona ra@lecan bé asedexanpl e,
hal f of the Wit(()j %Qne%ﬁte yg:?rcgiltj ltggttcern? E:gfrestpgr? mé ?oeans 11%1 1Svti(51%ﬁ T“ay(ti.l(?1 (r)]f a2 flat panel
display (or other device). This pattern can be transferred onto all or part of the
substrate (e.g., a glass plate), by imaging onto a layer of radiation-sensitive
material (e.g., resist) provided on the substrate.
[0003] Instead of a circuit pattern, the patterning device can be used to
generate other patterns, for example a color filter pattern or a matrix of dots.
Instead of a mask, the patterning device can comprise a patterning array that
comprises an array of individually controllable elements. The pattern can be
changed more quickly and for less cost in such a system compared to a mask-
based system.
[0004] A flat panel display substrate is typically rectangular in shape.
Lithographic apparatus designed to expose a substrate of this type can provide
an exposure region that covers a full width of the rectangular substrate, or
covers a portion of the width (for example half of the width). The substrate
can be scanned underneath the exposure region, while the mask or reticle is
synchronously scanned through a beam. In this way, the pattern is transferred
to the substrate. If the exposure region covers the full width of the substrate

then exposure can be completed with a single scan. If the exposure region

covers, for example, half of the width of the substrate, then the substrate can



be noved transversely after the first scan, and a further scan is typically
performed to expose the remai nder of the substrate. [0005] Typically,

| it hography systens use | asers as radiation sources to produce an
illumnation beam e.g., a coherent illum nation beamor a partially
coherent illum nation beam During its 2ravel through the |ithography

system the bd mowvedatandrerdedaarioByhe €ifst &in, fdnam carRaN@ahsisi tpichigy
| it hography system which can formscattered |ight. The scattered |light can
interfere w ti§rioraed fo xprfsthe repaipdelof thaibsEatapeckl e patterns in an i nage.

The spec patt eras,: e i S g u rors in a
pattern gﬁs d on lcsu ’stl}r{g%%l{?ﬁg%g%ggﬁ'ﬁg lgg%r?g%éngaq@%ﬁﬁbgaggissg% by
i nt er f er ence wbdyanahiilklimination beanent. g be esterdn dtunsinaticulsjaecor 4 partinlihwt e

tenmporal and spatial. fluctuation . The speckle patterns are sonetinmes
ol Brr od £o. ASRERS MO R gt f BT throydl thp SHOREABPY CHHERent

illum nation : | ement t hat
i ncreases an&ﬁ?gm%mﬁﬁ? ?iﬂﬁﬁgggiﬂbcgﬁgggﬁ%uﬁwié%I@heOg\chl%f?esr%etﬁl?’ copi es of

t he beam ar e wihide.caif Hermmacatigred ligbherldatscattqred digbf camhenteferanwithirthe nt er f er e

wth each other when an optical path difference between the different
coherent copi? Em(@.‘ﬁg?’e%%ﬁ]ésé‘}g &geﬁélreélap%‘ﬁsb‘?a’i‘ HBe85e a Sgﬁﬁlﬂeﬂﬁ?%ﬁon of the

beans) is smad HAIRALR bbQude GRAELENCBudeeBIEN {n€ aTpatter:d fBRSME LA, and
tenporal ) of the beans. [0006] Conventionally, the speckle patterns have

been conpensaubsirdior Thehsnsokle pasiernsfcaa bii tdusad thyvimtesferensker efcpartiellopt i cal

el emrent positioned after . the | ase whi ch are used.to form an.i ncoherent
beam 1 om ¢ he-ngnat Bt ahare wHEEL o MR Bhierd® SteRb IR ERoRea to as
"coherence buBid dpgclat PARAHS are sobfetidtics GerBHEd tARONSse-lIRE chsRhRtRRbLf beam
conprises nultiple copies of the coherent beam [0007] The speckle pattern

can be furt hethe fpagialegoharens idwmingtienberm.obpedkle paismscean dscebeerused th respect
to the illum n?é‘ ! aﬁﬂ]?lgﬁ%m t}%p%gge@\!%sf t%a?‘él(i)gkljﬂ%tio?l% |8l beecla\ﬁg%sg%ltglﬂgnges a

phase distri buti o eac eren béans, anges the

speckl e patt edoedefit c@hisLdf O Keapi @8 ddel NEhLHNRIPIO tohdERMBopiER (@UBE
integrating (e.g., summng) of all the speckle patterns, uniformlight is
produced. HowvieqBr canginkgrgrg Midiagach pohes rdien asf ontisal pahjdifiprence between

the different coherent copies (e.g., between generation of the beams and
detection of the beams) is small compared to a coherence length (e.g.,
transverse and temporal) of the beams.

[0006] Conventionally, the speckle patterns have been compensated for
through use of a diffractive or refractive optical element positioned after the
laser, which are used to form an incoherent beam from the coherent beam.
These elements are sometimes referred to as “coherence busting elements.”
As discussed above, the incoherent beam comprises multiple copies of the
coherent beam.

[0007] The speckle pattern can be further reduced through movement of the
optical element with respect to the illumination beam. The movement of the
optical element changes a phase distribution for each copy of the coherent
beams, which changes the speckle pattern for a set of copies of the coherent
beam. Through integrating (e.g., summing) of all the speckle patterns,
uniform light is produced. However, a significant movement of the optical
element is needed to substantially eliminate the speckle patterns. Also,
typically the significant movement must be done within a short period of time,

for example an exposure time. In an example where 30 pulses are used from a



el ement is needed to substantially elimnate the speckle patterns. Al so,
typically the significant novenent nust be done within a short period of
time, for exanple an exposure tinme. In an exanple where 30 pul ses are used
froma 3 1000 Hz | aser, the exposure tinme could be about 30s. The
significant novenment in this short per3od of tine can cause |arge

oscillations wmhHR ke, thd eREGUAD MheSYGl@Be btk BULRY MhehigtGeiner ati on and
jerks. The high acceleration and jerks can cause problens wthin the
| i t hogr aphy sjeyamsnt inythis sheptperied pf ime gan papserlprge pseiletopsavitbin the me, e. g. |

about 50 ns ) b YA [ 1.9 MOV ptical
el enent enougﬁtheﬁtdh&fe%%%gt’ ﬁ%m@%eqﬁ@gn%éf%lg}éﬁggtg% ijgﬁqﬁsy e?lllé;n‘iq?]i l?e t he
speckl e patt eacoslerafiofCfild jaelot bat cassy plobleenpwithit theglithopraphe sypesk| e
patterns is to use a |large,  nunber, of |aser pulses, e_g., 60 | aser pul ses,
during each e‘glﬁ&s featoctypically Amipedsiptegratipn s 1% %’é‘t‘% égr’ils MEE AP # r om each

laser pulse. ghyses Béyrgfqg‘g)oklﬁﬁegé nfdve R 'cﬁ%énﬁ%&\gﬁ {th Péégé@fst the

speckl e patterns can b eraged out ove tine. er, recent [ithography
syst ens have tebemaseshbstaatinlipndleninefe thé speekle pattsres and/ or have reduced the

duration each | ase ul se.during eac exposyre cycle. Unfortunately,
reduci ngmgh%] nunbe‘gn?)tF‘el‘é{g%Pf P atawrf?’haw 58’5@%‘3 8?(%%@%}Sé°é’§%f"éargﬁy not
al I ow for theyaysragiingr pilseste.d O6® GEEY pulkld! Hllci}'?x{g each;exﬁamgb%y@lhf fAcult to

nmove an optical element an acceptabl e amount during reduced | aser pul se
duration to adifferent specklompsemarsuts fofm ehch loger pialse. Jdws,chresigh [uSO0H2

Ther ef or e, t is need IS a, systema hod t hat produces incoherent
{adi at§on’ haviHg DTG Ih 1S5 GHLEY e SORMRAI B0 66 AVBREaBothont of ¢ he
present invenghen HéWEVE, fe‘éelﬁrﬂﬂﬁbgﬁﬁh}asﬁéféhﬁlﬁhv&qéﬂ}éés%rtBe i ¢¢ Of
radiation and a reflective |oop system The source of radiation produces a

coherent or plasaripalsey and/hehavet reducedh theduratien péeadhlesdrquse dyigesch s
configured 1o, E\é:gclteheHﬁ[’or!uﬁgtgf)i, RE e Y r}(h?n e %@tlaﬁ%‘?%ﬁ]s?g'%uﬁﬁ lect the

partially cohéren am t hroug Foop, or al'ternatt vely ough hon-
overl appi ng | @pexpdsard &fcld mafaobealiowe QlieheMerfeasefit@Qd dtcudddiutthenal |y, or
alternatively, the systemcan be a |laser. Additionally, )
it may be difficult to move an optical element an acceptable amount during a
reduced laser pulse duration to allow for compensation of the speckle patterns.
[0009] Therefore, what is needed is a system and method that produces

incoherent radiation having uniform intensity.

SUMMARY

[0010] In one embodiment of the present invention, there is provided a system
comprising a source of radiation and a reflective loop system. The source of
radiation produces a coherent or partially coherent beam. The reflective loop
system is configured to receive the at least partially coherent beam and reflect
the partially coherent beam through a loop, or alternatively through non-
overlapping loops, to form a more incoherent beam.

[0011] Additionally, or alternatively, the system can be a laser. Additionally,
or alternatively, the system can be an illuminator.

[0012] Additionally, or alternatively, two or more reflective loop systems can
be optically coupled in series.

{6013] Additionally, or alternatively, the system can be located within a

lithography system, which includes a patterning device and a projection



or alternatively, the systemcan be an illum nator. [0012] Additionally, or
alternatively, two or nore reflective | oop systens can be optically coupl ed
in series. [0013] Additionally, or alternatively, the systemcan be | ocated
within a |[|ithography system which includes a patterning device and a
projection 4 system In this exanple, @an illum nation beamis fornmed from

the i ncoher enfyseR AR thisSatdpld! Fh TR RRHHE BN & Hrhes t8th iR iR HRAIN er ned by
the patterning device, and the projection systemprojects the patterned

beam ont o a shdest.r dhe illjpowdpn baamristdimseted rip di pattemedt e the pattepriogi ded a

devi ce manufagturin met hod. A coheren r rtighly coherent. beamis

Fer | ected & nrasiie A4 wEBHIGton Sy iERTERa My ks Erim SR ERE ™ 0 f orm a
nore i ncipoedjent bemMindMier bnbodiinRat, i terebRapiovidetios niRdlickr mandfhawutingoher ent
beam The illum nation beamis patterned. The patterned illum nation beam

i s project ed Betheda A eghgeant oppartipliy, celferent e iy eflectef dlrosgh pleamer

enbodi nment s, i es, . an ! prese Lnveptions, as well as
the st ruct ur ot SR E5, n@PO RUBAREIEGR 15 8F LRER HeontrBEBE " an 32 ¢
invention, arguf@saionbiedm is dethatl frinel thw intdherenefbeinc &hé dllimatiag conpanyi ng
draw ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS/ FIl GURES [0016] The acconpanyi ng
dr awi ngs, whi Rms@atteiagd.pdhapatcrped diumpingipnrhsarm ig projagted ghtoga,iarget

speci ficati Onpoxjri&}.]UP%]E ga@ne or nore enmbodi ments of the present invention
and, together wth the description, further serve to explain the principles

of the i[0dsfti on afultitco embbdimeatspefeatunesskadd edivamagdre qferthé ngmtenart to
make and use the jnventiqp. [0017] Figures 1 an depi ct |.ithographic
appar at us, acE¥FUioRy DTS {%ﬁsstmém%fwﬁgwafodfttﬁ%Vﬂﬂfégqeemquwgrﬁf i on.
[0018] Fi gur eofsthgg)%s%htsir@em afd abdcADSd ff GdtRg b@loﬁ@%&?ﬂéf&&l& Uhstrate

according to one enbodi ment of the invention as shown in Figure 2. [0019]

Fi gure 4 depi acemapmyang dmgemgsnt of optical engines, according to one
enbodi ment of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0016]) The accompanying drawings, which are incorporated herein and form a
part of the specification, illustrate one or more embodiments of 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.

[0017] Figures 1 and 2 depict lithographic apparatus, according to various
embodiments of the present invention.

[0018] Figure 3 depicts a mode of transferring a pattern to a substrate
according to one embodiment of the invention as shown in Figure 2.

[0019] Figure 4 depicts an arrangement of optical engines, according to one
embodiment of the present invention.

[0020] Figures 5, 6, and 7 show various radiation producing arrangements
including a reflective loop system, according to various embodiments of the
present invention.

[0021] Figure 8 shows a reflective loop system including a first reflective loop
system and a second reflective loop system, according to one embodiment of

the present invention



[0020] Figures 5, 6, and 7 show various radiation produci ng arrangenents
including a reflective |oop system according to various enbodi nents of the
present invention. 100211 Figure 8 shows a reflective |oop system i ncl udi ng
a first reflective loop systemand a second reflective |oop system
according to one enbodi nent of the pre8ent invention 5 [0022] Figures 9,
10, 11, (02203, 14Fighfes 96,10ant1,172show wvar ioudecamli gar shdwnearik a
reflective | oop system _according to various enbodi nents of the present

i nvention. [0eZHigumtigns forpereflectpivileon sypteap meearding i variews epbPisERLs
illumnation } J - distribution for a reflective | oop system according
to one enbodi mgggéfél%iﬁ%‘%ngkgsent invention. [0024] Figure 19 is a flowhart
depi cti n{f023het hodFigacc b8 graphidatly alepictseamadearmnt exif ilttheinpti@s anénsitpvent i on.

[ 0025] One or  nore .emhodi ts of the present. .invention w.ll now, be

osor! bed wi ¢ HRTEREPR Adch [ogeeis ook SHisbhy Forgratd mRssembiiimal G B8 ngs, 1 ke
ref erence numhet&:GRRnlifidi cate identical or functionally simlar elenents.
Additionally, the left-nost digit(s) of a reference nunber can identify the
drawi ng [0024hi ch t Rigureefl@r énee flowebat depicting appeathed, BECOMIIDEDIADEBERI PTI ON

[ 0026] In one ogcﬁgore odi nent s g system and nmethod are used to form
mor e i ncoher eATCYHTGR 9L B Plesenl LUVERUPR. Uy coher ent beam A system conpri ses

a sour ce[gbsy adi at DA @ANfhofe leBidoBfthdE JFOBP F¥SEhe Thvellien SQHUI GBwOher adi ati on
produces a coherent or a partially coherent 'beam The reflective |oop system

recei ves the {dgsaribgdawithy yefershes torthe becompanying efdveiogs Inhbe deawinghadidagh a | oop,
or alternatively through non-over] appi | oops,..to.for.m.an re.i ncoherent
beam 1In one E"E ﬁeefmlpﬁ?rgucﬁﬂ W&&hc?q%Bﬁ&éforaﬁl"l%%ﬁgr%Wﬁb§gﬁ%’?%&t his
confi gurati onAdagiossileribatieardst Agit(deof hlvfiréirt inimtieeann idsheRf@ees with

ot her coherent parts of the illumnation, such that no speckle is produced.

[0027] Thr ougHigting Meviiple diefrptezanice AUMbPLEt aRPEFSi ng of coherent |aser beans
is

DETAILED DESCRIPTION

[0026] In one or more embodiments, a system and method are used to form
more incoherent beams from a (partially) coherent beam. A system comprises
a source of radiation and a reflective loop system. The source of radiation
produces a coherent or a partially coherent beam. The reflective loop system
receives the (partially) coherent beam and reflects the beam through a loop, or
alternatively through non-overlapping loops, to form an more incoherent
beam. In one example, through production of an incoherent beam in this
configuration, no coherent part of the illumination beams interferes with other
coherent parts of the illumination, such that no speckle is produced.

[0027] Throughout the specification, the processing of coherent laser beams is
equally applicable to processing of partial coherent beams, or vice versa, such
as beams that contain multiple modes (e.g., transverse and temporal). Thus,
the scope of the various embodiments of the present invention are
contemplated to cover various types of beams.

[0028] While specific configurations and arrangements are discussed, it
should be understood that this is done for illustrative purposes only. A person
skilled in the pertinent art will recognize that other configurations and

arrangements can be used without departing from the spirit and scope of the



equal ly applicable to processing of partial coherent beans, or vice versa,
such as beans that contain nmultiple nodes (e.g., transverse and tenporal).
Thus, the scope of the various enbodi nents of the present invention are
contenplated to cover various types of beans. [0028] Wiile specific
configurations and arrangenents are dis@ussed, it should be understood that

this is done present ihweatiomt Iveilpbé pps@ent s layperfdnpkilsinin @kisjehﬁféni att he
pertinent art will recognize that other configurations and _arrangenents can
be used wit holiet @isgayentiog cap alsp Or empmyed in aKariedy shether anphigatipnspr esent

inventio W : i 1 rij t art
that thi gmlz?]f/enti o%ll%g%eﬁ@gﬁ% ggrﬂétééag@ @%%%anﬁgio\%aﬁjﬂg gpl%a?ﬁgtpﬁepf gg% i cations.
[ 0029) Fi gur eethbalilmentatfithaidvgnti@piTht appdratus corhpdsea phiiburamatdomtysserd of one

enbodi nent of _the invention. e appar at nprises an illum natjon system
IL, a patternilng RIgGRE mweagl_su%g@}gga@ t%ﬁsﬁ’@tmd BPROICS iR 8y REE 1o syst em
PS.  The il1 umdafihBftS ?t@?n(('él!ldrﬁ'iﬁht%ﬁtmr% Sgllrﬁglﬁecpfbr@dngmo%da fafia§i8Adi tion a

radiation beamB (e.g., radi ation). ( 01 The patterning device PD
(e.g., a retibdam Bric.grdkV mdigionarray of individually controllable el enents)

dul at b | . .th ition.of th f i ndi.vi dual |
control | IR ef erehs RefFRTso s aD REBard $Bict, of e of e Pt et om PS.
However, it Cﬁ‘lﬂiy@idﬂﬁﬂll?aébrﬁ%llﬁl@l@n@l@ih@ﬁts)t hRulRAStHe! BORE. CONfeAdhEhE O

accurately position the array of individually controllable eléenents in
accor dance wi pdsitear phithe paraainet erdividpdty3 tontriabkublsmeatse wikhbbee fingd | s

t ted t t substrat . 4. . i St - t ed b t W and
connect od to SER IS R PRHARERAT Hovs et 68 bEREBL SR R "
substrate in gesaRm@danfidiidd Ger haturht@Rr pORG@T Sthe Q%%ﬁlofr hadiRidiaggt i on

system (e.g., a refractive projection [ ens system is configured to
proj ect the bewtiobable gleimenison apesadanee adthpgripiepagamedsrsof i ndi vi dual |y

i es) of MRE cupat 1t S0 Opba M s Riblritecid Sty f S (ke €02 Varous
types of optigsist-cetnponsthe) Wumnd asnt@éd achipitionef P& tdoufigursdigaet i c,
el ectromagneti c, .. . . )

accurately position the substrate in accordance with certain parameters.

[0032] The projection system (e.g., a refractive projection lens system) PS is
configured to project the beam of radiation modulated by the array of
individually controllable elements onto a target portion C (e.g., comprising
one or more dies) of the substrate W.

[0033] The illumination system can include various types of optical
components, such as refractive, reflective, magnetic, electromagnetic,
electrostatic or other types of optical components, or any combination thereof,
for directing, shaping, or controlling radiation.

[0034] The term “patterning device” or “contrast device” used herein should
be broadly interpreted as referring to any device that can be used to modulate
the cross-section of a radiation beam, such as to create a pattern in a target
portion of the substrate. The devices can be either static patterning devices
(e.g., masks or reticles) or dynamic (e.g., arrays of programmable elements)
patterning devices. For brevity, most of the description will be in terms of a
dynamic patterning device, however it is to be appreciated that a static pattern

device can also be used without departing from the scope of the present

invention.



el ectrostatic or other types of optical conmponents, or any conbination
thereof, for directing, shaping, or controlling radiation. [00341 The term
"patterning device" or "contrast device" used herein should be broadly
interpreted as referring to any device that can be used to nodul ate the
cross-section of a radiation beam such7as to create a pattern in a target

gor_ti on (fo3spe SUbB’:(shaﬁlﬁ.beTﬂmec?ﬂh‘di theqaagaﬁ iBparéd fvethe $Adibtich lﬁ@tﬁf i ng o
.g., t . g.,

Gl bronts) | pantieEiYy WEEFRRS. torie RrSeR IPReToSY 1o e BSeR (95 Bn w1 be

interns of a i R j itk eci at ed

that a stati csupyzg%@g’ﬁ& %%ﬁp@ée cg% g?{s/ég?gréd%eg W % E%gi’%dg%é‘??ﬁ %gg romthe

scope of the malledendsist ifoateresi Gumildrly,1h03pdttein evhombidy henaatedd oh hihe t he

pattern inparted to the radiation be mrra‘%/_ﬁgot xactly caqrrespond to the
desired patt ef4PSIRACIRY R PEiesBid tPdRe BRGIR doTmEG AL BnYiome IPYRNLAPE| e i f t he

pat ter n i nol Ugiesy PRARGVRIHalY | RAbARILIREGs. SOrnif Fah Ok BR0ale lipghur es.

Simlarly, the pattern eventually generated on t substrate may not
correspond t oatrdreepant ierwhitlo theedrentualgatemniermes omedchquarttdfehe substgte of

i ndi vi dual | trollable elenents. This can be t i . t
| whi ch the VBN Saio7 Bt B8R oY ReEBH e d i Banmay of AeelipSiERe 19 bui |

up over a gi VeRidhahé Petedh ohitharPly &F 18l RINaIN BHRFol AblSIRASHE 88d/SUthkNg  whi ch
the pattern on the array of individually controllable elenents and/or the
rel ative posi telaivegositipa of thgsubsiraée dapegres. 100361 General ly, the pattern

t ed t { t f th b te wll d t
parti cul 03[inct oBEherhY abe Pakim b SRTA Asts Poltn STIF SRECHE 250 ¢
portion, suchcgfespind B @ Parfi@arCiuh€tidnal Gyerid hadeviRRNdinglcfRtedYin(@ed. . a

color filter layer in a flat panel display or a thin filmtransistor |ayer
in a flat pantiget@pgivnasich aseanpegatedieirsuié br plat pansl digrlazve-ge 8 cokel ude,

e.g., reticle i: I hode .arr i ght
er'tti g af ool R ah VR Tefe R 0P Ut Tun' SRS EE 15 ™ Bty
Pat t er ni ng dedisplRg). WhEsemprit 6f sutls puteefiagmaies Wnchudehe. @ detdles,el ectronic

TEANS (€8, B eATAmAbIe Mirror aitays, 126t diode archys. ght emiting dioge Avrays,
grating light valves, and 1.CD arrays.

[0037] Patterning devices whose pattern is programmable with the aid of
electronic means (e.g., a computer), such as patterning devices comprising a
plurality of programmable elements (e.g., all the devices mentioned in the
previous sentence except for the reticle), are collectively referred to herein as
“contrast devices.” In one example, the patterning device comprises at least
10 programmable elements, e.g., at least 100, at least 1,000, at least 10,000, at
least 100,000, at least 1,000,000, or at least 10,000,000 programmable
elements.

[0038] A programmable mirror array can comprise a matrix-addressable
surface having a viscoelastic control layer and a reflective surface. The basic
principle behind such an apparatus is that, e.g., 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.



plurality of programmable elenents (e.g., all the devices nentioned in the
previ ous sentence except for the reticle), are collectively referred to
herein as "contrast devices." In one exanple, the patterning device
conprises at least 10 programmuable elenents, e.g., at |least 100, at | east
1,000, at least 10,000, at |east 100,090, at |east 1,000,000, or at |east

10, 000, O@O39r ogr anmwill e @bﬁﬂﬁtﬁd&haﬂ@@%ﬂtéﬂamgﬂﬁrﬂt&bb&n filte Gt the ray can
conprise a matrjx- addressable surface having a viscoel astic control |ayer
and a ref | ectdiffeactadrlightdcavmgths aadifragied hght o eeapl heubslta® an apparatus is

that, e @oagpddr esggdagiease ofintdifve " SHLRPINRS UGLALR (RiLBRIcce dom

Ilght as d| racte | rght, whereas una essed areas reflect 1 ncident |ight
as undi f f r act mechanighl systdm dgwaﬂ) appabprhbicatsed gpatcoabspohdingenanrehe In

undi ffracted |light can be. filtered the reflecte lea ing only
the. di 111 act cGIRGAPIS 8 draciive el HENTS 670 fs SoRESEARGPUHE Shean
beconmes pat t efeRedivaCERBHs r‘tﬁatt ani Be REGHRESENRAVOAS L BlNarihd: S BRI 4 X-
addressabl e surface. 8 [0039] It wll be appreciated that, as an

alternative, grhgng ihlatmﬂe@tamCﬁddnt hght@aﬂlfflh@edﬁlglﬁtr acted |i ght | eavi ng t he
undiffra l'ight,to reach the subs 0040],.An .array of diffractive
opti cal t\i)li—_)ﬁg devi cadutht @ltgma g%ﬁaénp t%g?ﬂgﬁaé’?mé?}gf%‘ﬂiofj@%?%%@?fogﬁn al so be
used in a cory gaRpNshdigeMBANET tiny MirrN a8 8MRhRh AnWefihdivfduaNe tifed i cal MEMS
device is conprised of a plurality of reflective ribbons that can be

def or med r el aatiovkan exisrhy appbiingn stisatie favelizedopleattin fickda ar bW@Mré@)ﬂBgl nci dent

i ght as diff rgz(f:c;[e e%trlcl %tuatlo 03431%; 611(;3['“’ tahe earl’lltﬂe()l}glaf't II’l)ll I‘IX aip ab f a
prograrmable%rror ar T X Cart angement T o N rrors,

each of whi kadéﬁﬂhd@%dﬂf&@se\dl xﬂuﬁiré yeﬂelci axedlcoﬁlh@iadmeameamum APipfeydnpg a
suitable localized electric field, or by enploying i ezoel ectric actuation

means. Once a@EICHON ftpanaddressed miFrersyam this manaete dha pilectedsheam eambe addr essed

mrrors ref ! SkAal RGAME 62U hARRER TR o AL CE b (L BRIL 0N L0

unaddr essed Frrors; S manner, eam Ca atterned
according to Itnl’rﬁaraddrmseqmgre@ahﬁtamladali-esmhg dantlsd pedotiieds sdhg quitablérors. The

required natréléct;ao%?crgggdsng can be perforned using suitable

10042] Another example PD is a programmable LCD array.

[0043) The lithographic apparatus can comprise one or more contrast devices.
For example, it can have a plurality of arrays of individually controllable
elements, each controlled independently of each other. In such an
arrangement, some or all of the arrays of individually controllable elements
can have at least one of a common illumination system (or part of an
illumination system), a common support structure for the arrays of

individually controllable elements, and/or a common projection system (or

part of the projection system).



el ectroni c neans. [0042] Another exanple PDis a progranmable LCD array.

[ 0043] The lithographic apparatus can conprise one or nore contrast devices.
For exanple, it can have a plurality of arrays of individually controllable
el enents, each controlled i ndependently of each other. In such an
arrangenent, some or all of the arrays ®f individually controllable el enents

can have[(@44] east Dinen example) BT ak | the ranhadinént Sdepiocdd (OIFigaetl, ohe an
illumnation s sten)W a comon support structure for the arrays o
)

f
i ndi vi dual |y ftrﬁ!t 48§ 2 sehstantiatly cirgay/shrpea oRBRRANN bR ee@héﬁd@yét em (or
part of the phgj&fes 'e&%b §%ﬁ%?§?t -of s rﬁefli&’%&f’e]r R aﬁ‘%x%ﬁgféfphﬁ supbifdle &5 {ahe

enbodi nent depicted | substrate a su stantrally
ci rcul ar shapeglygpial dmable/gmrdntmgubtd‘mpand/or a flattened edge al ong part

2 roct andBT ShapErunDno OB et Har & ohsEntabe ralls HEE BeldBet anc ol

circul ar Shap@xahﬂﬂésuﬂﬁere@H@M&@ﬁe‘fﬁ?ﬁ%éxﬁb@er&ﬁ%%ﬁ%rﬁﬁsf& idiamRter of at
| east 25mMm for instance at |east 50mm at |east 75mm at |east 100mm at

| east 125nmm lkast|S®awn, ad96shySmax at kasgt] 00msmat least 128awn, @demmw@mm east
250mm or at |.eas Orrm n o di the bst te S a di anet er
of at nost SOﬁﬁﬁﬁlEﬁ iﬁ% mlﬂtatﬂﬁ?ltnsg% (ﬁ% nmost

250mMm  at NDSEmBEHIRTh, ﬁ{egﬁaﬁ}ate ha0MMankter P at mb%mn@rataﬁomaamﬁﬁmn [ 0046]
Exanpl es where the substrate is pol ygonal , e.g., rectangular, include

exanpl es wher & mest| 38s1m oafemest RO0men ot mest 250met, @ mosiH0mIm, At meshst 3
si des, of thelsosubstrats§]q s a Ietr}g?séggf at least 5cm e.g., at |east 25cm

at Ieast 50cm A E ?:lmor%lt I‘t‘m'ISOCm at | east 2000m or at | east

250cm [(e46] | n Oﬂﬁaxﬂpqamﬂ}@re Bk subasdte BNEolSEciRl of gl RetAighbE ! AtRdbas a
| ength of at nost 1000cm e.g., at nost /750cm at nost 500cm at nost
350cm at nosexampigcowhergat mton%@i@m gont lagst %ﬁ&eswséhl\eaqt@cmdﬂs ¢hthene

exampl e, the suslf 8he. Wit & MRS sonf Up | NILAER R o RENSHRAIYSLRY varfer. I

one exanpl e, erial 18 se
100cm, at least 150cm, at least 200cm, or at least 250cm.

[0047] In one example, at least one side of the substrate has a length of at
most 1000cm, e.g., at most 750cm, at most 500cm, at most 350cm, at most
250cm, at most 150cm, or at most 75¢cm.

[0048] In one example, the substrate W is a wafer, for instance a
semiconductor wafer. In one example, the wafer material is selected from the
group consisting of Si, SiGe, SiGeC, SiC, Ge, GaAs, InP, and InAs. The
wafer may be: a III/V compound semiconductor wafer, a silicon wafer, a
ceramic substrate, a glass substrate, or a plastic substrate. The substrate may
be transparent (for the naked human eye), colored, or absent a color.

[0049} The thickness of the substrate can vary and, to an extent, can depend,
e.g., on the substrate material and/or the substrate dimensions. In one
example, the thickness is at least 50pm, e.g., at least 100um, at least 200pm, at
least 300um, at least 400um, at least 500pm, or at least 600um. The thickness
of the substrate may be at most 5000um, e.g., at most 3500um, at most
2500pm, at most 1750pum, at most 1250pum, at most 1000pm, at most 800um,
at most 600um, at most 500pm, at most 400um, or at most 300um.



group consisting of Si, SiGe, SiGC SiC G, GAs, InP, and InAs. The
wafer may be: a |IIIN conpound sem conductor wafer, a silicon wafer, a
ceram c substrate, a glass substrate, or a plastic substrate. The substrate
may be transparent (for the naked human eye), colored, or absent a color.
[ 0049] The thickness of the substrate ci@n vary and, to an extent, can

depend, (050}, ON The sabifld ARrERUEMeMin aRd/ W prdt@ssebbicRd &rdifi@nsi ons. I n
one exanple, the thickness is at |east 50m e.g%bmat l east 100m at |east

200m at | ea®tpos@enin &r ekample Mok (ageol|thatdypi prdies atlayes @ reshdOm The

t hi ckness of.t t t 0 0. 00m at
most  2500m St Q%Q#B%éﬁfmﬁeﬁwpg@gg %&5%8%“’5239’ r?on}sl’teﬁﬁg’% n%gélafrlgan’%é 800m at
nost 600m at imdpstioh 08D Ibnd®ampld) AiesiaNayet isipestideDOmthekibstt#0501 The

substrate referred to herein can be processed, before or after exposure, in
for exanfl081h trackhg atefol Proegtiopy syssemT yusgpibprein ashoalderbeofbrpadlyst to a

subst rat e andydeyelepss B RSy 4551l ortplBideh oRudolinaRh o o

i nspection too n one exa l"ayer-is pr
substrate. [ Offikttivid)ecfleetine,"qatadjopttid, mmagayid, eddctromagndier fidrelsdigtadc be br oadl y

I nterpreted as enconpassi ng any type of projection syste I ncl udi ng
refractive, r%lftrC@Efy 1S, @étaaai%mthﬂfae?n ﬁla%ﬁféé e F‘PE‘PBE%&F SREICEPESHR |

el ectrost at i Cr,qoRibh ARlingS USSR oL bitRP Yack R RLBRLE A LAEEE9h infiRer@BRY OPT i ate
for the exposure radiation being used, or for other tactors such as the use

of an i nmer si bauidlor theiwe of a vhaius Aryfusa of theuenm “prnjecucrelent™ bdreintcan m

"projection Igns" herein can be capsidered as ¥nonyrm.us.vm’th the nore
general ter m PheETRdGH SEERAUS VNGBS oM BSTRFA Y |RSECYR fieBn | nage t he

pattern gpshpe arr @ye OprojdcGh Viydieal | danC aideOlhdblate] GEMAS , arBHC Rt hat the
pattern 1s coherently fTorned on the substrate. Alternatively, "the

proj ecti on sysdéndwdly dontighatde elsnatatsy suchabatctbe phtsernvibicoheredtlty &rmgént s of t he
array of indivi gl]lljal Iby ctont &I I ablefliy tﬁl enents act_ as shutters. In this
respect, the PP &%t |Sgﬁesy‘é AR R PIERIORSYSIEN) 530 HPage RSPy el enent s
such as a m ciide@Nforawhd thénSmems ANtV AkaOlofAndFi®aNg! cdn@dfakeray, e.g.,
to formthe secondary sources and to |mag@ spots onto the substrate. In one

exanpl e, the eemayts@ft Fsebusraglnethisresnest, (he. pyojectianayystem can comprise an
array of focusing elements such as a micro lens array (known as an MLA) or a
Fresnel lens array, e.g., to form the secondary sources and to image spots onto
the substrate. In one example, the array of focusing elements (e.g., MLA)
comprises at least 10 focus elements, e.g., at least 100 focus elements, at least
1,000 focus elements, at least 10,000 focus elements, at least 100,000 focus
elements, or at least 1,000,000 focus elements. In one example, the number of
individually controllable elements in the patterning device is equal to or
greater than the number of focusing elements in the array of focusing
elements. In one example, one or more (e.g., 1,000 or more, the majority, or
about each) of the focusing elements in the array of focusing elements can be
optically associated with one or more of the individually controllable elements
in the array of individually controllable elements, e.g., with 2 or more of the
individually controllable elements in the array of individually controllable
elements, such as 3 or more, 5 or more, 10 or more, 20 or more, 25 or more,
35 or more, or 50 or more. In one example, the MLA is movable (e.g., with
the use of one or more actuators) at least in the direction to and away from the
substrate. Being able to move the MLA to and away from the substrate

allows, e.g., for focus adjustment without having to move the substrate.



conprises at |least 10 focus elenments, e.g., at |east 100 focus el enents, at

| east 1,000 focus elenents, at |east 10,000 focus elenents, at |east

100, 000 focus elenents, or at |east 1,000,000 focus elenents. In one
exanpl e, the nunber of individually controllable elenents in the patterning
device is equal to or greater than thdlnunber of focusing elenents in the

array of [0hssusi Ng AgheRBNE&picted i FRufsATME?2, BB ApPArati® i€ of & réflectide 000 or
nore, the majority, or about each) of the focusing elenents in the array of

f ocusi ng el en®¥ne & Eapmployingpt reflgrtive agayoefiindiziduglly Romsrdlable glement®k t he

i ndi vidual l'y | ' i pdi vi |

controll abl e éﬁ%ﬁ%ﬁt{égsﬁﬁ ﬁw%F tﬁglb b%%f%fag@%ﬁs@%éﬁggmé %'VF%&%}’ Frgﬁ a

control | abl e edmsnission drraytdiéndividayilyodonirotlable digalehys).control | abl e el enent s,
such as nore, 5 Qr nore, 10 or rrcg]lglgéggo or nore, 25 or  nore, 35 or

nore, or ﬁlgg‘r‘]or mor £he lll'ili"%‘i?@h‘&@&ﬁﬂ]a@_,s AR hiingive (dealgstagelorh  the use
of one or mrﬁo&%ﬂﬁhﬁ’é Bbla! 1h ?tﬂr.glt“&}'t ti%l@%ta Il l‘i’l‘éf:ﬂif?e?;F R a?lﬂﬂio%@tﬁblfeé om t he

substrate. Being able to nove 0 and away omthe substrate
al | ows, e. g.,cdnhdre fsed uspadilelsommaparaiotihdeps daabergrried ombve ohber substrate. 11

[ 0053] As herejn depicted in Figures 1 and. 2, t apparatus is of a
reflective tytﬁhlgf 8"?‘3? Ol 6T ?{geréa‘?lé% ‘!‘rééﬂngéls%fh%é?gg‘?suf%di vi dual | 'y
controll el e : | p :

ranom sEUoH Type L bk Yo g e RSt K% ua 1y

control | abl e pirdoenf she s§iposi] cafhlee Fovenalbrphi ‘tmappaemiigsid’drmvbe of a type
havi ng two (dual. stage) or .nore,substrate tables..In such "nultjple stage"
machi fes. t hetRIFY, B RAretrastVE AR e SiSed A RN PEACE PSSP ABEr at or v
steps can be gkt sPikm QRd MREsPEtrater Bn itARkESH Whhil @aRAGWe 4PPIiBJ Ot her
tabl es are being used for exposure. %0055] The |ithographic apparatus can

al so be of a toyptenispacsisninathe dithographicpepparains,ofort ¢xamnleys betacen che be
covered by an_"i mer Lon Iifg1 id" ha ing%g rﬁl ativeli kﬁ}lﬂ&&} refra%]tlive i ndex,
e.g., water, BOCHE"E VT UG SR DY REer™ t nETPYET eTTONEPSt B and t he
substrate. AnkidWieinstheart foflihdledsiy Bk HOmeAcARPLtE@d oftRojebite sysRases i n the

| it hographi c apparatus, for exanple, between the patterning device and the

proj ecti on sySheterm “imaesian s asethhgeiaslogs eotwedan thatriostprciuse.tsieh ag ¢ f or
i ncreasing thg oWier 168! nARfiddtb& B 1RGQ) Gl XS S8 %s that liquid is
located between the projection system and the substrate during exposure.
[0056) Referring again to Figure 1, the illuminator IL receives a radiation
beam from a radiation source SO. In one example, the radiation source
provides radiation having a wavelength of at least 5 nm, e.g., at least 10nm, at
least 11-13 nm, at least 50nm, at least 100nm, at least 150nm, at least 175nm,
at least 200nm, at least 250nm, at least 275 nm, at least 300nm, at least
325nm, at least 350nm, or at least 360nm. In one example, the radiation
provided by radiation source SO has a wavelength of at most 450nm, e.g., at
most 425nm, at most 375nm, at most 360nm, at most 325nm, at most 275nm,
at most 250nm, at most 225nm, at most 200nm, or at most 175nm. In one
example, the radiation has a wavelength including 436nm, 405nm, 365nm,
355nm, 248nm, 193 nm, 157nm, and/or 126 nm. In one example, the
radiation includes a wavelength of around 365nm or around 355nm. In one
example, the radiation includes a broad band of wavelengths, for example
encompassing 365, 405, and 436nm. A 355nm laser source could be used.
The source and the lithographic apparatus can be separate entities, for example

when the source is an excimer laser. In such cases, the source is not



The term "imrersion" as used herein does not nean that a structure, such as
a substrate, nust be subnerged in liquid, but rather only neans that |iquid
is |located between the projection systemand the substrate during exposure.
[ 0056] Referring again to Figure 1, the illumnator IL receives a radiation
beam from a radi ati on source SO |n ond2exanple, the radiation source

provi des radi gdrsiderddayiftn partoy Heaitiiidiaic Alpat®@SindIhé kddliatRintbeamdt | east
10nm at least 11-13 nm at |east 50nr’r}.1 at least 100nm at |east 150nm at
1

| east 175nm Pagsed &gm theoopmre 0 tedks ator 3t wihdhe 276 of 4 beagm | east

300m, at | eagt;: : at. St . exanpl e,
the radiati onééhp;}re %%{é%n %}E/) éogﬁffgs%%gg&s@gﬁ@élg’ égaﬁgesélg%ﬁgggilgﬁfétaﬁ%{ at nost
450nm e.g., atbecamoaipaddbnin odier vasds tBd Sonice aanesin JEOgal pait afoke 325nm  at
nmost 275nm ‘aél nost. 250n at, nost ?25nm at nost. 200nm or at _post 175nm
In one exanpl@ogiapRicapRASo T FIaMAIS ) B FOHTCF g PUBSTRETYARBWMI D205 nm
368nm 355N Mo\ dBand Wt MimiddML, GG bithafe Blim BI ARG sguatfirs. ( he
radi ati on i ncludes a wavel ength of ar ung 365nm or around” 355nm I n one
exanpl e, the tfaehjutedoraniteatfeded taada mdditibasystafi. wavel engt hs, for exanpl e

enconpassj 365, 5,.,and 436om A 355nm | aser source.coul.d be used. The
source aﬁi&g?]ne I!tﬁgﬁr‘%‘ﬂmnétoéggarc% FETPHRC 58 ‘bgéqra‘ﬁ@ e 9 'i‘%’é"ﬁ br exanpl e
when the sourgg s iﬁfénﬁﬁc'fd{’éfﬁri]bdtﬁﬁe&f the Tadifbh GRARS Gehél%llg,ow [e8st! e nOt 12

considered to formpart o e lithographic apparatus and the radi ati on beam
is passed froutetfrel/goongeadd exsenti{eominbolyi mirmd té bs widuitertand aingenf a beam
delivery system BD co ising, .for e l.e, sui,table.directing mrrors
andlor o bealtoRSBAALPEF g iR AR R a pOB pfage B5fhey B thrtaty o) * par

of the [|ithops aliskedanRaid@liticn, MherilRxaARbE INhER LHRPSRUNGACES othdfEBr CUr'Y

| anp. The source SO and the illumnator IL, together wwth the beam delivery

syst em BD i f comeppricnidsuchan abintegrpter Rdand o condeasar 4d)-ailiedHumynatasean[ 0057] The

illumnator | can, conpr-j-se .an_adj.uster A r adjusting.the. ngul ar
ntenst y i o7 PSR S RORERE 4R RS Rapllh bole RO WitbhFiy 3RO ST L
and/ or i nner fndhisal dexdiRition (if oRERGk¥edthe THRAIltRim%ordl 0bf &f addiflofal- | nner,

respectively) of the intensity distribution in a pupil plane of the
i 1l um nat or c&@nponent associated with it, can also be arranged to divide the radiation

beam into a plurality of sub-beams that can, for example, each be associated
with one or a plurality of the individually controllable elements of the array of
individually controllable elements. A two-dimensional diffraction grating can,
for example, be used to divide the radiation beam into sub-beams. In the
present description, the terms “beam of radiation” and “radiation beam”
encompass, but are not limited to, the situation in which the beam is
comprised of a plurality of such sub-beams of radiation.

[0058] The radiation beam B is incident on the patterning device PD (e.g., an
array of individually controllable elements) and is modulated by the patterning
device. Having been reflected by the patterning device PD, the radiation beam
B passes through the projection system PS, which focuses the beam onto a
target portion C of the substrate W. With the aid of the positioner PW and
position sensor IF2 (e.g., an interferometric device, linear encoder, capacitive
sensor, or the like), the substrate table WT can be moved accurately, e.g., so as
to position different target portions C in the path of the radiation beam B.
Where used, the positioning means for the array of individually controllable
elements can be used to correct accurately the position of the patterning device

PD with respect to the path of the beam B, e.g., during a scan.



be adjusted. In addition, the illumnnator IL can conprise various other

conponents, such as an integrator IN and a condenser CO. The illum nator can
be used to condition the radiation beamto have a desired uniformty and
intensity distribution in its cross-section. The illumnnator IL, or an

addi tional conponent associated with il3, can also be arranged to divide the

radi ati oposhpam i nir0orde SlaniAe,ithyvediens b tHeeBBrdtd alble WT if RAligdewRhe, each be
associated w th one or a pl ural i ty of the individually controll able

el ements of t He ait ehaylope-strokeimpilulgdroupsecpmitioningd Bne a shartrstioke madule

two-di mensi O”ﬁéneg;kos o @%O&hﬁhazfr ’ﬁtgh&?ﬂhcngf 8eni é&‘ﬂpﬁ?fgputr?‘? “ﬁeﬂqoﬁ%ed' vide the

radi ati on bea 0 Su ‘eais escr 1 Oh "beam

of radiation"exntplé rwﬁoattsmmmmmayemchms@m bAtSl@ﬂﬁr fatenh icoi bied to, the
situation in WhICh the beamis sed of a plurality of such sub-beans
of radiation. b¢ bepgdp ppaiopdbg artr%ﬁf wéafmlxallwscomelﬂ%béwlemntsr\ét paK P&r ni ng

devi e, PD (e Gopredileg B B Wl Aok GRDE RO mEL AERN Bl and s

nodul at ed by e patterning evi ce en re l'ecte the patterning
devi ce PD, t htherohkgticatablzrankdéanhe qu;asfsa&vtdlualdaugdmttdﬂabnarednmits cmn lmyst em PS,

whi ch focuses the beam.onto a r gortlonl of the subst e W Wth the
aid of the pofi }FetﬁanPSIﬁWatﬁdpmﬁ oc@lingd orelatys movgmenty Reronetric

devi ce, IIneaansr%gﬁl@ﬁ{carpaa@sqllhllﬁﬁmngqn@q;m @frthEheﬁ) LidR) . Ahe trate
table WI can b ved accurately, SO as osition different target

portions C i naltdieatpat lemfh tdne a@dbatapplicablain Ble mma?aeuu:seﬂﬂat pangbosi t i oni ng
means for the,arra i ndi vi aII nt el enents can bg_ used to
correct accurg'tSBllal’/'gt RPHHLIY P gﬁt Bé@t@b?rﬁgthamjﬁ‘gmwsmﬁsrespect to
the path of /4 hefRBan®he subdkhid Wcah BEMangdd to BQQﬁ%d k&la@Retoethanpl e,
novenent of the substrate table WI is realized with the aid of a | ong-stroke

modul e (cour sslb@tﬁstﬁttatdﬁ“ﬁ@) F@l‘rﬂ!iampimdletwtttra@k@blmwm @n b(efnrwedgbmtm oni ng),
whi ch are not exp I|c I Figure 1..1n an t exa , a short
ST ore st age. ey B fob e¥uill feSupsl WabSoprit ol ARG $BE

position the albay.of i nd| vidually controll abl e el errents It will be
appreci ated that the beam B can alternativel g/ addi tionally be noveabl e,
while tHW68bj ect Astshewn i Figure hethgrheam offrafigtion Bocrsl be/dicesid ) thabl e

el ements can hﬁye?nmg device PD by means of a beam splitter BS configured such that the
radiation is initially reflected by the beam splitter and directed to the
patterning device PD. It should be realized that the beam of radiation B can
also be directed at the patterning device without the use of a beam splitter. In
one example, the beam of radiation is directed at the patterning device at an
angle between 0 and 90°, e.g., between 5 and 85°, between 15 and 75°,
between 25 and 65°, or between 35 and 55° (the embodiment shown in Figure
1 is at a 90° angle). The patterning device PD modulates the beam of
radiation B and reflects it back to the beam splitter BS which transmits the
modulated beam to the projection system PS. It will be appreciated, however,
that alternative arrangements can be used to direct the beam of radiation B to
the patterning device PD and subsequently to the projection system PS. In
particular, an arrangement such as ts shown in Figure 1 may not be required if
a transmission patterning device is used.
[0061] The depicted apparatus can be used in several modes:
[0062] 1. In step mode, the array of individually controllable elements
and the substrate are kept essentially stationary, while an entire paitern

imparted to the radiation beam is projected onto a target portion C at one go



a fixed position to provide the required rel ative novenent. Such an
arrangenent can assist inlimting the size of the apparatus. As a further
alternative, which can, e.g., be applicable in the manufacture of flat panel
di spl ays, the position of the substrate table W' and the projection system
PS can be fixed and the substrate WcddA be arranged to be noved relative to

the substr atg.et, ablirgzldMtatiEexpB¥RNOTIR, subkeats tibsd Wat & thabkiafiyd ircehd Xoe provi ded
with a systemfor _scanning the substrate Wacross it at a substantially

constant  vel ety dirgeisn sopbatshdifsrant targej pegion C cp b g3pAsed. Mu#FRti on B can

be directed tg fheyp. Qﬁ%ﬁﬁ&i ﬂge GFYﬁeCQxSﬂDoQufoﬁﬂ?ﬁ@ﬁﬁso easi&em@oiahéeefter BS

configured such that radiation 1s 1niti eflected by t beam
splitter and phrtiex Cachaped inesinglattaéic mkpugustevi ce PD. |t shoul d be realized

t hat the of radiatjon B ca | so be_di|egt at the patterning device
wi t hout [‘ﬁg?ﬂ]se of?'a bedhi¥pITe "e_rﬂ.';ile PHaY BEén(é‘klaH%FYe?m’ct aBEaﬂ'F‘B?m? adi ati on
is directed ajnd i RBitee HeNdafitM %/%cl%n&ﬂ;ly VL & l%gfe}éigﬁﬁpzﬁteﬂ% #o, €.9.,

bet ween 5 and 85, between 15 and 75, between 25 a or between 35 and
55 (the enbodradiatibn dieamnisi profectedrento b fasgeatpotic®0Cafigl, &) singledymmtier ni ng

devi ce PD nodul at es, t beam of . radiati B and reflects it back.to the
beam spl | t{ or SBE YR chig PARGH £l SRS BATHE ST Pt BRBY 661 | on
system PS. |tin\ﬂdv!idluaﬂl? BRrSIALK ellenRAYEVEh . bet MRlerldedr NAL | e qaé-gngenent s
can be used to direct the beamof radiation B to the patterni nrgP device PD

and subsequenmpgnifieationeandrivjage trevesat gharagienpgcs ph thepprojecton aysterad’Sar r angenent

h i h in Fi 1. 10t i [ NS, SSi
pat terning delh 58" Fods ot ety 4o B e et imif b BERFETRECy 1
several nodespod-QQfrhg Mirekfo®t &PthenaRet phEioarihay siflel dhaiticl eRpdsyire,

control |l able elements™ and the substrate are kept essentially stationary,
whil e an enti wherpag ther fengthphrthe geanpingh motigni detéravinasetih hedghyr 6pdbeed onto a

target portiop. C.a ne. i.e....a single static exposure). The
substrate tab?cgnwéﬁgeﬁhoglzoéﬁeftygatRoﬁtl%he X and/or Y direction so that a

di f f er enfoobay get pdrti o fulgafiods texdrayed individeédlBicontfolishle tR@efitxs Mum si ze
of the exposure field |[imts the size of the target .

kept essentially stationary and the entire pattern i§ projected onto a target

portion C of the substrate W using a pulsed radiation source. The substrate

table WT is moved with an essentially constant speed such that the beam B is

caused to scan a line across the substrate W. The pattern on the array of

individually controllable elements is updated as required between pulses of the

radiation system and the pulses are timed such that successive target portions

C are exposed at the required locations on the substrate W. Consequently, the

beam B can scan across the substrate W to expose the complete pattern for a

strip of the substrate. The process is repeated until the complete substrate W

has been exposed line by line.



portion Cimaged in a single static exposure. [0063] 2. In scan node, the
array of individually controll able elenents and the substrate are scanned
synchronously while a pattern inparted to the radiation beamis projected
onto a target portion C (i.e., a single dynam c exposure). The velocity and
direction of the substrate relative tolshe array of individually

cont r ol | ghbs) el emeqt s cepnfifiodesaioas ¥tk de sam@Ramiicaigen and
i mge reversal characteristics of the projection systemPS. |n scan node,

t he maxi mum s¢xgeptothat e sulstratgr & 19 edagngd ndlatévet tpethsi modulgied bdam of

non- scanni ng di on . tar ortlon in a singl nam c.exposure,
wher eas the I%ﬁ%ﬁ ﬁﬁ(])f atz g{ﬂ%s}:[%ﬁl&hﬁé%ﬁ%?ﬁosﬁg%fg%dr En}‘}en%a?epgggﬁg?&ﬁfl y %lfn t he
scanni ng di r egtlividiyallpfcohirelldbly gieimenlris npdated D] bedm Briciid &godyalle, the
array of i ndividual L‘% controllable elenents is kept essentially stationary
and the enti r8ibpaate SV randsexpossseiit oy syhstantially ogatant pdiation soarcss ot ye
substrate W ugi di.at.Lon: . Su l.e WI' is
noved with aﬂ@eﬁgﬁgkﬁ;sgg%ﬁ’s%@ﬁ%b@g:ﬁgﬁ%ﬁwﬁé{% ?ﬁ{eﬂeﬁ}éagtﬁ] %lﬁstﬁecaused to
scan a |ine amtaysH indieidanlbstomioliable elehenpatirctheused. t he array of

i ndi vidual |y controllabl e elenents i s updated as required hetween pul ses of
t he radlogﬁ%’/]on syst-em alfdPixslerphinagangma %i"ﬁ\éﬁl carche perfrmed sgdhS e t ar get

portions C aig ardNEf FEAS ML 1,0 I pate W
Consequent |y, ltﬂgﬁéﬂ@g:%pBacasngsca acr’(c)hsl%s%?ﬂe s%gggaéﬁgwﬁg&e%(ﬁe t he
conpl et e pat tenlizeddry subsafuehpexposthef splrs tfomied. byThepgrgeaemsoritbatraepeat ed

until the conpl ete substrate has be exposed lipe by line. 1 [ 0065] 4.
Cont i nuous sc@ff® to Qatéesrg’é‘_ﬁ:qeﬁ’icf?? Ifh-gﬂes‘é’ﬂsg’s%fgsw 5@/6%&8@}?&'@&?% hat the
substrate WigniCanpedontdudkirt€ W hd §Ri0d Lﬂrﬁie%dint%%ﬁﬁhﬁﬁallyrfgﬁﬁt ifpn B at a

substantially constant speed and the pattern on the array o i ndi vi dual l'y
control | abl e @icesmantpde.ithe spalatizdisdsrgeh thabeapitdd sCampsintedrpzel gtk busubstrate W

and exposes Ly SuReLant Il Eonshanl ol st on, saunce g aul sl
of i ndivi dual hpintedni paiterRlN BeaBiz&ITEM Betweln tREcxifREre NAREShedintdrRitpi xel grid
i magi ng node,” whi ch can be perfornmed using the

distribution over the spots is varied.

[0067] Combinations and/or variations on the above described modes of use
or entirely different modes of use can also be employed.
[0068] In lithography, a pattern is exposed on a layer of resist on the substrate.

The resist is then developed. Subsequently, additional processing steps are

performed on the substrate. The effect of these subsequent processing steps

on each portion of the substrate depends on the exposure of the resist. In

particular, the processes are tuned such that portions of the substrate that

receive a radiation dose above a given dose threshold respond differently to

portions of the substrate that receive a radiation dose below the dose threshold.

For example, in an etching process, areas of the substrate that receive a

radiation dose above the threshold are protected from etching by a layer of

developed resist. However, in the post-exposure development, the portions of

the resist that receive a radiation dose below the threshold are removed and

therefore those areas are not protected from etching. Accordingly, a desired

pattern can be etched. In particular, the individually controllable elements in

the patterning device are set such that the radiation that is transmitted to an

area on the substrate within a pattern feature is at a sufficiently high intensity

that the area receives a dose of radiation above the dose threshold during the



| i t hographi c apparatus of Figure 2, the pattern forned on substrate Wis
real i zed by subsequent exposure of spots formed by a spot generator that are
directed onto patterning device PD. The exposed spots have substantially the
sanme shape. On substrate Wthe spots are printed in substantially a grid. In
one exanple, the spot size is larger tHé&n a pitch of a printed pixel grid,

but  much sme¢dpekurt h@he tdi@aifdP ABAE ©n SIXOSubGEdtél recBive \Gatdintign do¥etHatdvi y of the
spots printed, a pattern is realized. In between the exposure flashes the
intensity di $€rq9sat theishelepy (ss8ingpics corgespanding) indiyigwally conspiahle ons and/ or

vari ations on I : f Of i y different nodes
of use can al g%ﬂﬁ@g?n%rﬁg@gégetcg@gsﬁ ﬁﬁéﬂﬂ?tl%‘g%?%%‘%?‘ﬂa}‘t‘%tﬁ ‘ern is exposed on
a |layer [@069ksi st Impradieesthbsiadiation dosd hethe edgestofiaspattaanfedivve et

Subsequent |y, .addijtipnal processing steps are erforned on th ubstrate.
The of fect of ArHRile <BEIRSclaBNA BYER dBLHymS Catss © gL AOR S3FR i1bbof t ho

substrate depgfsdudlly laRirEXARS Uletefls drb Qe @Spralide ltRe nRRIhingUhdhatiod e
processes are tuned Such that portions of the substrate that receive a

radi ati on dosiateabity @ngongi vida afothe fehines houndlanegpdnbe diififnewre malliptiom  porti ons
of the substrate that receive a radiatio ose bel g he, dose threshol d.

For exanple, T3 ap ¢hf ?{Ee[pﬁlg%e&@‘,%a ,rctggogl'lt?{aﬁ@ves?fg%c{tsp zlfeef_%f’%a‘{fqﬁfécei ve a
radi ati on dosgdaleyfodcBopdbEahiebdh aaRitioione! Tl hofidEbLhe Bouiarp | ayer of
devel oped resist. However, in the post-exposure devel opnent, the portions of

the resist t hefithe pakérodegiurcadiimatebnicgosd bp sheodeviehwed mesey ho Hetemmined enoved and

therefore those .areas,.are, not .pratected f.raom etching. . Accqrdin a desired
pattern can b g}ecﬂ%sét.loq At gl}cthi @Slrﬁfglvﬁ%gosien PRy gﬁlgl%l Qjecr ﬁta%&“?‘i&%?e el enent s
in the patt ehRish@ddeMiccsrofilecoStie ditis-biftdfandialien Hag /rdnhé hahsition
transmtted to an area on the substrate within a pattern feature is at a
suf fici ent|y #inghagchhenesithy pracisgiposition pfdhe patécsn Jerurg bpywdaryf cammbe at i on
above the dos I t.he. : : W) eas on the
substrate e aIEr Ak oS gk e RIRRRHIE col R BHALRE TS O e

cor r espondi ngproRidie wadidabh Yo @ofits ohltablsebstateetrnbfe b® opreyi G patdes O Or
significantly lower radiation intensity. [0069] In practice,, the radiation
dose at the e@@'&e boundagyat Tagsy cpa e ueb oalyde mypmum or minimum intensity

levels, but also to intensity levels between the maximum and minimum
intensity levels. This is commonly referred to as “grayscaling.”

[0070] Grayscaling provides greater control of the position of the pattern
feature boundaries than is possible in a lithography system in which the
radiation intensity provided to the substrate by a given individually
controllable element can only be set to two values (e.g., just a maximum value
and a minimum value). In one embodiment, at least three different radiation
intensity values can be projected onto the substrate, e.g., at least 4 radiation
intensity values, at least 8 radiation intensity values, at least 16 radiation
intensity values, at least 32 radiation intensity values, at least 64 radiation
intensity values, at least 128 radiation intensity values, or at least 256 radiation
intensity values.

[0071] It should be appreciated that grayscaling can be used for additional or
alternative purposes to that described above. For example, the processing of
the substrate after the exposure can be tuned, such that there are more than two
potential responses of regions of the substrate, dependent on received radiation
dose level. For example, a portion of the substrate receiving a radiation dose

below a first threshold responds in a first manner; a portion of the substrate



abruptly change froma gi ven maxi num dose to zero dose even if the
individually controllable elenments are set to provide the maxi mumradiation
intensity on one side of the feature boundary and the m ni numradiation
intensity on the other side. Instead, due to diffractive effects, the |evel
of the radiation dose drops off acrosd7a transition zone. The position of

the boundary repéivinBea palliaiom dog@tabbee Uhd ifiFat elrashbRy Bed bblow hesddone! oped
resist is determned by the position at which the received dose drops bel ow

the radi ati onthirsgeld faspeudsoinda Terengrisppnes apd tah @ofiamp obfthe ofubptse at i on dose
across the tr [ SNo) qoTal- d ce .t r CI pPOS|tifQn. o pattern
feature boundlgepii?ﬁlga% r%%l corc1i roft% tﬁ%r%g%@egﬁ%%ﬁy geé/b é%qtgt 1|nn‘é; tbll*%](g

i ndi vi dual | y mamierol Aadordinglye griybalinpatan Her medde pradidata adidtionpivisat s on t he
substrate that ?re on O[’ﬁ near the pattern feature boundary. These can be
not only to meRRlRARIYT the SYbsiTAte Ry ganer thanelyg) desipddosg eyt Ingpgnsi ty

| evel s bet weedyfhemERx e i%,f,lgrf g;b)%(fpdﬂle ﬂa@ta?ﬁ%%]%yg%sg%lﬁg%se [E9LR ég_’commnl y

referred to as "grayscaling. Graysca s greatef’control of
t he position atfledsh@ desitdderadiatibe doserlevdiguan tkast £desined madistigrodsse hévels, n a

| i thography systemjn whi.ch the radiatjon intensity .provided to the
substrate by 3 5r9dh O mdiation doSe dfelsomt apleestet dbsiffe BRI Pebe set 1o
two val ues (e}egfls. just a maxi mumvalue and a mninmmvalue). In one

embodi nent, at least three different radiation intensity values can be
proj ect e0GR} o t heltshbultirfattber e gpprecadted éwms thedradmtivatdosn prafile easbty val ues,

at least 8 radiation.intensity_ val.ue at | east radi ati o intensity
Val vee. at | oSRuEroHS8 by EmPtn OIS HHE: by, Moy denelfing B ety 454 o
intensity val pamtioAtret PRt atleRh! BhadA Ak subsBRS] hy ¥Rk BES abble.alFok €ast 256
radiation intensity values. [00711 It should be appreciated that

gr ayscgl ijngbc@wnuée,u@edraﬂ@tioad@ﬁcirgcﬁivedoby each ?mmtt P ¢hp upsEs cap t haL
i . F - ' -
e e ol Rl S LTI B Pl BB b

responses of &g@k@8ofahe pbiat. SRSt fusther exdaipRy)daet point b el Medraadh@t i on  dose
| evel . For exanple, a portion of the substrate receiving a radiation dose

bel ow a fi rstpetpptedlyoregeive sgdigtien iin & pluraldy ofapursessive papaspess. oflhe he

substrate 17 radiation dose received by each point can, therefore, be alternatively or

additionally controlled by exposing the point using a selected subset of the
plurality of successive exposures.

[0073] In order to form the required pattern on the substrate, it is necessary to
set each of the individually controllable elements in the patterning device to
the requisite state at each stage during the exposure process. Therefore,
control signals, representing the requisite states, must be transmitted to each of
the individually controllable elements. In one example, the lithographic
apparatus includes a controller that generates the control signals. The pattern
to be formed on the substrate can be provided to the lithographic apparatus in
a vector-defined format, such as GDSIL. In order to convert the design
information into the control signals for each individually controllable element,
the controller includes one or more data manipulation devices, cach
configured to perform a processing step on a data stream that represents the
pattern. The data manipulation devices can collectively be referred to as the
“datapath.”

[0074] The data manipulation devices of the datapath can be configured to

perform one or more of the following functions: converting vector-based



receiving a radiation dose above the first threshold but bel ow a second
threshol d responds in a second manner; and a portion of the substrate
receiving a radiation dose above the second threshold responds in a third
manner. Accordingly, grayscaling can be used to provide a radiation dose
profile across the substrate having norl8 than two desired dose levels. In
one enbodi Meddsignt i€oriRAbA iht@NbiHRFS pitfedh ldh@); R8svediing BAMbp Hatledl 4R4 dose

l evels, e.g., at least 3 desired radiation dose |levels, at |east 4 desired
radi ati on dos@td evigfieired padigtioasdoss wepi(e-ed a mguaed ondigioere dosw pfcofilor at | east
8 desired radjat]j evels,. [0072]. | houl d, furt her  be eci at ed
Chat  the. r adi S35 S8 aiear s Bk pEabindd pactast b s e oFRET L han by
mer el y cont r ofaliiatign tik@nkitt eakie Yfopfeathéndivridhidt icontrslgbdd \ehdnadt; @ag¢h poi nt on
t he substrate, as described_above, For exanple, the radiation dose received
by each poi ntCasNerting Sighsequired tdintion) intanslY | VAVSs &r saet tndiniduplly be

control | ed by aRhdik kiehftat hifo CHHFAbIRMPloldsighatiposure of the point. As a
further exanple, each point on the sub Fare can potentially receive

radi at i of@07#] a pl uFightet § debicsuiac esmhyenma pefsthe espparbne adcaelliag itornthelose

recei ved by each pqint can, therefore, be alternatively or, _additionally
control | ed byPréﬁFﬁgéF‘f‘F&“Phéh%}oF%ﬂ Ewwfb @5 al dhe gpaniiacire off flatpanel yrality

of successiveg; 7 f - e i ern on the
Substrate. | tOHRASESmpod HRIChncL bRt hkci REMh IR P FN PR B T, OO
el ements in twih et aerenicfegerte wuoerdo Alshethe ebevesdeseripicas ef tic eaivhs st age

during the exposure process, Therefor contral signals, representing the
fequi Site st ATBROUIRERE. Be- (e YaRPE Sentiayralagh obfthe sHEstaryithy Goairisy

control | abl e glaneieMLANMRMWR S AFTRIiSiont B8, FdrhdIRIpARRbE, apparatus incl udes
a controller that generafes the control signals. e pattern to be fornmed

on t he si#836) at e cAs sbewpriovFigert o thehprdidctihngryatehni ESaimohadas wsbéam a

vector-defined format,. such_as SN r t nvert. t he design

i nfornation i ?ﬁPBn‘E%eWE%ﬁFP%‘Pf‘§?Sﬁ8|I%USF%ﬂl’ggﬁﬁfﬁ%ﬁﬁsgfg’aﬁgﬂ|1§/a%?>‘}%e§<55? [ abl e
el ement, thereeQhé fiRl h&dulatb k4R HNAREMAB anPERusl altRrolBR bR Whatiren geVi ces,
each configured to performa processing step on a data streamt hat

represents t hapertpeet step MiS. The furher leahidburant botoadtedi wethe caparturst | €bei vel y be

referred to al%dltaplgn beam B then diverges and is focused by the second lens L2 (e.g., a

field lens).
[0077] The projection system PS further comprises an array of lenses MLA

arranged to receive the expanded modulated radiation B. Different portions of
the modulated radiation beam B, corresponding to one or more of the
individually controllable elements in the patterning device PD, pass through
respective different lenses in the array of lenses MLA. Each lens focuses the
respective portion of the modulated radiation beam B to a point which lies on
the substrate W. In this way an array of radiation spots S is exposed onto the
substrate W. It will be appreciated that, although only eight lenses of the
illustrated array of lenses 14 are shown, the array of lenses can comprise many
thousands of lenses (the same is true of the array of individually controllable
elements used as the patterning device PD).

[0078] Figure 3 illustrates schematically how a pattern on a substrate W is
generated using the system of Figure 2, according to one embodiment of the
present invention. The filled in circles represent the array of spots S projected
onto the substrate W by the array of lenses MLA in the projection system PS,

The substrate W is moved relative to the projection system PS in the Y



"datapath.” [0074] The data mani pul ati on devi ces of the datapath can be
configured to performone or nore of the follow ng functions: converting
vector-based 18 design information into bitmap pattern data; converting
bitmap pattern data into a required radiation dose map (e.g., a required
radi ati on dose profile across the subst¥ate); converting a required

radi ati on dos@irB@ni 43tLsdrRE W kRpbsufcRdir@biMRed Bh BRSiUb¥rial WeSTHebpegach
individually controll able elenent; and converting the required radiation

intensity val ggles eprasartspohexnaseigaSEythatchave motvieuslebesneaspnsed; an the
cor r espond ngggogaa{eqp 4%%}1%% eéc%osgaﬁl %@egtélhgo#?q ﬂagfshﬁéfat%ﬂ Al BRI of the

appar at us acc I'ng to pfesent | can used, g., in the

manuf act ur e ofenkésalvithianae prajéctioh aysem RSPV S1030 Rl eSpondiguies ohhose shown
in Figure 1 are depicted wth the sane reference nunerals. Al so, the above

descri ptions 8 tuRetratarW oukhe eqmplgicrratiem fog the substate,is geperated it th§ur at i ons

of the substr v fl Q I f i@tion,
etc., remain g%gﬁfcag!gﬁhg. gﬁ)g;%ﬁ Sp%?%ﬁ%b\“ﬁé?% I ga?&eggfgcﬁﬁgf glreo%pg%t$on system
PS includes aSheamn exampdent itoaimadypefesed fowas [“phebsprid imbgingThe fir st

lens LI is arrang‘gd to receive the nodul ated radi ati on beam B and focus it
through an ap8Pfsed R80VEn aperture stop AS. A further lens AL can be

| ocated i e apeitlhée st i 8 - | l.s focused
by the sLORD 1 cho 13 e TFthal 8F Bl OF RS Spietls SRARASR e oy ot o s
further conpr Psdstiantodhe substrite| W ite sdidsAhT tiar subsigael lit paraiektiovke Krmdexpanded

nodul at ed radiYa i er.ent portions.,of .the nodul ated radi ati on beam

t.ion. B. D';)'Ilt, f.
B, correspondi p&‘r’?‘i}m&ﬁ)e higdt dogy sphibat i‘”ﬁﬂ?\?b%llfapit?tecé%ﬂ‘?ﬂefialﬁl el ement s
in the pattergigdindedir&@ioRQthdAa8irédioR) Hach BSRAGHE Isp6t Wifi fREEMcl gNSes in
the array of |enses MLA. Each lens focuses the respective portion of the
nmodul at ed r addifarem dyew ol Bhe cubstyats, theraby @Howingstherentirhisubsitate tatbe W | n
this way an a

LS Y a2t hy BRI SRRt IS IRSRE AR, HiSee R R S 1
array of | ens@psdd0erne° shewas mofiesahf asle, hEARAE 1 CaR nkRIDISCSS HB&Y

0.25°, at most 0.10°, at most 0.05° or at most 0.01°. In one example, the
angle 9 is at least 0.001°.

[0080] Figure 4 shows schematically how an entire flat panel display substrate
W can be exposed in a single scan using a plurality of optical engines,
according to one embodiment of the present invention. In the example shown
eight arrays SA of radiation spots S are produced by eight optical engines (not
shown), arranged in two rows R1, R2 in a “chess board” configuration, such
that the edge of one array of radiation spots (e.g., spots S in Figure 3) slightly
overlaps (in the scanning direction Y) with the edge of the adjacent array of
radiation spots. In one example, the optical engines are arranged in at least 3
rows, for instance 4 rows or 5 rows. In this way, a band of radiation extends
across the width of the substrate W, allowing exposure of the entire substrate
to be performed in a single scan. It will be appreciated that any suitable
number of optical engines can be used. In one example, the number of optical
engines is at least 1, e.g., at least 2, at least 4, at least 8, at least 10, at least 12,
at least 14, or at least 17. In one example, the number of optical engines is
less than 44}, e.g., less than 30 or less than 20.

[0081] Each optical engine can comprise a separate illumination system IL,

patterning device PD and projection system PS as described above. It is to be



t housands of | enses (the sane is true of the array of individually
controllable elenents used as the patterning device PD). [0078] Figure 3
illustrates schematically how a pattern on a substrate Wis generated using
the system of Figure 2, according to one enbodi ment of the present
invention. The filled in circles repregént the array of spots S projected
ont o the subsippadctatill, Dyweber, tial Avo 6f mbenpEsal Mhginescdrhafy Ajl€Gt 4 part Syst em PS.
The substrate Wis noved relative to the projection systemPS in the Y 19
direction as o Qusr plemopy obiisodlymination SyaRme Paleramet drlee gt PIRIsstivy  The open
circles repr e%{é}uﬁspot exposures SE that have previously been exposed on the
substrate W shown, each spot projected onto the substrate by the array
of lenses within the projection systemPS exposes a row R of spot exposures

on the substrate W The cogpl‘gtegplgttern for the substrate is generated by
the sum of aF¥TRINAY URNGHOQUSHE ARBRRSIIEE SE exposed by each of the spots
S. Such an arrangenent is commonly referred to as "pixel grid inmaging,"

di scussed above. [0079] It can be seen that the array of radiation spots S
is arran@82lat an Eiggtes 5,0, radal ishewt ariche radidtsin ptodutdng tdmmngelgeds of t he

substrate lie parallel to.the X and Y directions). This.is done so that
when  he. subsPFRELS SrSHsGRYF anP s aems ZaShriiRG i vARYs BRORENS R hect i on)
each radi ati opes@invéhtidn Pass over a different area of the substrate,

thereby allowing the entire substrate to be covered by the array of
radi at i o083t s 15Fignre Delkoveskamsliationt systemnifl0e aceardingtio onesmbadimend, e.g., at

most 5, at nost,3, at st 1. a t 0. ms 0.25,. at npst O0.10, at
most 0.05, or’a erpﬁgﬁengﬁﬁffm?[h &gﬁggg%gf@?aﬂ%mcgﬂa 8 rad]laﬁoﬁts‘_)llugﬁst 0. 001 .
(0080] Fi gur esd, shenectvenespisiyqahl RLhawd an iRdhinaforfiLat paiet s spday
substrate Wcan be exposed in_a single scan using a plurality of optical
engi nes, acc6hgsthg toep satewnBbdredneatest senarately dsantillpminatari Bn. Fon t he

exanpl e shown j.ght - i at] S r. . by ei ght
optical engi nes ndtreﬁés‘{?géni?&f\%)% frteélﬁlggetdg}lidng{]\li\%&?%lm%ﬁﬁagfé lﬁﬁng%ﬁlcnhess boar d”
confi gur at i onbeagiddlivetynasteihBDad Fozupés ol Brray of radiation spots (e.g.,

spots S EO?)SJI:]i gure I%a)tdigtli(;ng 2;[)1!11)(/:6 SO produces a (partially) coherent or coherent
radiation beam 502, which is formed into a more incoherent radiation beam
504 using reflective loop system RE.. As discussed in more detail below with
respect to Figures 9-17, reflective loop system RL allows for a loop path or
non-overlapping loop paths (e.g., round trips through reflective loop system
RL), through which a more coherent beam 504 is produced. In one example,
incoherent beam 504 can be produced from summing characteristics of output
beams produced after each loop or round trip (hereinafter, both terms will be
considered interchangeable and be referred to as loop, unless otherwise noted),
for one or more loops. Additionally, each loop is longer than a temporal
coherence length of partially coherent beam 502, such that substantially no
interference of light occurs within reflective loop system RL.. By eliminating
interference, speckle patterns are eliminated.

[0085] It is to be appreciated that reflective loop system RL can be considered
a beam expander, a delay loop, a field defining element, or the like, depending
on its positioning and application within a particular optical system, as would
be apparent to a skilled artisan upon reading and understanding this
description. These non exhaustive exemplary reflective loop systems are

described in more detail below.



overlaps (in the scanning direction Y) with the edge of the adjacent array

of radiation spots. In one exanple, the optical engines are arranged in at
| east 3 rows, for instance 4 rows or 5 rows. In this way, a band of

radi ati on extends across the width of the substrate W allow ng exposure of
the entire substrate to be perfornmed i2h a single scan. It will be

appr eci afoadéft hat apFiguUs SiadsCa rdMiHRA sySEmosol ﬁ@dorcﬁﬁ@'t@%ﬁe @ﬁn@o@&éﬁﬁed I n one
exanpl e, the nunber "of optical engi nes is at |east 1, ., at least 2, at

| east 4, at |efdbe p@sendtinyeatign. Radiaen $ystem 6Q021nc1UdssaeealszttlopzSO,ovhlah | east 17.

I n one exanpl | QNQi 4 g., less
than 30 or Ie§s FH:% QZI%JHSPSgéif?EEaﬂ? ogtigc e%tel{r/%lkﬁ(1 fsﬁéngg{rtﬁr%seg% separate
i1lum nation giystiemodIL, Addtiseilly] aaldmaticey PDbaintl dgliveresistenn By gioem PS as

descri bed above. It is to be 20 jpprem ated, however, that two or nor e
optical engi n%‘@w@ahu%ﬁﬁﬁfég‘ﬁ?s | aad¢) mapalsp be dnclydrd igradiptien systen, §00

Ll natf on SYSLEMRAeL00 HPYhacIRRhALOLeCt RaBaySy SybE EXETPLary

Radi ati on Producl ng rrangenent S Igures 5 W vari ous
radi ation proftuctiorg sanﬂangtenedihﬁon systEhnuBiM) disaussed hlaok] Onel caogptiyids em

according to various, enbodi f the resent jnv iQn [0 Figure 5
shows a radi a‘\[‘(‘l'ﬁ“oFfl ’é’flesr?\“??@gseg a5 mFohgrephe d?eo:%eﬂﬁmg &% "’tcﬁlé present

i nventi on. Raﬂbﬁ@&&é}n%t gaaﬁ%ﬁaxhn%k Hﬂ&ﬁatﬁ/egﬂ@&% sk Qy ﬁﬁcuéglar@

reflective | oop systemRL, and l'um nat I'L. Source SO an reflective
| oop system RmfmIEahcbwn@ueﬂvebmdaeféﬂcyaVé toomsystemMInat or | L. For exarrpl e,

reflecti oop system can be inp e of u : beam

del i veryi@% k em BOBHH Fhnves? iadé#’(‘j’nzgys?ﬁog@} apeoxing |t%ﬁn§8f5‘?’8 I%t produces a
(partially) cohegeentesehit weﬁﬁ@rnt RadgiigH is9felaeand 303 aﬂ‘hll%lﬂaﬁ)rfmmd into a
nore incoherent radiati on beam 504 using reflective |oop systemRL. As

di scussed in cronpisteg @ |radistiow sourde SCespdcta Ecﬂﬂétlgurb)gp%)lSTemrBu ective

I t f th ,
oona Yo oe! ChaBtinRiie of bldnoid Dbl o Rling FHRERVE looBRRs AR PR BB 07 o & @
coherent beangiglfed snt®bPGICHEDNtd A pARRniRK JEPCE (not shown, see Figures 1 and

2). Radiation system 700 functions similarly to radiation system 500,

discussed above. Additionally, or alternatively, some illuminator IL functions
are in front and some are behind reflective loop system RL.

[0088) Alternatively, or additionally, radiation systems 500, 600, and 700 can
be used for other illumination systems of a lithography apparatus, i.e., other
than an exposure illumination system, such as an alignment illumination
system or detection system without departing from the scope of the present
invention.

[0089] Additionally, or alternatively, radiation systems 500, 600, and 700 can
be used in place of any illumination system that requires forming of an
incoherent light beam and/or more uniform light, for example to substantially
eliminate speckle patterns by not allowing speckle to occur.

[0090] Figure § shows a reflective loop system RL including a first reflective
loop system RL1 (e.g., an upstream system) and a second reflective loop
system RL2 (e.g., a downstream system), according to one embodiment of the
present invention. Additionally, or alternatively, optics can be used between
first and second reflective loop systems RL1 and RL2. For example, the
optics can include cylindrical lenses to optically couple reflective loop systems

RL1 and RL2. Through use of two sequential reflective loop systems RL1



i ncoherent beam 504 can be produced from summ ng characteristics of output
beans produced after each loop or round trip (hereinafter, both terns wll
be considered interchangeable and be referred to as | oop, unless otherw se
noted), for one or nore |loops. Additionally, each loop is |onger than a
tenporal coherence |length of partially2coherent beam 502, such that

subst anti al | yamb RI20tredibttsre fiom afralliagbi so@eerSO \hit lenmibedd! @ctitsy @nlioop system
RL. By elimnati n(gé_ interference, speckle patterns are elimnated. [0085] It
H

is to be appr&&cpad ducations. Fergxampls, &his duad leagparmpgementgan glowdpsheibred a
beam expander Xﬁd@ehﬁé‘cdoﬂ%xi& field defining el enment, or the Ilike,

depending on its positioning and application within a particul ar opti cal
system #H9dpul d Addasppallrent alternatisdy, 4 esmbined salerepedenghdd depiradd

under standi ng this gea]cri tion. These non exhaustjive exenplary reflective

| oop systems %% smaller hapdhe tempap! cobfzenge fength shgh 3t [ 0086] Figure 6 shows
a radi ation system 600, according to one enbodi nent of the present
invention. Radiation system 600 includes a radiation SO, which conprises a
radi ati on device RD and a refl gkl ver*L@bpLsotstreneeRL, and an illuminator IL.
Additionally, or alternatively, a beamdelivery system BD (not shown, but

see Figupmme2[l and B) thidgq@dti®a, hendnal aieeekpetiveddraind@p siabadeiddn bet ween
radi ati on source SO and illumnator |IL. Radiation system 600 functions

simlarly to FEdRBd pesend yefleshvsbop syrtsms Sddpnddal/a 0 B iategepsmdieri s t hat
radi ati on sou r Sl h adiat i 504 usi ref. tive loop
system RL. Adé:r:tg 51%?&{)"&3?‘&%?1 [éﬁllrﬁgér}n{gf: ﬁ’\%ﬁi@‘?gﬁﬁm"@éﬁ?‘é@]%’a clljrlfgtl% gﬁs are in
front and sonimtegee sihaléms ¢quhl ®cthe vetal mapbea ydtromnditips (MP8/thiFlagpre 7 shows a
radi ati on system 70Q, accordi ng%]ith? orlg enbodi msn% of .the present invention.
Radi ation systémn¢de #ashalran pathilengthsrof|respegioviotist apd seconddrestidh source SO

and a 1 efl ect io6 dyaeRs RIS &1 KLy, anfiddohtieAR! ik the RipBld EoRGEAENom! | gt
exiting reflectfve [oop systemRL may be directed onto optics of onto a
pat t er ni ng deuf the radiatiors howre SOemdiatiguress, 4t lamd paRlally Ratlerahi adiatipat em 700

functions sim]arly to radiation system 500, i scussed above. Additionally,
or alternativ ¢ , Addonafly. of ﬂEFPEﬁtPQPE’a %%F@’ﬂtﬂ%ﬁg reflective ?OOP systems are

utilized, the relationship can be represented by:

[n*L1 - m*L2 + 0*L3 = p*L4 * ...| > Lcoherence

[0093] Additionally, or alternatively, one or more additional reflective loop
systems RLm (m= 1, 2, 3, ....) can be used that are optically coupled in series,
according to another embodiment of the present invention. Each reflective
loop system RLm can receive incoherent radiation from an upstream reflective
loop system RL and can allow for the incoherent radiation to loop through one
or more loops or roundtrips to produce another beam of incoherent radiation.
For example, if there are (Mx) loop path systems in series, every loop path
creates N incoherent copies of the at least partially coherent beam 502. The
total number of modes realized using a series of reflective loop systems RL
equals N~M, instead of N*M when the copies are produced within a single
reflective loop system RL. In some applications, having series coupled
reflective loop systems RL may be desirable, for example because an amount
of reflection scales with N*M and the transmission scales with ~ReN(N*M)
(where Re is reflectance percentage of reflective devices within each reflective

loop system). Thus, when using multiple reflective loop systems in series they



are in front and sone are behind reflective | oop system RL. [0088]
Alternatively, or additionally, radiation systens 500, 600, and 700 can be
used for other illumnation systens of a |ithography apparatus, i.e., other
than an exposure illum nation system such as an alignnent illum nation
system or detection systemw thout depa?xing fromthe scope of the present

i nvention. [0&89} iAddhighenaldmill teihslskieh Nt ia¥@tivn ifteaigt ihan c¥shees 500,
600, and 700 can _be used in place of any illum nation systemthat requires
forming of anteflesivmioppsrstemght beam and/or nore uniformlight, for exanple

to subst janl |y 1) S l_e »pat.tiern . | Qv egkle to
occur. [E@gj(‘)‘T Fi gu?edrgé)zsbﬁﬁdﬂwes’ lca}eir“d(;f I gt?’%{[}‘gﬁ E%fg@é‘s@‘g% %ﬁ%lﬂgf)%l {rﬂgé a first
reflective | aapsnsiysoesyiilsd x(€ (Dx)*Rid, whster Raqualy shcerfleativch eve$@edentd
reflective IooE) system RL2 (e, ﬁ ..a do st%rgram‘ sysft en)b, according to one
enbodi nent of Of ABS MITRLEE- R a8 Tod ik couaisithe fasiianyof (e bgam passing 81y, opti cs

can be used b M r &V : and RL2.
For exanpl e, ﬁ%ﬁﬁg%t(‘?%é%gﬁyi%ﬁtgeﬁgggg%y %ggﬁg’aﬁ +§ﬁ§g§%§lgﬂ£tf%§el y couple
reflective | odglsyisg ente trik:.] and RL2. Through use of two sequenti al
reflective | oop systens RLI 22 and RL2, radiation froma radiation source
SO can be mxed in first and segoqg{ directions For exanple, this dual |oop
arrangenent can allow for both X XRAHAIR W 7Lt {8 i xi ng. [00911
Additionally, or alternatively, a conbined coherence length is desired to
be smal | 80%5han t hén tthispoasal Hepasacand éstepiabs hewe hsubktantiallynidenticalnr L21 >

Lcoherence [00921.In this equation, n i-n are respectiyely.rqundtrip
manber o i ¢ hi ey st sl A e PR, d S o CEBEREE SRR, b i s
an integer smpldpedystels i@KALs FQuktdR 8408 3 tRHERRE0RT(0.56M)Mnd Pst £Ny Wi thin
loop 1; and in is’an mteger smal l er or equal to the total nunber of

roundtri ps ( Mnoghemnteopies o the at lqastpegtially eoherephleearp®}2. pat h | engt hs of

respecti irst and second refl i yst a RL and
Lcoher en\c@]glf6 t he ?fejor%e(‘)'?%l?hec%lﬁ%?agﬁée q%édnéé)ﬁoou%f()%ﬁﬁggg R‘hﬁg?’ﬁ%ﬁ’ ‘é%‘%rr@ ce SO
radi ation, e.g5+1 adunigistar@@abdd. alhiy heoheashtissichdifat i on

0.9270/16+0.92"1/16+0.9272/16+0.92"3/16+0.9274/16+0.92"5/16+0.92°6/16
+0.9277/16+0.92~7/16+0.9279/16+0.92*10/16+0.92*11/16+0.92"12/16+0.92
~3/16+0.92°14/16+0.92715/16+0.92"16/16 = 58.4%.

[0097] Thus, if a higher overall transmission of beam intensity is desired, it
may be more desirable to use series coupled reflective loops systems
producing, for example, one loop per system than one large reflective loop

system producing all the loops.
Exemplary Reflective Loop System Configurations

[0098] Figures 9, 10, 11, 12, 13, 14, 15, 16, and 17 show various reflective

loop systems RL, according to various embodiments of the present invention.
First Exemplary Reflective Loop System Configuration

[0099] Figure 9 shows a first configuration of a reflective loop system RL9,

while Figures 10, 11, and 12 show similar respective reflective loops systems



502. Additionally, or alternatively, if additional reflective |oop systens
are utilized, the relationship can be represented by: ~n*L1 - nfL2 0*L3
p*L4 ...l > Lcoherence [00931 Additionally, or alternatively, one or nore
additional reflective loop systems Rhm(m= 1, 2, 3, ....) can be used that
are optically coupled in series, according to another enbodi nent of the

present i nvenRii90; REAEhntia{l. EChdvEs vArRAP eftfatice Mhilet Ey@ﬁtiBﬁ& @kMdingcoher ent
radi ati on froman upstreamreflective |oop systemRL and can allow for the

i ncoher ent r ati wriows embodigwptstftgipfasaphmvertionror e | oops or roundtrips to

pr oduce er beam.,of dncoherent radiagtion., For exapgple, if.there are
(W) | ooiﬂ@gr h sys?‘gﬂﬁ}%r?flﬁreg%ﬁ' ?Oegfgué%g’r {f’%lte tb‘ﬁe 1&9? ﬁyStgwegﬁgscoﬂerﬁ%ﬁer ent
copi es of thefiad rkf@tdr P hisatdid LaAbabEL912, hemird3efectdhel 4, taatial foaptAber of

nmodes real i zed usi nggta series of reflective lOOE systems RL  equals N*M
i nstead of N+ Filgeion %1ke Eoprrampleccashogllewer win henbdt aenyitdimited facti ve | oop

RL. | Leati. A/ [ | I ' I
Syetoms R ma Raedienre B e na LB REL Tl PR o SFURET, oot T on

scal es wi th Nidflearnd habitgta AidRu¥ BSilarons axb@plewirdflectiReMddy* $sten({ Ri®rie Re is
refl ectance percentage of reflective devices within each reflective |oop
systen). ThusaTHHEA sgeh gt mireal fngth ef reBestivgdorp systay &l s amg-halfiafes they 23
result in a hij : rald . t 1 861 O r gelisat. i ' ' n one

| arge refl ecplg\r}giallug\gg Ogﬁ&teﬁﬁ&[%%qogm E%@f“gxggn‘l&r té‘h&??'lrw gerf%b{o\}/(\ﬁ ??4

refl ections pét4,sndd@lé, teomuetivelfipare tpleanas raflestosn Squad snd fourth(rflagtéiR 4, where
R equal s the reflection coefficient _of ong m nor e.l_%i.'3 R- 0.98%, x

equal s the fra¢4ia9f Vo: rAPepdvEl.peasis Phgngled befweesy Orgnied9 degreesyfars’ 4 1ittl e
bit less than 0 kst I - ki rue: x =
RN/ (1+RM4) :ezéz_[}1419715é1'_r> d[eg%é%]bd %fl%?‘fs %Sgaéggfgﬁ{htigg%i If)g%?g HRIoLE s %g‘?s&sl have
subst anti al | yRil@enthileathirdimaflerisi 914 isadotindswitls si Heldi of miflectivedbRp Thus,

puting Tour ol NeRl 811 <Pkt LIS, Sl DS R e S buEs: ®

partial ly cohggsgihteR€@™WERZa pupil is where the looping beam is least concentrated.
Any place within the reflective loop system RL can be chosen to be a field or a
pupil plane. The relation between field and pupil are that angles at one
location correspond to positions at the other (and visa versa). It is desirable to
select either or both of field and pupil at a mirror surface in order to make the
beam enter and exit, but the invention is not limited to these locations. In one
example, through moving or tilting of one or both of second and fourth
reflectors 912 and 916, subsequent bounces at the third mirror are at different
locations. Similarly, through moving or tilting of third reflector 914
subsequent bounces at the second and fourth reflector are at different
locations.

[0101] Additionally, or alternatively, the first mirror is divided into two mirror
segments. In this example, since then every mirror gets bounced only once
per roundtrip.

[0102] Additionally, or alternatively, respective first through fourth reflectors
010-916 can be arranged to allow for a loop path through reflective loop
system RL9 to be larger than a temporal coherence length of the at least
partially coherent radiation beam 502 (which beam is not specifically shown,

but see Figures 5, 6, 7, and 8).



[ 0096] However, the alternative would be to use one | oop path system where
15+1 roundtrips are made. This has a transm ssion of: 0.9220/ 16+0.92 ~
1/16+0. 92 ~2/16+0. 9273/ 16+0. 92 A 4/16+0.92"5/ 16+0.92”"6/ 16 +0.92 ~

7/ 16+0.92 ~ 7/16+0.92 A g/ 16+0.92 Al 0/16+0.92 Al 1/16+0.92 ~ 12/16+0.92
N13/ 16+0. 92714( 16+0. 92715/ 16+0, 92716/ 1625= 58.4% [0097] Thus, if a higher

overal | fom3pm ssi adafonbBAMNL AltRRgively, iaSreflesivieeshrfact ofRYlcde owersr desirabl e
to use series coupled reflective | oops systens producing, for exanple, one

| oop per syst &fPediiA fopethrong dowly refleetored 1 bRi$ canyhn disdovobidespeef @1 1 the
| oops.  Exenpl géﬂéfg?é éltgﬁtcgé@%gB@ﬁg%ééegﬂegg%fvgﬁr&%&ﬂghk 8knElgires 9, 10,

11, 12, 13, 14, s reflectiv oop systens RL,
accordi ng to 9&-906is didvotrranhsvedappig”eqratial loopse rifhiotiltingfean atsoExenpl ary

Refl ective Loop Systey nfi,guratjon [0099] Figure.9 shows a first
confi gurati on2of¥V Orr%;p’l” P}gvé)%ltg%t%e%%/b?tgrﬂe @}g’“hﬁﬁe@eiﬁi“@ﬂr"@g sy¥em11, and 12

show sini | ar Reones Leis!Rh LBEthivfly AORR, BHSEEMnRA 103111 8nd Refdnerand RL12

havi ng vari ous entrance and exit po0sitions, according to various
enbodi nent s ofadhhleopr ésenbed nvmotd detail bOILOO 1 THist ‘walkihe? eme allow fbr gure 9,

reflective | oop syste 9 conprises.a  first r cror 910, a second
el ootor 912 POBOHHEE Pt GoFB MR logP SRS SRareEB 6P 8165 For
exanpl e, eachprRfheFlR b&ﬁ{‘tobl_%ﬂe&%ro%Fﬁt}{&olho;!agkllgaih.e‘ﬂn&&singfﬂ RiRb& @ ot her

simlar reflective devices. First r_ef ect or is a curved reflector
havi ng a radi lewpRmide lgntheekeanpicen imaédse dndoherenoppn sywherenRb&am $04ar r anged

such that a focal.length of reflective |.0 St e I S e-half of the
adius R of 1 (vaEn PERT acadrsTie Tishin SERTHEETS Fourth et | actors 012,
914, and[mﬁ% I €S pP@edurd @0Yshodk GanPéiiate HBEILSEtIONS at JRCANA AR ah Qititt h
reflectors 12 and 916, respectively, can be angl ed between 0 and 90

degrees, for pesiapmplle2Uat aeqy Eeef a milechyelogp sysicat R hiacpordinguipi dneof
reflective | ogp,syste L9, while thir eflectgr 914 is associated with a
freld of refi SBPPUBbS,Regyet Bl n I LGRS A e el R he
| oopi ng beam i1g21RSbrm&PMCRIM Feflcethe IMA WiscRopetingd 102D whakasehie 102@Pi ng beam
I's | east concentrated.
In various example, a pin hole is meant to be a hole of any shape. For
example, the shape may be, but is not limited to,: circular, square, elliptical,
rectangular or any other free form opening. Since the reflective loop path
systems operates along one main direction (within the plane drawn within all
figures), a rectangular opening is the most logical choice. Again, at least one
reflecting surface of respective first through fourth reflectors 910, 912, 914,
and/or 916 is tilted or misaligned with respect to the other reflecting surfaces,
such that after each round trip or loop a different portion of the looping beam
is transmitted through pin hole 1022, as described below.
[0105] In operation, at least partially coherent beam 502 enters reflective loop
system at entrance point 1018 and reflects, in sequence, from: second reflector
912, first reflector 910, third reflector 914, first reflector 910, fourth reflector
916, second reflector 912, and first reflector 910. After this last reflection, a
portion of the looping beam reflects from third reflector 914 and follows the
above sequence, and a portion of the looping beam exits from reflective loop
system RIL10 through exit 1022 at pin hole 1020 in third reflector 914 to form
incoherent beam 504. Thus, if more than one loop is performed, after each

loop, a portion of the looping beam will be transmitted through exit 1020 to

form incoherent beam 504.



Any place within the reflective | oop system RL can be chosen to be a field
or a pupil plane. The relation between field and pupil are that angles at
one |ocation correspond to positions at the other (and visa versa). It is
desirable to select either or both of field and pupil at a mnor surface in
order to nake the beamenter and exit,26but the invention is not limted to

these | of(HO6pNS. | Rigare 11l ekawplag, ertlaneslgbkitimy il DIR af atrbWt Anghdoin ere or both
of second and fourth reflectors 912 and 916 subseqguent bounces at the

third ninor aPesitgn 430 arasiow B) of ieflspiive IgpRisystem KLk pesrshingdoiong or
tilting of t hbrﬁﬂodﬁfeh@&tttﬁé Pe%élnt 1%%@9“?{9%1?8&3‘5%' % E)o Eﬁﬁg%‘?@ﬁ{‘%l@nd fourth

reflector are at different” | ocations 01011 A
al ternativel y]132nig foimest innthird geflécsordi i th;hl apening\vid 2Piseves asegmawres. In this
exanpl e, since then 1 BYET m nor

ets b unced onJy once undt ri
[01021 Addi t i BRIy 1128 it iR i veapipple; BE e i repanled Rhrgngh SKiur ¢ h

reflectors ﬂ@s’lt%lrﬁ 1620" RF gaaﬁ rr@ﬂ&ﬁi‘flg"&vi’ée' PV 4l Gbr %x&rﬁﬁl@ Pabli khreuah
reflective loop systemRL be larger than a tenporal coherence |ength of

the at |east Opmrwisal lthe semer basic rmamhcipldsons bkeows®d2 alfavei cégabdingn the not
f |1 d 8. 25 0103
Zggﬂ i l)(rigl I § O%Eirﬂgﬂntoeflr)rﬁ%‘f‘i%\ygllgppgsgs?@f]?%&?RPL’ sﬁpf acza of at [ I eas]t one of

respecti Fﬂoﬁ jrst thy eneshlidnOb ekt @@Maﬁgswﬁeﬁerﬂ Beaf 502 GatrPRfleblidEdopd t h

respect reflective surfaces he other ones of respective first
t hrough four t systeat Rédd dhrougl pon bfllé 1t1%2 a Ih!m reecton@t wbrSI raﬁmtﬁb'msequent i aI

| oops. Thlstlltln for th near
exit of refl eS{HV& %851 slrS% rgﬂeaﬁog P%cgn% V}%Ckorrbﬁgt R)s%t eg?cigr"?@as hown, but
see Figures 1ffsst 1é|ﬂecﬁ)lﬂ®1@2ﬂnrafréﬂéct01€91@hﬁh@@éﬂecﬂ‘ﬁ‘&l(ﬂ betsdehndRdfRcdet ai |

bel ow. This "wal king" can allow for a portion_ of the beamto exit

reflective | oBp-sy\tashRbstasefleptiaménm srspnd aeflector Plgs ta portien afhBebeam t o
reflect through fnléeoe R &8l (Ohfﬁogﬁﬁﬁi Pafgﬁ rgglzﬁft V\cﬁ;%ﬁ@ 1§95 by the

beam can i ncr ea ncoher ency eam i S not
specifically ﬁ:hi@m 1né1:llhbreﬁlebedﬁh §04 e5hidh béam Ts n@nHo®h), ah2Qe}tid guhe 10 shows

an entrance pl%solp;[nlgobréar%loc%%ng}lesaarlornogvg ﬁg}%r})gthatrc]) rgfl(ect from fourth reflector 916,
and follows the above sequence again. Thus, if more than one loop is
performed, after each loop, a portion of the looping beam will be transmitted
through exit 1120 to form incoherent beam 504 (which beam is not shown).

[0108] Figure 12 shows an entrance position 1218 at arrow A and an exit
position 1220 at arrow B of a reflective loop system RL12, which is similar to
reflective loop system of RL9Y of Figure 9, according to one embodiment of the
present invention. In this example, an opening or pin hole 1222 is formed in
third reflector 914, which opening 1222 serves as entrance position 1218.
Also, in this example an opening or pin hole 1226 is formed in first reflector
910, which serves as exit position 1220. Otherwise, the same basic principles
as discussed above regarding the operation of reflective loop system(s) RL.10
and RL11 apply.

[0109] In operation, at least partially coherent beam 502 enters reflective loop
system RL12 through pin hole 1222 in third reflector 914 and is reflected, in
sequence, from: first reflector 910, second reflector 912, fourth reflector 916,
first reflector 910, and third reflector 914. After this reflection from third
reflector 914, a portion of the looping beam is transmitted through pin hole

1226 in first reflector 910, which acts as exit 1120, to form incoherent beam



position 1020 at arrow B of a reflective |oop system RL10, according to one
enbodi nent of the present invention. In this exanple, an opening or pin hole
1022 is fornmed in third reflector 914, which opening 1022 serves as exit
1020. In various exanple, a pin hole is meant to be a hole of any shape.
For exanple, the shape nmay be, but is 2%t limted to,: circular, square,

elliptical, rat@mMH Béan®hofovah)hed far;%&idrpbm}fé%ﬂbiﬂg;beﬁnné‘&ltfhbé%_ _
reflective | oop path systens operates_along one main direction (within the
pl ane drawn wialdiigna dight pathgier eflpct Gomelisaregleriar 9P eandnigllowstthe ahoer | ogi cal

choi ce. Again, I .0 r, ' a. re Lve (filrst through
fourth refl ectsggl‘gcnﬁgg&l@'l;?‘ ubllg?rlo(?eghﬂéﬁ g)rn g gﬁ({? g}e%W%d;%gtg} It.r’ﬁcglzilf)‘lgféjnaed wth
respect to theostidiesf bef loepingnisamuiiniliGesransmitedd thhaighaddiel2Epehfaraund trip

or loop a different Bortion of the | ooping beam is transmtted through pin
hol e 1022, as iBkoderenbfnh aPh(vhiclybenmy isinet tion, at l|east partially

coher ent [GeaiD 502 el llof Shirkfel Q0P exiV A S GHeaBb HNiE PRI, 1018 and

reflects, 1 n’'sequence ront secon ector firr ector 910,
third refl ectdll9ldnd fRIcSt i abdpective FOhMes AOUNTh anéf 12 @iomeadl Go wecond
reflector 912, and first reflector 910. After this |ast ﬁeflecti n, a

o

portion of th&XFBBEThg2BLaiRtr EXIWEHE. £ Ofo FlrARGes 3Nk |S&EE ofrom AN HS¥ ol | ows

t he above se : et I i i f efl ective
| oop ayet em ARTRERRIANGE RROK RHp et RLCARRIITEF X ABo! H NI 2! o1 014

to form i ncoherappteceahihzOdptichhakmenfs cmrte wsedndpoent| amomtiaacgend/or med,
after each | oop, ortion of the | qopi.ng, beamw Il be transmtted through
oxi 1020 to ok PRCOhARfRBRE SOFEIYE I00pOR S RD kb AV bR an
entrance posi téogﬁliﬂ%&ﬁcﬁ&-céﬁﬁlﬁigo‘f‘réd]&ki&ﬂ exit position 1120 at arrow B of a
reflective | oop system RL11, according to one enbodinent of the present

invention. In this exanple, an opening or pin hole 1122 is formed in third
reflector 914, whi 0 ing .11 er.ves as.entranc sition 1120. Al so,
in this exanple thgiqeﬁglgcﬁ%‘gg@ﬁw?%@ﬁ{"éﬁfﬁﬂ%’ifw @QFEQ“‘%‘%&?U on 1120 using a
reflecting device 1124, for exanple a fold mrror. Oherw se, the sane

basic principles as discussed above regarding the operation of reflective
| oop systl@H KL 10 dppurgs 13, 14, 15, 16, and 17 show a second configuration of

respective reflective loop system RL13 to RL17 having various entrance and
exit positions, according to various embodiments of the present invention.
This second configuration, as shown in reflective loop system RLI13, is
comprised of first and second reflectors 1330 and 1332 (e.g., curved
reflectors), respectively. As discussed below, in one example each of first and
second reflectors 1330 ad 1332 can be comprised of two mirror segments.
This second configuration results in reflective loop system RL having two
fields and two pupils per round trip. In one example, the pupils and fields are
located in an area that is between respective first and second reflectors 1330
and 1332. Alternatively, the pupils and the fields are located at respective
surfaces first and second reflectors 1330 and 1332. In either example, because
two pupils and fields are present, entrance and exit positions can be chosen
from these two positions. Each of respective first and second reflectors 1330
and 1332 has a radius of curvature R. A focal length F of reflective loop
system RL.13 can be equal to the radius of curvature R.

{0112] Alternatively, or additionally, one or both of respective first and
second reflectors 1330 and/or 1332 can have first and second halves or

portions that are moveable with respect to each other. Based on this



[0107] In operation, at least partially coherent beam 502 enters reflective
| oop system RL11 through pin hole 1122 in third reflector 914 and is
reflected, in sequence, from first reflector 910, second reflector 912,
fourth reflector 916, first reflector 910, third reflector 914, first
reflector 910, and second reflector 918 After this last reflection from

second refl echkefdn, the pﬁ?ﬂi‘, hRNfields bR€ocdt@PR P@itkAa A teSpdceivt Gedtadd (out
coupled) fromreflector 1124 through exit 1120 to form.incoherent beam 504

(whi ch beam i secapd redlgsiary 1338rardd 334 rand wat egtweererellegisrsi 13g0wad AB3dnt i nues

al ong a L4 at h "y C t | e r..al ows the
abovg segddggtepagaﬁﬁaltwﬁélg érf lef@%ﬁpﬁﬁtgé‘%eogﬁ)&iag% %ecP ?(g;}gn%%f?&gfter each
| oop, a porti 0330dndt 1382 Icanpeé agalpedm alldw firen ooppstiithioagh rdflecdugloopxit 1120

to formincoherent heam 504 (which beamis nof shown). [01Q08] Figure 12

shows an ent r S ;ﬁsll%t foobr logy i‘?né‘rﬁeg\ﬁoﬁlé’ﬁ erﬁﬁce\é\ﬂfpgth %%gﬁ #d§ast220 at

arrow B of a : i i Is | .hiaer | ective
Pﬁ‘&}i%}? g?%’?cﬂt eRafdbER %d%l ﬁwh%‘ﬁ' bEdin 1i$ ﬁ@l‘oﬁebﬁcaﬂ}g ?h({\ﬁ{é

| oop system o L Figure 9, accor g to one e ment present
i nvention. | nbottses Faxaesd, 6, 7,amd@eni ng or pin hole 1222 is formed in third

reflecto 4, whi opening 1222 serves ag entrance pqgsition 1218. Al so,
o thi s BRI o anAdERRAY g Biemalari: 3238e5t8er S thee O L AFLENF SFI ect or
910, which sefqRsioRS 18%0 lorPPSIOL i®M 12A0mefdbRelal 88 tilldCwRBMRsPRS 116

principles as discussed above regarding the operation of reflective |oop
systen(s) RL1Gfleatit Rifatesayphg othpOA@A)f refhectqred 33G onl 333 of afdeast paatti al | y

coherent beam,502 .enters r.eflective | oop, system,RL12 t.hrough ,pi hol e 1222
inthird refl J59H TQl%[O%(gori s“OPé‘F‘ieg‘&PPéﬂg F#e%t@édg%e,f:?rrﬁ Rl?’r@{e refl ector
910, second r gftin@CAIRAvsHbe eat W Usdtd Bivees ldefferSdtOpath fih leiibodBhRE WHen 910, and
third reflector 914. After this reflection fromthird reflector 914, a

portion of theorodpithgrgelovpi & treefpsmdd: t edaving odiffierapt rpathd allows2®rin fir st

reflector 910, ,which. acts Xit 11 tq farmincoherent, heam 27 504

(o o beam nSto TP plits B pogitenyt i HBh RGP SRR s "ol ong a

light path tougefloebudd 0 pdskivility &ff|ifeiferendl Been fodPignbeite abpve

sequence again. Thus, if nore than one Iog{ft)_ is performed, after each |oop, a
g

portion of thexandpithig cpeahimigata spsekle r Zhe &an ekip allgw fesa twalking”t o form

of the beam path near an exit of reflective loop system RL13 (the exit is not
specifically shown, but see Figures 14, 15, 16, and 17) after each loop. This
“walking” can allow for a portion of the beam to exit reflective loop system
RL13 after each loop, and a portion of the beam to reflect through the loop
again. Increasing a number of loops made by the looping beam can increase
incoherency in incoherent beam 504 (which beam is not specifically shown,
but see Figures 5, 6, 7, and §).

[0115] Figures 14 and 15 show first and second loop paths, respectively,
within a reflective loop system RL14, according to one embodiment of the
present invention. At least partially coherent beam 502 enters reflective loop
system RL14 through a pin hole or opening 1434 in second reflector 1332,
which opening 1434 also functions as both an entrance and exit of reflective
loop system RL14. In this example, first reflector 1330 includes first half or
portion 1330A and second half or portion 1330B. First portion 1330A is
moveable with respect to second portion 1330B so that its reflecting surface is
misaligned or tilted with respect to a reflecting surface of second reflector

1332, which allows for the “walking” as discussed above.



i ncoherent beam 504 (which beamis not shown). [0110] The positions of
entrances and exits in reflective |oop systens RL10, RI11l, and RL12 in
respective Figures 10, 11, and 12 are neant to be exenplary, and not
exhaustive, of entrances and exits fromthe first configuration of
reflective | oop system RL9 shown in Figg¢re 9. Also, it is to be appreciated

that opt {031%1 el emep $n6afkahpldisfdsad ﬁp@"f%ur@rmerhtﬂre@%@mﬁé‘QﬁRfugheﬂﬁbt of any
of the exenplary reflective Ioop syst ens to allow for in- coupling and

out - coupl i ng ettrangelil 484.0n leask partidll Exelmpérd rbgamei(2eis triNlecteds ap s@puenesn

cont i gur at i onop IREITPR Pt dendon 50, 8P0nd Sl PRIy ng

various entransle 13808 offiist reflestb 1 3905 andb4eR 16l bst@nd eefleriorq9s2.epbodi oent s of
the present invention. This second configuration, as shown in reflective

| oop syst em ReloBYs | beam:d’hfﬂk Jenpesing jafter thindirsfeloondbasefl| ectibe arBB0 and 1332
(e.g. C““’edmﬁaﬂghﬁ%t" r§ ltlrelé? ?%ﬂ’e %&32\2 v%%hﬁe%?%?e%o%"reﬂe@t gne exanpl e

each of first ande secon or s e co rlsed of two

mrror segment332. Tﬂliunsa:smaﬁdm:gwé 1§ ¢fist loop ffoms Biguse 1411sr<m‘shabhnesenl oop
system RL having two fields and two pupils per round trip. In one exanpl e,
the pupils anb&el gsang seconddlappds |Sﬁ11‘?aﬁ1n8$ érh Fignae 153 peespndnl oPRsBect i ve

first and secapdfich SGhaS A3A% roMlkichBHdm. QlRENNINE! paot R ARl | S and

the fields are locate respective sur | rst second reflectors
1330 and 13321330% ef ﬁ]hereﬂemrrﬂ)]im, stread usftectar B3 hund Isscomd chatfi 1830B ofir e

present, entrance nd ex posi t s can be chgse fromthese two
positions. Ea FoE galer ééélé\émw showna  beEbHalk efceiEaFeonidsnr ARd 1332 has
a radius of curvaldes Bfthéapé(r Blivd bl s eaﬁ?&%ﬁ% b¥GurtifiP RopSigt em RL13

can be equal to the radius curvatu Al ternatTvely,
addi tional | y, tole&. or both of respective first and second reflectors 1330
first and seco t hat are noveabl e

W th reshBafTTo eabrdithir PaasES PEHOHS Haa ShibvBRemet kne pARRPS and
R e e S e
beam 504 (which beam is not shown). For example, after looping through
reflective loop system RL14, a portion of the looping beam is transmitted
through exit 1434, and a remaining portion of the looping beam is reflected
from second reflector 1332 to follow the loop path again.
[0118] Figures 16 and 17 show first and second loop paths, respectively,
within the second configuration of a reflective loop system RL16, according to
one embodiment of the present invention. In this configuration, an opening or
pin hole 1636 in first reflector 1330 is used as an entrance and exit point. At
least partially coherent beam 502 enters reflective loop system RL16 through
pin hole 1636 in first reflector 1330. In this example, second reflector 1332
comprises first half or portion 1332A and second half or portion 1332B. First
portion 1332A is moveable with respect to second portion 1332B. A
reflective surface of first portion 1332A can be misaligned or tilted with
respect to a reflective surface of first reflector 1330, which allows for the
“walking,” as discussed above.
[0119] In one example, as seen in Figure 16, after passing through the
entrance 1636, at least partially coherent beam 502 is reflected, in sequence,

from: first half 1332A of second reflector 1332, first reflector 1332, second
half 1332B of second reflector 1332, and back to first reflector 1330. Arrow E



[01131 Additionally, or alternatively, respective first and second
reflectors 1330 and 1332 can be arranged to allow for a | oop path through
reflective loop systemRL13 to be |arger than a tenporal coherence |ength
of the at least partially coherent radiation beam 502 (which beamis not
specifically shown, but see Figures 5306, 7, and 8). [01141 Additionally,

or alternativehdis &bés | welk? VercatHngaaRerothealfirdtesp Bedobn thefpaegdiors 1330
or 1332, or a part thereof, can be_tilted with respect to  reflective

surfaces of t Husaigp@enipidiling pep reflectye surfasg of first sefiecteyrwith 134hwithy part
thereof, to a f.Qr, : ping. [.&] 2700 Far l e, the
tilting all owgés %&rt tgaac &%gggyg %ﬂfﬁogv%pgecgﬁfg %@é}%{r ip3z§’!t2 h ?ﬁe%n%o%ﬁarsrg%s when
nore t han oneFigunopl7.sa gpephdicopds féimednigomliaf it Bedtion, patdqsemlel tom: ffiost

subsequent beam pat 0. be non-i jcal or non:overl appi.ng, i ch can be
used to reduc® eﬁ@fggé_@i %?mié}flt M‘pfﬁ Pt??ﬂ&‘é r%&%e]rﬁﬁohfﬁgﬁ ¥¥ions. For
exanpl e, thisiean &l FLHR BalSABEHB & sERGhd teffebBP 1980 aAsowat spw{ @r a

"wal ki ng" of the beam path near an exit of reflective |oop system RL13 (the
exit is not Shwoifaldl afershowecondulbopeeAstagubesedty in 1hg pdBpecaivd of7) after
each loop. Thiis "wal ki ng" can allow for ortion of the beamto exit
reflective Iogkgué?ﬁé’ﬁ?m%ﬂ lsga‘?cﬂélf”ngaffﬂ?l feg‘otg,“géﬁd a portion of the beamto
reflect fgnopgh therddaRRnaPBBpare \PRAGARARI, Alerdabl SRREq@Ht | 8§ phRE#g by the

| oopi ng beam can increase incoherency in incoherent beam 504 (which beamis
not speci fi cabf thedhening begmiwilds tringmitted through exit 14n0l t@forn] mealsjre®ti gur es 14
and 15 show first econd | oo at hs,~ respecti vel .Wthin. a reflective
Moop yst em RS SEE EuiEf A o B PO ForEREr e toopitk ARPRIAAR  on. A
| east parti al khe leepias ®eim heamsalde®MrQigh oxaf 1686 indea te@ining yoitRm JRL 14

t hrough a pin hole or opening 1434 in second reflector 1332, which opening
1434 al so f un#iclopringbeyyptinraleced drom Eiest apftectori 1330 fto fdfavetheiloep patBop syst em
RL14. In thi sa%{élqnpl e, first reflector 1330 includes first half or portion
1330A and second half or portion 1330B. First portion 1330A is noveable

Wi th respect to second portion 1330B so that its reflecting surface is

m saligned or tilted with respect to a reflecting surface of second
reflector 1332, which allows for the "wal ki ng" as di scussed above.



29 [0116] In one exanple, as seen in Figure 14, after passing through the
entrance 1434, at least partially coherent beam 502 is reflected, in
sequence, from first half 1330A of first reflector 1330, second reflector
1332, second half 1330B of first reflector 1330, and back to second
reflector 1332. Arrow C shows "beam wallk" happening after the first |oop
based on the Bashplaty ArfasginianotReflative Lbop Sgstah first reflector 1330 with
respect to second reflector 1332. Then, as seen in Figure 15 (first |oop
fromFigure 14 is dashed lines in Figure 15, and second loop is solid lines
in Fiour by, 2 SREGAAcLARRe] RlRETBED sidlf FAVERF e alhBdtbdsel bct i on
from second reflector 1332, first half" 1330A of first reflector 1330,
second ref| ectlerfoll®8idg reladossbgsnd hal f 1330B of first reflector 1330. Arrow
D shows a "beam wal k" after the second | oop. As can be seen, in the
perspective of Figure 15, beamwalk is occurring fromright to left. [0117]
I f additional |oops are perforned, after each subsequent |oop, a portion of

the | ooping beamwi |l be trangsijted through exit 1434 to formincoherent
beam 504 (which beamis frot Shigm ). For exanple, after |ooping through
reflective | oop system RL14, portion of the |ooping beamis transmtted

t hrough exit 1434, and a,repga| & ng portion of the | ooping beamis reflected
fromsecond reflector 1332 tolfo)low the | oop path again. [0118] Figures 16
and 17 show first and second | oop paths, respectively, wthin the second
configuration of a reflectiwg | opp system RL16, according to one enbodi nent
of the present inventhen. sihH)hFs_caonfi ddrgti on, an opening or pin hole
1636 in first reflector 13302is 5%8nés angentrance and exit point. At

| east partially coherent H¥at 50 ente?§“ﬂq¥)ective | oop system RL16 through
pin hole 1636 in first reflector 1330. In this exanple, second reflector
1332 conprises first kalfy. pprtion 1332 Hépd second hal f or portion

1332B. First portion 133 i’ﬁl veabl ewrgsin espect to second portion
f

1332B. A reflectivedsusfmpée—ofi{-FiTst pgytion 1332A can be nisaligned or
tilted with respect to a\re¥lective surface of first reflector 1330, which
al | ows f%lztzre "wal ki ng," as di scussed above.

where:
X;j = beam size at entrance [mm]
d; = beam divergence at entrance [mrad]
X, = beam size at exit [mm]
d, = beam divergence at exit [mrad]
N = number off roundtrips

F = focal length of lens used [m]
D = beam size at pupil plane [m]
f, = field opening. [m]

X =beam size at field plane {m]
ty = tilt of beam in field plane [rad]
t, = tilt of beam in pupil plane [rad]



[0119] In one exanple, as seen in Figure 16, after passing through the
entrance 1636, at |east partially coherent beam 502 is reflected, in
sequence, from first half 1332A of second reflector 1332, first reflector
1332, second half 1332B of second reflector 1332, and back to first
reflector 1330. Arrow E 30 shows "beanB®al k" occurring after the first |oop
based on [pizs|parti afhe fB1lG@IngdBRNT sifwst dxleinp@ly PArametedd tfChd Rd St dnace of
first reflector with 1330 with respect to a reflective surface of second
refl ector 133Zxemplapy reflsctivedqop pystam Bliie 17, a second loop is formed froma
reflection, in sequence, from first pxgffgctor 1330, fromfirst half 1332A
of second reflector 1332, first reflector 1330, and second half 1332B of

second r ef | egtor—31332—ArrpwH—shews—a—beamwal-k—after—the—seeend | oop.
As can be sedd™¥h the pergspective of Higure 17, beam wal k is occurring
fromleft to|rgght. TOIZ0] | bivaedictipnal| hRpsS are perfgsned, after) each
subsequent | Qop, a portion; o he | oopijng beamwi ||l be transm tted through
exit 1636 to |fXr mincoher enBizebeam 504 (|Vininth beam i s|{hot shown). For
exanpl e, afte—eopirg—aportion—of—thetlogpihgbeatmis—transmtted
t hrough exit %636, and a r pRRYGE CHbrti dmredl the | oopPng beamis Irefl ected
fromfirst rgfjector 1330 TqdPLLOu L Ne | path agaip. 31 EXenplary
Arrangenent qf Reflective Loop System [(1 In one exanple, reflective |oop
system RL car Nbe arranged bdkedndifipsthe |fol |l ow ng rel attbonshi ps: to = sin(
FF xo t | 3sinF D2sin{Z YFF N xo0 {D=Nxo 2. sin{—ad ) 2. X=N{
Output
F Focal length [m[ 1.00
F, Field opening [mm] 5.00
te Tilt field [mrad] 10.00
tp Tilt pupil [mrad] 5.00
Other
Loop length [m] 4
Total length [m] 40
Total time [ns] 133
X Field mirror size | [mm] 50
D Beam (@ pupil [mm] 100

Exemplary Graphical Representation of Output [llumination from Reflective
Loop System

[0124] Figure 18 graphically depicts entrance and exit illumination intensity
distribution from a reflective loop system RL (not shown), according to one
embodiment of the present invention. For example, any of the above
discussed reflective loop systems can be used as reflective loop system RL of
this embodiment. In one example, an entrance of reflective loop system RL
will receive an intensity distribution 1800. An exit of reflective loop system

RL for each loop or round trip is arranged to select different parts 1802 of



2 F aresin(do do =sin(X2FJ f = N [0122] where: x; = beam size at
entrance [mm] d; = beam divergence at entrance [nrad] xo0 = beam size at
exit [m] do = beam divergence at exit [nrad] N = nunber off roundtrips F =
focal length of lens used [mM D = beamsize at pupil plane [n] fo = field
opening. [n] X = beamsize at field plad® [nf tf =tilt of beamin field

pl ane [rad] tdistebitidnt ofdighl ¢ 804 éﬂtmgmdﬂecm/eame [syﬁdh I&Z AnOdiApit allile: f ol | owi ng
Tabl e 1 shows exempl a,ry paramatéers can be used exenpl ar reflective

| oop syst em RiEXit iyAasieally a sy ek all cx‘lf‘)”()‘é?*ij’é(n@émlbﬁt"[’rf?r e fB@l tths ze in

[Mm 1 do D d ze
roundtri ps 10\6%5)?%3?1&@Ié)gg?&heﬁg%mﬁ?r}r{ﬁbﬁﬂe s, ohlg:&é?% grg [h#w] 5.00

tf Tilt field 1306 achresctr00 field and Igraphimpil 80§ mpaei;}ent*s.i)ﬁuplﬁ ﬂaropbmblpnl ength [nj
4 graphic 1806 represents the light intensity distribution at the exit after a first

round trip. After each round trip, an image shifts one segment to the left, so

the next part 1802 of light distribution 1804 exits reflective loop system RL.

An integral of the sum 1808 combining each round trip’s intensity profile

1806 is determined after each or all round trips, which is desirably uniform.

[0125] Additionally, or alternatively, reflective loop system RL can function
as a beam expander. By making the entrance window larger than the beam
size, the etendue of the beam increases. The etedue of the beam is defined as
the product of the field distribution and angular distribution of light, The
etendue increase equals entrance window size divided by the entrance beam
size.

[0126] Additionally, or alternatively, a reflective loop system RL can function
as a field defining element in an exposure illumination system. When used as a
field defining element, reflective loop system RL points within the pupil can
be truly incoherent, such that no speckle is caused. Thus, no speckle reduction
is required because no speckle is generated. For example, when used as a field
defining, an exit beam can be an incoherent sum of all light exiting per round
trip (see Figure 18).

[0127] Additionally, or alternatively, a reflective loop system RL can be used
as a pulse stretcher. For example, as an exit pulse length stretched, such that

an exit pulse length will be equal to the entrance pulse length + the total delay

of the system (number of round trips * length of one round trip).
Exemplary Operation

[0128] Figure 19 is a flowchart depicting a method 1900, according to one
embodiment of the present invention. For example, method 1900 can be
performed using any one of systems 500, 600, 700, or 800 using any one of
the exemplary reflective loops systems RL and RL9 to RL17, as described

above.



Total length [mM 40 Total time [ns] 133 X Field mnor size [mm 50 D Beam
@pupil [P 100 Exenplary G aphical Representation of Qutput Illum nation
from Refl ective Loop System[0124] Figure 18 graphically depicts entrance
and exit illumnation intensity distribution froma reflective |oop system
RL (not shown), according to one enbodigrent of the present invention. For

ot oot | VB Lop oy Baffon, o RRBREE dBIRbh ke SR SSARTR R ance:

of reflectivealloop s yatrean Rhcohedeht begg.eild atepnl 904 @nsilimihtioh riebrt ison 1800.

An exit of reflective |oop system RL for each |loop .or round trip is
arranged to s&paed %‘?rf‘f ?éﬂ"tox’ﬁ%nf é’e%ozlno?te%égoﬁi‘gfﬁ rlly@inagan deam; §ht 1804
exiting reflegbhfiod ORPsEY 568N adtiRtin@font bbjdcfeditd Gal |y a sum
of all exit ihtensity dfs%{r?gdtt%ﬁ’gﬂl}%oa, sd‘éﬁc’t"hatrﬁﬁé‘l"%’outp&?ﬁexhi bits a
uni f or m i nt engirgst pprtemidfa sbBSfte.l n one exanpl e, graphic 1806 represents a

field an raphic 8 represents. a pupil. In ppergtion, graphic 1806

repr esenﬁl@&”fme | i gt‘]lﬁt Hgl'éﬁgffqtf'/c a?fﬁlief’?%ﬁ?r_f f IH"l“{)’et He %it?XtatPt%P useqfr st round
trip. After eggfdofHURdabpdritus 3R (HERR@nSHAEHES oprhe_sﬁﬁﬂﬂ@%vk‘é_ e, lgft, so

t he next part 1852 of Iight distribution 1804 exits reflective 1oop system

RL. An i nt egmégrated tdisuy o 4§08 penstidisplay), gashiouldobedintlensiwod thatt thesi ty

file 1806 s d i ned aft h.or .all d trips, which i
Gost v anly  unt PUPHSTG1 S5PoRG: 1 OFARRy i arty Hites vihg PERAECETve 1 oop

system RL can Afgalgdtiond ind8de RRHR S¥PAIRE - toBiheMRkhidciuhe o£ Mttt @@ W ndow
| arger than thé beam size, the etendue of the beam i ncreases. The etedue of

the beamis defréuiisd intogratede optiead uststents, t giaddnce | ahddidstectigrutnagtarmantbrangul ar
distribution of i

achii ht o The et eo%due 'B_cre s& ﬁlgusalﬁ entr asgcleciivi ndow si ze
di vi ded by t h&"EhY an%é“%léalr% M5, f'[a R;ﬂ?? 5 riro ay _ ry # & %pé?yﬁati vely, a
reflective | oppCBYy MR Badhelit heddsOmicréeledrbinetitnital daing (RIEVBRNt i n an
exposure illum pation system Wen used as a . )

light emitting diodes (LEDs), etc. Also, for instance in a flat panel display, the

present apparatus can be used to assist in the creation of a variety of layers,

e.g. a thin film transistor layer and/or a color filter layer.

[0131] Although specific reference can have been made above to the use of
embodiments of the invention in the context of optical lithography, it will be
appreciated that the invention can be used in other applications, for example
imprint lithography, where the context allows, and is not limited to optical
lithography. In imprint lithography a topography in a patterning device defines
the pattern created on a substrate. The topography of the patterning device can
be pressed into a layer of resist supplied to the substrate whereapon the resist
1s cured by applying electromagnetic radiation, heat, pressure or a combination

thereof. The patterning device is moved out of the resist leaving a pattern in it

after the resist is cured.



field defining element, reflective |oop systemRL points within the pupi
can be truly incoherent, such that no speckle is caused. Thus, no speckle
reduction is required because no speckle is generated. For exanple, when
used as a field defining, an exit beam can be an i ncoherent sum of al
light exiting per round trip (see Figudg 18). [0127] Additionally, or
alternatively, a reflective | oop systemRL can be used as a pulse
stretcher. For exa&rle, as an exit pulse length stretched, such that an
exit pul se | eng® 49 be equal to the entrance pulse length + the tota
delay of the system (nunber of round trips * length of one round trip).

Exenpl ar ratio 128]. Fi gur 9.1is fl owchart .depi.cti a.met hod 1900,
accgrr) di néogﬁone re]W%a‘Eli ﬁéﬁ’f‘s g‘?mgcl’fémﬁ?tésg%td’? rREYHS dﬂYep“IEBP B%’&nﬁf‘"é} met hod
1900 can be pRE&HAREHS iNBoRIAbeURbeRfood YISt mafObe qgaseﬁ%by%ra 00 usi ng

any one of the exenplary reflective | oops sysfems RL and RL9 to 17, as
descri bed abofexa®ple adg.2od nat lsriggiion 9L wilhbe epparenitio persoas skilled yn coher ent

b i fl d.th | tp forr i t Iln step 1904,
o 1o nat i dhe GeaYAny 8% il viSies BineBheh FmLGE driet senBE e BBt 05, ¢ he
iI'lum nation bemBut SepaR@id B6MaHe spifit ideRopdShe tienic. t RS theibréddid nat i on

beamis projected onto a target portion of a substrate. [01301 Although
speci fic ref erasdseorsaef the praseiet inventiohshewsd mot be liméted b apy of [the #hsyeaphi ¢

TR e S T

l'i t hogr aphi c apgiethatfuBowing eldikednd teitiequivalenfdave ot her applicati ons.

Applications include, but are not |inmted to, the manufacture of integrated

ci rcuits, [0t#legr at disdpteaapresiptndahat theDeaiad Pesgriptignsestionoandeatithe ns f or

magneti c donai riQs t- | . d] al 1G4 O I-.Spl ays

(CeDs) ¢ hi m S IATAR A o esbANR, shRRNAE e iyl B B, (s

i ght emttindld Salamatl bhdb )Absehat. sedli@n, cahodet iferi ane @riniore, blihotpahel

di splay, the present apparatus can be used to assist in the creation of a

variety of |ay&egwplary embodiments of the present invention as contemplated by the
inventor(s), and thus, are not intended to limit the present invention and the

appended claims in any way.



e.g. athinfilmtransistor layer and/or a color filter layer. 101311

Al t hough specific reference can have been made above to the use of

enbodi ments of the invention in the context of optical |ithography, it wll
be appreciated that the invention can be used in other applications, for
exanple inprint lithography, where the6context allows, and is not limted
to optical [lithography. In inprint |ithography a topography in a patterning
devi ce defi neWhat beClpahddlsn created on a substrate. The topography of the
patterning device can be pressed into a |layer of resist supplied to the
substrate whereupom. t heArssiest, comprising:ed by applying el ectronmagnetic

radi ation, heat, pressure or a conbl nation thereof The patternj ng device is
moved out of the resist 2| ©&5engl sadiatiane fhat i moqh{ces@fp@]ger@rﬁeorr ®atadlyi s cured.
35 Concl usi op, l{&%@ﬁ a:i\?hdrt e various enbodiments of the present invention
have been descri abov it should be understood that they have been
presented by way of exarrpﬂa:mallyop 8ystenn @bmiprisest @atueed réfleottve |debizeappar ent
to persons skil|ed i the r nt ar hl;at vari ous chan es in _form and
detai | can be®MhiteopHewsed i & et‘h@apma@ﬁm GHgt @mtt%gléﬂ ?‘?Htoafﬁﬂnscope of
the invention I th and scope of the present invention should
not be lim te%nﬁmgrr%&ﬁ(}?e@ﬁgﬁgbove- descri bed exenpl ary enbodi ments, but
shoul d be defined only in accordance vvlth the following clainms and their

equi val ents. [0133 It to be a that t he, Det ai.l ed Descrlptlon
section, and not t Eﬁﬁl&ﬁy Pﬁ&’f‘r ?&H‘t thsi ke Efleicqu APUhSEEP o be used

to interpret thap queglarggcond‘l;gﬁecﬁugmlye and Abstract sections can set forth
one or nore, but not al exenpl ary enbodi nents of the present invention as

contenpl ated by the |nventor(s) and thus, are not intended to limt the
present invention and t ls Cainmed

Is: 1. A system cOnpri Ls}ﬁﬁé?&%g gtf?%@ %fw eéfaf’éﬁ‘? ﬁﬁwﬁgﬁecﬁpgﬁﬁﬁ%‘gwﬁ coher ent

or partially devices are both curved.

4. The system of claim 2, wherein at least one of the first and
second reflective devices comprises first and second portions and at least one
of the first and second portions is misaligned with respect to respective

reflective surfaces of the first and second refilective devices.

5. The system of claim 1, wherein the reflective loop system

comprises second through fourth reflective devices.

6. The system of claim 5, wherein the four reflective devices

comprise three planar reflective devices and the curved reflective device.

7. The system of claim 1, wherein the reflective loop system
comprises reflective devices having respective reflective surfaces that are

tilted with respect to each other, such that non-overlapping loops are formed.



coherent beam and a reflective |oop systemconprises a curved reflective
device and is configured to reflect the partially coherent beamthrough a
|l oop to form an nore incoherent beam 2. The systemof claim1, wherein the
reflective | oop system conprises a second reflective device. 3. The system
of claim?2, wherein the first and secomytF refl ective devices are both

curved. 4. The sysgem Ofrhggfsitéﬂl,gfcl\é‘ﬂfﬁe\ivﬂeréih: | east one of the first and

second reflective devices conprises first and second portions and at | east
one of the first and sémopaltiplhy tcbberenti beam salin-gmegdedrinth the spBedtiveo

respective reflective suz&ﬁges of the first and second reflective devices.
5. The syst em P SEHEPHSNE a4ist il dyisefibct i ve | oop system conprises

second through fourth refel gebhotenidRuht &S outteouplRe £Y¥R! G Rfle&lvdi Mop, Wherein
the four reflective devices conprise three planar reflective devices and

t he curved refyséum bsieg dewiond optical Tawiceyst em of claim 1, wherein the
reflective | oop system conprises reflective devices having respective
reflective surfaces that are tilted with respect to each other, such that

non-overl appi ng | oops amhe fsgEteRdof 2him81, Wherehy HcerBfREti¢d bdp Lystwherei n: the
partially coherent beamis in-coupled into the reflective |oop system using
a first opti ciclufeyp igld plare ande pupilahecent beam i s out-coupl ed fromthe
reflective loop systemusing a second optical device. 9. The system of
claim1l1, wherein the reflective |oop system includes a field plane and a

pupi | plane. 10. The syFhemysemcbhictaich, [ WadeRim theheeflegfivedbdp/ eydta@np syst em
includes two field planes and two pupil planes. 11. The systemof claiml1,

wher ei n t he atncludgsiwgheldipdancy apdives Byl Plyesm or t he i ncoherent beam pass
through a pin hole in the reflective |oop

11.  The system of claim 1, wherein the at least partially coherent
beam or the incoherent beam pass through a pin hole in the reflective loop

system.

12.  The system of claim 1, wherein the reflective loop system

further comprises:

a second reflective device associated with a field of the
reflective loop system; and

a third reflective device associated with a pupil of the reflective
loop system,

wherein a position of the field or the pupil is changed based on
misalignment between respective reflective surfaces of the second and third

reflective devices.

13.  The system of claim 1, wherein the reflective loop system is
configured such that after each loop a first portion of the incoherent beam is
transmitted from the reflective loop system and a remaining portion of the

incoherent beam is directed along another one of the loops.



system 12. The systemof claim1l, wherein the reflective |oop system
further conprises: a second reflective device associated with a field of the
reflective | oop system and a third reflective device associated with a
pupil of the reflective |oop system wherein a position of the field or the
pupil is changed based on m salignnent3tbetween respective reflective

surfaces of the se¢pnd Jndsjydidm of claph i ewhéry¥@: devi ces. 13. The system of
claiml, wherein the reflective |oop systemis configured such that after

each loop a first porti 81 igrohgient; hragnhis Eansmidedthoygh tangrafng LB 9rom t he
reflective | ogglds&ﬁé]eegﬂg&g,eq?&?%ite%%gdporti on of the incoherent beamis

directed al ong another one o ops. 38 14. The systemof claim1,
wher ei n: the incoherent tHeeariedss partialis colcran bedm uglreceived af the qdhygridneor fiel d
of the reflective logp systemy and the at |east partially coherent beamis
received at t REth§PHEH 0p @d%ﬁh@cwgeﬁuﬁﬁpowsml d of the reflective |oop
system 15. The systemof claim 1, further conprising: a patterning device
that patterns the incoherent beam and a projection systemthat projects the
i ncoherent beam onif. a Theasgedm pbehainon, fther coufysisirat e. 16. The system of

claim 15, further conprising:.an illumnation systﬁmt at processes the
i ncoherent beam and di PERTININgSleYIcE Lt PRTRMSGEE RS ?TGHEIPF@“BES‘P erni ng devi ce.

17. The system of cl ai m16ieWhSH Syferh MRat! prbjebls AL ifidheMal BBAm GRRPLI Ses the
radi ati on source and the reflective | oop system 18. The systemof claiml,

wher ei n a pat lrgadpgttiontdia subsipaté.s | arger than a tenporal coherence |ength
of the at least partially coherent beam

16.  The system of claim 15, further comprising:
an illumination system that processes the incoherent beam and

directs the incoherent beam onto the patterning device.

17.  The system of claim 16, wherein the illumination system

comprises the radiation source and the reflective loop system.

18.  The system of claim 1, wherein a path length the loop is larger

than a temporal coherence length of the at least partially coherent beam.

19.  The system of claim 1, further comprising:
one or more additional reflective loop systems that are
configured to receive a respective incoherent beam from an upstream
reflective loop system and reflect the incoherent beam through a loop to form

another incoherent beam.



19. The systemof claim11, further conprising: one or nore additional
reflective | oop systens that are configured to receive a respective

i ncoherent beam from an upstream reflective |oop systemand reflect the

i ncoherent beam through a loop to form another incoherent beam 39 20. A
|'i thography system conprising: an illugnation systemthat generates an
illum nation beam r adi:at i IS . g.source of radiation, and a
reflective | oop sygp'em %@%F@p%%%rcégﬁ%lg l ective device; a patterning
devi ce that patterns thaniilliminatiat isgsterh ebat gefierateadinatluminatian eampsfoj ect i on
systemthat projects the patterned beamonto a target portion of a
substrate. 21MHHEY PRTRBYYSHhy system of claim 20, wherein: the reflective

| oop systemis configured toarsggl%le%?rédbﬁioﬁaf{ntdi ally coherent beam and
reflect the partially coherent beamin a [oop to forman incoherent beam
22. The lithography system ofa reflaitive 2d9p sysenecomphigng efdueetd refet¢toep system
is configured such that after each loop a first portion of the incoherent
beamis transff{fed fromthe reflective | oop system and a remai ni ng portion
of the incoherent beamyi patthirhiggt @i A9 RARSMNS the OlMBInBAatidAe bt ARRSE. 23. The
| i t hography system of claim 21, wherein the reflective |oop system

conpri ses t hergdadtiamcendse devi ce and one or nore additional reflective

devi ces havi ng respective_ ref l.ecti ve St;}'lrtf aces tlf%[ a}ge td' Ibt ed with respect
to each other, such thatPRESIYSYTEPPIRY PIOTHS HraPHERFE F8Y i 240 24. A
devi ce nmanuf agirbétipogtidiedthoshbsteaepri sing: (a) using a curved reflective
device to reflect a coherent or

21.  The lithography system of claim 20, wherein:
the reflective loop system is configured to receive the partially

coherent beam and reflect the partially coherent beam in a loop to form an

incoherent beam.

22, The lithography system of claim 21, wherein the reflective loop
system is configured such that after each loop a first portion of the incoherent
beam is transmitted from the reflective loop system and a remaining portion of

the incoherent beam is directed along another one of the loops.

23.  The lithography system of claim 21, wherein the reflective loop
system comprises the reflective device and one or more additional reflective
devices having respective reflective surfaces that are tilted with respect to each

other, such that non-overlapping loops paths are formed.



partially coherent beamthrough a loop to forman i ncoherent beam (b)
formng an illum nation beamfromthe incoherent beam (c) patterning the
illum nation beam and (d) projecting the patterned illum nati on beamonto a
target portion of a substrate. 25. The nethod of claim 24, wherein after
each loop a first portion of the incohédent beamis formed into the

illum nati on beam gged imd&i@mﬁmfactaﬂﬁlg ﬂ;eﬂﬁﬁ‘pddﬁilﬂgiﬂg(;)rti on of the
i ncoherent beamis directed al ong another one of the |oops. 26. The nethod

of claim24, wherein stép PHps dorpvedaaflaciive deyice tagptedti y eohaentedt i ve
surface of ref 'aﬁfa'ng\éshéi@e{t'b%ﬁﬁ t}?}otugh%?&g)etﬁtf P af HeBhQbN®eafn® fOrm
r? o) h 27. aser t%

non- over | appi ng ps paths. at out puts an I hcoherent out put
beam conprising: a sounbefoahingadiidtmontibhatan floduhe sncheehebaant; or
partially coherent bean. and a reflective |oop system conprises a curved
reflective device and T%) R?Stﬁ’fq“bil&édlﬁ%m%%'?w’?ﬁa partially coherent beam

and reflect the partial x rs t 0
R e P Aol AR B B ot ve

i ncoherent out put beam aser alm 27, wherein

| oop syst em i portomndffiagubghisuch that after each loop a first portion of the
i ncoherent beamis transmtted fromthe reflective |oop systemand a

remai ni ng portion of the incoherent beamis directed al ong anot her one of

the loops. 29. The jsaserriRim&had BT d4im MSLRIr&nASr ERKIISSH b dstlRARSYSt em
conprises the reflective device and one or nore additional reflective

devi ces havi mf thepeharentdennf is domagdeinguiht dbewinatien bagre used irestepi(bh r espect
to each other, ,such that non-overl.apnin oops paths,are formed. 41 30. An
Pl e naton 1 ad BEal ndteph 2 s ARt oRRR S PR BoRe B0 e . o
source of radiiHedBopdrat produces a coherent or partially coherent beam
and
26.  The method of claim 24, wherein step (a) comprises tilting
respective reflective surface of reflective devices with respect to each other to

form non-overlapping loops paths.

27. A laser that outputs an incoherent output beam, comprising:
a source of radiation that produces a coherent or partially
coherent beam; and
a reflective loop system comprises a curved reflective device
and is configured to receive the partially coherent beam and reflect the

partially coherent beam through a loop to form the incoherent output beam.

28.  The laser of claim 27, wherein the reflective loop system is
configured such that after each loop a first portion of the incoherent beam is
transmitted from the reflective loop system and a remaining portion of the

incoherent beam is directed along another one of the loops.

29. The laser of claim 27, wherein the reflective loop system
comprises the reflective device and one or more additional reflective devices
having respective reflective surfaces that are tilted with respect to each other,

such that non-overlapping loops paths are formed.



a reflective |l oop systemconprises a curved reflective device and is
configured to receive the partially coherent beamand reflect the partially
coherent beamthrough a loop to formthe incoherent illum nation beam 31.
The illum nator of claim 30, wherein the reflective | oop system is
configured such that after each |oop a fjrst portion of the incoherent beam
is transmtted fr t he i SF enal ni rtion of
the incoherent beg'?i is ﬁ?&@@%ﬂ%ﬁ%%@%’%@ﬁmgﬁgg& ll? ne | 3%‘8??’ 2. The

i1 lum nator ofcompakimg30, wherein the reflective | oop system conprises the

refl ective device and one or nore additional reflecti ée devi ces . having
respective reflective sdr FAUes of afiatipr that proguegs: f GoBEHBE O R UABh ot her,

such that non-@x&eh@RAMAGnd 00Ps paths are forned.

a reflective loop system comprises a curved reflective device
and is configured to receive the partially coherent beam and reflect the
partially coherent beam through a loop to form the incoherent illumination

beam.

31.  The illuminator of claim 30, wherein the reflective loop system
is configured such that after each loop a first portion of the incoherent beam is
transmitted from the reflective loop system and a remaining portion of the

incoherent beam is directed along another one of the loops.

32.  The illuminator of claim 30, wherein the reflective loop system
comprises the reflective device and one or more additional reflective devices
having respective reflective surfaces that are tilted with respect to each other,

such that non-overlapping loops paths are formed.



