METHOD AND SYSTEM FOR MASKLESS LI THOGRAPHY REAL- TI ME PATTERN RASTERI ZATI ON
AND USI NG COVPUTATI ONALLY COUPLED M RRORS TO ACHI EVE OPTI MUM FEATURE
REPRESENTATI ON  BACKGROUND OF THE | NVENTI ON Field of the Invention [0001]
The present invention relates to the field of maskless |ithography. More
particularly, the present invention relates to rasterization nethods and
nodul ation prMICHHPRANRSO HIMEOR MAPaESY hITépeRAPIEDAREALaTREBK| ess

| it hogr aphy systFeh THRIN RASTERIZATGODANR GSBY(F £ TARBDNALGS i n maskl ess

| i t hography is theCABEIEIPNMERROKS TOFACHIEVE QPASMEMN FRIATIIRE echni ques to
configure a reticle for projectiREPRESESTAGUONpattern onto a substrate. For
exanple, in the case of a spatial |ight nodulator (SLM, the rasterization
techni que determ nes how to configure the SLM pixels in a manner that wl|
result in projection of the desired pattern through the Iithography
systenl s projection optics. [0003] One conventional rasterization technique
“used to configure SLM pi xels includes describing the desired pattern as a
uni on of polygons. For exanple, if the desired pattern is an integrated
circuit (1C, the ICw Il be first described as the union of polygons that
represent the elenents of the transistors, logic devices, or other

el ements that combine to PEHREREUND th%@%%@ﬂgﬂy i ncl ude the lines,
edges, and sequences of lines that formthe snallest segnments of the IC

el enents. Thiseld@avRThi @k rasteri zation technique is then wused to sel ect
states of the SLM pixels to create images of these IC elenents. [0004] This

convent i [gpgd) T ast erfeZatebaR ihRGADH Jefids NG &ggﬁgg gtg @gggne?éé% %Eth%}g@{%. 2 e

paraneter illumnation table based on an I ara

pi xel grid. Meliegartiqularynshe prsanb biventgpprabaeh to hovweizetion hetodevad al
limtations. nllz(l) ' Bhio i;. does not .tt%fe i,nto account the orientation of the
edge. For exanplsio8qfruciples assqpuateq Suith RALCT, SepRaliqhe dn piaskieshay have

di fferent sl dpiegraphiRystegpect to the pixel grid. Secondly, the

conventional illum nation table approach fails to take into account the
i nteraction li_){eiween edges of the pattern in the case when
elated Art
[00062] A significant challenge in maskless lithography is the development of

efficient rasterization techniques to configure a reticle for projecting a desired
pattern onto a substrate. For example, in the case of a spatial light modulator
(SLM), the rasterization technique determines how to configure the SLM
pixels in a manner that will result in projection of the desired pattern through
the lithography system's projection optics.

[0003) One conventional rasterization technique used to configure SLM pixels
includes describing the desired pattern as a union of polygons. For example, if
the desired pattern is an integrated circuit (IC), the IC will be first described as
the union of polygons that represent the elements of the transistors, logic
devices, or other elements that combine to form the IC. These polygons
include the Iinqs, edges, and sequences of lines that form the smallest
segments of the IC elements. This conventional rasterization technique is then
used to select states of the SLM pixels to create images of these IC elements.

[0004] This conventional rasterization technique includes the computation of a
parameter illumination table based on an isolated edge parallel to the pixel
grid. This illumination table approach, however, has several limitations. First,

it does not take into account the orientation of the edge. For example, edges




they are in close proximty to each other. [0005] The Iimtations of the
conventional illum nation table approach, noted above, ultimately produce
distortions in the aerial image. These Zlistortions subsequently restrict
the pattern resolution and the pattern placenent accuracy that can be
achieved by the |ithography system [0006] Rasterization techniques are
general |y fl eR§sptiated yglhgthetdssisecepaitern oy hawndifierdng slopss pithatgectot h

different typ f ulat i or __ex I rasterization ues for
configuring Sﬁ%l Fgll{e%gﬁ g asg‘gs(%)n%@atﬂgedg%W%@f‘ﬁp}“ﬁbm Wa&:iegpwqc%%&h’sf Per from
the val ues r eqikk id atusOhE igerarid ISdQEinAeEE dMRY SatteF{lirSthe CA@XHL! 1LY,
however, is insufficient to conpensate for nore subtle anonalies. These

more subt|e aHG&ISBslosaATaxHBIYHeeachpter.ections in individual nirrors,
such as i Nng an i; : i jat i .an | ead t,0 se errors
causi ng mogtgh-fogﬁiqlﬁgggoﬁﬁqﬁg% i ﬁhtgéﬂg P@%&tﬁ}g@f aﬁ;{: rlofw}}ﬁnBE’grs cannot
i nherent |y restiveeultimasty dosice distationst v fe @aﬁzgrrﬁlage.lzlqﬂme?(g] hns o

t hr ough-focus dose uniformty probl ens cannot be resol ve y the absence
of actuation 3 S%ﬂ”ﬁ?@t @ﬁ“‘&%éfé’é“@? TPIOSEES NG d pagternplaceasat perupsie  til t
mrrors). Anogllagganq,ﬁqlcllﬁ@yr%aeoy e 'iiﬁlroél'a?g%?y@tettﬂ.l t mrrors, in these

applications, 1is that tilt mrro only represent 0 or 180 phase

i nt ensi t jPO06or speldastdrizagint teahniquss 4re.ggneralisoflexdklecamoptigic to hedoanpfdrnt i ng) ,

ot her phases (e.q,. 90 or 270..or,...even internedj ate values 45 135, 315
0) ar epneededgnof%aﬁ%]assiglmé’%ﬁ e AR ofPFsg © 'Iﬁ?dr@a“é’lnl eVi%ht &38R of the

t hr ough- f ocusragtegitiol Rhue$ fﬂr%ﬁnﬂ%&ﬁig@]ﬁw NRleBhs & g??‘ggﬁ[ﬁg l(ntirltfl%r?di tional

pi stoning mnor techniques can have parasitic tilt e _ t can be
constant vs. Yhadidfepdromahe valtgs wiquited e pirdigereapiswairigomicro®ar Blsist i ¢ til t

| eads to anplft variations and . finite val u of the derivat.ive of phase
vs. the x or il31/61;}(:1:}1(%@%)( d?‘?\‘g%,r’ P ﬁnﬁugﬁiﬂentctgﬁg?lﬁ‘alsﬁ%ﬁg]bﬂ‘loff f‘ﬁ?‘%@é‘ﬂmﬁiﬂ%s dose
variations, biffesah®e: adusiangmbidsaanhdlidd inperfBétions $n @AM nhats i s needed,
therefore, is E}Ilrmre efficient rasterization nmethod and systemfor

configuring Stk# g? seurlng: @dpminrerc heighisyariaiiopatandroar leat o ahswbgtarate.  \What
i ndivi duals. vy SRRy AR o ThE e O
[0007] Tilt mirrors cannot inherently resolve these dose uniformity problems.
For example, through-focus dose uniformity problems cannot be resolved By
the absence of actuation of a piston degree of freedom (as is the case in pure
tilt mirrors). Another challenge in relying on tilt mirrors, in these applications,
is that tilt mirrors can only represent 0° or 180 ° phase intensity. For special
situations (e.g., vortex contact hole printing), other phases (e.g. 90° or 270° or
even intermediate values 45 °, 135°, 315°) are needed.
[0008] Traditional pistoning mirrors alleviate some of the through-focus dose
uniformity problems noted above. However, traditional pistoning mirror
techniques can have parasitic tilt effects (that can be constant vs. phase or can
vary with the phase actuation). Parasitic tilt leads to amplitude variations and
finite values of the derivative of phase vs. the x or y coordinate, in turn
causing not only through-focus dose variations, but also causing telecentricity
erTors.
[0009] What is needed, therefore, is a more efficient rasterization method and
system for configuring SLM pixels to project desired p.attems onto a substrate.
What is also needed is a method and system to compensate for imperfections

in individuals mirrors of the SLLM.




[ 0010] Consistent with the principles of the present invention as enbodi ed
and broadly described herein, the present invention includes a nethod for
determ ning specific pixel nodulation states of a spatial |ight nodul ator
(SLM to print a desired pattern on a substrate. The nethod incl udes

selecting at |east one super-pixel in an object plane of the desired
pattern, the super- pi BRIHeShgMMARSD GF THE IRESENMONI xel s. At | east one
edge of the desired pattern crosses a boundary within the super-pixel. The

at | east edge hs_.defin by .specific sl ope.and.position.paraneters

rel ati ve[‘@gﬁ]t he sup%r?s-lsgfim}é}‘f}&lqhﬁ'ﬁ%n(ﬁ@f’%%f&ﬁ%@%gﬁHb‘ieﬂﬂ ag§mb g an

i nterpol at i onbroadly eddserib@b Weadi®, e pre@a(Cuhvah®sh RhaiBdesMdMefloliOfrSt at es and
(ii) determning the specific pixel nodulation states for each of the

pi xel s i n accidaweas wipesifichpixelhmedplatien istates vhll epatipDdigh] maduktaecond

enbodi nent, t r Nt Lnvention includes. a spatial .ligh ul at or
(SLM). The SLM ctﬁi?g&sagesﬁll%grpéa ?Ipy?ngfsuﬁ’i%falrec)r es]?]?tﬁeii H}Cg’djtef Beq%cd?rn& groups
of super - pi xedtdeasEanh ssptpaixddiixah dbiect bt Wileke HYWre@paBme (Y dupey-s from
the plurality of mrrors andraii i) is configured to switch only one pixel of

light. Each ofiX§lHemaveraed fs@d lemst Por Bixelan dleleadtpmeandar yf dbe desied. | 0012]
Further feat ure; | A 1 [ on, as_ywell as the
structure an aogrg?g‘tgf%ﬁ\éwu@g%?o@@m}é%eo%p%gﬁp}éﬂ'01%?r%‘é I%F‘é%%n? nVenti on,
are descri bettfined tetspedifibslopwand phsitief psremerrd eldtive tackonpanpixey dr awi ngs.

BRI EF DESCRI RTI ON THE W NGS/ FI GURES [ 0013]. The acconpanyi ng draw ngs,
which are i ncﬂ?p%?%‘é&ﬂonl%méescﬁ&rmﬂ& an “H%IE’PI%PH tipfde 4 &b At on,
ilustrate erdardi@nt 5ixef nlddGialiBy SRidsOMdANY: IHQUREAE" the W ener al
description given abol?/lg and deatlai | ed Sdescplgpteitton glpgene\éyg%égi\}v% rI)G-i\)éegr ve to
expl ai n the preduddtiphessated farteach nf et pigels i acdohdande swidhnigys intp@OlGpnFI G | is
a bl ock diagr illustration of a maskless |ithography system structured
in accordance Wi'th an enbodi nent of the present invention; [0015] FIG 2 is

a di agr qo0Ht)i c penspactindeevbRNM e, hESr&¥RABUERIATInAudRhoiRBANSIHET Ve
surface consistent with principles of the present invention, 4" [0016] FIG
3 is an il udtadHatesH{SEMa Tdsniiavincbedes aiplurality edmienrs: sbkcaredrtadomm i zat i on

techni que; [ %9?1{1@; Jr! sg’peré'pikglsarﬁe{chl slﬂlgér[pa};[(éloi ?rfclu%esr ?VSVE) eorrlnzlgltel r(r)nnrrc;[rg chni que in
accordance wt
from the plurality of mirrors and (ii) is configured to switch only one pixel of
light. Each of the two or more mirrors can be separately actuated.
[0012] - Further features and advantages of the present invention, as well as the
- structure and operation of various embodiments of the present invention, are

described in detail below with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0013] The accompanying drawings, which are incorporated in and constitute
part of the specification, illustrate embodiments of the invention and, together |
- with the general description given above and detailed description given below,
serve to explain the principles of the invention. In the drawings:
[0014] FIG. 1 is a block diagram illustration of a maskless lithography system
structured in accordance with an embodiment of the present invention;
[0015) | FIG. 2 is a diagrammatic perspective view of the exposure of a

photosensitive surface consistent with principles of the present invention;




an enbodi ment of the present invention; [0018] FIG 5 is a flow di agram of
an exenpl ary nmethod of practicing the technique illustrated in FIG 4;
[0019] FIG 6A is a graphical illustrati4on of anplitude and phase
characteristics associated with conventional tilt mirrors; [0020] FIG 6B
is a graphical illustration of anplitude and phase characteristics

associ at d80Mil t h codVeéntd onakn pHlsieatime pf i r carventigrab 2lunfhaBon6Ghis a

graphical ill J: .anpl i tude and phase characteristics associated
wi th conventi g%térg%'lilés) g‘gﬁnr@ﬁ)or s; [0022] FIG 7 is an illustration of a

super - pi @017} n accol@anienWibéiradios € QNekterR QbR ueth LhGdRiesam _
invention; [0023] FIG 8 is an illustration of variations of the enbodi nent

of the presenfh CRGERINLY the piesent anvedtions FIG 7; [0024] FIG 9 is a

gr aphi calggdqlg} ust r agi@n 0f vartex production featur f.the. .enbodi ment of
the pr eséntw, nvent |Ho(§1) isﬁsuasﬁé&a’tdé%é}?% (Iglcaé‘e&e’?lpi%ﬁ ‘%e;%ﬁct‘ga’EB’ja"WEﬁ is a

fl ow di agr am ekchaquetienpdtad yn e Bpd of practicing the techniques

illustra 3 {n Fl G}_S 762{:?' 8; and [0026] FIG 11 is a block diagram of an
exenpl ari/ﬂeo 3]‘rput er FiGrst%m n 2 viHrRHCal héllysratent of ritydsn asgn thesepr act i ced.
DETA LED DESCHLRTLONCF o ThE b IVENTLONLBOA T, e Lol | ovi ng detai | ed

description of the present 1nvention rerérs to thé acconpanying draw ngs
that ill{¥2Phte exElpl 6By wrhodiraghitd dhnsitdrerdf awigliudehimmdi phest i on.
O her enbodi ngnts_ are ossi.blg,, nd nmodi fications nmay be made to the
enbodi ment s \r/rf%aﬁ?cﬁer{SH‘é?¥B‘?9‘?tF WHd CORGHHOMA PRSSE SISRVRIRISN.  Therefore, the

fol | ow ngodet ai | edr@esed pki QN Jdr$HHAQH 0 dft Midaii ipvent ion.
Rat her, tg)he F';cope of the i nventgl%)nli s de ﬁF%lleot(ﬁ' bdf ghitephré%%en%gd?ﬂ%%eai ns.
[0028] |t wouthdrasterisheraseaviatedwitheosientibmd pistontthiercas;t t hat t he present

i nventio as desgtri bed bel.ow, M e inplenented i.n many, different
enbodi rre@"to %zlof 5 sf][zg}r' daéﬁ' an 11@18?%%%/@% f"}pEF?RﬁF]el,n agpffanee With aisesqides
illustrated idgmbdiemetitafiiigsesenfiyedfnyal software code with the '

speci al iﬁ) d,. controlled hardware to inplenment the present invention is not
limting ﬁﬁ]t he prid§ert isianvbpstiagan off pariations of the embodiment of the present

invention illustrated in FIG. 7;

10024] FIG. 9 is a graphical illustration of vortex production features of the
embodiment of the present invention illustrated in FIGs. 7 and 8;

[0025] FIG. 10 is a flow diagram of an exemplary method of practicing the
techniques iltustrated in FIGs. 7 and 8; and

[0026} FIG. 11 is a block diagram of an exemplary computer system on

which the present invention can be practiced.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The following detailed description of the present invention refers to the
accompanying drawings that illustrate exemplary embodiments consistent
with this invention. Other embodiments are possible, and modifications may
be made to the embodiments within the spirit and scope of the invention,
Therefore, the following detailed description is not meant to limit the
invention. Rather, the scope of the invention is defined by the appended
claims.

[0028] It would be apparent to one skilled in the art that the present invention,

as described below, may be implemented in many different embodiments of




t he operation and behavior of the present invention will be described with
the understanding that nodifications and variations of the enbodinents are
possi bl e, given the level of detail presented herein. [0029] FIG 1 is a

bl ock di agram vi ew of a maskl ess |ithography system arranged in accordance

Wi th an enmbodhaentrgisottherepfigg aate, bVeNthe titkbNillEhied In (R JBSKISSS
| i t hography system 100 includes a control system 102. The control system

102 i ncl udes &"¥onfltlepolhraecentsr with tenepopialiaed eongodled handwart ate

configured to; .0 [ Aput .a.for dnstructing the skl ess

| i t hogr aphy si}g@g@n%ﬁtotge P %g%]rttcl)[gﬁéggnalsﬁlg?frl\ g, tﬂfeel?rﬁs.en% Bjé’g%fjmﬂ;lg%é’ont rol
system 102 i stieoyptatidn ad achdviitof siguprend A e b rCRiIPBONds8EBed Withle (€. 9.,
pul ses) froma(!ﬁléght .source, such as an exciner |aser or sonme other

sui tabl e il | uMFETEINGERH amodtiications - andgeriasings cef 154 engodispisedrct o a beam

relay system L08Ry g lfeyélg)?ﬁ!etwg?e@erﬁ‘&fﬂ\?{éiﬁh‘ ¢ systemthat includes a

series of lenses to create a desired pupl ling and field uniformty in
the |igh{002Bkam prbdickds hyblpble didggint Souratea hdkieThatHoahhy Qyttemt from the
beamrelay 106 i sdi.l | um gat ed ogt 0 a programmahl e array 108. [0031] The
progr anmabl e AFFEYY FOSCFEIRYST VHu B diBed; Yiethenpigeenpatteatian. data 110,

representati VEI(Rf, & nfhSRiessARh&er ﬂHy@?&EﬁQ@OQmﬂﬁﬁéﬁrc’&n&r@grs%g{aﬂ Oacl_tTHei ght

representative of the inmage to a"projection optics he pattern
data 110 is ednge! gydem 07 tricbidey 8 @snpuiskprbeggeart adat@olyi, .add,a user

pre-rasterizat| T | i ght reflected fraom programmble arrgy 108 passes
t hr ough t he g%)@%éé g%rg%uﬁﬁfetﬁ °PaliF & UsHt's “ﬂlﬂlé%%‘]?r gt fgirgetipgghe ’Fﬁ%ﬁ?sﬁncti on of
the Projecti dith&@tplessysen 100 tbProdudé Fpahicl PRGGnOf the object on the
substrat&ﬂgnd (2) to reduce the imge conpared to the dinensions of the

obj ect . Ui t er n, Thegoniglesysigm 12 i oupfies tojantighe salmeeal W1which pravikes i naged

onto a photo (ddv e 112, h as a waf.er substrate, which is

bei ng scanneg?ég? te;écg%g%gfrﬁl?&v%ﬂ%%l * §‘%%’A€§‘°€ﬁ‘a8?§¥%8‘af ?aﬁ‘if PHBWE T ski 11 i n
the art, the suitdgeslldmiattiar sctianben. pTR Bekireduet @4tihouNbPIPSBRSHt | Ve
surface 112 are cont ai P(iqd iin the programmabl e array 108 and may be changed

by a user vi AR S YXEmt %EWR@QI.Y POGBoROmHEC pYstiyn dhataibrlades ray 108 can
background, an Sumt oeveRaPat o a3t e @rolield Rlirdid s R Gua 1y
control | ed pibrehpr¢dienébyitleelight keurc@tit4. The light output from the beam relay
106 is illuminated onto a programmable array 108.
[0031] The programmable array 108 is configured to receive image pattern
data 110, representative of a desirable lithographic pattern, and reflect light
representative of the image to a projection optics (PO) 109. The pattern data
110 is also known in the art as mask layout data (i.e., pre-rasterization). The
light reflected from programmable array 108 passes through the PO 109 and
then falls onto the substrate 112. The function of the Projection Optics is (1) to
form an image of the object on the substrate and (2) to reduce the image
compared to the dimensions of the object. A pattern, representative of the
image data 110, is then imaged onto a photosensitive surface 112, such as a
wafer substrate, which is being scanned at a constant velocity. As understood
by those of skill in the art, the images that are to be projected onto the
photosensitive surface 112 are contained in the programmable array 108 and
may be changed by a user via the control system 102,

[0032] The programmable array 108 can include an SLM, or some other

suitable micro—mirror array. By way of background, an SLM is an array




to as SLM el enents). Each pixel can change its optical properties in a
control | abl e manner so that the field ig the object plane can be nodul at ed.
A typical SLM has square pixels arranged in a rectangular array, with each
pi xel having an ability to change only one of the paraneters

char act eri zi NgoldpBsedogitd GaltitRl-OFanEivRfal P BETRALANREI GtHPERL ation)
within a certai np?ange. [0033]‘e For 1exararp)f)e, an eg?{tsetsi (?])g eSL%/I ﬁéz}ggﬁﬂG X 16 n2

tilting mrrort8 ar PhMgelamenta). a R0l pixel5e@ drngy itanpticanprapgrias ia 4 KHz

refresh rate. Lah nodul.at i,on. pri.nci ples inplemented in different
SLMs can be clc-ég@?lhbge Ay ey g]r?i#ﬁet@fgﬂé% HWE?I%%?a%WPQW'SH' BY 1ight
deflection, phgsieal$iM has f@ei! ftd O rrarfhed 108 e taNPEE Atdy0Rithaddh Blxch

conbi nati on of several of the aforenentioned nodul ati'on types. [0034] FIG

2 is a di agr af#siecanpabibiyeta changei @l one mirtbe deraidiad diepetsriging ltaskl ess

| i t hography sysi: t m f.FlG.,1. InFlIG 2 a system

200 1 ol udus Sn aproaBes e Gyt at KRG Tlioh) Fndind Rt e

phot osenq0833je sur fFacexambi aPleMs@02 ST RChAddEK 16 ik OfiltiR ) ABBEsSar@8ed

configured to reflect "?z?,t pul ses 208 onto the substrate 204 wthin two-
]

di nensi onal expesePt Kegilongaprod rmhsingi gha IiHs gsfred8raie.e Thedigho form a

212 Wit b 0. 4 : | 10. B f k d,
Phe. printed paitopso i RESVRBIGRA A Ao Wal Y ¥l i "

sequence of twandninensi enahlfxposuoddan Wolsht Baglctied, phse shift
t wo- di nensi onal sggts re?ul ts froman inmage of a single SLM being
projected to fpduldlippadestosns mpduwairar andlhy @i eomlnations of sevsyoef theon of a

dose W thin areghdRbReEXRPTLE e. Additionally, each exposure is
created by a s?i ngl e pﬁe‘ée o?ﬁﬁgﬁ%'fromthe pul sed |ight source. Since the

t wo- di netidfi3dhal ekibslise diepesinatie wtipecheditwgénhes dedied tgpeedae, the

stitching is very critical. A displacement of e exposure_zone on the
order of ga fewaﬁéﬁérjr@%grr@hééﬁsw@r é‘g“theasp'ggt%ﬁterm éBS@F@Ig{ bnét FHeé 2dge t hat

are ‘ol ear |y visidhl @00 R IR & pOORBULRS, WALES: D At ern. [0036]

FIG 3 is a block diagramillustration of a conventiona
rast eri zat i onPhaessasitive s80Bce. By Thay SOM bXigk grodudes, mither gdahentd 206

(oster L 2ot o0 U oL iy, PR R 2 | S
in a wafer pldpensidnal exposure regions 210. The light pulses 208 are used to form a
pattern 212 within the exposure regions 210.

[0035] By way of background, the printed pattern in a maskless lithography
tool is formed from a sequence of two-dimensional exposures or shots. Each
of these two-dimensional shots results from an image of a single SLM being
projected to the surface of the wafer, and it results in deposition of a dose
within a certain exposure zone. Additionally, each exposure is created by.a
single pulse of light from the pulsed light source. Since the two-dimensional
exposure zones are stitched together edge-to-edge, the stitching"is very critical.
A displacement of one exposure zone on the order of a few nanometers can
create pattern errors along the edge that are clearly visible and detrimental to
features within the pattern.

[0036] FIG. 3 is a block diagram illustration of a conventional maskless
rasterization technique 300. By way of background, the goal of rasterization is
to determine, for a particular reticle pattern, how to configure individual SLM

mirrors in order to form the optimum aerial image in a wafer plane.




[ 0037] The rasterization technique 300 includes a pre-calcul ated | ook-up
(illum nation) table 301 having values for configuring SLM pixels to
project a desired pattern onto a substrate. An exenplary substrate is the
substrate 204 of FIG 2. The table 301 is derived by considering edges

that are {0833l | el (The piseikatRegeshnihRO38) Mekidexanpletsaldutdd Gokdup @ pattern
302 is conpri Sﬁggnof a El urality of i xel' s, such as pixels 303. The pattern
302 al so i ncl JHB& Bty kbt 3U fayineg adigg &or coolicwing Fddmizdls wyprajceo umm of

pi xel s 305. Thg; 4 i | xel 0.l of the
col um 305 br Pigﬁt%a nééglu?r&?%gﬁgft%ﬁg&f%{e%éﬁg légl?str?i%eqs @%I%Pr%raéeog%jar k. To
create a stat efdiGe?. tlhanatie 3ghts derivdably cohgueimgredgthehat ael panmiedto pi xel s
305 that formth ﬁ?dge 304 nust be nodulated. Thus, in FIG 3, the pixels
305 are nodul é’t"&‘?‘cﬁe &>a manner to produce a pixel state P 1. [00391 The

pi xel st 3;3@39?1 MustrobexsfheCHEd M, SUGHeA, Wis:%ﬁeﬁgﬁkd e aﬁﬂ%@tﬁ%

(isolate can be desirably positioned. Thi tiron c acconpl i shed
by si mul at i ngixetse seedras pixalniipe. ThEphterh 302 also afcludee aampieaibolandgdgd S

represented b curves 6 in a graph 30 ch of the curves 306
represents théogé?ﬁr%ﬁenﬁeﬁg’ ¢ C%ngﬁ’gp?xr‘?fseﬁ]ssi't ctdee é&ﬁge:?@&teéisbya function
of x. Each of wifiReGinelee 18061 BleeBlunfLIUSEHRANSR hifhid MREL ! te of the
edge pi xel s 305. F%Ol An imaée iuntensi t%gthretshéllé)gdﬁ:%ogtfgg}gsoefzﬁfo

det er mi ne posicpiusm 5 datk. TEdgeatBoystaFnhdr thayebiight ensiatly Howreeshdobed 309 is a
function of i nte . tpes.of the s trate 204, for anple. The
poi nt at whi cﬁglt‘?l h’zl (?fn%lggelggl%lré]ttléaﬁsflom téeh?%g?ho 4dm§88becp8§§15§’dt he'Set al i nage,
represent ed b¥IGIe tleusives 30806, métrlAsdThResaBeoRRsd ick @i sthhepiedge 304.
Thus inwi@"%t ﬁraph 308, the image intensity threshold 309 is selected in
such a Phat whehe phe!l dalgd’ | Brstdr seladed agugh areyr sosthatithe pdge IMe edge

di spl aces by thg,di : J: L e Pix in the i mge
pl ane. St at edhi natg{i)?lg%pgig%sg?ﬁb’ r%’té)giélég‘%' 3’%%%2%%8@88%%%% Oﬁjlp iogrgrlietd hbé/ | eft of
t he graph 308sitoldting thé gdital hageheCgadpion3F8hdyeriarddagcaisiragedciedmyxel s 305

broduces 1 he P HERACHS0 305 b B B A a oI Fer e sBOTasR | on of
1S 08,k S RETISH a1 P 0 M AT T 0,
310 (e.g., theorprepinds dma prtichler steld géti8@dRe piaslb306n the state of a pixel for
a given [dﬂlclbllm nat | KA inrriggg intensity threshold 309 is used to determine position of the

edge 304. The image intensity threshold 309 is a function of inherent

properties of the substrate 204, for example. The point at which the image

intensity threshold 309 crosses the aerial image, represented by the curves

306, determines the position of the edge 304. Thus in the graph 308, the

image intensity threshold 309 is selected in such a way that when the edge

pixels 305 vary their state P1, the edge displaces by the distance equal to the

dimension of the pixel in the image plane. Stated in other terms, the edge 304

can be moved from the left of the graph 308 to the right of the graph 308 by

modulating the pixels 305 within certain limits.

[0041] The analysis represented by the graph 308 produces the illumination

table 301, which aids in the rasterization of the corresponding mask

representative of the pattern 302. The conventional illumination table 301

tabulates the dependence of a fractional clear area 310 (e.g., the position of the

edge 304) based on the state of a pixel for a given illumination mode.




8 [0042] More specifically, to performthe rasterization of the binary
mask, the conventional technique 300 defgerm nes, for each pixel within the
pattern 302, the fractional clear area 3 10 of this pixel as a fraction of
the pi xel area covered by the bright portion of the pattern 302. The

i |1 unmi nat08421t abl e N@xt spscifitrdly, taup@€brinotht emlerizptionnst thethaiapphatie,tha State
312 of the pixel that wouyld r%%ﬁlﬁite{i n.the, corresponding fractional clear

area 310. [0048vepRansls ; efegpngs. don cach s vithin Sieputen ¥R an
i sol at ed Edgethepﬁcﬁéﬂolnﬁllcle(a?'aﬁglﬁo%'f%@?fx s o CHBEoP{h)é%'ixne!P\%egﬁo{eﬂé‘a& t he

illumnation table 301 cannot account for the situatio e edge 304
i s not paral | &y the bright potkieh ofghé gattéFhil®2" Thpdtmihelsh mben30li B than be

ted b I d.li th ith a s|anted edge, which
Wi have cri orane i eRe e (Bl eS| DAl DaPbify IRt MOREHErn (e
conventional icbiredPonRdihf @Aclical 8cdQlebdpes not account for the situation of
several edges bei ngbl n a close proximty to each other, as previously

stated. TH¥3Yapl e 3be iHpminatian Itsble 30doheiveier, domsd tdmasn reyatxhedge di f f er ent

slopes with r t t i.xel.s that for he pattern 302. For exanple,
t he techni que%%%gglc(gsrl\l%%taglgg%ﬁl Ot ?pléqalg%réc{'nt tlé 5 ﬁ%eglh‘t‘mbr}aﬁ)‘gg tatq'i“egmpi xel s
al ong the di agamal acdolinefdgee GuessedhéheRidietss al RAPatdne GipopRal . the
conventional technique 300 would select the states 300 in the same was as

if the edge WHY pdtsalunepalleloeemprigicanbe yreatedbyenslimadiine asewr pthat i on
techni ques, s : fque; nenal ly. r red to operate
in real-tine. ?élc'imrg%vrl%ge S:I{nlﬁ%e"@drggq3111%«:21381;]1,[11%(1?;:%1&{52d%ﬁéioggg:ﬁ)ivlag}at&n aeri al

i rage opti ni zalongit. thecthed, grasntentioas!t i uinzatib® tble Jaldes abNIALENt @6r t he
pr esent inven&i@on howeyer, resolves these and many,  other deficiencies
that are char SEtBlHREeT Of SVertecdgsn Peing Brnrlopastainitatiy gach vdEhnisques.

[0045] FI G 4piesioallyidditst TRt kMl 861 Alshashield Zakiep e&%e% hﬂf}t%?y AR 1N
f n. nst-e

accordance wth an” enbodi ment of the present 1nventi ad of
f ocusi ng on adigferryt slopps weth mspect ttb rtbe pidteds thas femi 2iat pstrerh SOBNI Bere 400

consi ders sev | ;adjacent. pixels, referred.to herein (in the present

enmbodi ment ) ag){agl@pl)%%%ﬁ%%lln@ug[%@4%%11“%&‘?}93“%@5rf"ﬁlg%ﬁ ab pheh FReRY P}Ef FIG . 4,

a super - pi xel pigéls g thoanesed. Ofe @suéropé'ed%espi&@@talo%@%g d?a}g%%?ﬂi“% corner.
0 ep

I nstead of focusing on a single edge, the techni que 40 resent
i nventi on condngernahecyrqupd@ would select the states 300 in the same was as if

the edge was parallel.

[0044] Finally, conventional rasterization techniques, such as the technique
300, are generally required to operate in real-time. This real-time requirement
limits applicability of aerial image optimization techniques to rasterization.
The technique of the present invention, however, resolves these and many
other deficiencies that are characteristic of the conventional rasterization
techniques.

| [0045] FIG. 4 is an illustration of a rasterization technique 400 in accordance
with an embodiment of the present invention. Instead of focusing on a single
pixel at a time, the rasterization technique 400 considers severél adjacent
pixels, referred to herein (in the present embodiment) as super-pixels.

[0046] In the exemplary embodiment of FIG. 4, a super-pixel can be

-composed of four pixels that share a common corner. Instead of focusing on a
single edge, the technique 400 of the present invention considers one or more

edges, as described in greater detail below. More importantly, these edges can




edges, as described in greater detail below. Mre inportantly, these edges
can 9 have arbitrary orientations, whigh results in a multi-dinensional
approach to rasterization. [0047] Additionally, in a first step, the
rasterization technique 400 includes the off-line creation of a

pre- cal cul at edanuhbibitegi 0ekntatiorst ivhpareseisan o RuREgelatiban appaatietdased upon
predetermned illum. nation nodes. In a second step, the technique 400
provi des nor e "¢ECHAU® real -time rasterization, based upon the table

pre-cal cyp@gzions. TORiAIN MR 04 sRb, %Q?asﬁerrﬁat?@r! t%Hln"f‘%&damﬁ%ctiﬁqé%itﬁee' ’
mul ti-paranmeter interpolation table“and the nore accurate real-tinme
rasterizati onofiflall @edthe qirggentlcilatednalapitd, makiopmimétor inedgsistidthat are

non- parall el he .pi xel grid. .Thjs approach al sqQ enabl es the present
i nvenf ion to t%’gecgﬁsﬁfip‘f@?l Er%@et?rﬁl’%?daﬁ{qnﬁﬁatﬁ)é‘t Weess- dn i eqcend S@@gé@«‘. [ 0048]
The exenpl ary (@pkigdé ﬂ'@(lﬂ‘br&rfide% horR 88 RRE AN fa‘ﬁit%ri?ahﬁy% b%s’g%d FbGh e

consi ders patterns including one or nore straig I ne edges crossing a
super- pi xel tblpamwsiabgilitionst sTipr oxnhinktion B6rthepeevmle;lated nsilderixélwo edges

that forma pagticular pattern,. Each,edge in the pattern can be
characteri zedprﬁlglt_l'f)év\%me%ér é%'ipdjago'f e%’&.ﬁe yg“—Cl KHg wm‘H,E RHFae k rad-tie g ope
and b is the pasiiva@h tmblhte féRARIOEIRN B REGE!9C8dget tndiNge SHRET - Pi Xel ) ,
with these paraneters varying in certain steps within certain limts from

one pattern tBarathdtipdie picel gric: eByoapbach Asrdenmblenitighrasenp atvention for agnent s

shoul d be congsi T] OF Tl - PARAMETER | NTERPOLATI ON TABLE
[0049] In FI Gédcgt&ﬂtf%gl}th%%@n @%%%Jg&%re b?@F% formed wthin an object

pl ane 4(B48A supeThpesetpld®4nitndfiminmed def pleast wvdbadn adivacanticpisxel s 405.
In accordance with principles of the present invention, super-pixels
within an SLMIEKRSARAEFMS pocluding gogypr moey stepeht ding selegsesessigrd super-equi r ed.

GiTiorently Tarand Pae s e BT ot BB ChShe g G R R sodtrt

differently formed super-pixe € COo e resulting
conbi nati on bpirtglarapatcage Each qigoducibe gafibmatans bpehapitsgred bPAsA] As shown
in FIG 4, the pattern 403 inc|udes edges 406 and 407. The edges 406 and
407 i ntersect?¥ mft?)rrsrﬁiﬁ'&irlﬁé‘r+ﬁo‘é'ﬁ%eﬂ‘fﬁsﬁh€t HePs ipkh Ithg @psidor In thehe edge

406 can be defdmed:r RiferdfteANERb WY sBERPRSS! h ¥neze Khrameterd vBbingTie  edge
407 can be defined by an exenpl ar ySL@Ep?es iony e ézramex rgfrv%&ng'rlﬂe
certain steps within certain limits from one pattern to another. Only reasonable

and meaningful pattern fragments should be considered.

CALCULATION OF MULTI-PARAMETER INTERPOLATION TABLE

[0049] In FIG. 4, for example, a pattern 402 is formed within an object plane
403. A super-pixel 404 is formed of individual adjacent pixels 405. In
accordance with principles of the present invention, super-pixels within an
SLM can overlap, although overlap is not necessarily required. Further, super-
pixels can be formed using different techniques. These differently formed
super-pixels can then be combined, with the resulting combination being
averaged to produce a final super-pixel.

[0050] As shown in FIG. 4, the pattern 403 includes edges 406 and 407. The
edges 406 and 407 intersect to form a corner 408 within the super-pixel 404,
The edge 406 can be defined by an exemplary expression y = k1 * x + .bl. The
edge 407 can be defined by an exemplary expression v = k2 * x + b2. The
pattern 402, outside of the super-pixel 404, is a mask formed by the




[ - pi [ d by the 11 10
attern 402, outside of the super-pixel 404, is a mask forned |
gontinuation of the straight |ine edgegpoutside of the super-pixel 404
(thus, there are no pixels depicted outside of the super-pixel 404). ]
[0051] Inside the super-pixel 404, states pl, p2, p3, p4 (or tilts) of the
i ndi vi dual pi s@ltisuat®B e de sehight dde sdgdshattsitdef pat §L@|Ei|’1pix@§|4?rfotﬁfls;r; 22 (in

- s _rendered o ly for a given illumna

fﬁge;ef:gﬁlln%852%7nogwg dFWC@ﬁ@”§ é#?@&%ﬁmrﬂﬂﬁﬁ4pﬁbtance the states p

t error
2, p3, [4sof the mielhe 40Fer-mah bex sglecte hMi,76;R) 2 e”e”
(pPE) of g)gch]fof t he edges f gern%gng WL :p ?hE nq bj |er 404.

indiypdualpixels 406 are sdletedm thateﬂheqmtmirlhmu!iﬂ@ﬂﬂhe shﬁtﬁ- i eghest
gggsftjﬁéeﬁoPLﬁj WZ{ (ilzgr’rgp | ope el(ﬁ’lNBLS) Ior gach of the e %es 406 and
407. M ni ni zi ng E’Eﬂ and gﬂgﬂgﬁ%@ftﬂ%" Hagpuey E‘S e(lbﬁﬁhlfdaeéﬁi BRALC Of or

f skill in
anpl e, runnivag it the sQlpdia Zf&irhﬁ’sﬂar[c@“ﬂhb BGeb Y ;94j IM¥he HiROF Q09
'?)riem;rt and descri bed bel E)H)W) of f-1ine. [005%] An E’hl%)g ?o Sel ect the

states pl, pXanys selpedio l”tl’rlilem}@ﬁpéﬂcsmdﬂ&rnos (PE)oafsatfemitthe bégasgorntihgt the

i 404 so th i mal |y
aiiracted Tigh dud bpmibhens SISy G4 Sp AN L aoptLmULY,
t ketedso traukeethp @rdhosHREsi ¥ &b rh 18P Bhs dcdBe Qfo E'Z‘ﬁl
SQP[ IO)é: Bgt: ﬁme ?fIt e f(L)lI’ mat i ngl’}]l O;@gsﬁe i rrgage eOI’ t%‘l % IP%I’T] hati on

mode. [ 0053]25ke! thh 6gr8 A0Rarh4a tMI@@lz@mPEmfstsanegﬂplmgmt NA% p4 of

|| possible
| s 405 a t t cli

B: igl state ‘(ﬁﬂgﬁﬁtg?l %ﬁséx?%]léll%dggﬁhlggr SUpét MB%/%P@ r&’ﬁﬁ € Alfrtdng?WaW ng through
al | p035| bl ethngnfﬁkmléimtdmartaﬁdlldysctrﬂbe&EeISwtvﬁéﬁ'i&né hat correspond to a

atter a i nsi de the super-pixel 404 are sel ected. The
gﬁglmygig Mi Ijr)det er%‘n ﬂ&‘ ﬁlg%ogﬁ%é‘?lﬁtd sflaces (H?J_P?’piﬁ op 3he ]pm?lSdﬂSpS xel s 405

ol ation
abl o 400 [005A]  The wul i MUMEE] APR forfthd LaBRRRTERSE 5o s ation
tabl e 409 |s%t|“éaﬂ)tam@rokam2éﬁ dwddlfﬁra(;tﬂdiefl'mihggﬂﬁwtihfl:?g?k rrg)ggiﬁga gﬁlesl y desire
il 1+ par a8 oL ERTh OB ol tBRBPACHGY et dibricrio vt @wshep that is
o e of i 0SS RIS e INTRRRY 8L 002 120
gggéﬁggwp% ogut héet another method to select the states pl, p2, p3, p4 of pixels 405

avoids the optimization process by cycling through all possible pixel state
combinations inside the super-pixel 404. After cycling through all possible
combinations, only those states that correspond to a meaningful pattern
fragment inside the super-pixel 404 are selected. The analysis to determine the
specific states (pl, p2, p3, p4) of pixels 405 is then used to form a multi-
dimensional, multi-parameter interpolation table 409,

[0054] The multi-dimensional, multi-parameter interpolation table 409 is pre-
calculated and is independent of any specifically desired pattern. In other
words, this pre-calculated muiti-dimensional, multi-parameter interpolation
table 409 represents an initial step that is performed off-line.

| [00S55) Being independent of any specifically desired pattern, the multi-
dimensional, multi-parameter interpolation table 409 is dependent upon the
geometry of the pixels of the SLM. The interpolation table 409 is also
dependent upon the modulation principle used, the illumination mode, the
wavelength of light, and parameters of projection optics of the lithography

system.  After calculation of the muIti—dimensional,_ multi-parameter




geonetry of the pixels of the SLM The interpolation table 409 is also
dependent upon the nodul ation principlig used, the illum nation node, the
wavel ength of light, and parameters of projection optics of the |ithography
system After calculation of the multi-dinensional, nulti-paraneter 11

i nterpol at i onnttgblagiod GHlN4EY heeres onmpletctdihe tdtte Vabéseary #edgtorad B t hen
stored in systemnenory for |later use by during the rasterization process.
[0056] | ndi vitdUdl 1558y ?ftlétew'%thxéiuaagffeerrﬁst@re@treﬂég@wbed above) will form

0 ments (e.g.,
0, IO 15 oMBYUL RO DL IR Yot CRBEHA Sy TP FHET" Rt

represents shoperianth qbomtenpo}atiort tableeflOéd@speo&t@ﬁf tha de ghfiehts @rghedl a,spects of
t he segnents will formentries of a table

col um 412, Pﬁé\(fkgﬁg’p%e?gﬁf‘ﬁ f?fr%te Erreéf‘)fﬁi ‘?B‘i)esmﬁ%n Hhatthatgerestatsspeci fi ¢
states pl, pZlopP3dnd Pdsi@bn bhee RLXekss 5‘1915407"“ @ﬁ'lep a§ @tsgz'fpfﬂé sa%gi%g 404, will

resul t mapatternfragrrent that is forned nd 407.
[00571 In thégpetiking @ashOoMthemﬂlv@rrwgesssm@ tahid cxmmnn th2 thage

araneters ( r es| ectlvely rowd t hat the
Bat tern 402 | grés gg%léeg&’?@k?ﬁgnlg)s ﬁatéﬁﬁ%ers-pﬁf’ I8ISUGA L R%’t PHEL tenese
paraneters apgefsefisesimnh thagu@ripmaewmwm réﬁlttlh% Mk frégni%%t that is
mul ti -paraneter interpolation table his {1{ procedure is then

repeat ed and{QesePbHIye edgasd0apnd 6@17per- pi er s defined within the SLM

I bl e f nents for all
oot CNPSHL o UPROSRA et bl N6 Ml RS he chi R St
mul ti - par amewét bei(ht elpaddaiob2) adsbectd0, ipfoveduasthatitleeshtdddh ex@msni ng al | of

t he possi bl e _nmeani ngful  conbi nations (polygons, rectangul ar features,
i nt erpsecti ng®} ?rhgg beyondiths syer-ppsh . al%@ é‘%ﬁgﬂleis%ﬁ@a@ﬁtf@eﬁ’fémf@%ét terns that

m ght be of pofgqtd 1n't}'ibt1ﬁ{1§15 xelTIQ}Jﬁlﬁﬁrﬁﬁgé inte ?%@&EJ %ﬂgqogp&hgrl ly and is

performed off-line. To Dbuild each Int erp i'on tabl e 409, one
shoul d desi rlabbeﬂusqaécﬂlély repealied @sd gEnesdlipesd [ahssumrqnsel@ﬁefaﬁedl wakih two edges.

0059] Next, el.ect a suitabl. ation fechnique.
[Optl n‘! zat i on m %ﬁigémélp Vet Prog ”i‘ﬁ'ﬁfkeﬂ éposé {ragfﬁenttshg’rart and are
used to sel empdtagla;stpagt@n@_f pi xel s that Will result in the pattern lines

t hat
[0058] By way of review, the multi-dimensional, multi-parameter

interpolation table 409 is constructed by examining all of the possible
meaningful combinations (polygons, rectangular features, intersecting lines,
etc.) of slopes and positions of generic patterns that might be of potential
interest. This process is performed apriorily and is performed off-line. To
build each line in the interpolation table 409, one should desirably specify
values of slopes/positions of at least two edges.

[0059] Next, one should select a suitable optimization technique.
Optimization techniques are well known to those of skill in the art and are
used to select the state of pixels that will result in the pattern lines that
intersect to form angles, or other features, that might occur within a super-
pixel of the SLM. The universe of these possible combinations results in
formation of the multi-dimensional, multi-parameter interpolation table 409.

[0060] An alternative method to provide the multi-dimensional, multi-
parameter int'erpolation table 409 can be to examine the pixels that form each

of the super-pixels within the SLM. Each of these pixels can then be driven




intersect to formangles, or other features, that mght occur within a
super- pixel of the SLM The universe ofzthese possible conbinations
results in formation of the nulti-dinmensional, multi-paraneter
interpolation table 409. [0060] An alternative nethod to provide the

mul ti - di mensi cheugh mlll passibpastateetecommiter pel stdpgeamdt jgltRndéi% ey the t o

exam ne the pi@éﬁids ttm%t fgr%n eaéh of the super-pixels within the SLM Each
of these pixels Cai'y lélrluy ' P%en 12 through all possible states to
conpute the slope and position of edges that could potentially be forned.
REAL- TI ME RASTERAZATVONR AOOBR]7 A tdheugh the mul ti - di mensional,

mul ti-paranmeter interpolation table 409 is pre-calculated off-Iine,

rasteri zgbdgm of degitoash iHRRGES: - rf op:r - in.real-time.
[ 0062] Tﬁe rgal -tinme ragé eri z-attilgﬁﬂ%rgg)rnggc lsa(E)H%%t Hé&%r Iedste ?1%?%%/@%%? on,
described nor89fupEyalselaw,offibne rastarestitthef desiaddeisnagbs arts mulbanedi xel s

required to projgct ng%%gls_g.red pattern on a substrate. These states are
ptual 'y

determ ned by conce Mver | aying the desired pattern onto the

super - pi X@6&2] of an THE Mal-fihe rBbridatio b FRBSHUTHe pidnt {7 PRt ATRLEL
interpol ation table 409 was pre-cal cu}IB%t ed basee%l Spcl)lr‘{ taeéeésgégeedri C

pattern rel at 8¢ byl slsrermines ties statheo fparieganyitdls requived to mbgepol ati on
tabl e 409 corgeg I e i xel sta rasterizatio settings
necessary to pr oaﬁ"g aﬁ%ﬁ%ﬁ%é@%@%&lﬁ%ﬁ%%at(ef)BTey%eg‘?{ st ?m@mtamy f eat ur es,
i ntersecting byerkgingethe desicidsginsaeenahny supet-BRGR] ofTat}ﬁstM.Strhéﬁqﬁgﬁ-i n the
real -tinme raséeri zation Er ocess includes overlaying the desired pattern
with the pre- YO ulypErmpey Bitepolantablset (exdsrset calpnlited tasdds
over-laid wtfndih@ecf &nedd Gtk -pixel s, features of .fhe desired
pattern will ?r%t che(w&tnhi nﬁp@%g@g&gﬂﬁﬁ@ﬁ*ﬁ%@ gl ‘dglt 1% i”teﬁr"gé“%fhet he
generic pat tgiapolofimsablsi 409 erstpdrel waindasplasane phee BaPirhMriaMos)ecor ded in

t he interpols%ttt'ﬁnon t abl e 409. Tcggse gre-cal cul ated pi xel state val ues
(related to generi EpEtPefhdfosh He qraedc mattersminplyeenss treetanglaron val ues

for the desi rfegurdgaintepdedtingd MRSCet¥ FUHESERbRE derived fromthe
pre-cal cgl ated table 409 entries "through direct |ook-up, or they can be

i nt er pol & p@ﬂ f rom'[h@g‘éret fleibirethe meal itios:. rapt@ffmibn Prateedinahdeheverdpyig once
o o DB ) i B2 AT A, G2 e boen
pattern is over-laid with the pre-calculated super-pixels, features of the desired
pattern will match (within predetermined thresholds) features of the generic
patterns whose pixels state values have been apriorily recorded in the
interpolation table 409. These pre-calculated pixel state values (related to
generic patterns) can be used to compute rasterization values for the desired
pattern. These values can be derived from the pre-calculated table 409 entries
through direct look-up, or they can be interpolated from these table entries.
[0064] | Stated another way, once values within the multi-dimensional, multi-
parameter table 409 have been computed, one can examine the table values
~and do the look-up, or use table values to perform mnterpolation, and then
compute the precise rasterization. Standard optimization techniques (well
known to those of skill in the art) are then used to determine, through use of
user defined thresholds, what values from the table can be used, and how close
matches between desired pattern values and generic pattern values, must be.
[0065] The desired pattern (to be printed) can be split into fragments

corresponding to each of the super-pixels, such as the super-pixel 404, The




he | ook-up, or use table values to performinterpolation, and then
2g(rjrpg'?etthe pr eci ge rasterization. Stangard optim zation techniques (vvﬁl I
known to those of skill in the art) are then used to determ ne, throug OIuse
of user defined thresholds, what val ues fromthg tab.l e can_lbe used, an
how cl ose nat¥Hdwitds aeersoddisided thtpatpeeipixeladeyesinanding €@ pigelp @ik e nI .
val ues, nust bg, [0065] The d si;[led pattgrn &7t§o ,bequrl nt eggl cgln tbe SE I
into fragnents - ¢orFeEpEhditAY t 0" 8atR RPIUCHD s gpigrof spRestrixels ubiptag telg
super - pi xel 4Q4itablh @xﬂe%pre@tMe@}\;ﬁtﬁétﬁd %E Qs SM&%lfﬁe‘?&t's%?g@#pﬁf \-)VQI;[ X

: ; cor ner hi's step
(e.g., including four pixels t share a conmon

Jrpwnde thagpét theiaktehrs avildpble Tae csposuabdtmtey plosumencs] foat egy
produces the uhoP pet wl iZs o known to thgose in the

| d be use ifferent .strate c.all  owel |
Z? ? ’ ar eeavai %é‘ %ﬁﬁg{ %&%%%B%%?ﬁ%ﬁegﬁk}'s BEs el thepyM, bgamstids t hat ;
when a parti cuh@ed|sasiethaptis ulss wilk G8ip¢§Rr1dtord ke PoMo HBSIWATS T rm;/ﬁ
such that this éjl se will be properly projécted onto the SLMto form e

P ( ! .

[ [ - | s is determ ned, the
desired patterbf eFG%Bﬁ“e@hc_e the grid of super-pixe I ned, t
desired rn ca ' nt.Q.Ri.eces that may be overla g
ensur e slt? i@ngﬁl ng. ?f?gg$§g$r¥de%£&gg€élg?lﬁ 5 ‘?Et‘?rfrflgf’ gzv[ﬁglfélﬁ Eﬁjgfi%f;atthgﬁ )
correspond t odeaddd iBto\pieEachatspebe o@drlﬁ@{nlng(‘t?!%c%dg I ilng' edgese gy patt ern

i ' .the pattern w
of "the pat t or ROEeHhT A6 Atidsi SrRypieses et erremaend sorachddLofFateubackor ound
tions : ol heoreticall el SHPer - pi xe
222 Pg(rzl Iuge rrg%(eI %ﬁ%ﬁ&l{éﬁgo e@%é%&rﬁord%g%py t@agggl’on g@g\}é’l ,emt‘ﬁﬂ e will be
ei ther no edgéwludgrlincendges oororatrsmisthe pumeredgiiss pbiiah hat fksesdudt a

[ f exanpl e, when the
certain angle to formthe corner. [0067] By way o
super - pi xel i EOIIélgrrlrSpgg glﬁ'e gﬁﬁ‘:lf%ﬂ‘lm ARE PO A0 Hg Erabeineh teopabigont he

ft ta SifpekitkePBid Blclid:NAlny OHALS AR D&, SHRSLBI Xel i
gggﬁggryoknomﬁﬁsﬁwﬁﬂt%?ipegjggﬁgt r_yﬁji[cgh kﬂgév\% t{{e s?e?t gs o? TR our I
pi xel s that f&¥eh tRECKEp@erepivitiche ¢ther be cdgmpateelige Theat BéAteo efigdshe pi xel

however, is %Qﬁﬂfé%&aqg.e%g?in%gg%tgtﬂé@g{r@ri nciple used in the SLM For

exanmple, using tilting MFrors, ‘@BHId represent the degree of

i ' ; : | evel
tilt. If[0B6Et oni ngByriway aif examplclsBeh tHhRpSLAKE 1€ QBhPoLP Phixkfe
o:‘ vol tagg to,drive the pistons. [0068] Fn t he exanple o#fe@ﬁ(ab % where the
edges 406 andihal‘olfyg 2 o8 RYE cofmgr. the geometry of the segment of the pattern that

overlaps the super-pixel is desirably known., When this geometry is known,
the states of the four pixels that form the super-pixel can be computed. The
state of the pixel, however, is dependent on the modulation principle used in
the SLM. For example, using tilting mirrors, the state could represent the
degree of tilt. If pistoning mirrors are used, the state could represent the level
of voltage to drive the pistons.

'[0068] In the example of FIG. 4, where the edges 406 and 407 intersect to
form the angle 408 within the super-pixel 404, the two edges 406 and 407 are
characterized by four parameters. The four parameters, for example, include
the ‘slope of the edge 406, position of the edge 406, slope of the edge 407, and
position of the edge 407 (indicated in the formula above), to form a parameter
quadruple. This quadruple characterizes the exact geometry of a fraction of
the desired pattern. At this point, the multi-dimensional, multi-parameter
interpolation table 409 can be used. The interpolation table 409 includes the

values of the slopes and positions of two (generic) edges that correspond to the

fraction of the desired pattern.




formthe angle 408 within the super-pixel 404, the two edges 406 and 407
are characterized by four paraneters. jge four paraneters, for exanple,
include the slope of the edge 406, position of the edge 406, slope of the
edge 407, and position of the edge 407 (indicated in the fornula above),
to form d0peanet erGengrallgy upt eintcFhilsticpuashlephe® Chalr ack efckRls tREeexact
geonetry of a fract{?ﬁn chf the desired pattern. At this point, the

mul ti - di mensi SHAFSCNRHYE ah Bresiseb enatch phaspqsesishies ohthealspiecdiptesmnThe used.
The i nt er pol atiheipolad ' t I h | opes .and
positions of tmtgl%(gegﬂéﬁbg%e%g%sﬁl?ﬁ%fj’ l}i(}%;ervéxgé@%%a?éol{-l%éﬁofl? aéf?%ﬁs of the
desired patt ethe clogest goaBople Gener) abl pyrovititte pixal eapob st rohakhehd® Wil | not
i nclude entri glﬁerglﬁiesent at i vgs t hat precisely match characteristics of the
desired pattetnc PPRETT FHY RS FSI08FSn tabl e 409 can be used, however, (i) as
a | ook-ugoazahpl e t ha¥ith Ckd intthevie y (W i ded pi xel
state vaPuesq)f rom which an int erg}gﬁg}egﬂpﬁg%&@gabg{%éﬂ#ﬁedﬁgﬁ%ﬁ W t hi n,
and in the viépdyzed afl sdutedstope smpil xambet feg. patod erfredigeagnee form she anal yzed

and reduced t ugher. (€. t of edges.that fo he pattern
fragment . Thegéﬁéﬁggé‘]“ﬁavgg fﬁ%eeﬁjﬁ%g%%\tqﬁ‘% garqugte%@débng a(‘ﬂébgbé): Hhie
quadrupl e (kI guddrupikZ1,152) kbsbpsedist® td H@pHahaht Prd-RemPies GRMRUL ed

mul ti- di nensi,onal, | ti-parameter table 409 for the interpolated val ues
of the pixel ém(eﬁFan%;,m%@:Pamﬁmﬁbb % dedtheeintgpelhed vapsaoethef or al |

super - pi xel s bt SLM [ 00: different nvenptional techniques,

all wel knomﬁ%%%ﬁ’oﬁsje?%gf szk?P]Iyﬂlr?\%?Hpeé 15 fen @Bﬁat%‘ﬁ?(ﬂfség SYRSTREEGunt f or

t he fact thatwithia tkoieMedges ni ght have an opaque seni-pl ane on one side

and a t\rﬂﬁﬁgpfr ent m ” ane on the other. For exanple, this scenario

exi sts when two ea%[ggyi Ardetanivayional terbniquesnall vyl knery to dhase diff f er ent

pattern f ragnet s deRONEANEe Alkd BEARE AR B i A (ROTRES The, Pr esent
raltle

invention provides infinite slope for any edges pa y axis.
for exanpl e, haﬁgtaéa:_ma@me s -amgbre o8¢ eide akd aurinkprentnghiigtthe diofgponent s can
be used to pagtgé;etgdrz&a&hgem%@ope of. the edﬁe:twox’ggos(_al pha) +y*si n(al pha) =

b. The unit nortal corrpoﬁ Séf%lafleégtsésl B %B ges 1ntersecting at the
same angle may form different pattern fragments depending on the edge
orientation.

[0072] The present invention provides infinite slope for any edges parallel to

the y axis. for example, instead of the single slope k, unit normalized
components can be used to parametrize the slope of the edge:
x*cos(alpha)+y*sin(alpha) = b. The unit normal components are fcos(alpha)
sin(alpha)] and one convention mentioned above can be that the normai
always points towards the bright semi-plane forming the edge.

[0073] Pattern fragments can be formed by at least one edge located entirely
outside of super-pixels, such as the super-pixel 404. Such edges still influence
the pattern inside the super-pixel. Additionally, edges may or may not
intersect within the super-pixel. Although the current embodiment of the
present invention uses the example of super-pixels that have four pixels, the

- number of pixels in the super-pixel could be more than four or less than four.
Also, the number of edges forming the fragment of the pattern could be more
than two or less than two.

{0074] FIG. 5 is a flow diagram of an exemplary method 500 of practicing the
| technique 400 of FIG. 4. In the method 500, at least one pixel is selected in an




sin(al pha)] and one convention nenti oned above can be that the nornal
al ways points towards the bright sem -pjane form ng the edge. [0073]

Pattern fragnents can be fornmed by at |east one edge |located entirely
out si de of super-pixels, such as the super-pixel 404. Such edges still

i nfluence t heolpadt tpémn dfm&iedﬁed}mteﬁumlﬁw?bﬁ(ﬁkel ekl foae@bl ¥ 1e299Rs may or
may not intersect wthin the super-pixel. Al though the current enbodi nent
of the preserf*¢linERtFERALISES oppedas afrfhicedasired palern irssessa theandanave f our

pi xels, the nymbarHOfcuRiXELS L b uper.- pi-xel ul.d _be nmore than four or

|l ess than four. Al so,Su?ﬁﬁﬁnﬁ’n%g?&do tegdlglesge gerj?n nlgn%t?'ntceile?s SJeFeed the

pattern coul d dséinabbg spedifio siope and pbeten pirameteyirel 100 T theFuger-pixks a flow
500 of practicing the technique 400 of FIG

di agram of an exe %@Jy nmet ho )
4. Tn the net 1Bt -3 PSR OR NP i formedsig| tekuleel proncadeniatsd péisj ect pl ane
of a desired pabdieiton §ies SUBRIAPHICE! nRALAG.] Q{a%@%réiheﬁtdeke?@ﬁ{edgcfy pi xel s,

wherein at | east one edge o esired pattern crosses a boun W thin
t he super - pi xefach a§ thenpixelatiedcdondaste withOBe ifttmpoktioh estde, wriadiestse in S

defi ned by spes};ei f§0% sl ope and position paraneters relative to the

super - pi xel . i step 504, an interpolation table is forned to tabul ate
pre-cal cul ated pixel nodulation states. Specific pixel nodul ation states

are then det erGOMed TATIONAICHY QO IPMIRIRORS accordance with the
interpolation table, as indicated in step 506. COVPUTATI ONALLY COUPLED

M RRORS [[00785] As ot aeledboyes, r’éﬁéﬁﬁﬁbﬁ%é}ﬁhm&lﬁ(‘cﬁﬂic%H?:’én%?c_” fGopgnsat e for
ec

some anonulies associated with different nodul ation ni ques. wever,
rast eri zat i on 2BPBkESC aFf9etatedo il siiffererto madulagios utstheqasomaHoesyersuch as

mrror inperf i i,.gh riation tc. ich can.lead,to dose
uniformty pr g%}téé%sgﬁm,&qgggo‘%\aﬂxgn%ogﬁd?e%%aﬁ? fgrf nl%u‘ié S\ﬁ‘?{ e qﬁ'@eﬁ‘f“ihoﬁs provi des
a nmethod and sysbenmfporfectivtuciboight hariafisBct &c.pf whidh Qhn | RRE! Hheabions.
[ 0076] Conventijgnal. o&t%cal mask |ithography systems can use, for exanple,
tilt minors, PRAYEILIEBOIEmS: Anseeonskenbadimens of therpresest ingentioptprovides st on-ti |l t

Convent | onal LT g R T e B R BT RAPE CQuar ettt
mrrors Y¥élally Gohvawiena optical mask lithography systems can use, for example,
tilt mirrors, phase step tilt mirrors, piston mirrors, or hybrid piston-tilt mirrors.
FIG. 6A is a graph 600 of amplitude and phase characteristics of conventional
tilt mirrors.
[0077] As a preliminary matter, square tilt mirrors generally achieve a
modulation between 100% and 0% positive phase intensity and beyond to
4.5% negative phase intensity. It is desirable to obtain negative-phase intensity
of 100% to be able to emulate alternating phase shift masks. Square phase
step tilt mirrors reach intensity modulation between 50%, 0% and beyond to —
50%. These mirrors reach symmetric intensity modulation in positive and
negative phase, however at the expense of 50% intensity loss. Manufacturing
of exact 1/4) phase steps anywhere over the device is complex (see FIG. 7, for
example, where mirror portions 710 and 712 combine to form a phase step
mirror).
[0078] FIG. 6A provides a model 602 to show the electromagnetic field (e-
field) resulting from a single tili mirror with respect to its environment. More
specifically, the model 602 depicts a plot of the effective reflectivity of the

modulated pixel mirrors. As understood by those of skill in the art, effective




nodul ati on between 100% and 0% positive phase intensity and beyond to 4.5%
negative phase intensity. It is desirablg to obtain negative-phase
intensity of 100%to be able to enmulate alternating phase shift masks.
Square phase step tilt mnors reach intensity nodul ati on between 50% 0%

and beyond to reflBaMity Thesdicd gdr@fa%dfl%aﬂa@nﬁ))dm%‘cfclrﬂiﬁelinm’x%f‘étithé’oﬂ%lﬁ%lfati on in
positive and tﬁgg}ati ve phase, however at the expense of 50% I ntensity | oss.

Manuf act uri ng upi sace.19ividedd s sams refprenemyalie pbthevield (e thiefieldet i s

conpl ex (see e where . minor portiqns.710 and 712 conbi ne
torrPor m 531 phasFt(I%algis?tmélcg1 B%hﬁoﬁﬁ%g%g]en??t& rgé/ﬁf%ﬁr"g‘\??“%@atﬁd TOHEF PEESY- t o show
the el ectromaghstineng ited dighe-is freRdotdd m@sUlat binglel FAMHR HE MEHR Lol he M NOK
wWith respect to its Vi ronFE@t. More specifically, the nodel 602 depicts
a plot of the "EFFEHNRY Fet gl vegiory Dspending omibdyre eampiotethe wiffedd s.  As

under st ood by it hRaBieAfhySKd dnkrrdn b ective 16 reflectivity is the
field generated by }teheyrmdulrzritrel(]il E?&%ﬁié%aﬁ%r at the origin of the pupil

space, dill#tdd by dofGretesencmival indlted, thhefibidal thodalatd. tthenddagl d at  the
origin of the pupil space.generated by the un-nodul ated m nor pixel).
Assuning the ||Sﬁ&“ ‘Pg%lfe fsgat Rgeihe rellgried bkt that is affected g‘hﬁgecan be
represented byieahisembit@h@d 8L b Pﬁﬁe&}ﬁ%ﬁ esPerd Ly the
e tiold is mdified by the mﬁorui BReRANGOBe HltcdnPer 087 B2 Fi e e,
as the minor i&clydes peg:ficldmagnifidel wicios 6obdiihateagth df thet megniase veabr a til t

i R f.the reflected |ight that is affected as th
o Treid is monorat iR PRt nirofi Ty o st broahe604 Gromane model

602 incl udesattheedfd ef dumaginilt 606 (MBRtQHinb Yterading beRgt 1 gni tude
vector 604 becopes snualler as the(mgnor ling tierlat éd. The e-dﬁplgkﬁgr ector 604

is formed at SYKE CHPOUBHS unit circle 606 (representing interaction of

real andjjogepi nary el nents) 0080 .shown in FI 6A, the
e-field \[/ectgr 604 %hg?vfr%elgtlgg "t oWa(@altE(Ejse)%‘ﬂgl e’gﬁtpéé@%ds/%rpcfpﬂgow t%ircle
606, al ong t heenterehli/saf tiheniregnict 408 alohg thex axisf iBletnhghifgPlesgnt-ed by the

| engt h of thefvgct or 604. {jf the degree of tilt of the mrror continues to
i ncrease, t hel'd8tURPIESCHPd Py hedlsnsth of heoeestorned.sif thhdegree nbglabf the 608

(i.e., negatimard @ﬁlﬁhues[t@%@ﬂea% Fﬁf@r At Bt I}ﬁggn(i&l%g b%]::mggsr ];lleg%lyt it

mrrors, the nmagnitude vector w
negative 608 (i.e., negative black).

[0081] Generally, in the case of perfect tilt mirrors, the magnitude vector will
be reduced along the x-axis from +1 to zero. In the case of non-perfect tilt
mirrors, the curve will slightly deviate with the major thing being that it does
not cross the zero point. Around zero, there will be an imaginary e-field
component so that in addition to the reduction in magnitude, there will also be
some refocusing due to combination of images resulting from the real and
imaginary components. The bottom line with tilt mirrors, however, is that the
e-field amplitude is directly a function of the degree of mirror tilt.

[0082] A graph 609 is provided to illustrate that the tilt mirror has a relatively
large amplitude curve 610, measured along the y axis 612. This amplitude
curve depicts a maximum amplitude 613. As the mirror is actuated, however,
the graph 609 illustrates that the amplitude curve 610 decreases and the

reflected light changes phase as the curve 610 crosses the y-axis 611, The
amplitude becomes slightly negative as the curve 610 crosses the x-axis 612.
[0083] FIG. 6B is a graphical illustration of amplitude and phase

- characteristics of conventional phase step mirrors. In FIG. 6B, a dotted circle




be reduced along the x-axis from+1 to zero. In the case of non-perfect
tilt mnors, the curve will slightly deyiate with the major thing being-
that it does not cross the zero point. Around zero, there will be an
imagi nary e-field conponent so that in addition to the reduction in

magni t ude, theflkt isi grbvidéds as B@oit OTRoMPhOGMSHcRedUfic ax8Q0R ARtdvaRe0f 1 mages
resulting fromthe re and imagi nary conponents. The bottomline with

tilt minors, {ede ofj aphage step parropwherseampaip ot admus anplitodd 91m function
of the degree z&iue%t%‘?ﬁ iihe fif 1[frgp%f?h('?‘ ?fga% ngoinﬁ)? gen?%ﬁl%{e;gle@ Il ustrate

that the tilt mrror has a rel 1vely 61 measur ed
al ong the y axirgvi@ddio s‘ﬁhwsthal:mnhndlatgd@f the dehi@vad&ph@mﬁtuﬁl Aty plgt i t ude
613. As the mr ctuated, however, the graph 609 illustrates that
the anplitude rgﬁ %A}@'l%“e&%‘fﬁéﬁ%‘@ép #E-StRaniriopt [ ect ed | ght changes phase as

the curveped4d cr osqgsplghggyhgml a?n;ﬁi't%% ¢ Ve ors @p%fg& %?gégg\fqﬁéﬁ ht ly

negative as the curve 610 crosses t X-axl s |s a
graphi cal il usirfoaty ona ofst sitiplion (oe, aotciephady the haphgiief shd eslcokd

conventi onal ase step rors ofted circle 17 614 is
provi ded as a peb‘ﬂﬁrﬁ aia gm% S i tgﬁ rBSétStX}éaéW“tﬁé?‘r%gkisrﬁ&ﬁli aChitks/BBIY Sanpl i t ude

of a phase st ejited] the QghIBHitGATRATRRS (h8siBX b aw'de#%ﬁéﬁﬁh gghi evabl e
IS

inthe tilt mrror of FIG 6A. A snaller con ric c provi ded
to show the béiseftmy df tilied H?chn@\ﬁhb‘b‘eomabhc mmmpla;mirl ivtetce 608 hdhigves

refl ected by ase St 00841 In FIG 6B, I|ight
anpl i t ude vectnga% rﬁ%é&%ﬁf{ %Eﬁf%\’lﬁ% ‘?ﬁév‘liﬁtor"t%ﬁi thecCoppeniri¢ est
situation (i.eirglertdt ahmiguht de)x,ls tdﬂ@ fasiditdcuele afs tﬁé‘ﬁufr&f isafffdn ave is
zero. That is, in this regt situation, the light is dark. As the mrror is

tilted, the Ii Pt drseion (Be Bwlisiss vesinsi 630 achuevenogatimue; ldegendiing on t he
tilt directi Qhveld {0\2\}:&%& ﬁl@?oh&nﬂ{b ciftld GGLAIQ th% B%éfsl Sls}e?glfqév:g% 9, 618

achi eves maxi num [ engt ., maxi mum'a 8¢ oward t he

concent r (85Ei r cl eOBadstmkriomgitphef xthax plsase-skpanfiirsistis dthaeat | @RimdE t he
irection, the anplitude vector 620 achieves

mrrorlstlltdln he t her

maxi num | engt H' %’glt?”t% arr%lﬁ’é't“ge Pgwér trileried dight instfl] deseitha enign4whdrong t he x
axis, in a se & teLtdonr nliRE8 asg-step m nor
IS that at maxi rrurlh |nter%g| try,1 tQ ga%h%gleai taﬁﬂieﬁlg?gprﬁ%de?eﬂjﬁt@ ésht IS
still |ess theincie tiy illygtreted mgwpdczerdf troa graphg 62 B rwhich I’d@p],ctSSt.lﬁ_h tlas a tilted

mrror nmodel ofEhG 2GSt S amplitude 624 of phase-step mirrors is still less than the
maximum achievable amplitude 613 of tilt mirrors.

[0086] As understood by those of skill in the art, the left side of a phase-step
mirror is in opposite phase from its right side. Therefore, there is always a
degree of cancellation between the left side of the phase-step mirror and its
right side. This cancellation results in its decreased amplitude, since each side
is in opposite phase with the other. With the phase step mirror, and depending
on the direction of actuation, one will have pulled light in-phase or out of
phase. Additionally, with the phase step mirror, although the maximum
obtainable amplitude is less than the amplitude of a regular tilt mirror, the
amount of negative e-field is the same as the amount of positive e-field.

[0087] FIG. 6C is a graphical illustration 625 of amplitude and phase
characteristics of conventional piston mirrors. More particularly, FIG. 6C
indicates that if the phase of the light is modified in a fully uniform manner

(e.g., by pistoning), then the phase of the e-field is affected.




principle is illustrated nore clearly in a graph 622, which depicts that

t he maxi num achi evabl e anplitude 624 ofigphase-step mrrors is still |ess
than the I nmaxi mum achi evabl e anplitude 613 of tilt mrrors. [00861 As
understood by those of skill in the art, the left side of a phase-step

mirror islP#lopposifile. piase depats iotsioniofht e iettemagiiadefater 62heogs i s al ways
a degree of caanctel.l ?%?82 get ween the | efft si de of the phase-step mrror
and its right® '§1"dé™c éﬁE"eF"i‘ré?l?SBWe_r@hmesgrﬁﬁ’b 935 PiSeamded Ml i t ude,
since each si defect e lampBRRRIFLE: Phase Mét%ﬂn%la‘ées?{ha%évery\!ﬁtf&tFtl%%lﬁ!?éase step

mrror, and dependi ng) on the direction of actuation, one w ave pulled
| i ght in-phasdlor aegle) of thepteate, Puiyj by pindrling thel tbrrérhehepplrse otiep nirror,

al t hough t he i bt ainghle amplitude is.|less than the anplitude of a
regul ar tilt %cggrdmgthﬁ%an aerfg'ﬁﬂgedogﬁ??élzjﬁt??c\%gé@ﬁn@ll I}Fs the same as the
amount of[0p893i t i ve Péstdri ehilord AR87 1a FhEe §ifasd SmedkRRNIpRkL i(é&h&%&@“ on 625

of anplitude and phase characteristics of conventional pistonh mrrors.
More parti cul &94platipp @f meton imigomsastens teat thef cadperapiviasfeot of meltplght i s

nodified in a - unj : e. . y-pi stoni ng), then the phase of

the e-field ié’isgu@f@el‘é@%&’%gk q%%%‘g]ph&?eé%‘%ga@%aﬁéﬁ“’cﬁ)@? SYSINSH of an

e-field magni pudk awestioride?y ahehgt aveniieas iof Gh@BRSnixdE @NBufAfeLObsEr Ve
pRSp g

fromthe graph1625,. Gi stoni ng does not affect the anplitude of the vector.
Pi st oni ng doe&“HBWETEC! B filaginghellhdeevatips of phasenys.ethe shatidhex, wect or .
Thus, by pi st gsirB8ateben The LRk - . reflect i ght can be
changed wi t hout raf?ect?_ng il?t Sfa&ﬁgﬁff&%@fﬁ%%@gfmﬁ%ﬁ gnlcdﬁ?elfyr 845§%h5’ve a pure
phase nodul at Pestireeddse ohif¢ranpl intthdenagatidohgdi-fooms.of piston mirrors stens from

t he coop fve effect of nmultiple iston myrrors having_ different phase
hei ghts)tﬁi@hl& aver %C%&aglétoﬁlv‘@ﬁrqr%la epquals; 3l depselyspackeq dean apragonst ant

over areas of Atsdl thibh@arRirtRksodngl &%@Qﬁ@ﬁsedtt%'c%ﬁg‘ﬁ IE?E -{h\é.a%attpgr i magi ng.

The derivative of phase vs. the spatial x, y coo0 ates in the plane of
the array of HIPSeRsI#terimaasng thespixelesitd yn avadior 1Bvdlds tgpisallyesddeerigioalf ormity in

Homsely packeHiibR 6t ne 4-80RG 0 bR b o SRR S G S p g, e used
to densely pagpkcdshePa&t@ami&ie ar@@?[e@ﬂff ia@th@t_eii 'ﬂ@gbﬁﬂvé Bﬁas@ia?ﬁglnegétm on waf er
a

| evel is typi&gl Ig/ %2 the critical dinension of the features™to be printed
(e.g. 30nm piX&F%s liegnately apnk | and ¢<ligggidon resulting in a checker-board pattern of +

and — phase.

[0091] Piston mirrors have inherent phase and amplitude advantages over
other types of mirrors, such as tilt mirrors. For example, tilt mirrors can only
represent 0° or 180° phase intensity. For special applications, such as vortex
contact hole printing, other phases (e.g., 90° or 270° or even intermediate
values 45°, 135°, 315°) are needed. These other phases can be achieved with
piston mirrors. However, piston mirrors can have parasitic tilt effects (can be
constant v. phase or vary with the phase actuation). Parasitic tilt leads to
amplitude variations and finite values of the derivative of phase vs. the x or y
coordinate, in turn causing the through focus dose variations and telecentricity
errors noted above. The present invention provides a technique that reduces
these dose variations and telecentricity errors.

[0092] The present invention provides an assembly of nxm(n=2,4,.,n
even) piston sub-pixels as a single super-pixel fhat, by proper actuation of the

sub-pixels, acts as a pure gray-level modulator. Parasitic errors of the sub-




spaces). Piston mrrors are typically actuated to positive phase and
negative phase alternately in x and y %rectlon resulting in a
checker-board pattern of + and - phase.” [0091] Piston mirrors have ]
i nherent phase and anplitude advantages over other types of mrrors, suc

as tilt mrrorgixclkofe &tasmbRed b lh%eca' %ﬁg@ IGR] b?%%cti@?@é‘cﬁﬁ%ﬁt ?ioth r 180

intensity. For special app such”as vortex contact hole
B??fﬂ?i ng, ot he¥meié@é@?<'(f@.3QY@nt% abthe2v @ nalegrevest fimtlenmedi at e val ues 45,

.. TIh t her es can be achieved with i ston
Hrrors. H‘g\?\@vgs?dgﬁ%et BHS ArHsre “&%ﬁ?ﬁsﬁ%fv‘-‘émﬁ%w S8 ey {VERALe ;rﬁ can be
. phésexdditiovalr ¥dvehtale the PRAS & ACTHAIEOR) - erRA 35 It il eads
fgnsgﬁgfi Yudg vg(r%i gt 1iooﬁlsa/dand i ni teep[\lzlsal Eee%(:%f t he deerl vat | \;e OP p#uase VS.
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Al t hough FI G “FTRIZHY S it AserBly abpve bldica]tﬁdrtlrlair"g; g‘?&h‘z‘ﬁ"ﬂg‘;ﬁﬁﬁfﬂé‘;n ;1 rror),
e DL Ui 80h Sl TR B PR P e g e
also include a separate actuation means.
[0096] Stating that the mirror configuration 700 behaves as a single mirror
means that the mirrors (sub-pixels) 702, 704, 706, and 708 can be
independently pistoned (moved up and down) in a manner to compensate for
imperfections contained in a single mirror.  Additionally, since the
configuration 700 includes four mirrors, the e-field amplitude components of
each of the four mirrors 702, 704, 706, and 708 provide a combined amplitude
at a level of four times the level of the single mirror of FIG. 6C.
[0097] In terms of addressing, the super-pixel 700 is addressed as one. pixel in
the optimization routine (mentioned above). In order to calculate an aerial
image or a resist image, the super-pixel 700 is used as a single pixel. The
result of this approach is an enhanced an e-field that behaves like the e-field of
a single mirror. With multiple mirrors (sub-pixels), one can synthesize the e-
field representative of a single mirror by using the combination 700 of mirrors
702, 704, 706, and 708. |
[0098] Although individual mirrors will have imperfections, specifics of these

imperfections can be quantified during the standard pre-calibration process.




exenplary n x in assenbly above indicated that "n" was an even nunber, "n"
can also be an odd nunber. Each of the hmdividually addressable mnors can
al so include a separate actuation neans. [0096] Stating that the m nor
configuration 700 behaves as a single mrror neans that the mnors
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708. The e-field can be achi eved because the mnors 702, 704, 706, and 708
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[0101] As an example, during execution of the optimization routine, one can

determine what the optimal e-field distribution should be across the super-

- pixel. During this step, the individual mirror defects need not be taken into
account. During execution of the optimization routine, e-fields are requested
of the different super-pixels. Because knowledge of the individual mirror
imperfections was previously obtained during calibration, as noted above,
during a final step the e-field can be translated into deflection values of for the
individual mirrors 702, 704, 706, and 708. This process compensates for the
defects of the individual mirrors and/or non-functional mirrors,

[0102] Defects can also be compensated for by performing specific
mechanical and optical measurements related to the individual miﬁors. For
example, the surface of an individual mirror can be measured to determine any
anomalies in its actuation levels. Also, the image intensity of individual
mitrors can be measured based upon speciﬁc test patterns. The results of these

measurements can then be used to reconfigure other mirrors within the super-

pixel.




regular mrror can be used to control the anplitude of the e-field and the
phase-step mrror and/or the pistoning gll nor, to control the angle of the
e- field. If both of the mirrors 710 and 712 are calibrated correctly, each
m nor can be used to conpensate the inperfections of the other. [01011 As
an exanpl uring t t he.opti-m | r.out i one..can
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[0106] - The intensity is anywhere between 100, 0% and —100%;

[0107] - The average phase of the pixel is either exactly 0° or 180°; and
[0108] ’ The derivative of phase vs. x and y is zero,

[0109] FIG. 9 provides graphical illustrations 900 showing that the

embodiment of the present invention of FIGs. 6-8 can be used to produce
vortex imaging. Vortex imaging is exotic and difficult to realize, Typically
multiple etch steps are required to realize the vortex. Pistoning mirror devices
provide more flexibility in order to mimic the ideal vortex situation. One can
use the present invention to construct a vortex mask or image.

[0110] Alternatively, in pure phase-modulation mode ( €.g. to mimic vortex
mask contact printing (needing phases anywhere between 0 ® and 360 ) the
piston mirrors can be used to collectively define areas of defined phase
anywhere between 0° and 360°,

[0111] FIG. 10 is a flow diagram of an exemplary method 1000 of practicing
the embodiment of the present. invention iltustrated in FIGs. 6-8. In the

method 1000, groups of mirro_rs are configured within the plurality of mirrors




of phase-step (tilt) and piston mrrors within one super-pixel. [0105] In
the mrror conbinations of FIGs. 7-8, 322pure gray-1level nodulation node is
provi ded (to enul ate binary, attenuated phase shift or alternating
phase-shift or chronel ess phase |ithography masks). Actuation of the sub-
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6-8. In the Mol FIG0d!. groups of nmirrors are configured within the

pluralit mrro to form er-pixel s, each super-pixel (i)
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1004, each of the two . or mrrors within the super-pi Ividual ly
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nodul ation a - Fon 1 01121. As st at ed _abpve,, the present
i nvention caﬂ&ggﬁlﬁﬁf) rebﬁllselﬁ%ﬁrgsggll%{nﬁé kllg(ﬁr.bd(/%rr%)fan}?tle’ <bug OédlﬁB’i'(Hg}-iX?P‘BF sof t war e
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system 1100 igrgledd@s tRNGel@aniOi £ W& Snpietnent YGE @¥eBion using other
| computer systems and/or computer architectures.

[0114] The computer system 1100 also includes a main memory 1108,
preferably random access memory (RAM), and may also include a secondary
memory 1110. The secondary memory 1110 may include, for example, a hard
disk drive 1112 and/or a removable storage drive 1114, representing a floppy
disk drive, a magnetic tape drive, an optical disk drive, etc. The removable
storage drive 1114 reads from and/or writes to a removable storage unit 1118
in a well known manner. The removable storage unit 1118, represents a floppy
disk, magnetic tape, optical disk, etc. which is read by and written to by
removable storage drive 1114. As will be appreciated, the removable storage
unit 1118 includes a computer usable storage medium having stored therein
computer software and/or data.

[0115] In alternative implementations, the secondary memory 1110 may
include other similar means for allowing computer programs or other
instructions to be loaded into the computer system 1100. Such means may

~include, for example, a removable storage unit 1122 and an interface 1120.

Examples of such means may include a prdgram cartridge and cartridge




processor 1104. The processor 1104 can be a special purpose or a general
purpose digital signal processor. The pjpcessor 1104 is connected to a
comuni cation infrastructure 1106 (for exanple, a bus or network). Various
software i nplenentations are described in terns of this exenplary conputer

system After ineetdguthias (6@ Feuidoin Pideo ighmWidelicBSCHOTBLSRPA BRIk @ person
skilled in the relevant art how to i | enent the invention usin ot er
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conput er syst eomil@Ranmns &itér&cbI’IDIMdﬁlaaaC@cSH‘Iﬂﬁﬂm@&idn@rlﬁathl nter f apig: 1124. The
communi cations interface 1124 allows software and data to be transferred
between the cENPIUBIaURNSIsH 1Hocages B signpall | e ontmay bedmplgmaniedof t he

comuni cat i onggihptekfaeshid 1k, BF(YCS! Qﬁllldﬁgqm@, Bels Sl pfone link, an RF link

and other communications channels.

[0117] In the present application, the terms "computer readable medium" and
"computer usable medium" are used to generally refer to media such as the
removable storage drive 1114, a hard disk installed in the hard disk drive
1112, and the signals 1128. These computer program products are means for
providing software to the computer system 1100.

[0118] Computer programs (also called computer control logic) are stored in
the main memory 1108 and/or the secondary memory 1110. Computer
programs may also be received via the communications interface 1124. Such
computer programs, when executed, enable the computer system 1100 to
implement the present invention as discussed herein.

[0119] - In particular, the computer programs, when executed, enable the
processor 1104 to implement the processes of the present invention.
Accordingly, such computer programs represent controllers of the computer
system 1100. By way of example, in the embodiments of the invention, the

processes/methods performed by signal processing blocks of encoders and/or

decoders can be performed by computer control logic. Where the invention is




network interface (such as an Ethernet card), a communications port, a
PCMCI A sl ot and card, etc. Software and,flata transferred via the

comuni cations interface 1124 are in the formof signals 1128 which may be
el ectronic, electromagnetic, optical or other signals capable of being

recei ved by tibpleoodmpadn usiag | RS atd)t BE f RERakl 2ty THeRBSiFNAlSm g;&t%ﬁ are
provided to the conmunications interface 1124 via a conmuni cations path

1126. The coﬁﬁﬂﬁ?@a?ﬁ@ﬁ@iEé@H0¥#ﬁ6ﬁﬁaﬂh¢e@HHWEHsnghai§lﬂm2@ﬂapdhmay be
i npl ement ed | e, flbe qpLigs ne line, a cellular
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present appl i aateifere, 11he terns conputer readabl e nedlunf and "conputer
usabl e nediunmt' are used to generally refer to media such as the renovable
storage drive 1114, a hard disk installed in the hard disk drive 1112, and
the signals 1128. These conputer ﬁgﬁﬂ%hy§¥3$ucts are nmeans for providing
sof twar e h he co uter ‘%sten11100 £0118 Conmput er prograns (al so called
conput er ! rol chresfie Brgtied has Deenedipasibednmehevey withOgicanid/ of t he

secondary mmﬁﬂétleﬂﬂ%uﬂgﬁ%pﬂha& élf{? t&%hg%@ u}?@%ﬂ%h&% 8e em\f\g%:fl?rg)g\éll&ﬁt ége

conmmuni cations interfac progra
enabl e t he coﬁp@ﬂémmmWSpeﬁwmiEOImeboumpmmmeﬁﬂmkhﬁmawﬁﬁeBﬁﬂmﬂgﬁmkk@n as

di scussed her 011 ticul ar e conputer prograns when
execut ed, ena Fe P 8‘”3&@@@%@%&“@1@ﬁﬂﬁdbf | SEFRicRgseotyihs esgmsionf t he

present inventil@mate ASERRGENEDY be %UﬁflﬂedCQm%‘ﬂ &5 RL %Eéﬁﬁ%d%ﬁﬁﬂ r?seﬂ{dhe

controllers of the conputer system 1100 way o
enmbodi ment s ofdﬁh@ﬂMhW@ﬁﬁmﬁﬁmE@hemnpwbqeﬁbenﬁhethods perf or med by si gna

pr ocessi ocks ngo and/ o ers be perforned conput er
control pﬁg?L Wheg ¥ &1?@38% EBHn%gwﬁﬂmthbwg the deors w1y §%Wﬁﬁgr t he
software may te d‘amfﬂdmvlan@orpmmﬁ% %kﬂle@rlﬁ%@rﬁrprvﬁﬁuf‘etco oS 'tﬁ%ft‘dlﬁgs el Nt o the
conput er systen11100 usi'ng the renovabl e storage drlv 1114 e hard

drive 1112 or 'WHETEbmHingablosks can rheernplemented Ay @mNeL UBKEN dipBdl20] The
Bui i ng bl ooka TGS PR g TR RS r Dol BroiBpedepelds uiibtfione
firmware, processor executing appropriate software, and the like, or any
combination thereof. Thus, the breadth and scope of the present invention
should not be limited by any of the above-described exemplary embodiments,
but should be defined only in accordance with the following claims and their
equivalents.

[0122] The foregoing description of the specific embodiments will so fully
reveal the general nature of the invention that others can, by applying
knowledge within the skill of the art (including the contents of the references
cited herein), readily modify and/or adapt for various applications such
specific embodiments, without undue experimentation, W1thout departing from
the general concept of the present invention.

{0123] Therefore, such adaptations and modifications are intended to be
within the meaning and range of equivalents of the disclosed embodiments,
based on the teaching and guidance presented herein. It is to be understood
that the phraseology or terminology herein is for the purpose of description

and not of limitation, such that the terminology or phraseology of the present

specification is to be interpreted by the skilled artisan in light of the teachings




and rel ati onshi ps thereof. The boundaries of these functional building

bl ocks have been arbitrarily defined herein for the conveni ence of the
description. Alternate boundaries can 2 defined so long as the specified
functions and relationships thereof are appropriately perforned. [0121]
Any such alternate boundaries are thus within the scope and spirit of the
cl ai med inven@?@ﬁ@dﬁﬁﬁIgﬁﬁpWé&wﬁﬂmﬂﬁéoabﬂmﬁpmPfP@t@6Wﬂ¥€HYﬁ§ﬂlﬂﬁ@%e
functional building bl ocks can be inplenented by anal og and/or digital
circuits, discrete conponents, application-specific integrated circuits,
firmvare, processor executing appropriate software, and the |like, or any
conbi nation thereof. Thus, the breadth and scope of the present invention
should not be Iimted by any of the above-described exenplary enbodi nents,
but should be defined only in accordance with the follow ng clains and
their equivalents. [0122] The foregoing description of the specific
enbodi nents will so fully reveal the general nature of the invention that
ot hers can, by applying know edge within the skill of the art the contents
of (including the references cited herein), readily nodify and/ or adapt
for various applications such specific enbodinents, w thout undue
experinentation, w thout departing from the general concept of the present
invention. [0123] Therefore, such adaptations and nodifications are
intended to be wthin the neaning and range of equival ents of the

di scl osed enbodi nents, based on the teaching and gui dance presented
herein. It is to be understood that the phraseol ogy or term nol ogy herein
is for the purpose of description and not of limtation, such that the
term nol ogy or phraseol ogy of the present specification is to be
interpreted by the skilled artisan in light of the teachings 25 and

gui dance presented herein, in conbination of one of ordinary skill in the
art. 9 26 WHAT VE CLAIM | S:




1. A nethod for determ ning specific pixel nodulation states of a spati al

| i ght nodul ator (SLM to print a desired pattern on a substrate,

conprising: selecting at | east one supés-pi xel in an object plane of the
desired pattern, the super-pixel being fornmed of at |east two pixels;
wherein at |east one edge of the desired pattern crosses a boundary within
t he super - pi x@YHAThWELLABESS: one edge being defined by specific slope and
position paranmeters relative to the super-pixel; formng an interpolation
table to tabul ate pre-cal cul ated pixel nodulation states; and determ ning
the specific pixel nodulation states for each of the pixels in accordance
with the interpolation table. 2. The nethod of claim1l, wherein the

nodul ation st ates Anabthde for det@minitlefpeeifld siRelSB6AUIAGS. stades Jihespagalhod of
claim2, wherein the deflection ttings include mrror tilt angle. 4. The
met hod of claimi, lgmep’é’idlﬁ]af%e(s&g‘%l & 1N5h 4 dedifedgpaticne | aide pibsiraip

settings. 5. The ng} iﬁ)%: claim1l, wherein the at |least two pixels are

adj acent. 6. The net hod claim1l1, wherein the super pixel includes at

| east 4 adjacent pixel selghiagisdesst coommpecpikelein ad.objdve pheiehedtief claim 1,

wherein the boundary.is a pi xel boundary. 8. Th t hod of claim1, wherein
the pre-cal cul at edd%frﬁ‘iPatFF}tE’E}Jﬁ%WPBHPIXEI[%f%fOQP%‘f é%f{shtb‘&f“éeliil urality of
edge positions, each edggeeh hRasiPhit Aikd behRl nsHel bRt Wofesnect i ve

e

sl ope and position paranmeters. 27 9. e nethod of clarm 8, rein the
respective sl ope aringayiwilomtheauperenieelsthameledgtone eilgrebkinndefoedibgance with
an off-line opti n‘i@g&'lgrg]o routine. 10. T{le r%t hod of claim9, wherein the
respective slope afnd posI Pr 61 PRAr AT EP S8 atiye 19 hy W@ar_'we]éi ) exani ni ng
all possible pixel statie;rmﬁlfgrﬁaliﬁ@ggdpmow thbte Mo trd 1S4 PR caldutty aRger (1)
sel ecting conbinations corresponding to predeterm ned generic pattern
fragnent s. modulation states; and

determining the specific pixel modulation states for each of the

pixels In accordance with the interpolation table.

2. The method of claim 1, wherein the modulation states include mirror

deflection settings.

3. The method of claim 2, wherein the deflection settings include mirror
tilt angle.

4. The method of claim 1, wherein the deflection settings include piston
settings.

5. The method of claim 1, wherein the at least two pixels are adjacerﬁ.

6. ‘The method of claim 1, wherein the super pixel includes at least 4

adjacent pixels sharing a common corner.
7. The method of claim 1, wherein the boundary is a pixel boundary.

8. The method of claim 1, wherein the pre-calculated pixel modulation
states are based upon a piurality of edge positions, each edge of the

plurality being defined by respective slope and position parameters.




11. The method of claim 1, wherein the pixel nodul ation sates are sel ected
fromthe interpolation table. 12. The nethod of claim1, wherein the pixel
nodul ation states are interpolated frokithe tabul ated sl ope and position
paraneters of the interpolation table. 13. An apparatus for determ ning
specific pixel nodul ation states of a spatial |ight nodulator (SLM to
print a desired patlhernebad pistpisn Satvéercie shprespiaige vemenand positied ect i ng at

| east ject pl. f the desired patt th
cuper - piwel et ng Farmsirrofrea Rl ffeorfinet Mo ik Ehs ST Palln one cage

of .the desired pat treutimecr osses a boundary within the super-pixel, the at
| east one edge being defined by specific slope and position paraneters

relative to t super - pi xel ; ans for formng an interpolation table to
tabul ate pre- q@al cfﬁ?‘st"gﬁﬁﬁ% ﬂérgﬁ‘fﬁ’dﬁi e dheafespectiyg dlopsarnsl petitieet er ni ni ng
t he specific pixel I : re: h hxel s . ccordance
with the interpol atp ?ﬂgﬁﬁtegilagd%gﬁl‘?ﬁ%fbgp@agg@ggﬁ féllcﬁ%%gﬁfﬁgﬁie\i/w%g?eei n the at
| east one edge i nt epmbimegon andimehe sdge-pae hind (i) esekupng -cpivbelatioand wher ei n
the at |east one edge and.th otger edge continue _outside of the

super - pi xel within® eégp%cil%%ﬁ’ BFdieminss! geperinpatied) ragr®is nodul at or (SLM),
conprising: 28 a plurality of mrrors structured to form groups of

super - pi xel s, 1éachTaepetholiofelaithil) wheinik Bikel WOIQhSHPEResBrd §dcSed F OM t he
plurality of mnors and,P&!@%) bei n% configured to switch only one pixel of
light; wherein eatAmMghe t phbomiableor e m nors can be separately actuated.
16. The spatial light nodul ator of claim15, wherein the plurality of

mnors is confpgureg. L&l f2rqypure A ul.ation.. 17, The spatial |ight
modul ator of clai m 15, Wher eol?na%nﬁhleJ Im‘g}éer?%mg@g pl)ﬁ?lsfn(?ﬁ}ﬂﬁgm?ﬁs Ssl.gre
mterpolated from the tabulated slope and position parameters of the

interpolation table.

13. An apparatus for determining specific pixel modulation states of a
spatial Hight modulator (SLM) to print a desired pattern on a substrate,
comprising:

means for selecting at least one super-pixel in an object plane
of the desired pattern, the super-pixel being formed of at least two
pixels;

wherein at least one edge of the desired pattern crosses a
boundary within the super-pixel, the at least one edge being defined by
specific slope and position parameters relative to the super-pixel;

means for forming an interpolation table to tabulate pre-
calculated pixel modulation states; and

means for determining the specific pixel modulation states for

~each of the pixels in accordance with the interpolation table.

14. The apparatus of claim 13, wherein the at least one edge intersects

another edge within the super-pixel; and

wherein the at least one edge and the other edge continue

outside of the super-pixel within the object plane.

15, A spatial light modulator (SLM), comprising:




18. The spatial |ight nodul ator of claim15, wherein the two or nore

m nors w thin each super-pixel cooperate to behave as a single tilting
mnor. 19. The spatial |ight nodul ator28f claim 15, wherein the two or nore
mnors includes at |east four minors. 20. The spatial |ight nodul ator of
claim 15, wherein the two or. mofe mnors forman array. 21. The spati al

| i ght nodul ator of clai ?rpb’é%h%ﬁéﬁ“é?‘ﬁs eleiurgsl to Ermygrewnsipishper-pi¥elay
represents a degre f Ji ati.on; : i J ght

nodul at or of clai m@afg,suﬁm%gjrlykﬁﬂggméﬁcg{ﬁgg? I)Hhor%fn lrerg%ﬁm%?nﬂltﬁﬁ& rigdsl{ygja}used by a
separate piston. 28urdhendptbeag chbnfghiredodwieh onlyaine pixel of 1ght; wher ei n each
of the two or nore mrrprs. can be | ndependently actuated. 24. The spati al
light nodul ator of cl ai M3 GGkt eé&’ghorofnof%gmff% SR bersteratglyr or s can

be individually adgfess&ed. 25. A nmethod for nodulating light within a
spatial light nodulator (SLM including a plurality of mnors, the nethod
conprising: configquring groups of mrrors within the plurality of mrrors

to form supel® pi xEes spasiat Hightprdulstoredf ¢laymi ol wikireig theoploralitprod ni nors 29
fromthe plurality R a id) switchin nl.y one pixel of |ight;
and i ndi vi dual | y a%ﬁ%"é’gsqs?icﬁgﬁé%%‘ﬂ%d%rﬁohﬂPP&%%’F “ﬁ#ﬁ‘?{ﬁ% within the

super - pi xel such that the SLM perforns at | east one of pure gray-I|evel

nmodul ati on and. purhephmsiel righuaiduror @06 clafhel yethaeinofhe Chndirdfs 2Re f urt her
conpri sing re-conf i.&ur.i ngﬂ,garti cular mrrors within at |east one group of
the groups of mirMBT8MUPHMNIESpensate for defects in other mirrors within
the at | east one group. 27. The nethod of claim 26, wherein the

re-configuring. i s asediPARahodl|A8S b Ol s 2y AERUAEhACLERION | evel

and an inmage intensity associated w partic mrrors. 28. An
apparatus for noduavingithinghth wpchpixehcappatatato bahght asneinpRttdting ( SLM
i ncluding a pl uraln'aitn%r of m nors, the apparatus conprising:

19. The spatial light modulator of claim 15, wherein the two or more

mirrors includes at least four mirrors.

20. The spatial light modulator of claim 15, wherein the two or more

mirrors form an array.

21. The spatial light modulator of claim 20, wherein each mirror within the

array represents a degree of manipulation freedom.

22, The spatial light modulator of claim 15, wherein the actuation of each

mirror is caused by a separate piston.

23. The spatial light modulator of claim 15, wherein each of the two or

more mirrors can be independently actuated.

24. The spatial light modulator of claim 23, wherein each of the two or

more mirrors can be individually addressed.

25. A method for modulating light within a spatial light modulator (SL.M)
including a pIurali_ty of mirrors, the method comprising:
configuring groups of mirrors within the plurality of mirrors to

form super-pixels, each super-pixel (i) including two or more mirrors




means for configuring groups of mrrors within the plurality of mnors to
form super - pi xel s, each super-pixel (i) including two or nore mnors from
the plurality of minors and (ii) switch®g only one pi xel of light; and
means for individually addressing each of the two or mirrors wthin the

- pi he SLM rforms at | east one of pure ray-| evel
rsnl;gﬁ{ a‘? : )(;ﬁl aﬁgcguﬁ gl Hﬁ |o fniggars and (ii) switching only ong pixel otg light;

and
individually addressing each of the two or mirrors within the
super-pixel such that the SLM performs at least one of pure gray-level

modulation and pure phase modulation.

26.  The method of claim 25, further comprising re-configuring particular
mirrors within at least one group of the groups of mirrors to

compensate for defects in other mirrors within the at least one group.

27. The method of claim 26, wherein the re-configuring is based upon at
least one of a measured actuation level and an image intensity

associated with the particular mirrors.

28.  An apparatus for modﬁlating light within a spatial light modulator
(SLM) including a plurality of mirrors, the apparatus comprising:
means for configuring groups of mirrors within the plurality of
mirrors to form super-pixels, each super-pixel (i) including two or
more mirrors from the plurality of mirrors and (ii) switching only one
pixel of light; and
' means for individually addressing each of the two or mirrors
within the super-pixel such that the SLM performs at least one of pure

gray-level modulation and pure phase modulation.




