LI GHT PATTERNI NG DEVI CE USI NG TI LTING M RRORS I N A SUPERPI XEL FORM

I nventors: Nabila Baba-Ali Arno Jan Bl eeker Kars Zeger Troost BACKGROUND
OF THE I NVENTION Field of the Invention 100011The present invention rel ates
to a light patterning device and nethod of using sane. Background [0002] A
patterning deyj I t,ts@?i% t i ! i J terni ng
devi ce can mtf'@glerf ?é[l Nﬁ@@@dﬁwgﬁm@ﬁﬁ@@&ﬁa@ can
include an array of individua®¥ P HIRRPOKEILFORMement s that generate a
pattern through receipt of analog or digital signals. Such dynamc
patterning devices are sonetines referred to as maskl ess systens. Exanple
environnents for use of the patterning device can be, but are not limted
to, a |ithographic apparat UBYeniorpr oj géqbdﬂ,Baéaﬁ‘rlbj ection display apparatus,
or the like. [00031 Currently, arrays ArhoiJamiBleekieral | y control | abl e el enent s,
sonetinmes referred to as spatial |igKarsrBelgedrdraoss (SLMs), can include
various types of mcromrror arrays. Mrror types include, but are not
limted to, flat tilting mrrors, single phase-step tilting mrrors, piston
mrrors, or hybrid mrrors conbining tilt and piston actions. Wen inmagi ng

wWith mcromrror arraysBACKUROMONELOF THE pNASENdHONNt ensity of the |ight
reflected by each mrror are inportant paraneters. In conventional arrays

of i ndi vi dual I,){ controllable elenments having tilting mrrors, a naxi num

anount of ne@ﬁ@@gthﬁilﬁ‘fﬂmlep.e., out - of -phase light) reaching the inmage

pl ane is nmuch smaller than a naxi num ampunt of positive |ight 4i . €.,

i n- phasd0Q1gnt ) r dhemresgniinectivngalalss dha ligifatteming dgyies and|mgthed of j ng

mrrors can %ﬁ%%éﬁﬁean intensity nodul ati on or grayscale anywhere between
ive p

100% posi t ase intensity and 4. 7% negati ve phase

Background

0002} A patterning device is used to pattern incoming light. A static
patterning device can include reticles or masks. A dynamic patterning device
can include an array of individually controllable elements that generate a
pattern through receipt of analog or digital signals. Such dynamic patterning
devices are sometimes referred to as maskless systems. Example
environments for use of the patterning device can be, but are not limited to, a
lithographic apparatus, a projector, a projection display apparatus, or the like.

[0003] Currently, arrays of individually controllable elements, sometimes
referred to as spatial light modulators (SLMs), can include various types of
micromirror arrays. Mirror types include, but are not limited to, flat tilting
mirrors, single phase-step tilting mirrors, piston mirrors, or hybrid mirrors
combining tilt and piston actions. When imaging with micromirror arrays as
the object, the phase and intensity of the light reflected by each mirror are
important parameters. In conventional arrays of individually controllable
elements having tilting mirrors, a maximum amount of negative light (i.e., out-
of-phase light) reaching the image plane is much smaller than a maximum
amount of positive light (i.e., in-phase light) reaching the image plane. For
instance, flat tilting mirrors can achieve an intensity modulation or grayscale

anywhere between 100% positive phase intensity and 4.7% negative phase



-2 intensity. This limted negative phase intensity has proven to be a
limtation in enmulating certain types of conventional masks, such as phase
shifting masks. [0004] One nethod of inproving intensity nodul ati on or
grayscale characteristics is to use single phase-step tilting mrror

having, for exanple, a 114 height step_and phase step of 212, where X is an
i magi ng wavel ength. Such a mrror has been invented by Mcronic Laser
Systens of Sweden. This m' rror can achieve a phase intensity nodul ation

anywher e between. +5 % 50Y% ot her t r ovi intensity
modul 't §on cHUFaLEof Mo ey M Hiartny Pevaoten el Hr i rror ) as
i s di scl osedehilaging GerR@m€lipdgof ARREAtEHal MBsKNOsuch @b BReQBFtind Matlar ney Docket
No. 1857.3290000), entitled "Pattern generator using a dual phase step

el emrent [MQd] rret hofnef methesy e@mEnproving| é@emﬂ‘/erm@dmwpn 2004grayishleh i s
i ncor por at ed |t reer‘;s?lcgnﬁ 5 43@ ﬁg?e pﬁagggtéé ?mlryha%P alﬁérneg(am%?v\gver

l'ithographi c* per ornmance Str on sensrti've to

mrror-to-m morhepéms&bfaadgh&seefdp@fa/z waéﬂexlslmldﬁlﬁatgarkgmamedglﬂe sueyent or s
i ndi cates height requirements at the 65 nmnode are of the order of | nm

with stati st dairogdias dtsennnyentad Sy ghcronic daserpppstema pdaytededevilaisi on) .

Qurrent SLM {m‘?&&“ %n%%)ﬁe@?%% %f’etm?eln%] %H&l’&n& Ewe{gﬂetweé 9500, ght

control. Sta he ar errors eas four times
| arger than w@k. IA&ldﬂl@@dﬁdhod@@QﬁﬁarEnﬁg ety anetiutdthver chaesoistcs fsur t her
alternative solutions are needed to inprove intensity and phase nodul ation
char act eri st 185§ Gr dy ah%sayste@f tultinggmireraadsl §¢ disRiosed i1ap éogqeéﬁé'ﬁt s, such as

tilting mi rrgbgﬁggﬁ $2bes bs y(%gegh%gggoaéwd 043736900 g?tﬁrealtrary

grayscal e an i ndepen ectively emu erent types of
| i t hogr aphi c"Retsksgenstatdr wasngd thamwpglem&rtt endiatethng qdhasg-sstmef't i ng masks

(Att PSM , ti n - masks ((Alt CPL and vortex mnasks.
BRI EF SUMVIDRE}F Fﬁ?@?@@\w% WTCW?raﬁﬂthyﬁﬁgf%%ﬁPﬁrﬁ%yst em conpri ses an
i Tum ”?ddo ](”' syst @@hérlﬁ'@}t’ spéall{{-}lfg' 8% cferP BRMiAbglapicaldrRPmBA HPtiRinger t ai n

wavel engt h An array o
mlrrors is strongly sensmve to mirror-to-mirror phase/height errors. Work

undertaken by the inventors indicates height requirements at the 65 nm node
are of the order of 1nm, with statistical deviation of 1 sigma (i.e., one standard
deviation). Current SLM technology does not allow such a level of mirror
height control. State of the art SLM's exhibit errors that are at least four times
larger than what 1s needed.

[0006] For these and other reasons, further alternative solutions are needed to
improve intensity and phase modulation characteristics for an array of
individually controllable elements, such as tilting mirrors. For example it
would be beneficial to mimic arbitrary grayscale and phase independently to
effectively emulate different types of lithographic masks, such as binary
masks, attenuating phase-shifting masks (AttPSM), alternating phase-shifting
masks (AItPSM), CPL and vortex masks.

BRIEF SUMMARY OF THE INVENTION

[0007] A light patterning system comprises an illumination system that
supplies a beam of radiation having a certain wavelength (). An array of

reflective pixels patterns the beam, wherein the array includes pixels having at



reflective pixels patterns the beam wherein the array includes pixels
having at -3 least a first tilting mrror that is logically coupled to a
second tilting mrror. In an enbodinent, the first and second tilting
mrrors are (i) substantially adjacent to each other; and (ii) offset in
hei ght from each other by a first mcgor displacement. Finally, a
projection systemis included that projects the patterned beamonto a
target. In an alternate enbodinent the array of reflective pixels i ncl udes

pi xel s having fir throu hf n rro are cally

Coupl ed o ot wsebingdner At aeiseb Splh AF ey ind pispe tar e 1i)
respectivel ya@fdnsiddirhénthehd Hrst Eﬁ)dnsécdrﬁf 8ItRRC BiRbRNErebY) fdubsthntdmyough fourth
mrror displacenents, and (ii) are respectively arranged cl ockwi se in a

subst anti al | Wngart@ ep@h odieR. and hier offgst tip rhle@t cftormneaﬂolo&leéam bdirgised as

wel | . 100081 A for pat rn|n e descri bed.
The nethod %rrrr%rr |ls ggc paetn% e?r?iaﬁ eg%gogy radi anlgiélﬁg(lfllaw g el ength (X)

with an arr?étte@fﬁedr Bédre drity & mrg@tl S.In Haealtdrh@y dnikddudes, smpahayw s having
at least a rst tilting mrror that is logically coupled to a second

tilting m norefleqtine pixelstincledey pdedohering first Hgowsly fovrts teies mu)ror@fth@et in
hei ght f rom gl%qg%l%lgle{ou?}/edqo elﬁéh%tgermf f'irsfjt'h cﬂgﬁcfgu E)lltl 1n(0r
y a

substanti al | erne en proj ect ed

onto a targeti) p8ptdtionlyodffn 1r0b¢1gl¢ttfrorSlarﬁIef@énceF&érf&d@Sﬁstthrf)@gH fcmrthrmre
mrrors are dlsclosed [ 0009] Further enbodj nents, features, and advant ages
of the preseRtmoi NAPRCEBRRLS, a8dwe1)| atss respeetivelyy abrangsdafecklise at 8n of t he

vari ous enbo e i detail bel ow
Wt h rof or ooty ShialeluBhe Sk HINERE LR gl BB o T

DRAW NGB0BBGURES  AOmiE(iod Tioe patearaimganyeany of radiatigs js alko dbscaibed.i fider por at ed
herein and for part of the specification, illustrate e _present invention
and, toget heme{ﬁwwomélsesc@étemlmb?@mp radipdien diayipg at%aVéiéﬁgﬁsér JMHE princi pl es

of L Lverht R R IARLE. MASERISHL! g el BB () o
i ndi cat e i defitst Qaingcrmrfdnnbatlmh@ﬁdayysomp]édito a second tilting mirror. The first
and second tilting mirrors are (i) offset in height from each other by a first
mirror displacement, and (ii) substantially adjacent to each other. The
patterned beam is then projected onto a target portion of an object. Similar
methods for four or more mirrors are disclosed.
[0009] Further embodiments, features, and advantages of the present
inventions, as well as the structure and operation of the various embodiments

of the present invention, are described in detail below with reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0010] The accompanying drawings, which are incorporated herein and form
part of the specification, illustrate the present invention and, together with the
description, further serve to explain the principles of the invention and to
enable a person skilled in the relevant art(s) to make and use the invention. In
the drawings, like reference numbers indicate identical or functionally similar
elements. Additionally, in most drawings, the leftmost digit of a reference

number identifies the drawing in which the reference number first appears.



el ements. Additionally, in nost draw ngs, the leftnost digit of a reference
nunber identifies the drawing in which the reference nunber first appears.
-4 100111 FIG 1 depicts a lithographic apparatus, according to one

enbodi mrent of the invention. [00121 FIGs. 2A and 2B illustrate a flat
tilting mrror. [0013] FIG 2C illustrtates the anplitude reflectivity and
intensity characteristics of a flat tilting mrror. 100141 FIGs. 3A and 3B
illustrate a superpixel conmprising two rectangular tilting mrrors. [00151

_ i e g i xel i sing f > glti
o S S0, WL BRI B B ™ oo

FIG 4C il | ustthat®sndogonpl ex checkerboard superpixel. [00171 FIG 5
illustrates a superpixel having randomy distributed phase errors. [0018]
FIG 6 10018kt r at eE1Gs. SdpadpiBdlustide p Algt tlbaIiAeed heights and tilt angl es.
100191 Floffy 7A 1 | kRSt T 8t eS R0l GcPASASICP 1N T T HiendiQO201 FI G

illustrates a superpixel 1 ncluding ur single phase-step tilting
mrrors. 100eHatadtdristic8of 4 Nusiltiag asrriow super pi xel s may be forned in an SLM
depending on feature |ocation. 100221 The present invention will now be
descri bﬂﬁ’lﬁ) th reFEiente apd dthdlusiaeotsenfyping eRBRHNYS WORTRMIEHS DESCRI PTI ON
OF THE ”\NE'\@i_lt%'nQ{r%Es\’i ew 100231 Al t hough specific reference may be nmade in
this text to theé Use of a patterning device in a |lithographic systemthat
pat t er nf00dSpubst r BiGs. 44 ashéBliludrete ungderskeaadnipiaingt foar pataketihingg devi ce
descri bed herein may have other applications, such as in a projector or a
proj ection s{sEeh 31 th%{’t”c nggd ‘Bl&ng@pgles ampmlrror displacements.

[0016] F1G. 4C 1llustrates a complex checkerboard superpixel.

[0017] FIG. § illustrates a superpixel having randomly distributed phase
errors.

[0018] FIG. 6 illustrates a superpixel having unbalanced heights and tilt
angles.

[0019] FIG. 7A illustrates a single phase-step tilting mirror.

[0020] FIG. 7B illustrates a superpixel including four single phase-step tilting
MITTOrsS.

[0021] FIG. 8 illustrates how superpixels may be formed in an SLM

depending on feature location.
[0022] The present invention will now be described with reference to the

accompanying drawings.

DETAILED DESCRIPTION OF THE INVENTION

Overview

[0023] Although specific reference may be made in this text to the use of a
patterning device in a lithographic system that patterns a substrate, it should be
understood that the patterning device described herein may have other
applications, such as in a projector or a projection system to pattern an object

or display device (e.g., in a projection television system, or the like).



or display device (e.g., in a projection television system or the like). -5
Therefore, the use of the |ithographic system and/ or substrate throughout
this description is only to describe exanple enbodi nents of the present

i nvention. 100241 A system and nethod are used to pattern |ight using an
illumnation system an array of indiyidually controllable elenents, and a
projection system The illum nation system supplies a beam of radiation.
The array of individually controllable elenents (SLNB) patterns the beam

e B L ectt g0 BYE AL G £t DRREL LSRR BT B b Bl L ©

sem conduct ofescapfist fsdh @rdemf&re,xaﬁpfeleaﬁbola&ﬂ@hs 6f B hadsclll iassmtipubst rate, or
the like, as is discussed in nore detail below 10025] Arrays of

i ndi vi dUM2RY cont AosyistEn) endimaiast arecusad ito RitRIa light U@mg any lasiingsons| Vs .
Mrror types | FI ﬁugn arp o?rlgdlgoatuahl n@o%?rgllng?e el%}r%%nté IIid %g ngéd’tln’gl hi n;l ngl e

phase- steptl gmrrors, pls s-Co tilt

and pi ston agfstepis ThHQM@Mﬁfatlo@Sysm@h %dp;ﬂib@\é%eahﬂbﬁfhﬁldtly)n norhel @tdyost
constraints (e.g., unequal maximum anplitude of positive and negative |ight)

prevent thes&dafdually qolntrﬁ{l@hl? slemopts @SLMﬁjlpattﬁrﬁg theabsadus Thy peajedonmasks
(e.g. phasgys§e'a1.ftr¢Jnas ﬁl)temgﬁ)'bg%ed’n’to h@ egge HoHEBES o Pt %féc‘?” nefficient
(6] tiro

when correc |ng I'ous types ns or erro 100261 I n an
enbodi ment, tioudr eaynmés, ltrhdl objedtabdry beomtdlqilhﬁbieelcej arreamonmltmrl ses
tilting mrror SLMs. The tilfing mrrors nay be flat tilting mrrors, or
phase- st eppedhbsithie] pig Wi siorstlatTRanel r?dﬂ\l"‘lydﬁgﬁi’f yURHS: oMl i1 BK& i3St iSng mirrors

may be offseals% gbegngmrefc{e% MiRash other, and are programmably selected into
| ogically coupled groups of two or nore to forma superpixel. The inventors

have di iagered t Aatays ofrbidividgally dontrnlatie ehmeststdaatmdnée offi@sttypes hei ght
into superpi ggL i rrg/Eoves i nt. eam ty nodul at har cte istics, and
enhances t he® ﬁ/}asy IHBF YRSy 1RQUAS rRYE 25§ BPY “é]t“ﬁ d?aﬁ%tc%{ tlélgdHHTOFSFrase Such
characteri st gs|c #aSQstah |t1(PtW1gt glﬁrr&grﬁl@t%h'rﬁ’l'?ro@ oY"l"lrybHél‘?m}%Re@orﬂl;lmﬁ

i nperfections oOr ‘errors. nmbodi ment, a super pi xel is fornmed when
groups of tititti agl I}DlSt(FrDI’aStIQIB g.However, as noted above, intensity modulation

constraints (e.g., unequal maximum amplitude of positive and negative light)
prevent these arrays from effectively emulating various types of masks (e.g.,
phase shifting masks). Moreover, these arrays are often inefficient when
correcting various types of SLM imperfections or errors.

[0026] In an embodiment, the array of individually controllable elements
comprises tilting mirror SLMs. The tilting mirrors may be flat tilting mirrors,
or phase-stepped tilting mirrors. The individually controllable tilting mirrors
may be offset in height from each other, and are programmably selected into
logically coupled groups of two or more to form a superpixel. The inventors
have discovered that combining tilting mirrors that are offset in height into
superpixels improves intensity modulation characteristics, and enhances the
array's ability to mimic arbitrary grayscale and phase. Such characteristics
also allow the correction of various types of SLM imperfections or errors. In
an embodiment, a superpixel is formed when groups of tilting mirrors (e.g.,
2 x 2, or 4 x 4, etc.) are logically coupled to perform as one large pixel. By
programmably selecting the tilt angles of the tilting mirrors that form the

superpixel, a variety of phase and grayscale combinations are possible.



2 X 2, or 4 x 4, etc.) are logically coupled to performas one |arge pixel.
By programmably selecting the tilt angles of the tilting mrrors that form
the superpixel, a variety of phase and grayscal e conbi nati ons are possi bl e.
-6 Additionally, the tilting mrrors that forma superpi xel nay be
programmably sel ected depending on thg_l ocation of desired features.
Ter m nol ogy [0027] Al though specific reference nay be made in this text to
the use of [|ithographic apparatus in the manufacture of ICs, it should be

under stood th it raphi c rat us descri bed, herein have ot her
aopi | cat 1 onsaadigieringhe PENeARMeSs BRPRE §SnrRerURD or PRy Vere,
MOEMS, i nt egEe@é&éﬁ dé@@ﬁdﬁgbn%’eﬂb@ﬁﬁm ddeslpaceatand. detection patterns for
magnetic domain nenories, flat panel displays, thin filmmagnetic heads,

mcro and macro fluidic d'EVI ces, etc. The skilled artisan will appreciate
that, in t he cont ext offernginclegal t er nati ve applications, any use of the terns
"wafer"” or "die" herein may be considered as synonynous wth the nore

general termns rate" or target porti respecti veI y. [00281 The
subst r at®2/ks erregﬁ‘w%?@ﬁci’ﬁcﬁﬁ“ﬁ%"%?’%é@s‘é‘ade Beflyp degrtog eLiSL’ xposur e,

in, for exa”}?éﬁgra hlgra?JgFraﬁﬂ iheRd b Rdhct HV@%fC@stg( sReRkL 'b%%n@etlsﬁ%ﬂrthﬁf resi st

to a substrat s the exposed resis or a netrology or inspection
tool. Were Enaﬂlthwgb;b}ec apﬂmeatds sledcubad eerker @y havsyother @phicatashst snchuch and

ot her substrate proc th b may be processed
more than oftéor ’@an %@nu aﬁtuﬁrﬂfglb&[’l‘o‘:}w%ﬁg@”; mgf\&  4YEFCE, S0 t hat
the term suﬁ%crapt sééﬁﬁd él@dia@fc@ IRy Rtefof e;f)ﬁfen{so f&r SrHQg%Ieﬁélt @orh_!ﬁﬁt al r eady

cont ai ns | e ‘processed |ayers. 100291 The term “array of 1 ndividually
control | abl emem@mesltﬂﬁt m’lebrdmpdﬁ}@dthlme*ﬂm magieoigl kkade, raading inatrer pr et ed as

(o1 ering L oga BLARY Lhak Con e sed uho,Shdol A RSpILageTag 21 on bear
a target por §dc9&lt@ﬁ1ahb@a§dﬁé§ﬁ6r%t Eny URDIHRS @Fns ¢ \bafghtorvqtérqqer@iﬂ% ySpat i al
Li ght Modulator” (SLM can also b€ used in thi
be considered as synonymous with the more general terms ‘‘substrate”
“target portion,” respectively.
[0028] The substrate referred to herein may be processed, before or after
exposure, in, for example, a track (a tool that typically applies a layer of resist
to a substrate and develops the exposed resist) or a metrology or inspection
tool. Where applicable, the disclosure herein may be applied to such and other
substrate processing tools. Further, the substrate may be processed more than
once, for example, in order to create a multi-layer IC, so that the term
substrate used herein may also refer to a substrate that already contains
multiple processed layers.
10029] The term “array of individually controllable elements” as employed
herein should be broadly interpreted as referring to any array that can be used
to endow an incoming radiation beam with a patterned cross-section, so that a
desired pattern can be created in a target portion of the substrate. The terms
“light valve™ and “Spatial Light Modulator” (SLM) can also be used in this
context. Examples of such patterning devices are discussed above and below.
[0030}] In an embodiment, the array of individually controllable elements can

include a programmable mirror array employing a matrix arrangement of

micro-mirrors, each of which can be individually tilted about an axis by



context. Exanples of such patterning devices are di scussed above and bel ow.
[0030] In an enbodi nent, the array of individually controllable el enments can
i nclude a progranmable mrror array enploying a matri x arrangenent of
mcro-mrrors, each of which can be individually tilted about an axis by -7
applying a suitable localized electric-field, or by enploying piezoelectric
actuation neans, for exanple. The size of a typical mcro-mrror is on the
order of 8mx 8m The mcro-mrrors are matrix-addressabl e, such that

addr essed nirnﬁrs mﬁll.ﬁﬁflec. qg Hn on%ngkrad'ation beanldif{erently t han
unaddr essed PRYPE. 2 SHIQHT dOTRUARE elecrife fickk | chw FMPIANS Pigreftetrited

accor di ng t 0adthRicAdHERSS o 9eRatpler mhefsideher MfpidaX 1Ad. es$@biseormier ors. The
required matrix addressing can be perforned using suitable electronic neans.

[ 00311 | n onerdexafdien xghroups!lesf midre-miriorsopts watmixbasdeessrtde.nack dhatoget her in

a superpixel ,that,perforns,a si ngl ixel. ln this ¢ e n optical
element in %dcfr?ﬁsﬁ%rrrl]%olrsoﬁv llslyrgpg%aélaﬁlcglgrnr% aélzlaartrlémo‘%ealn} Sﬁ%&%ﬁcﬁh%hat each

beam fal | s ofnadardse&Pesitiove gIOURIsOmaihérl ahs. reflctad ahpds niiternedhe array of
individually <controllable elenents can conprise one or nore programrabl e

mirror arrayaccordogs the addiewing pateapef db agdc-ediessablsrairare- bitgsi ng of
features, Op%e‘qﬁlarcled mB{rPXX% r&%]s\éin i §& %}ér?&'rgeg%ts?lrgesﬁftaﬁggﬁ%gtr&?g LALhEN techniques
and rul tipl e “'exposure techni ques are used, rexanple, e pattern

“di spl aymdi] on t hin oy Hanphd, drévibs\fdbembiyors omi boktbatinated! teg@héranamy di ffer
substantially fromthe pattern eyentualli%tnansferred to a |l ayer of or on
t he substr at &Pesyixgl|thgtipgriofgas ainglermxdy dnthinprampjerrereptical demeHe substrate

may not Corr%Pﬁfﬁ%if‘%@r@sgﬁf&%&&mfb%ﬂ?gf%}g}, ¥n IR hOPA pfR chhe array of

i ndi vidual ly contro enments. e case I n an arrangenent
i n whi ch theaevsottinal gioap tefrmirfoos. mbal an emtedoherpatite otayt btirslibddallgt e is built
up over a given period of time, or a given nunber of exposures, during

whi ch the pafQEiohaBls c{eqaenty ¢aR\COBIPTISH B/ PIIUAICI RFOSTEBRAPH MHF & @Y enent s and/ or
e LU0 Pl B0, SR iSO LTt com o ) or
i ncl udi ng ul proaunioy etor(ddvdn r Gedivats, ophase. garjatioavitaegn@gues and multiple ,

exposure techniques are used, for example, the pattern ‘“displayed” on the

array of individually controllable elements may differ substantially from the

pattern eventually transferred to a layer of or on the substrate. Similarly, the

pattern eventually generated on the substrate may not correspond to the pattern

formed at any one instant on the array of individually controllable elements.

This may be the case in an arrangement in which the eventual pattern formed

on each part of the substrate is built up over a given period of time, or a given

number of exposures, during which the pattern on the array of individually

controllable elements and/or the relative position of the substrate changes.

[0033] The terms “radiation” and “beam” used herein encompass all types of

electromagnetic radiation, including ultraviolet (UV) radiation (e.g., having a

wavelength of 365, 248, 193, 157 or 126 nm) and extreme ultra-violet (EUV)

radiation (e.g., having a wavelength in the range of 5-20 nm), as well as

particle beams, such as ion beams or electron beams.

[0034] In the lithography environment, the term “projection system” used
herein should be broadly interpreted as encompassing various types of
projection systems, including refractive optical systems, reflective optical

systems, and catadioptric optical systems, as appropriate, for example, for the



wavel engt h of 365, 248, 193, 157 or 126 nm and extrene ultra-violet (EW)
radi ation (e.g., having a wavelength in the range of 5-20 nm, as well as
particle beans, such as ion beans or electron beans. 100341 In the

| i t hography environnent, the term"projection systenf used herein should be
broadly interpreted as enconpassing vakious types of projection systens,
including refractive optical systens, reflective optical systens, and
catadioptric optical systens, as appropriate, for exanple, for the -8

diati bei n. d, f th t t h f an
mor i on' 11 BtOr BRERRate 4%hcluit oA WEEIOPRen S fuf fee PEAE et ofn

may be consi ggHediASISMNGMENKEE oMl actiB®. MRF Qs TehekerhBhs’ PR&@E@CT | ON
system ™ [0035] The illum nation system may al so enconpass vari ous types of

optical conpepdrt sonsidecdduai mgnongfons twithether mbteegerievad, temmd peaiediinopt ri ¢
opti cal con%%pean for directing, shaping, or controlling the beam of
radi ati on, and “"Such conponents nmay al so be referred to below, collectively

or singwos| Y. asThe illieMgtion EREIRImalNgsd édddaPhaphirous PP alfwptioRy be of a
type having two (e.g., dual stage) or nore substrate tables (and/or two or
nmore mask tabbregnenisp seduling miditachre geBepdivemadi nesadippirigddipticdnal t abl es

may be used in _parallel,.. or. preparataor i e e rried out. on one or
nore tabl es \9\%@?0 6 ef%(r)rdlrrgr%t}n ’ Sﬁ%ﬁ%%’ Yol rgﬁ%%etggéle%né Oﬁ?@%aﬁ%r}’ aglgposur e.

[0037] The | kidhaghpphtns appalsatiseftyd 8 Beowecdlecavdly pesinpangy,nstahe. _
substrate is ingersed in a liquid having a relatively high refractive index
(e.g., water)lens’so as to fill a space between the final element of the

proj ect | yste - i rsi.o hqui ds I be applied
to othehﬂgggces ?ﬁﬁgﬂ%&nfﬁﬁﬁﬁgﬁé%%%§“&%pai§f&s3p%5@U%%awgf§?§b§§%een t he
substrat e angtagd)eorf inofet subsirgeetableofartdng Woope aior® MK ShiEB3). | IMEICKI ON

techni ques are used to jncrease the nunerical aperture of projection
systenms. Furthekiple gagappaskines theegddyionapablasdeay Retused in IH?F"dleLercessi ng

cell to all Oﬁfeb%ﬁ)wgl%bgﬂﬁy%%tc\ﬁﬁ@a Fut bh'8hd o2 Afbre tables while one or more

other tables are being used for exposure.

[0037] The lithographic apparatus may also be of a type wherein the substrate
is immersed in a liquid having a relatively high refractive index (e.g., water),
so as to fill a space between the final element of the projection system and the
substrate. Immersion liquids may also be applied to other spaces in the
lithographic apparatus, for example, between the substrate and the first
element of the projection system. Immersion techniques are used to increase
the numerical aperture of projection systems. Further, the apparatus may be
provided with a fluid processing cell to allow interactions between a fluid and

irradiated parts of the substrate.
Exemplary Environment for a Patterning Device

[0038] Although the patterning device of the present invention can be used in
many different environments, as discussed above, a lithographic environment
will be used in the description below. This is for illustrative purposes only.

[0039] A lithographic apparatus is a machine that applies a desired pattern
onto a target portion of an object. The lithographic apparatus can be used, for

example, to pattern an object in a biotechnology environment, in the



irradi ated parts of the substrate. Exenplary Environnment for a Patterning
Devi ce [0038] Although the patterning device of the present invention can be
used in nmany different environnents, as discussed above, a |ithographic
environment wll be used in the description below. This is for illustrative
purposes only. [00391 A |ithographic agparatus is a nachine that applies a
desired pattern onto a target portion of an object. The lithographic
apparatus can be used, for exanple, to pattern an object in a biotechnol ogy

environment, in the -9 manufacture of 1Cs, flat panel di Zgl ays, mcro or
nano fl ui di cMaBylesiate ofkds. hatmanclidisplars rrlwrrbprnnﬁgo ffturrtéc ViSEL AEs. In a an

| Cbased |1t hagr AR0IE; SOMVANTRE suldifebat hernbadideudcae inBeiae o

generate a clrcuit orresponding to an In of the IC
(or other devmc&))tmeandthtehpatermagt@ervrnecam ubei |twdram1ta0cmcmarpgetmportr on

(e.g., conprising part of one severagl dies) on a substrat e.g., a
silicon waf ePOIBq"SF’@‘Pda%% R lé’}j“‘thit‘é?tl lpyeg of ‘Ihﬁy/lgr (Oro?thF%éF‘élF?)oﬁngéﬁ’éi tive

mat eri al ) C n JfBO?]Ié A+ n maskl ess
1C lithog r a ﬁ?} etnﬁtg§II1 z)%tlgraﬁéd gh@e%?azggr@y cotrp%r g(setﬁanma% |pay i ndi vi dual l'y
controll abI eseszlemﬂmlms}?om hatbgeme(ea e dihenchafcuot glpsttlaentha( Iik&élaOI]aydrn general ,

a single subs te will contain, network %g. %{n tar ?rtions that
are successi 9 faa %@Bég%tlvkﬁ’&tﬁﬁla (& olf5Phi s ’ﬁb&? SH’GQO St eppers, in
whi ch each t algetin RRkskieqnd ﬁmbgragﬁ ﬁﬁtt%@wma}a@oﬁﬁmaﬁ arRttern onto

the target portion in one scanners, 1n which each target”™ portion is
i rradi at ed byf mdamrtuaﬂig cbmteolpmtet @ememthtmugdmetehetha@mrultrpataergl ven direction

the " direction),. il e synchronously sca the substrate
Cerar 1 of P 9 bt e gl s e Sl ROt aeE B0 b by e
di scussed i npomB6Rs BRt el sub&ls@vely LPLE. Klswn!litB6hepmE LeRirhis dRPIGL S a

l'ithographi c projection apparatius 100, according to one enbodi nent of the

i nvention. Apppreas, um 40@hi eachudesst gortidne is irrasliatedibat ¢>m®smgsarennt11©2 a

patterning devr ce atic device or an of, i ndi vr dual |y
6%Ff each targe

cont rol | abl P& eé‘?ré’ﬁt Sh% tﬁ%eBBﬁ”&?F 't £BF £°018%° {Eg Q wh

portion is irradiated by scanning the pattern through the beam in a given
direction (the “scanning” direction), while synchronously scanning the
substrate parallel or anti-parallel to this direction. These concepts will be
discussed in more detail below.

[0041] FIG. 1 schematically depicts a lithographic projection apparatus 100,
according to one embodiment of the invention. Apparatus 100 includes at
least a radiation system 102, a patterning device 104 (e.g., a static device or an
array of individually controllable elements), an object table 106 (e.g., a
substrate table), and a projection system (“lens’’) 108.

[0042] Radiation system 102 is used to supply a beam 110 of radiation, which
in this example also comprises a radiation source 112. As noted above, the
radiation beam can include a variety of sources including UV and EUV.

[0043] Array of individually controllable elements 104 (e.g., a programmable
mirror array) is used to pattern beam 110. In one example, the position of the
array of individually controllable elements 104 is fixed relative to projection
system 108. However, in another example, array of individually controllable
elements 104 is connected to a positioning device (not shown) that positions it

with respect to projection system 108. In the example shown, each element in



substrate table), and a projection system ("lens") 108. (0042] Radi ation
system 102 is used to supply a beam 110 of radiation, which in this exanple
al so conprises a radiation source 112. As noted above, the radiation beam
can include a variety of sources including U and EUV. (0043] Array of

i ndividually controllable el enments 104/{e.g., a progranmable mrror array)
is used to pattern beam 110. In one exanple, the position of the array of
individually controllable elenents 104 is fixed relative to projection

system 108. However, .i n_.another ex | e, array of individyally controllable
el enent s 104”WsmEﬁhH%HF§HHFﬂRhcﬁﬁgﬁgg@dﬂﬁﬁmﬁ%Jpgé“?di? éﬁ%mygfﬂﬁt posi tions
it wthr es&i%}lil&h@ a%ﬂé&i%'aH?@?@}d%xfa%coﬁt%ﬂéﬂ?e ééﬁ@ﬂﬁk > shown, each

el enent in - e array of 'y controllable €lements 104 are of a
refl ect {004t ype QObjayt tathav@oas mpediidst wtd ar phjgctoholderdnoit dpedifigaliyont r ol | abl e

el enents). 10044 ject table 106 | rovided wth.an object hol der (not
Spoci T1 oni I y SIRSHBiF ME st BPRG CH Bk et resr #otied giion WHEF & M8bat e
sil'icon vaf egypsga@! 85the 1RDSH BhE ex@hplehgubkirki®hablt 1007E c6RER Qo aSUbSt rat e
table 106 is connected to a positioning device 116 for accurately

posi tioni ng sedseniag devidedl 14 far acegpielytpasdionmgajubsitatoh 1 4 pathemspeo8lo 100451
Proj ection sgst em 108 é{:grlgg a quartz and/or CaF2 |lens systemor a
rsin

cat adi opt ri cPSYSH8HSES g lens elenents made fromsuch materials, or a

mrror mtsgn) | S pH§&iohOsyRicRi €08 (&.?.e ap?«ﬁaﬁﬁr Ardobeam nageiyéreh bram a beam
splitter 118 onto a target portion 20 e.g., one or nore dies) of substrate
114. Proj ectitadoplyis tsgstenO®naaising oheelemgntsimadgelron suble maaterza)s, of a

i ndividually .cont rgl)l | albluee Itemen.t gt %4 Qt % z)ubstrr ati\e/edltﬁ. Albteer natively,
projection sYRFEMYSIOY a _gr%jp_é%]fi i MEg8s oFe SEUBNTET Y S Oareds F0r which t he
el ements of tdlRter a1 8 dHto0d tatg"edTMnWalsze.@g@hé@kh@%aieej eMRBbsatd @44.act as
shutters. Projection system 108 can also conprise a mcro lens array (MA)

to formthe Beienti@arsystegbud8eeinantpiecd gor segst ohits st swivdelbstrate 114,
001 Soun gk S ) S TSR AR S RO e, oo
124, 108 can project images of secondary sources for which the elements of the

array of individually controllable elements 104 act as shutters. Projection

system 108 can also comprise a micro lens array (MLA) to form the secondary

sources and to project microspots onto substrate 114,

[0046] Source 112 (e.g., an excimer laser, or the like) produces a beam of

radiation 122. Beam 122 is fed into an illumination system (illuminator) 124,

either directly or after having traversed conditioning device 126, such as a

beam expander 126, for example. I[lluminator 124 can comprise an adjusting

device 128 that sets the outer and/or inner radial extent (commonly referred to

as o-outer and o-inner, respectively) of the intensity distribution in beam 122.

In addition, illuminator 124 can include various other components, such as an

integrator 130 and a condenser 132. In this way, beam 110 impinging on the

array of individually controllable elements 104 has a desired uniformity and

intensity distribution in its cross-section.

[0047] In one example, source 112 is within the housing of lithographic

projection apparatus 100 (as is often the case when source 112 is a mercury

lamp, for example). In another example, source 112 is remotely located with

respect to lithographic projection apparatus 100. In this latter example,

radiation beam 122 is directed into apparatus 100 (e.g., with the aid of suitable



either directly or after having traversed conditioning device 126, such as a
beam expander 126, for exanple. Illum nator 124 can conprise an adjusting
device 128 that sets the outer and/or inner radial extent (comonly referred
to as a-outer and (3-inner, respectively) of the intensity distribution in
beam 122. In addition, illum nator 12¢4 can include various other

conponents, such as an integrator 130 and a condenser 132. In this way,
beam 110 inpinging on the array of individually controllable elenents 104
has a desired. uniformty and, intensjity distribution.in its cross-section.
100471 T ondirtihanBrord 4Rtcon B T Thi s St S RHG Mt S45F OHBGr aphi ¢
projection appgs@lys idQA &REnéS1agdt e khe KwagHrvhifsd SRMIsh bF2hese a nercury
| anp, for exanple). In another exanple, source 112 is renotely |l ocated with

respect to | btcharwsaqyhicentpmp|agash wiclin pgpseope oisthg @esentinyamtion] att er exanpl e,

radi ati am 122 is directed into apparatu 0 (e.g.,. with the aid of
i t abl SV8E°T TeBeig T FRbSERDY BRBRS R ifplar B T oft en
the case whegontflldbee:ldments $0ABEXSiNEdirdcasielsind bean® silRteha 8PP i at ed t hat
both of these scenarios are contenplated within the scope of the present

i nvention. 1eougie Bearn, hnpinglisse spitsater pyithe aravcafsndiivtdyatlheordrallapleof
individually , cantroll abl e enents 104 after bej by ect. LNhg beam
splitter 118?16P]ﬁn{sh@4’ g??énml)ﬂ%p%ﬁg%\naﬁr © %\ﬁr%]gec%oenesrys{r%g-f ?%%t%&g{/&t% %f% array of

i ndi vi dual | ybeent r@bhtabl iergeep@tent 0 d0dibstbram 4,10 passes through projection
system 108, which focuses beam 1 10 onto a target portion 120 of substrate
114. 1000991 Wt h tigh Hiepido! pesitipnisaideyiceldlo.candiopsionalhy insesferemsiricy

114. 100453 w b PL po; _ .
|t or for omet PP RV 330 (RRAe 13 b 1355 BB el R To6 T «

moved accur al @t yia benaspliteer 1@0s sibsantedubltell0sns mavedeiccpartdly,asasltd0 i n a path
of beam 110. 100501 In one exanple, a positiqning device (not shown) for the
array of i nBPURuAIicrent brgst BPTUas d 2@ 1mewHb o1 9o ¢4h be used to accurately

CEURCeL BB PSSl Aoy Pk Ganiachl s i ement 104
individually controllable elements 104 can be used to accurately correct the
position of the array of individually controllable elements 104 with respect to
the path of beam 110, e.g., during a scan.

[0051] In one example, movement of substrate table 106 is realized with the
aid of a long-stroke module (course positioning) and a short-stroke module
(fine positioning), which are not explicitly depicted in FIG. 1. A similar
system can also be used to position the array of individually controllable
elements 104. It will be appreciated that beam 110 may
alternatively/additionally be moveable, while substrate table 106 and/or the
array of individually controllable elements 104 may have a fixed position to
provide the required relative movement.

[0052] In another example, substrate table 106 may be fixed, with substrate
114 being moveable over substrate table 106. Where this is done, substrate
table 106 is provided with a multitude of openings on a flat uppermost surface.
A gas is fed through the openings to provide a gas cushion, which supports
substrate 114. This is referred to as an air bearing arrangement. Substrate 114
1s moved over substrate table 106 using one or more actuators (not shown),

which accurately position substrate 114 with respect to the path of beam 110.



100511 In one exanple, novenent of substrate table 106 is realized wth the
aid of a |long-stroke nodul e (course positioning) and a short-stroke nodul e
(fine positioning), which are not explicitly depicted in FIG 1. Asimlar
system can al so be used to position the array of individually controll able
elements 104. It will be appreciated t{yat beam 110 may
alternatively/additionally be noveable, while substrate table 106 and/or the
array of individually controllable elenments 104 may have a fixed position to

provide the required rel ative novenpent.. (00521 I n anot her K ex |l e, substrate
tabl e 106 na&1%BO$F&§H?n etﬁ“@ﬁﬁgiggfés‘%@%ﬁb8Yﬂgmﬁ5§@§bPBEb€Q$l%hbstrate
table 106. Wage®ivkRi Sartifg §RN&opRHL Bl AbRge bARIsBhbABh iR defitigded Wi th a

mul titude of openings on a flat uppernost surface. A gas is fed through the

openi ng$0053] pr ovi déthaughaditieagstphynapperdteh 190 pgsoetdng deilibe riaventibhdis This is
referred to ﬁs an .air. b(ﬁari ng1 arran)ﬂ)errent. Suhstrate . vbed over
1 [S

114 i
substrate taBf&MBETRIhGS dFE SO MBS TS LATBH s ﬁofLIbgﬁ%%I)lt,swn@hl ch

accurately pasirbdiged shipshd abentiohds Wot Mimite$ REGEs §s@ dhbeppatiisaboegm 110, - 12
I n anot her exanple, substrate 114 is noved over substrate table 106 by

sel ectivel y be apad togorarsdt & pappned bedie 1 paderatpe infreggiless Hihegephy.hmdopeni ngs.
100531 Altho#g% @ thqg&@ Q¥ apparatus 100 according to the invention is
herei n descr eglégp% i 8 "or exposing a resist on a substrate, it will be

appreci fiozd] t hat trhe dépivedappdraius 10@tan Beist@th 4tQedshbse oSRveamddappar at us 100
may be used to project a patterned beam 110 for use in resjstless

li thogr ##%5] and !for Stamemodpplthec sniitsnpatiqooay theThEadedfi sxddtdeppyar at us 100
can be used k t%tllalnl% %m&ﬂ?l@ﬁ ig gll% ec%d(ﬁﬁ%ntgo% ggg?éexéf)sur &1?@2, %&Efc the entire

pattern on the array of 1ndividu y ~con ene I's projected

during a singlighex@asurierget pertiond 281 13gbsraté fabksi06) is aldnomavéding@t xporti on
120. Substrate table 106 is then noved.in the x and/or y directions to a
di fferent pod3id/Pion direstionsdp prdiHerent pesidrs fopgrdiffeisny Beest gortpw 125% Qdi at ed by

patterned beﬁ@h&éﬂnaﬂ@@&ﬁ%n&ﬁk%%@ﬁnﬁpde: essentially the sane as step node,
a

except that
[0056] 2. Scan mode: essentially the same as step mode, except that a

given target portion 120 is not exposed in a single “flash.” Instead, the array
of individually controllable elements 104 moves in a given direction (e.g., a
“scan direction,” for example, the y direction) with a speed v, so that patterned
beam 110 is caused to scan over the array of individually controllable
elements 104. Concurrently, substrate table 106 is simultaneously moved in
the same or opposite direction at a speed V = My, in which M is the
magnification of projection system 108. In this manner, a relatively large
target portion 120 can be exposed, without having to compromise on
resolution.

[0057] 3. Pulse mode: the array of individually controllable elements 104
is kept essentially stationary, and the entire pattern is projected onto a target
portion 120 of substrate 114 using pulsed radiation system 102. Substrate
table 106 is moved with an essentially constant speed, such that patterned
beam 110 scans a line across substrate 106. The pattern on the array of
individually controllable elements 104 is updated as required between pulses
of radiation system 102, and the pulses are timed such that successive target
portions 120 are exposed at the required locations on substrate 114.

Consequently, patterned beam 110 can scan across substrate 114 to expose the



given target portion 120 is not exposed in a single "flash." Instead, the
array of individually controllable elenents 104 noves in a given direction
(e.g., a "scan direction,"” for exanple, the y direction) with a speed v, so
that patterned beam 110 is caused to scan over the array of individually
controllable elenents 104. Concurrentjly, substrate table 106 is

simul taneously noved in the sane or opposite direction at a speed V = M/,
in which Mis the magnification of projection system 108. In this manner, a

relatively | tar ortjon 0 it iing to
conprom se og&g& téeoll% tﬁ%l%orfl& {ég%ﬂflégsggtgslg%mdﬁ Bf(%gss\é\frs r%@éﬁté?&%tyi vidual ly
control | abl ec@hpleRnubstie 1 14 Baskeph egssedtin@by inst ationary, and the entire
pattern is projected onto a target portion 120 of substrate 114 usi ng

pul sed H&éﬂﬁu on $yst efenuous $53n raede: assgstially dle .sgmﬁmfeauw fppdgn
essentially %?Jéé{ T@g §$ﬁ@sqa lt%yg*tomaﬁt Mn%h”@iétepp%ﬁ‘d& S g line

across substrat rn on the arra y control | abl e
el enents 104paterupdahedirag dfeqdmvrcmdlljaebmenmabmjblsmsntsotf04r mdlmihtedmssyst em 102,
and the pulses are tined such that successive target, portions 120 are

exposed at tH@ SPTT R hoosgglgqqyﬁgss(gﬁb%raﬁsltlﬂgpgem%es itconsequent |y, patterned

beam 11 scancacr °§r°xe ﬁ@t%ﬁl&l dt: °[h§ ROSE b unt‘ﬁ{gmeeltlg pattern

for a s ri of substrate f ocess | repeate conpl ete
substrate 114; tbalszebetgrsubsqquslﬁchxbonee bf/sﬂdtmbrm[ed)wspot@enéntml I30ah& scan node:

essentially the, sane as puls exce { tha subst a const ant
radi ati on sy8€eHicEsd §o dgay lzggodﬁt? CXPIE dt&oﬁs %@St&??ab/ @‘F aﬂ’&l vi dual | 'y
control | abl egelemes &&%elm%%g@t@' aRSpriféad t@tab%ﬂantasﬁynhlgtfa Sk acr oss
substrate 114 and exposes it Pixel Gid Inmaging Mbde: the pattern

formed on substupe.ghd $got size nsdaxtgezélanlayplwbbéaquamd pixpbgud,eouwdfmuspot s f or med
by spot gener at 30 that are d onto. The ex sed spots

nave Subst antTAr e Sanes el SO B E e AT e eop ST e pr e ed

in substanti gbhiyerd @fehHzed! Hn%@veeﬁ%ﬁ@@i&sukhﬁsﬁé@,Qhe flt@Rity idu@aRK t han a
pitch of a printed pixel grid, but nuch
over the spots is varied.
[0060] Combinations and/or variations on the above described modes of use

or entirely different modes of use may also be employed.

Exemplary Superpixels in the Array of Programmable Elements

[0061] As noted above, an embodiment of the present invention includes an
illumination system that supplies a beam of radiation, an array of individually
controllable elements for patterning the beam of radiation (e.g., an SLM chip),
and a projection system that projects the patterned beam onto a target. The
array of individually controllable elements preferably includes a plurality of
individual tilting mirrors that are formed into one or more "superpixels." A
superpixel is formed when at least two substantially adjacent tilting mirrors
are logically coupled to each other, and act together as a single pixel. Two
parameters of the superpixel are of particular interest to the present invention.
First, the respective tilt angles of the individual tilting mirrors in the
superpixel can be programmably selected to reflect the beam of radiation with
a certain intensity, or grayscale. Second, two adjacent tilting mirrors may be
offset in height from each other by a certain mirror displacement to achieve a

desired phase offset. By adjusting these two parameters, a superpixel



smal l er than the exposure spot grid. By varying intensity of the spots
printed, a pattern is realized. In between the exposure flashes the
intensity distribution over the spots is varied. [0060] Conbi nations and/ or
variations on the above described nodes of use or entirely different nodes
of use may al so be enpl oyed. Exenpl aryj Superpixels in the Array of
Progranmabl e El enents 100611 As noted above, an enbodi nent of the present
invention includes an illum nation systemthat supplies a beam of

i ndi vi.dual | control |l able e atterning

radi ati on, an array. o |, epent r

he beam of - Feeaid e arkgent iEfkhepkean R e trakao By SRR o X9 BRerm t ha

proj ects theypal berer, heAMifs Hnay ! ABSHE, AWPSM ACPBYnAfvorRdindsdyal Iy
control | abl e el enents preferably includes a plurality of individual tilting

mrrors that Fartlerfnorayedsupatpoxaraecadingop ghe grgsentpnxeiton algo abepefqi xel is
formed when gt | east t ubstantially adjacent tiltjin irrors, are

| ogi cal | y coﬁ"ﬁl %o&ref:éo%\é\?g!psng%gg?r ﬁlﬁ% Oﬁbef @t@gee(rﬂglfs §{ 3%5[?%%‘1'% %%l . Two
paraneters ofinddi@c@bRyRinyelltidd Birtfr ABbrhiiMpdcedsnt erest to the present
invention. First, the respective tilt angles of the individual tilting

m rrorsl0082t he shlfes pidkend @Bnillvatrge aghasienedypie el Wengdnigerr filt@gt t he beam
of radiation_wt certai,n. 0t ensity, ..or ay.scal e QF adj acent
tilting m rrg?lgor%);q% 4% *hs(e\&p e %Hf]%fl CUREAIORID %h(g(raﬁgtﬁ/r}]dgaﬁ%

I'n" heig rom<each o certain mrror

di spl acenment 2@91@9@@&@@ "slesé-ted" piasemefds el pMscagaditinggmirhese two
paraneters, a suEerpixe - 14 according to the present invention can mmc
grayscal e antyppladsepefates|in RnBWPe M@ &hefeinyagrerous stfasdiXag BNy, At t PSM
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present invention also or e correc error ‘and ot her

SLM errrors tikatzeas ecfidaawmy troeléty) unberdi atabdigedyordgspond ltd dit@eringr r or
calibration process. ]10062]. FIGS. 2A and 2B illustrate a basic square flat
tilting mirr8&yscplestqragtenpitigs randoase igaatrellag by the( W aagls: cAnPlseetibet ed al ong

imf[ ?r g;(i S A21gtiltfﬁi£g|r¥1frfbg Th e YontraQd WSthPf e&eﬁ%f’tfgrytgge‘r Rﬂﬁg%f%‘?%hk&]' ting
: phase~type tilting mrror typically opéerateS in anh anal og node
wher ei n nunedditstssthat imsidenxti sdanbet wediation geometrically to one side so that it
misses the aperture of an imaging lens. A deflection-type tilting mirror thus
operates in a digital mode where it is either fully on, or fully off.
[0063] As noted above, one important parameter of the tilting mirrors that
make up the superpixel is the tilt angle. The state of a phase-type mirror is
controlled by its tilt angle. This relationship is illustrated in FIG. 2C. The
amplitude function is illustrated by line 230, while the intensity function is
llustrated by line 240. A state of maximum amplitude and intensity is shown
at point 220, where tilt angle is zero. A zero tilt angle typically occurs when
the mirror is at rest or untilted (e.g., not addressed in the SLM array). As the
mirror is tilted, amplitude and intensity decrease to a state of minimum
intensity and zero amplitude, illustrated by tilt angle 250. Tilt angle 250 is
the zero crossing tilt angle. For a square mirror, the point of minimum
intensity occurs where the tilt is one half the wavelength (M) of the incident
beam of radiation from one side of the mirror to the other. As the tilt angle
increases past the zero crossing tilt angle, the complex amplitude can have a
negative sign, while the magnitude of the intensity stays positive. Such tilt

angles can be referred to as black tilt angles. The black tilt angle having a



the mrror being fully on (i.e., maximumreflectivity intensity) and fully
off (i.e., zero reflectivity intensity). The different states correspond to
differing grayscales or intensities, and are controlled by the tilt angle.
A phase-type tilting mrror can be contrasted with a "defl ection-type"
tilting mrror, which deflects the ing dent beam of radiation geonetrically
to one side so that it msses the aperture of an imaging lens. A
deflection-type tilting mrror thus operates in a digital node where it is

either fully on, or fully off.. 10063) As noted abov one._ i nport ant
par anet er of TEREYR| @qgﬁquﬁa,n}p&t ¢ Fashowmid &h at“lgge gﬁBer g'ihﬁe VI he tilt

angle. The s - i I IS ; d by its tilt angle.

This rel ati o%@hlﬁtgeié géFFﬁZﬁ%%@grﬁﬁgﬁgg %g&'?'ﬂélwghgl itude function is

illustrated by line 230, while the intensity function is illustrated by

line 240. A state of maxi num anplitude and intensity is shown at point 220,

where tilt a?plzqwziﬁ%% e€fo. A zero tilt angle typically occurs when the m nor
unt i

is at rest o Q}:(e.g., not addressed in the SLMarray). As the

mrror is tilted ﬁnplitude and intensity decrease to a state of m ninum
intensity ang,zetotanpl | fudesahd hisklgted by tilt angle 250. Tilt angle 250
is the zero croddimg tilt angle. For a square mnor, the point of mninmm

intensity oceyysiwhere (Asihlhhedafvonkhabigdhe wavel ength (X) of the
incident beamof radiation fromone side of the mrror to the other. As the

tilt angle increases past the zero crossing tilt angle, the conplex
anplitude can have a negative ,sié%/ whil e the magnitude of the intensity
stays positi vleregyishhe filttangleny 65> Waef e UHERARIEY. + & B8 Avakrehiaft angl es.

e, O ack {Llk ABELR DAY N8-aqdn, TREATATLIEOR EBIPLAGH (oo, =t
mrror is giVemgbyirrdcadakiAgwp- a sup@pael has a#n Individually controllable (i.e.,
programmable) tilt angle.

[0064] As noted above, a second important parameter of the superpixels is the
height offset between the individual tilting mirrors that make up the
superpixel. Individually, adjacent flat micromirrors that are offset in height
have a pure phase modulation effect. Height offsets (also referred to herein as
mirror displacements) are typically established in terms of a fraction of
wavelength of the incident beam of radiation (e.g., h = 1/4X). However, in
some embodiments, small (e.g., h < 1/8L) height offsets may be deliberately
imposed to correct certain known SLM imperfections.

[0065] Depending on the particular height offset, adjacent flat micromirrors
can achieve an intensity modulation anywhere between 100% positive phase
intensity and 100% negative phase intensity. Mirror height and phase are

related as follows:
2
=2—height
Q@ 7 g

where ¢ is the phase, and A is the wavelength of the incident beam of
radiation. The incident light is reflected by the mirror, and therefore the

optical path deviation is twice the height. So, for example, a mirror



tilt al

tilt angle) where ais the tilt angle, wis

( zero cross , ng 2 Mvang e) anb ~ 1.4 a, (nmaxi mum negative bl ack

[2Wof the tilting mrror, 7v

is the wavel ength of the incident beam of radiation, and Mis (need to get
frominventor). Each tilting mrror maki ng up a superpixel has an
individually controllable (i.e., progf@muable) tilt angle. [00641 As noted

above,

a second i nportant paraneter of the superpixels is the

hei ght of f set

between the individual tilting mrrors that make up the superpixel.

I ndi vi dual |'y
pure phase

have a
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mrror displ %@@%ﬁéght%f&&sy@k%%Vdgﬁtaeahexﬁéy%n% ét@ﬂéf&mﬁlfledi th@tCt' on of

wavel engt h of the incident beam of radiation (e.qg. = 1/47v).

However, in

sonme embodi mentts herglit] offsstsgcan he<man@stpjedhisiiglihe c§thfasles mdaydtwély
delib tel t t t
bependi g on PHETRRR HEdE 37 RET gheghsth Teaiue b PRaer B o7 or s can

achi eve an i pleedINitayrafD

i ntensi

wavel engt h of J
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100651

dul ati on anywhere between 100% positive phase

ty and 100% negati ve phase intensity. M nor hei ght and phase are
rel at ed [¥$61 ol | OW§IG$ Acarpl Héisghtte ageple svwrplscet%twgﬁagléallbammdu s the

ore IC&

e e

on IS tw ce

ght. 5Q1;r01f afspRxanphte, Sgecifidall9f FIGsLBA and 3B illustrate a superpixel

where two rectangular tilting mirrors 302 and 304 are situated substantially

adjacent to each other. Tilting mirrors 302 and 304 are logically coupled to

each other. In other words, they are programmed and addressed to act as a

unit within the SLM array, and to perform the function of a single pixel.

Furthermore, tilting mirrors 302 and 304 are offset in height from each other

by one quarter wavelength (1/4)) of the incident beam of radiation. It should

be noted that the quarter wavelength offset is exemplary. Other exemplary

offsets include 1/2X, 1/8A, or even smaller offsets.

[0067] FIGs. 4A and 4B illustrate a superpixel 400 comprising four tilting

mirrors with balanced mirror displacements and tilt angles. Superpixel 400

has four logically coupled tilting mirrors 402, 404, 406 and 408. The mirrors

402-408 are respectively arranged clockwise in a substantially square pattern.

Additionally, the tilting mirrors are offset in height from a reference plane (not

shown) wherein a height offset (or mirror displacement) of zero means that the

mirror is even with the reference plane. Specifically, mirrors 402 and 406

have a mirror displacement of zero, and are logically coupled such that their

tilt angles (o) remain equal. Mirrors 404 and 408 have a mirror displacement

of 1/4 A, and are logically coupled such their tilt angles (o) remain equal. All

four tilting mirrors 401-408 are logically coupled to each other such that they

function as a single pixel within the SLM array. Such a superpixel is referred

to herein as having "balanced" mirror displacements and tilt angles, wherein

mirrors diagonally positioned from each other have substantially similar

height and tilt characteristics. The average amplitude reflectivity response for

the real checkerboard superpixel 400 is as follows:



di spl acenent of 1/4X is equivalent to a phase change of it. It should be
noted that the height offsets (or mrror displacenents) can be
predeterm ned. That is, the height offsets can be nmanufactured into the
array of individually controllable tilting mrrors, depending on the
desired phase characteristics of the SLMarray. 100661 FIGs. 3A and 3B
illustrate a sinple superpixel of two logically coupled rectangular tilting
mrrors that are offset in height fromeach other by a certain mrror

di spl acenent. Specifically, FIGS. 3A and 3B illustrate a superpixel where
two rectangular tilting mrrors 302 and 304 are situated substantially

adj acent to each other Ti(%'ng '&; rs 302 and 304 are logically coupled to
each ot her. Inm@&@embeﬁ ;—ﬂh@mc%géﬁprogranned and addressed to act as a
unit within the SLM arkray,\%nd to vformthe function of a single pixel.
Furthernore, tilting mrrors 302 and 304 are offset in height fromeach
other by one quarter wavel ength (1/4X) of the incident beam of radiation.

I't should bepraeted hbatidhhe aiadé altingareie Nk D tiafdosatrdr08x @mBlogr y. Ot her
exenplary offsets include 1/2X,~ 1/8X, or even smaller offsets. 100671 FI Gs.
4A and 4B i |isulstzea0 eroasisgipirapilkel 400 conprising four tilting mirrors with

bal ance L rror displacenents and.tilt angles. Superpixel 400 as four
| ogi cal ﬂ&()g@oupl edt(ﬂLFallt]inﬁ’ém}Hr? rRLiVEg3nd 44 ?t“_ifoémgﬁﬁ"(%%c.anj'ﬁ NGH r% Fors
402- 408 are s @sReE! IMntford! RNEACHeLIRFkYE SupdipiReiSeldsbeaiiddablinsiguar e
pattern. Additionally, the tilting mrrors are offset in height froma
reference pl AHBS¥hoaskss Kovmparingdheraesl ehaskerhpard sppapixe] br amequi gylent

di spl acenent). of .0. means that the mrr i$. even Wt erence
pl ane. Speci %l?églfﬁ?iglﬂmgr?l TRV 24 %%Elag J98°" zg@éﬁjaer?nlsr% ?Slgyé’sb%%%’g&rent of
zero, and aredi@®nCedrh Y 00QUplabButsITeh tubatgainiginegativielibteasigl fem@eg% remain
equal. Mrrors 404 and 408 have a mrror displacenent, of 1/4 X and are
| ogi cal |y co@pthegt SgeHiviendi % t This rawpéhat(/éﬁs%ﬁ@mﬂ@au&th apginglef our

1510 A5 A 2Rl oS 68 | SRS BHER Pt <y
referred torcflested byake havbngviidredsasupeixedno onlyditsphaoeameniosofathd ti | t
angl es. whereln e Q1B agonal L ROy Lhened, from each other, pave
tilting mirrors.
[0069] A complex checkerboard superpixel 410 is shown in FIG. 4C. As with
the superpixel shown in FIGs. 4A and 4B, the mirror displacements and tilt
angles of superpixel 410 are balanced. Superpixel 410 also has four logically
coupled tilting mirrors 412, 414, 416 and 418. The mirrors 412-418 are
respectively arranged clockwise in a substantially square pattern. Specifically,
mirrors 412 and 416 have a mirror displacement of negative 1/16 A, and are
logically coupled such that their tilt angles (@) remain equal. Mirrors 414 and
418 have a mirror displacement of 1/16 A, and are logically coupled such their
tilt angles (a,) remain equal. The average amplitude reflectivity response for

the complex checkerboard superpixel shown FIG. 4C is as follows:

~ = (o iZ (oo
Asuperpixel = 2w e 4 s1nc(—— +e 4 sin¢| —
Cbo Clo



height and tilt characteristics. The average anplitude reflectivity response
for the real checkerboard super-pixel 400 is as follows: -17 ai all ~ ~ =
21v sine ao - sine where wis the width of a single tilting mrror (e.g.,
tilting mrror 206), and ao is the zero crossing tilt angle. [0068] Equal
maxi mum posi tive and negative anplitudgs can hence be achieved. Therefore,
the real checkerboard superpi xel can be used to mmc AltPSM nasks.
Conparing the real checkerboard superpixel to an equivalent single

ositive

fIat-tiIting rror mrror 205),

ntensi ty | PelEECT onEr g PES Aot S b S A Reiddve
intensity f r %Whéz&@cr&s@m@hﬂﬂﬁngm@g@ffdy‘s’@hhﬁg % comlaﬁt pRAB$pHRat AnttksM emul at i on
with a single mrror requires "throwi ng out" over 95@Pof the |light that can

be potenti al tase) caf IbecﬂCé@mbySftGHelfmer@qz reswiérgeais SSUpETtpIsy| red@Bionn| y t hr ows
out 67% of th [ t PSMs_can. be. ac ved_ usin uper pi xel
0 e?a[tlvte t%t?' lS{I‘igljr: %ﬁ% ﬁ}l(gllgsmll]‘(ﬁol8§]\151&’ C%tﬁ?rw)%se %he %eﬁag?orpg

conpri sed of ¢checkéerboard super pi xel
410 is shownmdm@mgbs@ﬁhnﬂa4moth t he superplxel shown in FIGs. 4A and 4B,
the mrror displacenents and tilt angles of superpixel 410 are bal anced.

Super pi 1&9701410 aI Hoa aeye frealistic sipatian, gacte bdpriden! tiling pured Pidisthe12 414,
416 and 418. rror 1 e n W sein a
substantlally dg$é&§5 ‘érﬁ‘% 3?% ?é%. gﬁﬁkﬁi r%?gﬁg Qgﬂgﬁﬁ%%ﬁhave a

mrror displacignmgat iOpratagbt tatﬂoniﬂ}lﬁhs)&]b@étﬁ oaee thd aghgalfl nddadypllled such t hat
their tilt angles (al) remain equal. Mrrors 414 and . 418 have a mrror
di spl acenment c&ftrollphle ting mdrrer 2LMs diosmnmhichdbe prrsapiseldp femmsdy Such a

superpixel is illustrated in FIG. 5, which depicts a complex checkerboard
superpixel with phase errors. Specifically, FIG. 5 shows a superpixel 500 with
four tilting mirrors where the mirror displacements are balanced. Phase
offsets are depicted respectively for mirrors 501, 502, 503, and 504 as | - 4,
while the tilt angles are depicted respectively as o; - a4. The average
amplitude reflectivity response of the complex checkerboard superpixel of

FIG 5 is as follows:

~ -Z a a: —i— a- iAd iz (o
Asuperpixel = W] e 4 smc(g l+e et smc( )+e e 4 smc(ﬂﬂj;e et smc(;);)
14444 4~444445x§ 14444 44444
A A2

grouping the mirrors into pairs (501,503) and (502, 504) and calculating the

compensated amplitude for each pair, with a, = a,, yields:

for ar=a:
Tuwemel = /2 w? sinc ( a J ( cos(A:)cos(A) +sin( As)sin( A, ) cos( As4)cos( Az) +sin( As)sin( A z)j

Qo cos( A:) +sin( As) cos( As) +sin( A4)
Correcting phase errors thus results in an attenuated reflected amplitude. This
attenuation is a fraction of a percent, even for phase errors of about 5 degrees.
For larger phase errors, this reduction in reflectivity will have to be taken into

account during rasterization.



tilt angles (co) remain equal. The average anplitude reflectivity response
for the conpl ex checkerboard superpixel shown FIG 4Cis as follows: a a2
=2W e-'sine +e’sine ka") ~ (9, )] -18 where wis the width of a single
tilting mrror (e.g., tilting mrror 416), and a0 is the zero crossing tilt
angle. Gayscaling at constant phase (ghase = 0 in this case) can be
acconplished if a, = a2 resulting in 50%intensity reduction relative to a
single flat-tilting mrror intensity. Qtherw se, the behavior is identical

to supe i.xel 400 rrealistic S|tua i vi dua
tilting (ﬁWfor Wi Erhé r?r‘fq?]él‘m?ﬁbégocirfpgfi ??ﬁ oV TRYGesenF édsgﬁof” ﬁ%% ghe desi gned
phase of f set helghtphﬁﬁc)@tser(h%or (dlwlacfeh@hts) Saril ahabingidsandom yiGhaivel but ed over
the array of individually controllable tilting mirror SLMs from which the

super pi xel i smb@dlm@dts Suhenged smlpelx@hayll@ formedt FIaCﬁeQislixcrws:st@ ag, which

depicts a co ecker.boa uper pi.xel .t eC|f|caIIy,
E B C5° showe TEbisEd ST EhREoH Ty TSt Bt ity 10 By stk PR 1 £ ror

di spl acenent %Wrﬁwbtﬂ' RNEE mRQa@@pleafﬁmg&nﬁfcﬁs ,depicetiedy rnespactoyel y for
mrrors 501, 502, 503, an as whil e the t||t angl es are depicted

respect i vel yo&k 06 am%mSOSThérl Ho@rofgemiraerphast yddt pegle ek Wit ¢ PEEPonse of the
conpl ex Chec@er %E’aré’m So‘%?{ﬁg,! gﬁienggﬁaglr& &45%53 P 40 ~T’1E1 a(ﬂ!;ll % wﬁﬁ 4133 c% a4

e csinc - + 44 14444
444414 ACdAQléc@ﬁ@wmfnUStmemfrhg ST I6I06(ha§ai Lk a(n@(bla5%1)h anglirtd@02, 504)

and cal cul ating the conpensated anplitude for each pair, with a, = a2,

yi el ds: displacement of 1/4 A, and tilting mirror 608 has a tilt angle a4 with a mirror
displacement of 3/8 A. In other words, in this embodiment, the mirror
displacements form a helical shape. The average amplitude reflectivity

response of such an unbalanced complex helical superpixel is as follows:

~ 2| . a: a ;r az i% . as
Asuperplxel = W~ | sInc —sinc +e ? sinc —e ° sIinc|f —
a. (07 o (022

[0072] To generate pure phase object behavior, one needs to be able to vary
the phase at a fixed amplitude. Also, it should be noted that the maximum
amplitude is proportional to w? = W?%/4, and therefore the maximum intensity
is 1/16" of the equivalent single-wide piston mirror. This means that, for this
example, the ability to mimic arbitrary phase comes at the cost of losing about
94% in reflectivity.

[0073] The same complex helical superpixel can also be used as a grayscale
device when tilt angles are set-up appropriately. When this is the case, it is
possible to maintain the phase constant and vary the superpixel grayscale. The
maximum positive and negative intensities in this case are about 18% of the
maximum intensity reflected by the equivalent single-wide flat tilting mirror.
This combination can emulate an AItPSM with about 82% loss compared to
95% for a single-wide flat-tilting mirror.

[0074] [n yet an alternate embodiment, phase-step tilting mirrors may be used

to form superpixels. Phase-step mirrors have the advantage of being able to



for a, =a3 ~at~lcos(4,)cos(0,)+sin(4,)sin(4) cos(44)cos(02)+sin(44)sin(4:)

A Up<ml.ei = JilV sinc la,) cos(4) +sin(A) cos(A4)+sin(44) Correcting phase
errors thus results in an attenuated reflected anplitude. This attenuation
is a fraction of a percent, even for phase errors of about 5 degrees. For

| arger phase errors, this reduction imgeflectivity will have to be taken
into account during rasterization. - 19 100711 The enbodi nents descri bed
above have generally shown bal anced height offsets (mrror displacenents)

and tilt angles. In alter ive enbadj t unbal anced superpjxel s may be
Formed,  FI G B EEHBRSELEn T ¥ S anch 2Ly b AIPRBI e BT nbodt ment

of FIG 6, supesRiiX8bthaBe plus and hevns Wit itedtias, Wt el fiy thOHIeehdsi | ting
mrrors, respectively | abeled 602, 604. 606 and 608. Tilting 602 mrror has

a tilt angl eamplitnde reflecivitieprangdigdpsinaoegasiie 200 te@esitive 10%ng mirror 604 has
atilt a2 w 1rror displacenment..of 1/8 X tijlting mrror 606 has
2 i EESE 67w FIC AN slRes atLpRAERERE ghngret she § bl or 603
has a tilt ap@hneinaént¥d b MicRini¢ Qhser HysSPmaCBHEB140f183/@3 Xaby, Bwakdber words, in
this enbodinment, the mrror displacenents forma helical shape. The average

anpl i tude refinegemplarysingleppassecrtiltisganranmanbaicanedd leeahprer 4l i cal
Super pi xel_ 'eBhaasg sﬁe%l !éP)Q@: 0@%5@%@5%@6, suc 2 nfrroP R abhiz f%@?ﬁg@% + e 2 sine

or = a) sitne a’l generate pure phase o vi or, one
needs to be aldelation waywhert betvalras®ratndnédatied Satpl FIGIAEB ilAssatesiat shoul d be
noted that the maxi mum anplitude is proportional to w2 = W2/4, and

t her ef ore t h&!NSEBKFh/IPP il RROSPRIAERE SUCh PRASEEYIP BFTAThe equi val ent si ngl e-wi de
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mirrors 704 and 708 having a mirror displacement of 1/8\. Superpixel 700 is
capable of emulating all mask types, including arbitrary phase mask types
such as vortex masks with larger efficiency than the helical superpixel with
flat tilting mirrors described above (i.e., superpixel 600). The intensity
efficiency of superpixel 700 ranges from 12.5% for phases coinciding with the
natural phase of any of the two sub-pixel pairs (e.g., mirrors 702, 704) to 25%
for phases exactly between these phases. This may be contrasted with 100%
intensity efficiency for a pure piston mirror. The intensity efficiency,
however, is still higher than the 9% efficiency of balanced, flat mirror 1/8A
displacement superpixel.

[0077] In an alternative embodiment (not illustrated), small mirror
displacements (e.g., h << 1/8%) may be deliberately imposed in a balanced
fashion between the phase-step tilt mirrors. Such a height offset scheme
allows compensation with minimum light loss of the phase effects of small
random height variations that occur during the fabrication of the individual
tilting mirrors in the SLM array. The maximum efficiency of such a
superpixel is still about 50%.

[0078] In conclusion, phase-step mirrors in superpixel configuration lead to
higher intensity efficiencies when hard phase shifting is required, and the
intensity is created more symmetrically dispersed over the superpixel than
when using flat tilting mirrors. ~ With phase-step mirrors, a helical

configuration (e.g., superpixel 600) is no longer needed to address all phase



94% in reflectivity. 100731 The sane conpl ex helical superpixel can also be
used as a grayscale device when tilt angles are set-up appropriately. Wen

this is the case, it is possible to maintain the phase constant and vary

t he superpi xel grayscale. The nmaximum positive and negative intensities in

this case are about 18% of the nmaximugpintensity reflected by the

equi valent single-wide flat tilting mrror. This conbination can enmul ate an
Alt PSM wi th about 82% 1 oss conpared to 95%for a single-wide flat-tilting

mrror. 100741.In yet,an alternate enbodi t. phasg-step. tjlting mrrors
may be used apelcy orﬁ?tgffpet%ﬁi%ﬁ%?glﬂﬂggoé- %?%U}Lﬁulpflo?g SH%VE”(teLe%ngan_t age of
bei ng abl e tgffidRngeneviate dTe@at dywincthRlalt idtdpeisy tckaated’ 890 sHasd-fiepsapl i t ude
reflectivity of flat™ mirrors in both the plus and mnus tilt directions,

where the fl atirenslienegative endaesitivmpliase saeéc.r ef | ectivities ranging from

Thoat! vRuBt 1 0, PAS ddstidkOQue! 30T BhvehloR nA SIS NER BorbAfes

phase-s ilting'mtror. rror 'has =~ been inven
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phase-step tilting mrror may have a 2/4 height step, and phase step of
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i ncor porating ep Mrro hown, super pi xel 700 has
bal anced m r 60M dhip ph&craenndlivhd &f tilting moc®Hmiftdrsaimdan/Rirésaablagrray.m rr or

di spl acenent of 1/82. Superpixel 700 i capabl e of enul ating all mask
types, incl udimngsla¥binaHgmy Wﬁg@rnml‘fy%?t d0f NARPEORIEE eURFERRKE Wi t h

| arger efficj hel | r.pi M LAt mrrors
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super pi xel 76fd dargéingfonahe kizathdn §the laagestodm inzigeld.nfy shodll bemetednat ur al
phase of any of {he. two sub-pi Eel airs irrors .70@‘]66&04 to 25% for
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1/ 82, comprising any number of mirrors could be programmably selected in an SLM
pattern generator, depending on the desired characteristics of the pixel.
[0080] FIG. 8 illustrates an exemplary portion of an SLM array 800 made up
of individually controllable flat tilting mirrors (e.g., 801a and 801b). This
exemplary portion of SLM array 800 has been fabricated such that the
individual tilting mirrors are offset in height from each other. For example,
tilting mirror 801a may have a mirror displacement of zero from a reference
plane (not shown), while tilting mirror 801b may have a mirror displacement
of A/4 from the reference plane. The exemplary tilting mirrors are arranged in
checkerboard pattern such that a balanced superpixel (e.g., superpixel 400)
may be formed by selecting or addressing four adjacent mirrors. This is
illustrated in FIG. 8 by a circle superimposed over the four mirrors making up
a superpixel (e.g., superpixel 805). FIG. 8 further illustrates how the
superpixels may be chosen depending on the location of the features to be
imposed on a target. Such features are illustrated by patterns 802a and 802b.
[0081] Various embodiments of the present invention have been described
above. It should be understood that these embodiments have been presented

by way of example only, and not limitation. It will be understood by those

skilled in the relevant art that various changes in form and details of the



di spl acenent superpixel. (0077] In an alternative enbodi ment (not
illustrated), small mrror displacenents (e.g., h << 1/82,) nmay be
deliberately inposed in a balanced fashion between the phase-step tilt
mrrors. Such a height offset scheme allows conpensation with mnimmlight

| oss of the phase effects of small rapdom hei ght variations that occur
during the fabrication of the individual tilting mrrors in the SLM array.
The maxi num ef ficiency of such a superpixel is still about 50% (0078] In

concl usi on, phase-step, mrraors in superpixel..confiqurati.on Jead.to higher
Cntensi ty. ef PIETGRED Sa Rt kot pRUDE By ia M B PR IR e
intensity isatf BpEdf IRIFeeMMTERtdheds| defide REhs @thiQYeThtid)ehsbRedRI xel than
when using flat tilting mrrors. Wth phase-step nmrrors, a helical

confi gur at i oand geoge of thepmessink stveddy) shogldert|bsrgeitedeedesdot bieabidryess al |

phase -21 angles., Rather. the bal ance irEor configuratian Qf superpixe
200 1 “sut Terane syruney S TREC SRR Bh R ALY Ehedinsd by

phase- st eppedithfhd folb®idgclnagaind vieciaatinesid.i ve phase sense. [0079) As
descri bed above, the inventors have di scovered that conbining tilting
mrrors, which are offset in height with respect to each other, into
superpi xel s i nproves intensity nodul ati on characteristics, and enhances the
array's ability to mmc arbitrary grayscal e and phase. In an enbodi nent, a
SLM chip may have mllions of tilting mcromrrors in an addressable array.
An SLM pattern generator woul d sel ect the appropriate superpi xel
configuration depending on the desired reflectivity and phase
characteristics, and depending on the |location of the features to be
imged. It should be noted that, for sinplicity, the above described

enbodi nents have included either two- or four-mrror superpixel
configurations. However, superpixels conprising any nunber of mrrors could
be programmably selected in an SLM pattern generator, depending on the
desired characteristics of the pixel. 100801 FIG 8 illustrates an exenplary
portion of an SLM array 800 nmade up



of individually controllable flat tilting mrrors (e.g., 80l1la and 801b).
This exenplary portion of SLM array 800 has been fabricated such that the
individual tilting mrrors are offset in height fromeach other. For
exanple, tilting mrror 80l1a may have a mrror displacenment of zero froma
reference plane (not shown), while tij3ing mrror 801b may have a mrror

di spl acenent of J./4 fromthe reference plane. The exenplary tilting
mrrors are arranged in checkerboard pattern such that a bal anced
superpi xel (e.g., superpixel 400) nmay be forned by selecting or addressing

four adj acentvvl[mlc[rlsr(/sL NP ks illustrated in FIG 8 by a circle

superi nposed over the '?‘our mirors making up a superpixel (e.g., superpixel
805). FIG 8 further illustrates how the superpixels my be chosen
dependi ng on the Iocatiop of the features to.be inposed on a target. Such
features are illudtrat eu'gh} PRUETIEYSIEHoOANFBE 2. 100811 Vari ous

embodi ments of t he,ANEsEHkioh"MeRH @kt NA¥silReshedasef rRestiorRRMRg o t should
be understood that these enbodi nents have been presented by way of exanple

only, and notettdimivtazelength A% wi || be understood by those skilled in the

rel evant art that various.cha in.farmand detail]s of the ;22

enbodi nent s descr FB@H%SE%@Q@%@%C Y a@\;_eteﬁe ! Sd@ﬁLP?t%ﬁ@s FHORA e spirit
and scope of wHRiPsEaaRtay iNVIQAES #RuRSpider h hthleh & fits@itilBng s t he
breadth and scope of thée present invention should not be |imted by any of

t he above- dds¢ns psitalyx eapilad yo espodidridhng minor aghodieecipsaiddinsinggd only in
accordance wt hdtt'tl]te foll orwi ng(.)csl %dtmst.agndadtaheitrt equyi V‘[ﬁlregrtl T 'o%t?’ VWHAT | S
CLAI MED 1'S: FPECCR% ﬂ}ﬁmbr&(ffg?enilnél %%f lﬁﬁ bSﬁ%r?g? g(? an? ?Um Rt i on system
that suppl i esn ReibRarotadhasthatiyanfiRemimg dsplaeflend, andvavel ength (2); an array
of individually controll able elenents that patterns said beam wherein said
array includes a SWpUEPiondysteahpigPraiccts saidPaderneq Beam pripjafaresi-rror that is
|l ogically coupled to a second tilting mrror, and wherein said first and

2. The system of claim 1, wherein said first mirror displacement is

some fraction of A.

3. The system of claim 1, wherein said first mirror displacement is

selected from the group consisting of zero, A/4, or A/8.

4. The system of claim 1, wherein said first and second tilting
mirrors respectively have programmable first and second tilt angles, thereby
permitting a superpixel including said first and second tilting mirrors to reflect

the beam of radiation with a selected grayscale and phase.

5. The system of claim 4 wherein when said first and second
tilting mirrors are at rest, said first and second tilting mirrors are in a position

of maximum reflectivity.

6. The system of claim 1, wherein each of said tilting mirrors is a

flat-tilting mirror.



second tilting mrrors are (i) substantially adjacent to each other, and
(ii) offset in height fromeach other by a first mrror displacenent, and a
proj ection systemthat projects said patterned beamonto a target. 2. The
systemof claim1l, wherein said first mrror displacenent is sone fraction
of X. 3. The systemof claim1l, whereiqysaid first mrror displacenent is
sel ected fromthe group consisting of zero, 2/4, or ?,/8. 4. The system of
claim1l1, wherein said first and second tilting mrrors respectively have
programmuabl e first and_second ti .angl es, thereb ermtting a.superpi xel
i ncl udi ng said fi&st aﬁ‘e§¥¥ﬁﬁdﬁhh@ﬁ] g" ‘?VbW@gﬁ%*? filtipg ML Seam of

radi ation w L@ 8ebefhfdograyscal e and phase. 5. The systemof claim4
wherein when said first and second tilting mrrors are at rest, said first
and second tilting mrrors are in a position of maximumreflectivity. 6.

The system of claim]l, erein each.of said tilfing . merors.is a

(ot tiiting mridr - 2ResSeReSEs BB of MEr i Whin SocPBl A AES G said
tilting mrralmg @ik aten tLPRANY bidSecold R MY RIrE€Meah ChRItHn/, Wherein
when said first ‘and second tilting mrrors are at rest, said first and

second tilti agmmimuoreflgeteviivn a position of mininmumreflectivity. 9. The
systemof claiml1l, wherein said first and second tilting mrrors formng
said pixel are selected fromanongst a plurality of such tilting mrrors to

form said pixel dependimng 9ftefher tREAL, Gheddin safdeatdradt Rcpat tieimged on said
target. 10. A light patterning system conprising: an illumnation system
t hat suppl i esii@olsdarmios spiddiizg! jahsaheetddrigora ameagstai Huiakiped feigh HItE. ) ; ~ an

array of ref|getive Bixely fibAtacRaldS! OF udbtuRRAR. MIRLELT ARG T Y

on said target.

10. A light patterning system, comprising:

an illumination system that supplies a beam of radiation having a
certain wavelength (A);

an array of reflective pixels that patterns said beam, wherein said array
includes pixels having first through fourth tilting mirrors that are logically
coupled to each other, and wherein said first through fourth tilting mirrors are
respectively (i) arranged in a substantially square pattern, and (ii) offset in
height from a reference plane by first through fourth mirror displacements;
and

a projection system that projects said patterned beam onto a target.

11. The system of claim 10, wherein said mirror displacements are
balanced such that said first mirror displacement is substantially equal to said
third mirror displacement, and said second mirror displacement is substantially

equal to said fourth mirror displacement.

12. The system of claim 11, wherein said first and third mirror
displacements are zero, while said second and fourth mirror displacements are

VS



i ncludes pixels having first through fourth tilting mrrors that are
logically coupled to each other, and wherein said first through fourth
tilting mrrors are respectively (i) arranged in a substantially square
pattern, and (ii) offset in height froma reference plane by first through
fourth mrror displacements; and a prgjection systemthat projects said
patterned beamonto a target. 11. The system of claim 10, wherein said
mrror displacenents are balanced such that said first mrror displacenent

is substantially ual .to said hird mrror .dis cenment, .gnd. sai d second
mrror d Spl acenment | s BRI PRFRYY Hqudiereid S BF gars hfk piede

di spl acement gisd@eenl&ifs SARMvHileGhal d8tdikh andhBURA Mifdt BishlatSher@fghet hi rd
mrror displacenments are zero, while said second and fourth mrror

di spl acenent&/8are 1,14. -25 13. The systemof claim 11, wherein said first
and third mrror displacenents are zero, while said second and fourth
mrror displacenents are 'r./8. 14. The systemof claim 12, wherein said

first through fourgh mhérQktefi SPlAMRMEN! Shdfeh 2810 firskSthrolp® fsthem of cl aim
10, wherein said first through fourth mrror displacenents are different

from each ot heror digplacpientsyase éeroof cl ai m 15, wherein said first through
fourth mrror displacenents are less than 1/8a,. 17. The systemof claim
15, wherein said first mnor displacenent is zero, said second mrror

di splacenent is 2(8, sahé dybiehdofidl4igy 10] splerge et firdtSthlough, foand sai d
fourth mnor displacenent is 3X/8. 18. The system of claim 10, wherein said
first throughifreidisHacementsige diffarerd fiont easpeodicrvel y have progranmmabl e first
through fourth tilt angles, thereby permtting a superpixel including said
first through fourth tilting mrrors to reflect the beamof radiation with

sel ected grayscal go.andTRBaSetem of claim 15, wherein said first through fourth

mirror displacements are less than 1/8).

17. The system of claim 15, wherein said first mirror displacement
is zero, said second mirror displacement is A/8, said third mirror displacement

is /4, and said fourth mirror displacement is 3A/8.

18.  The system of claim 10, wherein said first through fourth tilting
mirrors respectively have programmable first through fourth tilt angles,
thereby permitting a superpixel including said first through fourth tilting

mirrors to reflect the beam of radiation with selected grayscale and phase.

19. The system of claim 18, wherein said tilt angles are balanced
such that said first tilt angle is substantially equal to said third tilt angle, while

said second tilt angle is substantially equal to said fourth tilt angle.

20.  The system of claim 18, wherein said first through fourth tilt

angles are different from each other.

21. The system of claim 18, wherein when said first through fourth
tilting mirrors are at rest, said first through fourth tilting mirrors are in a

position of maximum reflectivity.



19. The system of claim 18, wherein said tilt angles are bal anced such that
said first tilt angle is substantially equal to said third tilt angle, while
said second tilt angle is substantially equal to said fourth tilt angle. 20.
The system of claim 18, wherein said first through fourth tilt angles are
different fromeach other. 21. The sysjigm of claim 18, wherein when said
first through fourth tilting mrrors are at rest, said first through fourth
tilting mrrors are in a position of maximumreflectivity. -26 22. The
system of claim 10, wherein each of id tilti irrors is a flat-tilting
o Tror 23 The sqbtemi bt B Al 18m Iferuiingato Crd Qe by i rrors | o
phase- st eppefdaiikih®mirrdd.- The system of claim 23, wherein when said first
through fourth tilting mrrors are at rest, said first through fourth
tilting mrrors are in a position of mnimumreflectivity. 25. The system

of claim 10, wheregin said first .through fourth tilting. . mrrors are selected
from anongst a pl #'al i ?be 8¥St%colgcr ”i“?]]%névhﬁ{e#‘} Sarci' qusa%?lﬁ\ngélgfrgrssﬁper pi xel
dependi ng onpﬁg{ggs{e%@djn%pf a feature to patterned on said target. 26. A

met hod for patterning a beam of radiation, conprising: patterning a beam of
radi ati on having a wavel ength (A, ) using an array of reflective pixels,

wherein said array, i nclydes SHRPLAI %S BTN A SRS ol it | 710

mrror that that s |ogica to a second rror, and

wher ei n sai dtiftingShirgstdl ss€@omebt} bdidl ifgt thrsupdr fouahetilfing afrfeetard th ei ght from
each other by a first mrror displacenent, and (ii) substantially adjacent
to each ot hé@%ltl(ﬁh@ffﬁmpé@tfﬁﬂéﬁtvﬁé- patterned beamonto a target portion of
an object. 27. The nethod of claim 26, wherein said first and second mrror
respectively have a first and second tilt angle, the nmethod further

conpri sing 25.  The system of claim 10, wherein said first through fourth tilting

mirrors are selected from amongst a plurality of such tilting mirrors to form
said superpixel depending on the location of a feature to patterned on said

target.

26. A method for patterning a beam of radiation, comprising:

patterning a beam of radiation having a wavelength (A) using an array
of reflective pixels, wherein said array includes superpixels having at least a
first tilting mirror that that is logically coupled to a second tilting mirror, and
wherein said first and second tilting mirrors are (i) offset in height from each
other by a first mirror displacement, and (ii) substantially adjacent to each
other; and

projecting the patterned beam onto a target portion of an object.

27. The method of claim 26, wherein said first and second mirror
respectively have a first and second tilt angle, the method further comprising
programmably selecting said first and second tilt angles so that said pixel

reflects the beam of radiation with a selected grayscale and phase.

28. The method of claim 26, further comprising emulating at least
one of a binary mask, attenuating phase shift mask, and alternating phase shift

mask using said superpixels.



programmably selecting said first and second tilt angles so that said pixel
reflects the beamof radiation with a sel ected grayscal e and phase. 28. The
met hod of claim 26, further conprising emulating at | east one of a binary
mask, attenuating phase shift nmask, and alternating phase shift mask using
sai d superpixels. -27 29. The nethod of; claim 26, further conprising
selecting said first and second tilting mrrors fromanongst a plurality of
such tilting mrrors, depending on the |ocation of a feature to patterned
on said target.

29.  The method of claim 26, further comprising selecting said first
and second tilting mirrors from amongst a plurality of such tilting mirrors,

depending on the location of a feature to patterned on said target.





