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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 I nventors: Azat Latypov Kars Troost Jan Basel mans
BACKGROUND OF THE I NVENTION Field of the Invention [0001] The present

i nvention rel ESHOD AN® $YSTOMOFORMASEEESS I T THGCRABLEY R ETRIE | cul arl y,
the present invePATSERNERASTERIZA THRN aNLZBEING quVROIH AONATDEU! ati on
princi pl es associ at@IUNED MERILERR TWeAEHAL VoM MMUNESKA €8RE | | t hogr aphy
system Related Art [0002] A sigpigpre@RiTA@ONeNge 1 n maskl ess |ithography
is the devel opnent of efficient rasterization techniques to configure a
reticle for projecting a desired pattern onto a substrate. For exanple, in
the case of a spatial light nodulator (SLM, the rasterization technique

determ nes how to configure IhkenokM DPh¥glIatjpBva manner that will result in
projection of the desired pattern throgghtdie |ithography systens
projection optics. [0003] One conventiﬁrﬂzﬁa {]ﬁ%%seri zation technique used to
configure SLM pi xels includes describing the “desi red pattern as a uni on of
pol ygons. For exanple, if the desired pattern is an integrated circuit
(10, the ICw Il be firstBAKERMeDAI THRINWENHON pol ygons t hat
represent the elenents of the transistors, logic devices, or other

el enents t hat ppadierntondgy mthe 1C. These pol ygons include the |ines,
edges, and sequences gf 1 nes that formthe smallest segnents of the IC

el enment s IS con | | . rization.te ique is th used to sel ect
st at es OP}GP-EIG SLM 151?"’2 regg}?om&%gg%%e}e? {gEs ths ﬁ%ﬁe@éqa@g?seﬁg‘ﬁggpﬁ{“mou Thi's
conventional Masd pariizdbilgriht eehetduecntiog relgles hhaste@smpidh 3tdiRdisofhda
parameter illumnation table based on an isolated edge parallel to the

pi xel grid. I:T‘ﬂii'g&‘tilql’l FRPRRICS ofssPeBled WHpr bl deowetien | inhasmesidessal
limtations. JEhh&hphy dyktcf0€S Not take into account the orientation of the
edge. For exanple, édges 2

Related Art

[0002] 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 lines, 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 _raster.ization technique includes the computatio;l 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




associated wth the desired pattern may have different slopes wth respect

to the pixel grid. Secondly, the conveptional illum nation table approach

fails to take into account the interaction between edges of the pattern in
the case when they are in close proximty to each other. [0005] The

linitations ofastdoitezionitientid @rabd bhktdtiindat 08 diahhe sﬁj_?gieg QaghresfiRt g above,
ultimately produce distortions in the aerial inage. These distortions

subsequent | y rhspixelogrids hecprely.dhp convsational dhmamationtieblpapprench fallagenent
ek LR o DR TS0

Rasterization techni ques are genera

anomal i es assdwiyareth aselpraliiit@needchioyipes of nodul ation. For exanpl e,
rasteri z?é\s? %ﬂ] val ug?s_l for. configuring SLM pi xels associated with tilting
mrrors WP diffdPefinbiipreolhe gaaventignal ilbumingieoiable gopeaghstatd ng
mrrors. This exlelpdid : 1 S:] f.f:1.Ci t 0 nsate for nore
subt | e anonal ialé(;sd.e’ )&!Itﬁ%%g&ﬁ?d;ﬁgﬁ%ﬁ%mgi6dngﬁ%?h§ghlcfgﬁa%%‘nc i %%lPsr%fa Pfections in
i ndi vi dual m swiseguently ueskrich shecpatteinngs@mibondndribe piteingplacsasitatbgns, and can

| ead to phase_errors ausi t hr ough-focus dose uniformty problens.
[0007] Tilt mﬂl’a?;‘éal’nsbecaa?ﬁlr?éi?dFﬁ%?‘é}mglgiphﬁé}éﬁ?r{}e these dose unifornity

probl ems [0006Pr exaRBiterizatibh QhhOS HS g%ﬁéx%uwiemﬁé%&&ﬁ Aok &l ¢ not be
t egg e

resolved by the apsence of actuation of a piston ee o edom (as is
the case in paitanalics|asseriatebrith diffioeitetypehailf| modwation. r eFori eganoplet i | t
mrrors, int l.j.cati.ons is that tilt mrrors .can . only represent O
or 180 phasepd?%F1 5%2%%‘%?&%8? Wpigwine gﬁ%lﬂé@? Bsr?gc‘et@fl @‘f‘ﬁ‘ {‘)BF’E SNt act hol e
printing), othil difftasfesm (e Galu9 reqiiired 10  cBAfigRY PtdAE WTREIAL gp)al ues 45,
135, 315 ) arg needed. [0008] Traditional pi s% oning mnors alleviate sone

of the through®¥bicitis hggsecr, isnnsufipicntiomonternie footade abitleceanddmbiev.er |
tradi tional pi i 1.0 i can _have parasjtic tilt effects
PTHRLO M B9 el %ﬁmtaﬁgyéynqﬂaﬁde ﬁln}g,er CT‘W%EH dadividual mprtors;: | on) .

(that can be constant vs. ase or can var

Parasitic tilgucheadsiiig anpliitrufdedghr vaidtions addcan lehd tie pratdiegorl the
derivative of ﬁhas?}vvs. he x or y coordinate, in turn causing not only
t hr ough- f ocus?42e hravghsiocindose yptfommiyprelle®sng tel ecentricity errors.

and systemtor conti amicRERUDH R BE B e uEh WL IMORER B onto &
substrate.  \iitexpwplel gwo eds daseamifetrhiod pabitnsysham borgopengat e f or
I nper f eqt ' ONShe 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
EITors.

[0009] What is needed, therefore, is a more efficient rasterization method and
system for configuring SLM pixels to project desired patterns onto a substrate.

What is also needed is a method and system to compensate for imperfections

in individuals mirrors of the SLM.,




inindividuals mrrors of the SLM 3 BRI EF SUMVARY OF THE | NVENTI ON [ 0010]
Consi stent with the principles of the pgesent invention as enbodi ed and
broadl y descri bed herein, the present invention includes a nmethod for
determ ning specific pixel nodulation states of a spatial |ight nodul ator

(SLM to print a desir @RIEF IR RYSOEStHEI B VENTION10d i ncl udes

selecting at |east one super-pixel in an object plane of the desired
pattern, h&e super- pixel being formed of at |east two pixels. At |east one
edge of tlABWMesi r efFongaieniorith thegsineiples obthamersent inianiion as bwbedipbandpi xel . The
at | east one i i ned by ecific.slope and, positio rameters
relative to tﬁg&gﬁ}p?re ?Cgﬁ% &ge‘$hetﬁgeq%hsgatcalTvseggP%c]Inﬁiﬂfggs G )mefr%}bcf ity an

i nterpol at i on debhmirgospaifid ahel phehultiahcidiad od Disyalal Mty AsdRfHoSt at es and
(ii) determni &gl\él&'he specjfic pixel nodulation states for each of the
pixel's in accé EePritaresined patiery ot sitbsere. Themsthodgndudesisplegtingecond
enbodi ment, t heRieseNMupky:eat i,04, | liﬁlgﬁ L: ' | at or
(SLM . The SLM i ncl udespa{]&y)lﬁurerlll Elihtlflg]g%t m rrc&t@@?{e%ﬁé& 'lﬂdrt% ’tt%gglgjtéﬁ] groups
of super - pi xelpszel Beiop fempelr ofpatxledst (W pixetd. ude feakmonoedgeosfetheidesiesds from
the plurality of mrrors and (ii) . is configured to switch only one pixel of
light. Each of®f$R SfReso? %%}f%rymz’”ﬂ#l@r@eéaﬁ’?rﬁ’éx gﬂg’(ea%té%s"é)é? Gdg%l. [0012]
Further feat ugeseansy Gt RgRs il pdsiidn Bhffis WIMER 10e A5 Yld, as the
structure and_operation of various enbodinents of the present ‘I nvention,
are descri bedhe megfedatlbo belwies \{i)tthrmisf endneepdaidnhieblecioarpdayipng dr awi ngs.

BRI EF DESCRI P THE NGS/ Fl GURES ,[.0Q13] .The acconpanyi.ng draw ngs,
which are i ncg%i%?t% ed%% %%&éya%{?ﬂsﬁt?t%f”ég (’ES)aa‘f’te mfnrge%pﬂ’@lc ‘icc%{f“%on,
illustrate enhodilasd sa@f foheachryrand pRBlsan decdr@IRE NEEL M hikridigicgener al
description given above and detail ed description given below, serve to

explain the pF’ichi ples of the invention. In the drawings: [0014] FIG 1 is
a bl ock ?@g am i ljustr.ati : ﬁif,ILe S, Lit oraﬁlﬁsst .structured
in accor ancre with an g%ogﬁrbrg%ﬁg rg%%lteglgﬁl{ﬁ“%nl\l}g Fo ,Spaﬁ'gl)]i YAG 2is
a di agr ammat i mopertep &Ny eThd SUMohclube £pPREY & Bfrods stRRAires fNBihi ve
surface consi st ent %NI th principles of the present invention; 4

groups of super-pixels. FEach super-pixel 8) includes two or more mirrors

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 inrcorporated 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;




[0016] FIG 3 is an illustration of a conventional illum nation table
rasterization technique; [0017] FIG 4 igs an illustration of a
rasterization technique in accordance with an enbodi nent of the present
invention; [0018] FIG 5 is a flow diagram of an exenplary method of

practici ng0iéle techia.qseis lanustusab®sh i6F &l ConvkntibR91MunfihBonbAutiS 2

graphical illustration of anplitude and phase characteristics associ ated
wi th convent i JAHFI44UPR tsehAIGES; [0020] FIG 6B is a graphical illustration

of anplitygerand p : i st cs_.associated with conventiagnal phase

step m no['rgs; ][ 002l]rﬁglﬁélg%gnﬁlg&ag[ogrotafﬁﬁ?%%rfzalIW %5&“3'{? '6'rfw8?rg%1‘?ﬁﬁl"|“f de and

phase char actaarangicidosera s teipadset imidntiogonvent i onal piston mrrors; [0022]
n of a super-pixel in accordance with a second

FIG 7 i illustrati i
enmbodi rreﬁpﬁ‘&} t he d{[ sents R APehfipgnm of ay egpmlany epthed pf peastiving wt r ati on of

vari ations of ide;iRebediARALA p{G_t4he present invention illustrated in FIG
7, [0024] FIG 9 is a graphical illustration of vortex production features

of the dABBMI nent [6. t 68 [y eseptaphiosleritliontion | ubtapircdd Narkdl Ghase/ and 8;
[0025] FIG 10Q,is a .ftl ow di agr.am,of an exenpl ary nmethod of practicing the

t echni ques i 1 FISPFSHIFS A3sopid With comjensional {0 potws] FIG 11 is a bl ock

di agram ghoz) exenpiigr Yo ORPUL €F oSSt € M@k d%\il;lﬁ esent jnvention can
be practiced. DETAI LED DESCRI P r%ﬁl Sle R g B P o g
detai | ed descrEhpestenstiss assheiajsd egthrmoniensiensliphasersefpansrotg t he acconpanyi ng
dr awi ngs illu at g-exenpl ary .enbodi nents consistent wth this

i nvent i or@@ her elﬁ%%diﬁénfssn?};r%r%ggag?blﬁjﬁfmﬁ% ?ﬁgcﬁWHﬁ’é‘ﬁgi e R9se be made
to the embodi eRtrhaendtichhfiotitRd SihdohvaRgnd R Bfirdrfle 1 nventi on.

Thereforﬁ0 %Ee foll ow ng detailed description is not nmeant to limt the
i nvent i onV2Rht her , Fi%ie 75¢ apllusrationpof nvensr-pixel insacdefdamedwitly atsaeordppended

cl ai ns. [OOZSLInBBdimg{SQf ggg@?ﬁlﬁg‘qﬁéﬁlgno one skilled in the art that the

present invention, ow, may be inplenented in many
di f f er ent0088bodi meRiG. Bfis an illustration of variations of the embodiment of the present

invention illustrated in FIG. 7;

[6024] FIG. 9 is a graphical illustration of vortex production features of the
embodiment of the present invention illustrated in FIGs. 7 and §;

[0025] FIG. 10 is a flow diagram of an exemplary method of practicing the
techniques illustrated 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




5 hardware, software, firmmare, and/or the entities illustrated in the
drawi ngs. Any actual software code with the specialized, controlled
hardware to inplenent the present invention is not limting of the present
invention. Thus, the operation and behavior of the present invention wl|

be descri bed iatdwdrfesoftwacke Fiinanek, ngdionake i iimhh@aal andapaipgt i ons of

t he enbodi nents are possi bl e,@%ven the I evel of detail presented herein.

[0029] FIG 14% gcWrbsritypggrada wiitwies sacomlizkd.essnttqlicHobardpe st em

arranged in a i q jment .of t resntiventﬂg_gn.ln
FIG % a masEﬁggeg%ﬁfﬁﬁ%%sgnﬁﬁgv%%ﬁgsrﬁ%?&)%”ﬁr}gc?t{}ﬁ%gre&e Hhvtepg?n's em 102.
The control shstvpmtib@Zndrichadesofxhe praet: elivenli OF 8815 BE deRriBBIWEM thand a user
interface configured ,toy‘:gnable,a user to input data for instructing the

maskl ess i t HOEFEARY S Etlemotiftraiigny paduwaaonsr Phiteel qpehodiments [26030] The
control systemodOde | 3vGaHPleSH 5@6%11'131‘933&&38&%&@ 104 which provides IIQEt
(e.g., pulses) fromwa light source, 'such as an exci mer. | aser or sone ot her
sui t abl e [M92%ini nat E&n. dreis hrablosin didgrem| Vigivt o&mu?]@elei@ﬁ[thcsgr?%ytﬁyg(én% odgsbgam
I tem 106 ich is typically an anomorphic system that include _
;gr ?gssgfs Ieené}érgn%e Cr %Cﬁf)%{aégedé"é' réﬂe’ﬁ’ﬁﬁﬁhmef‘ﬁ PY ithfg PEcAentfingsrdionni for mi ty i n
the I1ght = DERIPTadHERRsPNbARAPhY Blen® U GE1IAL ooHBI LI 1oL PYE from the
beamrelay 106 is illum nated ontd a progranmabl e array . '[0031] The
progr ammabl e &PHER) s¥e8m| $0% domdlidys ree dortiputere peicessod, ragenpa.t £1dna Wat a 110,

representativ esirable |ithographic pattern, and reflect |ight
r eBr esentati Vg'lt%%ac? ﬁgnti%é%ﬁ%cglot %‘abkﬁr %E]t R ‘%B‘t fOE gnsfrp@nglrgg mapklgsspat t er n
data 110 is &tiegrashpwsidnd 100® @biudS PHRASH dad¥aut data (i.e.,

re-rasterization). The |light reflected from programmable array 108 passes
Ito hr ough f@é‘z)lio 1029T%%%Pﬂtﬂ0hé}ﬁt%ﬂ@%lsmme¢lhea Hglysourae 04 $hichmevifiasnct i on of

' [ [ i : an Lmage of. t he object on, the
Substrat 6 and F3) o PrisElem hdiehl AU i RAL et ip' Y s e O ot ¢ e
obj ect. A pat fwthle itlepirasentatchagsof Thbdighi fRes DAt @ cbiPledits athegn | mged
onto a photosensitive rfahce 112, ,skjch as a wafer substrate, which is
bei ng scanneddt’ %(VSFtha%r’ft’ 1L Binigplly e aegerhie sustemythahmstudes aski || i n

e 41 RSOl G L L N PRI S e

surface 112 are contained in the pr
by a user vi abaanepredured dly thy Hgltroli®2.104. 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




[ 0032] The programmabl e array 108 can include an SLM or sone ot her
suitable mcro-mrror array. By way of hackground, an SLMis an array 6
conposed of a nultitude of individually controlled pixels (otherw se
referred to as SLM el enents). Each pixel can change its optical properties

in a control | abh@seBRoNemud@duddat inﬁih@dtfa-ﬂ?|cgntirJlleHI}ﬁx%@t&ﬁérw@e%ﬁn@@r be

modul ated. A typical SLM has square pixels arranged In a rectangul ar
array, with ea®haspPkd clempnishg Bachabixkl tan changhamgeptomnl yrowetiof int he

araneters ch I ZI it i eal, .propertie one: par tric, |ocal
Iromdul ation) W?{oﬁﬁhﬁ%h%&% affrnsgrt%ragr%\g%? ﬁ%ﬂdgfﬁ ‘ie'.—t’éffm Bf@‘ﬁ%ﬁ?{ép g}?%g%t@ti‘?ﬂg SLM has
16 x 16 n2 tiltypiog SHVIQRS s@uaiapigeld arrhiyed i@@fi&téﬁgﬁ{’laz 2REY AVIHIABRK M NG at a

| KHz refresh rate. The |ight nodul ation principles inplenented in
different SLMAHIE B aeilisy ¢ rchargeagnly teranenitet preactersdeizsnctaizingrisgul at i on

by |ight defl i i i .de-f.ocus dul ation, and/or a
Conbi nat i on O@g@g%@%@ Stglleagrg‘!ﬁ #8%@ t‘%@&‘ﬁ%&??fﬁ%"’t‘?fﬁ"é’@?- [0034] FIG
2 is a di[@gsHmmat i FopexapsiefdnsiNing WLOA haworey dehaf HathoashRes Srahgedaskl ess

| i t hography system such as the system 100 of FIG 1. In FIG 2, a system
200 i ncl udes dR BERFG0e2 513 apay 2ol renmingaats absKHat whieeh rivayi dge dight

phot osensitiv e..: Lhcl udes m el ement s .20
configured t oqlruz#‘lrlgetg)%:l P F}?esgl‘}%%ls%&%@ l%rﬁtgerfﬁeég%sctapz‘?ee c%‘@ﬁiﬁeﬂﬁ?ﬁi n two-
di mensi onal exposuitenceghotdatsh). mbbelatiorghty pidhsegeZRBoar @husedhifp form a

pattern 212 withjn the exposure regions 210. [0035] By way of background,
the printed pé?qdé’?%lopn dﬁ')%ﬁgcé‘é‘ kingdgatign, r?@a/roamwomb@égwn offssveral of rtbm a

sequence of t%r%gﬁ%ie@ﬂ%lduﬁﬁggﬁﬂégs or shots. Each of these
t wo- di mensi onal shots results tr an image of a single SLM being

proj ect ed0®]t he siiifalds atliaghemmatiepersndvd tiewasuhtis demildéposdctsi on of a

dose wthin a certai.n exposure zone. Additionally, each exposure is
created by a %ﬁsﬁafsel%%rgghyo?ysfeinbﬁpc POMetHeen f09f Tllght 18JUFcd.a Since the

t wo- di mensi onaysterXIVOSHEIRIZONLSLA ¢05td PONRA LAGS! Bk RL96a R EIGE, the
stitching is very critical. A displacenent of one exposure zoné€ on the

order of a fewrhpfasfasiiver surfsn  cFheatsdMa2i2erincledesomsimat oslgmedte 2@fge t hat
are clearly vigidle

28 oLy VL BTl 9o 5 B Sub  Rechhg ™ 100%
dimensional 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. Fach
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.

10036] 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,




rasterization technique 300. By way of background, the goal of
rasterization is to determne, for a particular reticle pattern, howto
configure individual SLM mrrors in order to formthe optinmum aerial inage
in a wafer plane. 7 [0037] The rasterization technique 300 includes a
pre-cal cul83®d | ookhepragietikativnnakchgimle 3abliaciddd hapien@lcudhéte sodkatp
configuring SLI pi.xels to project a desired pattern onto a substrate An
exenpl ary subsgt I%atioe) fall?@ %Qldsawr%ﬂféh@@ﬁor Célﬂﬁgitf@g . Mieely @mre]eetﬁl i's
derived by congider, e r pi 038] For
exanpl e, in Fl GI 3, p agtg maglggr%nﬁggéate??%c%% ié“%s?ra%t’ f){ﬁlre asﬁgﬁl% pi xel s,
such as pi xel £f30G. 2Tﬁ"eep>aitld: 80 h i302ivall b9 chdldﬂﬁt@Sedge§tHaghle paSteleBtoed edge
304 represented EX a colum of pixels 305. The edge 304 can be created by
turning pi xel $%%°#&F+ of the col unm 305 bright and turning pixels to right
of the qh3gm 305 pdatkampie, & BRY. S, & Skl rk,
however , the col um ofang)llg-xe I's 305’ th%t@#norm{gﬁ%)rﬁeﬂ;ggd%fgﬁng?ﬁ{ybgﬁ

modul at ed. Thpsxels, suchrls @ixess, 33hd hpipaidrs 392)5lsanﬁlunasiuIsatgmismlmteaedh@nner to
produce a pix state ate | ected in
such a way so%ltoﬁa?pr‘fsﬁg gé’é’e"l"écgﬁ 11(“??8@&@3) aetﬁlgﬁégjﬂl&g’il SBF‘W%&M ti oned.
Thi s sel ecti omuaRg phelAeIemBr ike RERRY305H: i Al tﬂﬂnﬁg‘ﬁxét@ fid Abhtl TGS

Cal culation of the aerial inage is represented by Tcurves 306 in a graph

308. Each of thamaytlsedarBodla @rpatesaemts otliee tzpmr brightjoralgek, hofvevére thent ensi ty

ggrﬁggpgggg ? g(l)llcjilff"ﬁ%a(ff'tIitl%&[:]?t‘?’l()gqtl f8"’6 i eojc?ét hﬁtt ge{'\é’%%l%teg g@ﬂ’ﬁ’] An i mage
intensity thremoa , the30%eli soysedndcmtmtla@ma@emqu@dt@@aq,txet Etate rqdge 304. The

i mage |ni&%§llty threshold 309 is a function of inherent roperties of the
subst r at f or TB%BHFpl Hate FHemys baselaticdun b o rvenyi seeibet the edgsridiit y

threshol d 309c5agaesad HesafLbY! ggtm}g@& HEPLRRA0A S anécﬁﬁtpgggﬁ%t%,he?’oﬁ,

determ nes the position o Nt i mge
intensity threshddiohg3bOadrimi mh@ct@mcuia{nc&wfhheaamy nhli@tls\tcﬂﬁeseht&e bgdge

i xel s 305 var r. stat di s | aces by the distance equal to
!to he di mensi oﬁ%éi‘f’shﬂ?emﬁlg@? 5)(# IT['?éE gg&é”b‘lea 8o retrate@ta th$ragstahgnageer ns, t he
edge 304 canoP@e Emé’r%ﬁyfofﬂ{@etdEESb@Ha Qlfncﬂ ﬂ(%h%@%hé‘ﬁ]r&&%oﬁ' Fs t of the

graph 308 by nodulating the pixels 305 in certain mts 041] The
anal ysis repr @e@ﬁp@@smapmcglﬁamtem&e;@dgﬁmxels 30he illum nation
[0040] ~  An image 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
300, 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 3‘01, 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.




table 301, which aids in the rasterization of the correspondi ng mask

representative of the pattern 302. The gonventional illum nation table 301
tabul ates t he 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 illumnation

node. 8 [0082§2] MorMospgetificalBl, by perf@mP@E ke biiéh 60GE Bilazakion 8 the
bi nary mask, the conventional technique 300 determ nes, for each pixel

within the pat®8yentsosl techiiies308 defesmines.doesichaieeh vathen bk peHem H2xel as a

fraction of t L py. the briaht rtion of the pattern
302. The ill u%ﬁ%% %(tgdrlll a?ggﬁﬁgge%\ﬁb?)gﬂ%lfgélﬁ{%paﬁsae%mg 3" Pg%ﬁphxg?a{g? “PHE? pol ate, a
state 312 of thyethpitxgdht phatonveduhel paganl 302j Thé lieumisgionegpRnt Ing de@ct i onal

cl ear area 310. %0043 The illum nation _table 301, however, is based on an
i sol at ed edge USPAFRIOPEINP( % IRGFROIaE. etif M3 of tephie! prakepulgreanlt mHbes, t he

iITum nation tapk&odlihg RRARNA 1for the situation when the edge 304
| :

is not parallel to the pixe grid. i's "unparal lel" scenario can be

created H§08]s| ant elchel illmmimtionrtyblot e hofvewdriiisebasicd lonaars lieudted cdglge, whi ch
i.t.. Further, the

will have critical. dinmension. arjatio long .jt.

convent i onal iﬂaf"ﬁlﬁl &éﬂ%?%amleﬁﬂggj‘)@d © B3ESEHt Thkse rfllummaﬂm@ blesdliat i on of
several edges agidiGctunefdk RS @RAGK WA Yhel - ipusly
stated. The table 381 ugl so fails 1t 0 consiedégrgsgggiesg({?%gﬁanﬁvt %Ysl}egepdi fferent

sl opes with r&sigecthis unphellpl' sedrariv ivan bt oraatedhy pstidted in@6Ranyother exanpl e,

t he techni que ceount for edges that mght. cr the. pixels
al ong the di aégag‘%e%wgé%fg%‘ie LIk ¥ &%F)‘?Bﬁ%ﬂlg]f“g‘?ﬁwpr@ﬁivéﬂ@% , the
conventional teelrii. dueth3tChorauhehtihEitiumingios tMER 13s hbt IR6uRIHE Was as
if the edge was parallel. [0044] Finally, conventional rasterization

techni ques, s SIEEtPROItse¥HA eflgss bemg, inag eloge meaxamity te egoh odhert @ oper at e
in real-tinme. jJhkSf =g I [ tealimts. Licapility,of aerial
i mage optim zgt I on St@%ﬁﬁ?'q[ﬁ% t?L(ﬂ;yr?’ ggggsrlai f%g% #J&&n%m%ﬁgdgeégﬁ% 'ai’:%h%‘fe t he
present i nventliftmenthdopes enith repedtviestht hesds g fomnyhe pithen ef i Bhenci es
that are character, st.i .the_conventional rasterization techniques.

f
[0045] FIG 45F4IRfy Pl I S eAnngt AcRoUBY foF Adeen thab eahigeres% 0T i n
accor dance - whixalsiloRTeciBenkl. B edBE oRERIGHL plAKGNI e dilBhaAHOf
nme, the ra on cnn

focusing on a single " pixel at a‘ti teriza que 400
consi ders seveerenteljahashrique 300 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 presént invention. Instead of focusing on a single
pixel at a time, the rasterization technique 400 considers several 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 comer. 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




pi xels, referred to herein (in the present enbodi nent) as super-pixels.
[0046] In the exenplary enbodiment of F4G 4, a super-pixel can be
conposed 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

nore edges, asvdebararpedendtigiseahash @alaiih ahghevain¥REisnd RpL@Nt] ¥, these
edges can 9 have arbitrary orientations, which results in a

nul ti - di nensi 6@§éqnzétrbfmpach_ to rasterization. [0047] Additionally, in a
first st ﬁg%ﬂhe r aﬁtdﬁﬁ{"f‘?@%?‘g%}ﬁ?ﬁq{%:l’?t%‘?ﬁa%%gza?‘?%ltg‘gﬁl’ﬂs‘é‘%ﬁ%f}ﬁ‘{%_l i,ne creation

of a pre ul ated nu AUTt 1 - par aneter SUeabl e based

upon predet er wifHad drédtisniafat proralvodes. miln-pixe o6 OfichasBer mtaeﬂolatﬁﬁlhni que 400
provi des nore(gara?icgrate real -time rasterization, based upon the table
pre-cal cul ati G Paxd WoRDPRAIFHHNGE Ulmengios- masesullatdesecand steppitbeel |

mul ti - par amet efphighe ﬁ@@gﬁ}vﬁ&@ h@e !a@c&g'tg.réﬂ—?in@fagteﬂgﬁt&?g%eg Elglgfé Eliegt are

rasteri zation enable the present invention to accoun
non- paral | el tabde pheecabiukeiongr i The Thmbinafipr oAdke atsamianabl asultingxddr esent

invention to _account for.the jnteraction between different edges. [0048]
The exenpl ar y“@ﬁrtBB?ﬁaWE f b‘i‘te’ﬁ’ﬂlé’“BPeéé’ﬁﬁ MV ERE | GHTE haGHITAtA reakiime

consi ders pat {RiefgatdACraficNBe YRR inWBERnSh REAM: fJ)J{ D& S BRSELOFSI NY 2

super- pixel or passing in its proximty. For exanple,” consider two edges
that forma paebsldukherpipeigratr nThiEapprosdigdsd enablee thEpapresmn irvantideto '
characterized t ar.amet er e. d,. = k*x + b, where k is the sl ope
and b is the %é;cé}l?tﬁgwh?ﬁmﬁﬁgm'}$eé§¥§enoq’lff¥r8’fnee:ﬁ§ﬁ%e local to the super-pixel),
Wi th t hegl94ppr amet ehsesdpliM EnbbdiBeft Rtk Staps iddeh oM siRid & G, ym ts from
one pattern to anot her. 1ly reasonabl e and neani ngful pattern fragnents

shoul d be con$iyEeBRatiens oulpdinORNOPT MOLETYrARARARE TEEe S| IRERRCGLATEON TABLE

0049] I'n FI Gy orf QL | e, .a.pat i s_formed withi bj ect
plane 403, A ausar S SR o B R il TR s LBatloR el < do0s.

In accor dancpartieulir patienci fted afgetinethpragent cainnwe@hh@meriﬁwosf -tRbXxel s
within an SLM can overlap, alt ho;{gh overlap is not necessarily required.
Furt her, supePdaPfigis|&ecyn & t r WBaredsisdly dors andehis e prsitiguéstheThese

differently fREnedr regbtRRle BLAGHIHEQpet- i | | jesul ting
conbi nati on bei ng ' gwer a(;ed to pr o%%gepgg?ibﬁgﬁﬂg%%ggg&eger% _Uarwh% ih
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 + b1. The
edge 407 can be defined by an exemplary expression y = k2 * x + b2, The
pattern 402, outside of the super-pixel 404, is a mask formed by the




. . he
As shown in FIG 4, the pattern 403 includes edges 406 and 407. T
£3822]406 and 407 intersect to forma ggrner 408 within the supgr-plfel .
404. The edge 406 can be defined by an exenplary expression y_—kgl* x+
bl. The edge 407 can be defined by an exenplary expression y = é :
b2. The patt eeniingg@gn ofitlei deigif linh ecdgerpeiitsipe %€ thd OdheripSied 40BSHuE Or med yI
the 10 contipuation of Eh straight |ine edges outside of the super-pixe
404 (thus, there a8 PhS Sp%?@#é‘ %‘g%‘%ecqfé]éf: BResPidel 4F)t he super - pi xel 404) .

j i : . il,ts) of the

0051] | fusdp the BWRRrtRl XPkr-AQdr 464 al , B253P3u RE L5 &4 UL
i[ndi v% dug}n preI s 405 are %si%l 1;aglt ed so tﬁ%% I%tjlh«-{?_aioggt__ rnP| nsi‘de o# the
super - pi xel  wowidusl pisgiet®diro ptleated boythabtheapagemensiid bﬂtﬁe%%alﬁo;ﬂx%lg?;( Ipln

i i : | bstrate).. For instance, the s ,
b2, b3, pa of TrHs R EbabRY &G B ilisan o da o peisp et or f of
(P9 o, cach ekrubestusmépror nanhacasiguopi e hg. faeraar o 40%
he states pl, p2, p3, p4 can also be |
-;I)-ogsisb?e noPn‘ﬁ'lnbeéﬁgPWﬁg‘émH@gu@lniwm(eM &8 (PIoy of el hf o ctipe fodgeg 406 and

im zi i . i NI LS l.d entai], for _
gg;'rrp:we,m e u?lInt.;ﬂﬂSgtﬁ{gq%b@fp%%;&g??@gﬁgeloﬁ#@%Esffﬁ?felpéi&23’%95 cphalse ber skill in

K i j : | ect the
t and dekcteidhednoet twhigfcht pdsaisle 1P0R 04N éﬂ%rg-s“ﬁ}e L§Pror ©
;P:tgg pi,n p2, @3 4 of the ggifxe}{’s 405 is to se%ect t eﬂo ﬁmt t he
F

diffracted fi% Oﬂhgrﬁdgq’ﬁe‘meéﬁér‘mﬁi Ménimagag BB anth apsuring ﬂ@mi;grla@lt NYLS
abbr oxi mat | on nedqaelt & SamnlE b IE OFRERRT Rl B Rund Gap by
Sgﬂ iO)éi pat i nghese of Rleilifin theetri oxd defcribae belomgeffinie. t he given illunination

method to select the states pl, p2, p3;, p4 of
pixel s 408 ayor oQ EHET BTN B keringFakess. by Payp rofgha Arelsgha | possi bl e
. . . . i . rou
pixel state twoabiabhaBshhSE ARFLHE] HURChoR! HE Ky f@ggﬂgﬁﬁd% ng g
all possible conbinations, only those states h orre a "
meani ngf ul p&PHEARY dppeayimales ithe idiifratted Selpefromi ‘“2' mg@ @ztem_s?lnﬁgt §|d's ZOE
. Do X
i's t%en usedg?%g%lﬁa%%g rr%gffd_tsl PO %ené)ﬁgg%% 1OV%!*F'B%IQHEQEH Pnp‘éiﬁllpg![ ;a:)lnon
tabie 409. |paGdpalheintt fimalioRoshenRioe BHhELIRAARGlo| bgL POl ation
t abl e 4? 51 pre- calculated and is |n0gepende t of "any speciTically desi
patter n.‘ﬂﬁ ﬁfot her Yepanother meihad fr eclectitoubtatee g 1 1pl, ti3; g neASienak05
mul ti - par amefgfiqd EHe%ﬁ%i%t‘io%nprocess 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 multi-dimensional, multi-parameter interpolation
table 409 represents an initial step that is performed off-line.
[0055) 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 multi-dimensional, multi-parameter




table 409 represents an initial step that is perfornmed off-line. [0055]

Bei ng i ndependent of any specifically gdesired pattern, the nulti-

di mensional, multi-paraneter interpolation table 409 is dependent upon the
geonetry of the pixels of the SLM The interpolation table 409 is al so

dependent updntetpotativh dabla 80P RasticdeRl bR ReUSAE talfld Galubd HEHRAL QB fpde, the
vva\F/)eI ength gf | ight, and paraneters .OF projection optics of the |ithography
system Af t erSYSEINERATATY doF lafer nisyrdwring thei asierédatnalprocesst t i - par amet er 11

i r pol@psan tables; npl et ed he tabl.e . value re then
!stnz)r6e8 ilgt]%s?yst emh?r%érr@rg%}pgg$£%§$8?%§s il é%i ﬁ%ﬁcrﬂa\?‘i’g Efrbgg‘f)eY"ﬁ% Ton process.
[ 0056] I ndi vilhhﬂahisies'&gﬁmalitttslpefatibxhetb&aftwemsékﬁ@oi(tﬂ%@g’rhé?@ﬁﬁ?gb,%@), wll form
line entries in trbe i{;l erpolation table 409. Aspects of the segnents (e.g.,
ki_0, b1 0, R2%d2 P00k form emirishot ieelgblsfeodmmple, dbiturpresen®, t hat

e Sognent o ERnaBO bt A ALRATE) ORR ARG ot 2ol
STROS Pl por o p ol the *“"‘fﬁ);fél‘?ﬁfa?!‘“’“%?? Rin the. Superploel 404, i 1
R RER Lottt N ey e
et ANRCHC L R R A A

. . P Gopt xel
ol 11 ol or i BF BT e phRdrasart AP and dodcbosits pevhmien  epeat o
and gener al i z&itl bt qkalbl) supar> PRy edspednbiyneehviddning tffehﬁéﬂﬂw 4pddi tional Iy,

n -
the procedure wi)l include all possible fragnents for potenti al
pat t gr ns. [o®Ededpeyengd Be sursvpeisd 404 Norallal theserparsinetead are meflecicdpar anet er

i i 1S u d b xamning.all, of the Y g possible
meani haf ul | corb Rarang enfiloRhe b Eteand AP Fedf i Bigbefuisc s ng

lines, etc.procddust spthen aspdatpdaid igomsalnbd Ge BB shferRkdlSHBSnddhRlmiAi ght be of
potenti al itrﬂt t. This rogess is perfornmed apriori Ié and 1s perforned
of f-1ine. To ew-df‘éi&&wnﬁ hehg procedirs wild isbidgtaliopessials wagroets fme shoul d
desirably spﬁpﬂ,d‘tynﬁayqﬁw&ﬁs_of sl opes/ positions of at |east two edges.

[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 interpolation 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




[ 0059] Next, one should select a suitable optimzation technique.

Optim zation techniques are well known §» those of skill in the art and are
used to select the state of pixels that will result in the pattern |ines
that intersect to formangles, or other features, that m ght occur within
a super- pixel thefughtrdl BisnibleTstateniti vempae ofhet digmeandosstneofcaipel mak i ons
results in fO{Orlr%fi&n 0111 h rruldti -di nensional, nulti-paraneter
interpolation ta 98! yfoﬁg%me An alternative nethod to provide the

mul ti-dimensional, multi- parameter interpolation table 409 can be to

exani ne the piRBAE-TIME RESTEREALHIONT the super-pixels within the SLM Each
of these pixels can then be driven 12 through all possible states to

conmput e tloeeyl ope amidhqeBithé ATl QEUEH . ' f or med.
REAL- TI ME RA%TERI,ZATI d'%@ oodgk]f Al't hougha%’ﬁgmrtwll}% %ﬁ?ﬁ%@?gﬁg{”{‘ hath®

mul ti - par amet 9% ihPErgduiaisdniiapiresteri@gon of frsizectimtagey amast miforhede,
rasterization gof;;desired | fpges can be performed on-line and in real-tine.
[0062] The real-tine rasterizZati on approach of the present invention,

descri bed006&r e f ulThe rbatiion rasteli£itith ABSroldHeorthApSen fnveRidd, QU Abepi X! S

required to project desired pattern on a substrate. These states are
determined by éﬂ’ﬁ(ﬁélbf gFéP‘Wydet?W’équSéb? figtes hepardeilarquxgatageirad onprojdche
super - pi xel s qf dSb,M T iz Of ional, .nul ti-paramneter

i nterpol ati ongt%egil?ee 405%/?1@%?@%5'29{%%{%%53& te H?yh‘é%e@t@ﬁl@fi c
pattern rel at edetayinghthesiepiesd pitead sntoThe sy poelbt & SLANE The L @FRPOl ation
tabl e 409 corres%nd to ?nd r epr esent @i_xel state (rasterization) settings
necessary to 8?‘% gael Ry anarieter JuempalaHan (bl 4R9oras, pre-selcalatedl tased f eat ur es,

i ntersecting hpsHeshes€bénelic &) ) first .step in the
real -tinme rast 1éri zat | %n lrc?ggﬁ%?ﬁgldﬁgggg%%gﬁggl}shﬁ Vah% VH&E? Eléed pattern
with the pre- %?@Qlaa@@@bgmﬁ)@ cprespbsl toieinrepiesend @biel edltepabdtaiizatibg) over -1 ai d
with the pre-g&hﬁ Iﬁgceed Su er-%xel , features of the desired pattern wll
mat ch (within”predet ermned tHPEERol"8s§erEG tREferas dpolygeny agelengulamat t er ns
whose pi xel s fdaires, iBL@HnH AU, BROMiRRILPHHJW, recorded in the

i nt er pol ﬁ);[lg) tabl g 409. These pre-cal cul ated pixel state values (related
to gene égatter%ﬁ) figshptepén thsaeplttine mvpeaiongsewss malidenovalaygs for t he

283 i ;ﬁ?r i ggt {8k NesilP PEARABS th%a;g]reQ%lcgﬁgédvﬁ%e;-}gigg?s.t I\?fhre)rrl Ghe %Lscigaldat ed table
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 interpolation, 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 Vélues 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




t hrough direct |ook-up, or they can be interpolated fromthese table
entries. [0064] Stated another way, oncgs values wthin the

mul ti-di mensional, multi- parameter table 409 have been conputed, one can
exam ne the table values and do the |ook-up, or use table values to

per f orm i nt er pditpixshs araradsot dieided campues-pheds (preedhaeding harfizas than.

St andard opti nsihgr%ti on t echni ctb:ecsy §M|| CEigown to those of skill in the art)
are then used 1o deCEFMTHhE My JhEH wIRoBIces the grid pésrprapinehy: el s, what

val ues from t heidlabkepdar sﬁ%te‘g?%ﬁ@ulé%g ubow Mh?fﬁgﬁg@f%%@gﬁ?@gdgﬁﬁ | desired

pattern val ues and generic pattern val ues, nust h esired
pattern (to beppn(ie BwWpe imilcte, ayslavailibie Tht cagmeent Srataperdeespimedifog t o each
of the super-npi , as the super-pixel 404. The 13 SLM pixels are
‘al'so divided Féh%“ﬁb@u%%‘i‘@%nxaesﬁ 1%%?"-’32?“?"@6?_ HdPIy S Sutncpildd) e Ak 1S share a
conmon cor ner JmovEBisscls thap this Edld@@ﬁlltbg%rﬂfeﬂg RbjcStbPBheoPE B M (Nethy @
-suitabl e exposure strategy should be used. Many different strategies, all

wel | known t &h&¢584ed pattefthe art, are avail abl e The exposure strategy

the SLM PRl er e M et B R R PP e e ey
proj ected ont divided iSloMpitesftbatnmay be od@Bippiag 1Hahdieé @t-itcﬁi%g.ﬁﬁihege&a?edt he grid
of super-pixels is.determ ned, the desired pattern can be divided into

]E)I ectesd_t haéI gﬁfz“?’élso_@ ﬁ’éb‘ﬁidﬁtqlﬂe@%}wé0f§‘t3ipf>@htmgz_ch'ﬂiéviM d@ﬁbh euper-pat_terln is
irs i vi ded pixRf QvefsaCst p ach_super- pixe
covers a portfon ofv_ the pgttgﬁrtr?.g% trtér?lg'r gﬁ%&ﬁ%?@gg%%%ﬁ%fpaﬁﬁré‘% tern will
i nclude |ine 8whds live algener somtrstdfethpabitees.n THNpsrtiod hdyomseBeldleso i ncl ude

portions of t hackgr.pound and rtions, of the features of the pol ygon.
Theoreti cal | yP&gQ%uﬁgrtg%&?QfgrB PRE ReEonsetfy the ofcabires ahdhegglygon.For most

cases,  howevelhedkRERy. M bipdiifl LA i GHARS.o AE 489000 rl St 190

edges that intersect at a ceéertain angle, orm t rher. 67] By way
of exanpl e, wHEP hawekap@erepiilkbe tithec ompdgsdoref edgepior qinest swo shaki ng a

common cor nery,,the. a%t%%{@iﬁkﬁé@ﬁtosfegﬁgﬁlm of the pattern that overlaps

the super-pixel 1s desira RIS geometry is known, the

states of006He fourByiaglct ekhmplef ameh tRSsuSUPSKaIR %8S puted. The
state of the @i xel , however, Is dependen &glﬁ t he mguﬁégté}gfﬁﬁggllp‘ﬁ%i pl e used

in the SLM T8M %e£081800 Geingy the [seemeinindf ther segtene of tilat pateowltishtr epr esent
t he 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, siope 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.




ree of tilt. If pistoning mrrors are used, the state could represent
?ﬁg | evel of voltage to drive the pistonps. [0068] In the exanple of Fl Gh
4, where the edges 406 and 407 intersect to formthe angle 408 within the
super - pi xel 404, the two edges 406 and 407 are charactgrlzed by‘four
par amet er £06%he f oufepranlimether stefpolation atmplee, 400 nelilidrot tikdudd ap@i@f the f
edge 406, position qft'thtﬁ tedge 406, ?ll pe of. tt' r;e %dge 4r0c71 and TE]?:SI tion o
the edge 407 (IROrCkt'eF Pal FRseY FliphLhamsisayticsid thodepirgd paterpet

quadr uple. i Sicidldfd/hble AR bELLZE SohBlr AR ABRMRL L. Yy didisact i on of

the desired pattern. At this point, the nulti-dinensio nu ~par anet er

i nt er pol ati on thalesegoguadeupiber Geeth piivaled ntied podtatvabrrs tfakh evO9 ashncl udes

iti i t hat
the val ues of; pes and positions of two (generic) edges
correspond to 1{1&325’01 ﬁoglcct P(l)jﬁpgrffgrﬂ? "desired pattern. 14 [0069] Cenerally,

i nt er [BOV@t i on t@hthin, 400 inMhk lvidigity bNGH IErBRie 88e hRRLESEPLALM ¥e t hat
tpPSc: gef;iﬂna?ch characteri s%i Cs v(l)f1 tyhe desi lr(j:’pedjlbpatteré. Tﬁe Q! nterpolhatl on
tabl e 409 can elygeddnd reslused to a(SiH)ailgsurabdr?iolgE ltl\{ﬁO]: abh@edshhat%ﬁmnk@z ht aﬁ

| osest quadr I [ i.xel state val.ues

icnf Zr ;S)ol gti onﬁgﬁﬁaﬁéﬁ'oflﬁé%?@%g’%ﬁ B\Wﬂafsﬁ“ﬁiwrﬁﬁl&l E Eﬂﬁie(fkél gbmzmo:‘ each
~super - pi xel , tdvedpatet @inbfriegyments isd @nalkywede @ﬂqlerﬁe%%u¥e$_hrﬂu1§- S es
nunber (e.g. %@Dé of ed eﬁ,that formtkh%g_rgattitler_n fra%%enall.u . l@t?sthkz gb2) o
have the pararfet® I?Séortﬂﬁl ) )‘Paéﬁﬂet(fkiabi‘?). {éi @q;p:&fdm?; on(VI f;rrul (k2. b2) 1S
' dto inter i mot e a] g - ul.ti- _
?Z& e 409 for@?*hegjg ﬁjnlt g?bgiﬁ’a@gd@gﬁ%s&gg%genﬁl ngg ?f)la SBE?r % 28471)1 -II\;EInS
procedure is tfthin fegddtfed for all super-pixels wthin the SLM | ] y

i i echni , .all Il known to those of skill in the
art, Ccan 0EUceq « M HERRM BTehuSta t Trimes (e ms dosagestight nave ar
opaque seni - pkkifieinahe @M ecani Haysaneh &cbﬁﬁ’t%faﬁfeggét tifithe 9&3@%9%@3 r%;%ﬁ% hOt er.

For exanple, this scenario exists when two edges Intersect e sane
angl e rrang/) for B?\“‘Cﬁ 1 ePENE spai-pling ohrangreidit sndde premgharegt edini-plenedg ehe

i i nt_inventi.on provides infinite slope for any
Ce)(rzllgggt S;Ir glni el[)ﬁ’ltQ %Z)Fto ﬂegg@&‘gg’is@fs Y G ER P gﬁiepﬁgpggge%;ntqrﬁ@t@g #glte si ope k,

unit normalizedne angle may form different pattern fragments depending on the edge
orientation,

{6072] 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 [cos(alpha)
sin(alpha)] and one convention mentioned above can be that the normal
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




conponents can be used to paranetrize the slope of the edge:

x*cos(al pha) +ty*si n(al pha) = b. The unitformal conponents are [cos(al pha)
sin(al pha)] and one convention nmenti oned above can be that the normnal

al ways points towards the bright sem -plane formng the edge. [0073]
Pattern fragmephject pane l9é afdssineldpdigrrathd wpsitpiReicbetdgR ot af &de@Rtié el Y
out si de of super ol i ch as tg&ps?per-pi xel 404. Such edges still

xels., s |
i nfluence thep”[%%l?’t‘gﬁ?{elinnzgﬁa%ﬁ ©R® cdgfpat i desired maiernicaerses § bovedies may or

ey not i nt er &ph e LB iNe BIRRRCRIE! s ShROUER LN Yk oD, qubodi ment

of the present invention uses the exanple of super-piXxels that” Have four

pi xel s, the nif¥bed byfspgiifiellopt and hesiSupparapitesl rekout do ke sw@eepikbian four or

| ess than four | so, .the numher of edges form ng the fragnent of the

pattern coul d IBeStér%?DE%’ PHEKH IOBrtalP%é%?‘{rﬂ’ﬁﬂ t?\ﬂi‘)b“%%@%falwq@?d BiXek a flow

di agram of an mxduiploaryateet BeekiHOp;xef mRAARLE Lgs %Fkgtheh%%&@ffg%ﬂ @90 of FIG
n 0

4. In the nmethod 500, at |east one pixel is selected In a | ect pl ane
of a desired [Fath &F the nines dwpegorgsinge Withehe gntémoisdn ofblatas|indisited wo  pi xel s,
wherein at |east, ppe edge of the desired pattern crosses a boundary wthin
t he super-pixel, as indicated in step 503. The at |east one edge is

defined by specific slope and position paraneters relative to the

super - pi xel .  GOVBUSATBONAAnY O ERD MIRRORSAblI e is formed to tabul ate
pre-cal cul ated pi xel nodul ation states. Specific pixel nodul ation states

are then [0&T3r m nedsf noted abode, abistéhatiph Xelhgiduds 265 oHRRES eMidNsdnhe
interpolation table, as indicated in step 506. COVPUTATI ONALLY COUPLED

M RRORS [ 0075 H8alSt 8B0LBEY e Witha dif&rent apognlatien histkpieessc anHowapensat e f or

sone anomal i es&iRSssH alogd Mhi jod | ati.on_techni ques. However,
rasterization al one cannot Ccor%eéngsrﬁa{{egga?%iforg%gge sulg[%l glAiolv F‘&E‘, Bsuch as

m nor i nper f egtirehsmppréagions Vieight ivanstions] ctd.), Whichh ce@nich®ad tgsedose
uniformty pr ens,.. A .second enbodi t of the present invention provides
a method and g‘?g{“e“#ﬁfpé?'? FESue Sﬁaﬂﬁdﬁég@afwgf B mifseronventsamteddssons.

[ 0076]  Convent matiald Aaptyah timskucind ROMARIVE RYR: SHBef@fiolise, for exan) e,
tilt mr[ors phase step tilt mrrors, piston mnors, or hybrid piston-tilt

mnors. (G978 6A i Sonveghensth opic! ahaskriphdgrape systempleas s far acingile,stics of

conventional i miprors, phase step tilt mirrors, piston mirrors, or hybrid piston-tilt mirrors.

FIG. GA 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 tilt 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




[ ' im ilt mnors generally
tilt mnors. [0077] As a prelimnary matter, square ti _ _
achi eve a m)EtJuI ation between 100% and Q@b positive phase intensity and
beyond to 4.5%negative phase intensity. It is desirable to obtain
negati ve-phase intensity of 100%to be able to enulate alternating phase

' ks. Stpflaeiéviptiage fiedd pgetdtéd byritie moydalatedasio inithePad th ofp@Wrat i on
Egltrmtaenna;O% 0% and. E’g}/on to.- 50% These m nors reach symmetric mtensLty
modul ation in PSSIPIVE Cﬁn%“dr%gé’ﬁtsf)% rpisirpge vHpnel e field {he thx feldse of 50%

i he
i i I / 1472 : s_an mherg over t
dovi ce 13 complox (rear Ech Ml sflee BeRThed o R DAR S S R S B MRES /20 e
712 conbi ne toAfEIHIG thhdisht ds epflediichdiom o G0ER] nfir&, B4 Pslavigdesea nodel

. ) . . i nal e
h t | magnet fiel e- field) resulting froma sing

(o ot AR hLS: ikt e Sk kg o

602 depicts a iphaidifidd HyltBe 8k &Ghia@ediB hggid Vi ty of the nodul ated pixe

' : derstood by those of skill in the art, effective 16
Te? Frecs:ti Cﬁ%{)%i s t henfhilg) 8A gasribe atiwor yiltedshaodaldat eddplaxel Iniths @ke at t he

i gi f th i L.:.spa iwvided by.so ference value of the field
Ce 3" o oA PR RS SR LB G e e ¢
un- modul at ed rfiaidris piodelaed (tiAsENBuUDehd Aeplii@hbr g [gf! eeted ke 9

. . he
i light can be represented by an e-field vector. Depending on t
{n yggr of t rr:1'enolr %H‘EIH‘ieSél-nfﬁT%fflél mpaﬁgglt%dvepmé%yi‘hm@ngﬂlnf !the: ndma_gmspleoaealﬁmce gan Inﬁr .
FI G t ] ros '--,he_-le .S, nodul a .

EggY(?!as:an of a60tﬁ ﬁe{:@%esns}gﬁll@‘lr tﬁsrﬁlg rfrlf?)rt&%éhttél%gha@g o elgﬁga%?ﬁ%b‘t%m? ght that
is affected astthiveedge of & ehid cirsle60d tepteehtingiiheRion @E&%aﬁﬁﬁliﬂﬁ%id& de of the
i ght. The nod 02 includes an e-field magnitude vector 604. The |ength
of the rragnittﬁ’betléd%%%rf‘% en§g4 becones snaller as the minor is tilted. The

-field yeosopr 604 AsSsHoQmMRAFIAt6A Nhe 8988 Voo $0k tis Hide&le§ 896
?relpresegti ng i nt ere?csti orlll of real an(ejeﬁldnagl r?gr§/ e-lfl éleg e@o%ﬁérﬁ s).
[0080] As sho@PfnS¥ o the Anittdinsleetds, elog e k akis6 Ofhel B aghifude bedhd ewar ds a

o trerd 1 s r ass Wikl Sy o B i veke siclioh desree pf Otké ogr e of
tilt of the mimootomionts RURRIdaS, tAE HERGRe-fRENAGHHAL Kebihe! &ifRgni t ude
becones sl | gh}qégiative 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




negative 608 (i.e., negative black). [0081] Generally, in the case of
perfect tilt mnors, the magnitude vectoy will be reduced along the x-axis
from+1l to zero. In the case of non-perfect tilt mnors, the curve wll
slightly deviate with the major thing being that it does not cross the
zero point. Aroung previded ahermimidflcob@amdoni heagdmaghy wofiln@ntachpoameonent so
that in addition ttoe':ﬁrf reduction in magnitude, there will also be sone
ref ocusi ng due TPRIRY i hBRASHACB M RRYRET cuaRATed tagnixiswim saplitedd 618nd

i magi nary conpahrRise id g Bpt |5} gkh i 1 Nors.. -h v s that
the e-field anplitude is g?r‘%@ﬁf&cgﬁ?u\’%t i%ﬁ}“%¥légﬁglcg‘iéﬁ?§}§@18$1ﬁil?ror tilt.
[0082] A graphPievided & shovvihdddundary of the helb¢veblchasxifer dmplitudd 671Qht has a

relatively | | jtude curv 10, nmeasured along the y axis 612. This
anpl i t ude cu%ggC epl}&{hg 08“%5%9%@@?%1&?%%&'@613. As the mrror is

act uat ed, [0i®djever , Intt6, gBaPBhBARlithdsdcrAt 838 bhdkab R m@'ﬁ?eltiv&ﬂég%&““’e 610

decreases and the reflected |ight changes phase as the. curve Ccrosses
the y-axis 611MTPhE Magptst sdRdIoDdcoMes astuagh), |the nmghtudv ef als: feHectedir ve 610
crosses the x-axil.s . 3 |G 6B i.s a.graphical illustration of

anpl i tude and p gsse?élrcgzhaﬂrhgg%é}rni tgfsirgsé SE@%’BnWEA’@BBW a_r]bhéé SPEPTM rrors. In
FIG 6B, a dottled, bk lighearkplitubd Bedomep HOY iACEr ASzafvOUePlnddly GOTRAN SON

bet ween t he g@rl mum achi evabl e anplitude of a phase Step mrror when
conmpared to PR anfp filicdde eng, diregiion, ebabimeplitnde Ivectoi I61 8 ndchicwes of FI G

'he achi vabl & au o o1 Caatah il ol Pl R e Secifine | onal

t he achi evabl e maxi num e

phase-step m citde 61f008Y] the x BiG.in 6Birst digbtioanpkitha! deryertieg 48 and 620
show t hat wheghthred. rrtirrogi IS i.nqa rest situation (i.e., not actuated), the
amplitude of CHE" FEFFURT dA° ARpRIkidesverir 020TAdNeves, mpximui dengthses i t uat i on,
the light is davds toA@rd th BhiRrid Greld d 1t I Oft, ARBL4 Gude, becomes
positive or negative, dependi ngnonrct he ta?%tg th%igrale(fgglfﬁ(?nsi%%rfd({lfef?% in one

di rect i ohl088he” anpPie utherigening of1®e apivsevies miveosi Inhhte agthaximu®. , NMaxi num

s, in a i Phrskt PHE RO HE RPHGS Dbt & wiibies pbmenibocnen
direction, theomampdd toudfgure tndfrof 20126 %&ﬁm%ixﬁaﬁa'o%&ﬁ.%&%hfs travels
toward the concentric circle 614 along the x axis, In a second di'rection.
[0085] One Shﬁrﬂqc&;g?ﬁlﬁglhﬁra{eﬁgnm@a@@argﬂ[ pa igrapho6 22, swhiblatdepictsnixg thgm
maximum achievable 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
miiror 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.
[6087] 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.




intensity, the anplitude of the reflected light is still less than unity,
when conpared to a regular nminor, suchigs a tilted m nor nodel of FIG 6A.
This principle is illustrated nore clearly in a graph 622, which depicts
that the nmaxi mum achi evabl e anplitude 624 of phase-step mnors is still
| ess thanl%f8] maxi RismGacHiedepidteraatin dfade- 543 magninidetverion 628 alon@086]  As
under st ood by se. of il inthe art, the left side. of a phase-step
mrror is in o%gglzg({r@e g%g'sg‘sfo%ﬁ?li’ Pgsef‘fegﬁ’i?msf]i“’(j%r.apk’l'aé?=é’f1%?@?g A ®ti s al ways
a degree of calftwektlcatrgnudesmmencibe bighohingl ddgs, Howehs: Qﬁ@ﬁ%ﬁ%ﬁeﬁem nor and
sed a

its right side. This cancellation results I'nits decrea I tude,

since each si dét-jagzieh obdisorsdtes. phbgse by pistoning tixt hemor, Wid phiseeofpthase st ep
m nor, and depgpdiLgy; irection o ctuation, one will have pulled
li ght in-phase or tgﬁltlglgpa'g gﬁ%@&ge A‘Hgﬁ?%ﬁ%&}%,“s pllfh’td%e phase step mrror,

al t hough A ]naxi mitistonbindrirarabhareadppiik UpRask Smb@siatidh atrbN QaAPRAML ude of a
regular tilt mnor, the anmount of negative e-field is the same as the
anount of posi PPN plepiglon migwry sEmS fr@e the ceopgrativhiedtect pf hudtiplat i on 625
of anplitude angoRhASErs IGhRLALESL) St opyentional, piston mnors. Mre
particularly, 6BI%I G 6C ngﬁlggcﬁg%ft“ﬁﬁaﬂagﬁﬁéwg' gﬁa&&e%e PIﬁ%e Ioivﬁfﬁ?rgeE nodi i ed
in a fully unifiednreaniserdeal(ye constaribyovei kanioTghultiphepixeherPhasnel t he
e-field is afft ct%g. .18 &00.881. FI GT 6C al so depicts rotation of an e-field
magni t ude vect'BF“EIEIR| ShiicdmERing. cThederigpge hsphbre veatheoedalvie ¥ rom t he
graph 625, pi sbhemlimgsoacs & e i fi VRELOL .

Pi st oni ng does, howe\?er , gﬁ%}gt the%ﬁzgg ﬁ%’[‘t}g#e&f,ﬂl%gsngsl E%GQIZ* asze Vect or .
Thus, by pi st GRtHgdessenpformity in thhengeeakeugi-fache reflected |ight can be

changed w ut af ti its anplitude. [0089] Piston mrrors have a pure
phase rm%(fdg?i on e?@é%taﬂ)?gﬁiﬂrﬁ ’i’lﬂ[}g‘gs Ao dUaLt Prh denselyi Backad i BRGRYst ens from
the cooperati vidsefraggilaobr Rethioml thirrBlsThRMsdl OIS s \HhRg ﬂg:i Jr%zﬁr PRt phase

ea

hei ghts). The average phase over |larger pixel areaS’is i y const ant
over areas of aHRfPPIi“gP empging|tke pgchsias antweeder testleisappicalti ty thef critleal | magi ng.

The derivative; e atial . x, coar di nat in the plane of
t he arr:a; O;Vg}ng{ngf%ﬂ;ﬁﬁgé’geaf%% t&:% ;%r}ﬁ% geog'éof‘%‘ pIé%§E?re&§H%ém'Eﬁﬁ‘¥ rmty in

the image threges)f dusisn nfiffi08Qte TypddatidldeduaRbiSh QRsiflE bBEs Al gAr e and
densely packed in an ar ax. Al'sg triangul ar or hexagonal mrrors can used
to densely p AR5t | era?tgé(_l Bgind y direction 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
cven) piston sub-pixels as a single super-pixel that, by proper actuation of the

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




appropriate imagi ng the pixel size on wafer level is typically % the
critical dinension of the features to pe printed (e.g. 30nm pi xels for
60nm | ines and spaces). Piston mrrors are typically actuated to positive
phase and negative phase alternately in x and y direction resulting in a
checker - boar d patls ercrcoofpensataineh the phpseixd M3Lby Pbisdcae MihhSoay e

i nher ent phasesug_nd ? kituge advant ages over other types of mrrors, such
as tilt mrrors. PESS RARAIeantage of theiny  pdegresspfdisedomy epresent 0 or 180
phase int@os3jty. ForheSREC bAk- i i s.vortex contact hole
printing, [@ot r%er phases (egﬁ!},,[@%gllﬂooga%%r%?cegggﬁthi rﬁr%SFHéﬁ'iwé?tgn "les 45,
135, 315) ar e theeddigonafpdyentageh gt phase. o gardiicagiieaad omirdflectiPiyst on
mrrors. Home\ég:lrors)%insﬁlon gr_l rrﬁrls gan have parasitic tilt effects (can be
constant v. phase’df VarYORPEh D Bhdseonpessiadom thepaparpirelclevéll t | eads
to anplitude Baak iodttheonpeantiels mhv hegderi vati ye, o ase vs.
the x or y coordinat eflgpi npturn caﬁgﬁﬁ%ﬂﬁg%h?’og@h" ?(!(’)rclzs %,035,61 \'/'gri ations
and tel ecent r i9EIESs Oldfaedpm tmeemperaio e thdhermprsesent i nventi on provi des a
techni qu t red .dose. variatians and tel ecentricity errors.
[ 0092] Tﬁgﬁ% esent %ﬁg@l n%@gﬁﬁb?%v?a%‘sggrpr%'gw 3“%%0& of phpss andy 4, .
n even) pi st empbtide phaedisriais af & kin@leSiKHPRTH. X816, t7hﬁt?we\}%¥ lﬂ%\ﬂﬁgsr
actuation of the, sub-pixels, acts as a pure gray-level noddl ator.
Parasitic err8ri3 B (9Héeuidhon o/ 00prepedsentimeefonn micresat’62, 364t Wes, sTgser - pi xel

| evel by col | ggdfiovifdas tLHald ; u(g- ixel.s takin vant age. of the n
x n degrees of frggedom Hﬁlodéggﬁf%ﬁjﬁgggﬁa Zm F“ﬁ?ﬁ‘i'%% V%g?)gg%%?@%‘?fept of the
present i nventhiesmgbfmares of FH@. @@di ti onal advantage that errors (e.g.
parasiti LKt err or lectivit errors) on the sub-pixel |evel, can
be corrpeﬁosotgF Ld on ghﬁ"%p@ﬁ'pﬁ?@l’w?% gluse qglohr efinpiie(tshpang pi ks now
having n x n fdkror®, thd Bresent ihbntiBn s 4 LAy egrees, of freedomto
conpensate for these grroI} _sl. _[nololéﬂlj %n%ﬁlgtéldo{%g&rurtﬂﬁlnﬁ&sﬁndﬁa@xusé(‘;mﬁrovi des an
i11ustration BftapRawmbgndl irdipitiialyceldehablenerdst iSesilady, alBbngl @epi St on

mrror. FIG rovides a mrror configuration 700 representing

four mrrors %?B%%éq%fgsenﬁﬁ ag%vc?rffqg]@i‘ffi‘ggwfgne%ﬁ at evengfungier.ng” phase and

anpl i t ude advantabgeds)art b&1 bfiRG! Badf of th@%miaﬁlﬁ(df?ghas&{brllé’%i | G 6C. [0095]
VI ng

Although FIG 7 depicts the use of four mrrors as5ifan
also inclide 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
cach 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-ptxel 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.




mrror), the present invention is not Iimted to four mrrors and can use
any suitable nunber of individually addpessable mnors. Simlarly,

al though the exenplary n x in assenbly above indicated that "n" was an
even nunber, "n" can also be an odd nunber. Each of the individually

addr essabl e ni %F%kwﬂedgal@dhasncmgdéecaom@&rcahetla@bhha{/d: e RB@Rfked d- 0096]
uration, 700 behaves as a single m nor neans

St at that t f
t hgt ! '? ﬁe manor gag rs}3| uE)r P &[ggg?ﬁcgﬁbam%ﬁde bRsBuse i corplnalion B0 pf mirrors
i ndependent |y pOXT0REMG( ARVER. UrheBdHeld Q¥ de hdﬁdﬁewg&% b rﬁ?rrrpseﬂ?gt e for

i nper fections contal ned in a single mrror. ionar 1 Y,
confi guration 78070 @nddescanderactiatagris multirge degréeslod frasgiri t ude conponents of

each of t our m 2, 704, 706,. and 708 pr.ovi de a combi ned
anpl i tudemg?] a l evlfec{r%&?mg %Ufrwot PRBEME ROy, sjchgy “EIHQY%T%@@ iz pdt of FIG

6C. [0097] |n predurs tob indigemiai dclds has SKRRT miinsel, J&Ovécﬁyr%gg'}&%?d as one
pi xel in th&fg@&l m zat, i on routi ne (mentioned above I'n order to calcul ate

an aeri al Eopneniedicds a‘i%@@“ﬂh@%ﬁkﬁeﬁq%@ng?%thes wgedicks a single
pi xel . The regMlilr &f 0 anced e fle% t hat behaves
like the e-field of %“f??lﬁgf’a Frh"?f@rd S(\%?t rﬁﬁﬂi“tef‘ ?ﬁb?nso g*i?o“b? xel s),

one can synt hestes Tlﬁand-'/'lﬁlvall(ﬂ)rcsc&pé &f@&é’qlﬁﬂe&‘éﬁieﬁi H‘l lrf& 1€ aM L FiQHs by using

t he conbi natiqn.. g H-WOf m.rrors % 704, 706, and [ 098] Al though
i ndi vi dual ni 8PS HRYnEt ditlceate most bl atithom sombipatédnt ®%t§1€df‘v0twe®$ 714

i nperfectionsaganipe quantified during the standard pre-calibration
process. 20 Wth know edge of these inperfections one can still achieve

the requddt®dl e- f lepéebaplicationsharsgulandirtor cauiyibe tugh®iRacaus£phhe
conbi nati on 79{% {1 rngpnr 702, 704, 706, %nd 708. The e-fi el d can be
achi eved becaus® THST AT s? PEOnIng guirror dgs forgh dhey gepes-pinahe Whera  fliced i n

mul tiple degressildfmifoeads e 1[15@@958]005951 e Iﬁudtg\f)t | St ngy F%rrors
e-

such as mnors 710 and 712, will produce t epen ent
shown i n FI G PHeSesife Riser gnd/p ghg msmneg mafcmn@ amerolittict agilé of eheagnd anot her

vector 716 ro e cle, Iar othe illustration
bR G 6e | TrEkEr 808N BOBIDGS tt0ika 710 S Gyibrgiefcarrecths soiaiore wi ||

produce the remguiensedd & doingletlsatd themhpﬂfdcﬁbﬁbof%é offied | €l s inside the unit
circle afOEfOP]O ssi bl gs \émn te:Qa,rgplgOc?gin%aé);eglglo?lfoftthee o;t\;\n?u;{t?grz ?oruznz 104;1 il
e 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
ndividual 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 mirrors. 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

| mirrors 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.




[0100] In other applications, a regular mnor could be conbined with a
phase- step minor and/or a pistoning myor to formthe super-pixel. Were
the regular mnor can be used to control the anplitude of the e-field and
the phase-step mrror and/or the pistoning mnor, to control the angle of
the e- fil@leB] | f bdhhemfs (bfhﬁidlﬁéslélﬂgSeaZH%fQMdlﬁ'e?erﬁrsﬁb ‘f}ﬁée[sb&aihggrlcﬁﬁ{]r ectly,
each mnor can be used to conpensate the inperfections of the ot

[0101] As an &X&Efpi .g)z 8%7}% @@e’/@ﬁtfia@)ﬁs @Wﬂtald@re@phmemmaiasmﬂﬁmabmwmﬁ, one can

det er m ne whaty,the QHMHI@ ut i on sho d be across the super-
pi xel . During Thi's st ep, 't e i n‘gé f/&l"g m rrrS? 331[ atﬁ’é‘e‘% e Bfe t aken

into account Stomﬁlionzglyemad:Mthn of the optim zatl on routine, e-fields are

requestej Hr%ﬁ t he rent super - pi xel s. Because know edge of the

i ndi vi dud W nor ﬂjé%‘f‘?i%rf’sn%l%efﬁrf éﬂ%@rﬁleﬁeﬁbiaﬁ pistbnihgr Yanigticsd i br at i on,

as noted abovegyo ogqué@ tr sI a ed into

defl ection val ues of fglrbagthfrdeeaﬁbfﬁ{ vﬁprg 1%.3&{6@{8‘39%2@ 204I ]% 6, d 708.

This process €onpaagert é’@Of@hastehsxep deﬁ)ecst shoafn tahegi withvd duade ma@qrps and/ or
fects ¢an al so be conpensated for

non- functi onal rLllorts 40% by
per f or ni ng spe % ¢ afftarP %ﬁ’?c?tfi?prt‘g PPivgels 80h mAdtosinglaflet iscnt o t he
i ndi vi dual m eansplafsPhas€¥@FRbEN aﬁabﬁ)aéwE@@Caec}féfckéiﬂodrﬁ%v@gfﬁ%kh gpé;or can be

measured to determine any anomalies in it's actuation t he
i mage i ntensi 838 afchpegridasdidbwn flfor Bacbarf the diffarsntr edidiasegompersspeci i c

Fecont 1 gure oV HaREatERIEAS e o VG UBERLS B 1 o1 degrosuatracdomer o of
addr essi ng, eafcthe @ﬁpetrhﬁxa:ll fohtie ro‘ébﬁb‘s%ﬁ%&u&r it u s 702,
e drr&hfﬁ;ﬂi mﬂhaei&{s

704, 706, and (l)]g has its own dress line. And as a final mater, mrror
cal i bration car"B¥-ger ftHF)r?ﬁélP&H@fﬂﬁ@rﬁ‘égmhmﬂgum-lpﬂ@ﬂat| on data can be

stored | maesl y, onypt ovi des _a .nunber, of different
exenpl ar ;R/lelst oni ngI;1 tegpﬁg?f%or{ﬁsﬁﬁ%%s Ok&(fil o‘ﬂjlr?’rﬁﬁ’ty‘lf')‘f ukigdent

i nvention of Fedg is7providel] @ e&;uiettmmae}qrmteﬂaette&@thQosmﬂftﬁSQtegﬁagg left) is
shown al ong WI has p u nfiguration 802, and a phase step right
appr oach 804.F s% grf’é ‘ﬁ’(ﬁ%‘ﬂelle &W E‘Q@WPHYW%KSSeAWQ@OIUOMeaWoaCh 806,
a checkerboar;dxsmmonomam 80870 i80nanA REAKELAR L flown 810. Each of the

different variations 800 of f
(0106] - The mtensr[y 1s 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 v 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
multipie 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 ( e.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 illustrated in FIGs. 6-8. In the

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




i que advantages, each of which capitalizes on the n x in degrees of
?pegdon1 of thg super - pi xel . Qther approaches can include, for exanple,
combi nations of phase-step (tilt) and piston mrrors wthin one
super-pixel. [0105] In the mrror conbinations of FIGs. 7-8, a pure |
gray-| evel nndUiﬁmmompaﬂﬁﬂﬂ&kadmeMbgﬁﬂlﬁ}@mﬁﬁmhak@(ﬁhﬁ@%%ﬂﬂ%bﬁﬁ&ﬁateh
phase shift or alﬁerpatin Phase;shlft,or chrone[e?s Ehase I'i thography
masks). Act uat ["SPIGRIY RS "grpts W) gwirehing gy ong picel ahleinoss indicstedh t hat

tireiny ) The. VAN r.e. bet ween, 100, 0%
L(r)urj Eggooe@n IESTSSI%%{OO%LEI;%\%E%%%% Haﬁﬁ%&%%erh%ﬁow %\flﬁg ﬂg@l TR PESES 1y 0 or
180; and [oloBflivitwellgeddressed vectothapthaSEM perfornand iyasi Snz6f pure[R409] FIG 9

. . . ) \ : t the
rovi des graph | i strations 900 show ng that the enbodiment o
Br esent i %veﬁt fleg% r%?dulllﬂtg an Pg&@&ﬁseﬂﬁocﬂ‘i@@nt o produce vortex inmging.

e R i R e Yo
steps are require the X. . .

m)rg f I exi bi | i Rajdwareoproasra @Qjﬂlfmmc;n Zﬂ@mhnﬁéﬁd‘gwe? L}(;ggéq?gg%gﬂlhe can use
t he present i ' construc :

Al terpnat i vel y%?ﬁﬁ%grq%%)gh%%@ﬁ%‘aﬁt?gt‘? g}he W&Fé’n‘(leg.(b{a FOMRYIRT 8YSisH 0B X im:ts(lgn
contact pri ntiaier(preediing spﬁaﬁ§aSAﬁrekm?[eeoﬂ9§IcﬁeaeBoerutéPst%gﬁ? %mbrl? Shsron
mrrors can behused {g&lclol lectively define areas of de;' ne e);2eas|ear x'et er e
between 0 and"@8B11{B111] FIG 10 is a flow diagram of an npl ary

i Ci i t 1 resent invention iIIustra_ted in
llr?gg OIS- gpﬁﬁlll 'flhgg T&?ﬁggﬂgg%@grléﬁ%%ﬂco@eﬁ%ﬁo@@%ﬁeé)r%‘i?ﬁﬁ‘qrﬁ&P‘élﬁawt hin the

lity of rprecessos 10022 The pro@ssorsiupercapibeel specBAGRpDYPSF alickSlal (1)
Plnglrﬁd: né two or nore .mrrors from the plurality o? mrrors and (ii)
swi t chi ng onl Y"BIY&° ﬂ?&@ S&%ﬂafipme,ssoas Thelineegeeser 1ilA4 sisegonnoged e st ep

At bsSea suery TRt GRS MEO DA RURTRORI Rl bty AL e
modul at i on andclptizie iplesentatidud arei deseritied 1A 24mAS T ShigteREmplBY ompgr Pr esent
i nvention cancbe. | mpl ement gd in dhar.dv.vare o3 L3S 2 conbi nati on rof sof tware
and har dwar e. nsequernt F?}f & H’és FirveHes-dh ﬁ%\)}’ BEG ARRAESTE P édpareon he
envi ronnent ofkided AR SfeleS¥E! &M Ww to implement the invention 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 program cartridge and cartridge




ot her processing system An exanple of such a' conputer system 1100 is
shown in FIG 11. [01131 The conputer system 1100 includes one or nore
processors, such as a processor 1104. The processor 1104 can be a speci al
purpose or a general purpose digital signal processor. The processor 1104
is connected tipteaface Gwniims chtifomnd nf vidsd guat WeeicdshOB réhovabexarplogy a bus or

network). Varigus,  software i enentations are described in terns of this
exenpl ary conpcgltlpepuc@ﬁtaé}n& &m&%m&ng Hesoctdaslcsqelet ond the othier | becone
apparent to a pebsMk skddelBfts 11023 g he 9L, iRl ement the

i nvention using other cc%rrpult ér syst ens gﬁg@%@g%})@p@b agpgvﬁslot%&:a{eur es.
[0114] The corfddt@ta 4y dreerrusf@iedalom itrctanteabla stwiape rio Y221 10 8he

preferably ra ess ry (RAM, and may al so include a secondary
menory 1110. ;L%glggf’eég%ﬁsg%}@e@mry 1110 may include, for exanple, a hard

di sk drivieti6112 andher campeeOvare SIOr e Hé Viechdd4, Bﬁ.grﬁ $&RbANY 2
floppy disk drive, a magnetic tape drive, an optical cfls rive, etc. The
renovabl e st driggeeedri2de The cammumenstionsomesfadyf b24vliovesofteare andrdavaabl e

storage unit 18 o) manner . The vabl e storage unit 1118,
represents a 1}% oppildngfgﬁgwehﬁég%ﬁe F EOPRHET S?S%Wc@ﬁ)gg‘l@k?"t"ép@. deiieen is read
by and writtefxtmpley ofrtheweaimieiGtionAgertic €24 Ild, iffudd + Indn2RPY €Ci at ed,
the renovabl e storage unit 1118 includes a conput’er usable storage nedi um
havi ng st or ed "EREOFeiRerfagmbinchrass an tKiheractapaifbra dammuni@tiosd port, al t er nati ve
i mpl enent at i opgpERe $HCQ ry 0 may. {nclude.other. siml|ar neans
for allow ng conputer progggéﬁ%d’gﬁ{zgt h%‘gﬂ‘%ﬁrﬁs?‘%duc(iafaoﬁganf%nﬁ‘é Yidalfsd into the
conput er syst eami0Qatic®aghterfeant] 2¢aye in the fateof figialeXBSPhEich thayexovabl e
storage unit éLll2t2 and, an interface, 1120. Exanpl es of such neans may
i ncl ude a programda S IayasuEtg erlicak orayher sienajswappble o6 beisgatecasdt hat f ound
in video ganebggeicepstuni@tibRMAAELE | RO Yse Ghi G Pﬁo‘vl or .
PROM and associ at ed socket, 1and t he o'?ﬁ[rersescr} r?lﬁssvg eatpes 8?”%%%% ‘ts 1122
and the i nt er $ARBEMAROs winteefacal 118 siof 4 vanenurdadiodat ik d 1be. t resf er r ed
fromthe renp : r unit. 1122 to.th conput er system 1100. [0116]
The conput er és/ystg%g%%ﬁg%r%gyﬂ&%SCSHieﬁélF%ﬂ%nazs Lbindiid BaY paArgplemented

using wire or cable, fiber optics, a phone line, a cellular phone 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




interface 1124. The communi cations interface 1124 allows software and data
to be transferred between the conputer 24stem 1100 and external devices.
Exanpl es of the communications interface 1124 may i nclude a nodem a
network interface (such as an Ethernet card), a comunications port, a

PCOMCI A sl ot an@pigRenteceuging Sefftweae, etha nebfihate ntayabes fserred dn vi aotdpeter
nals 1128 whi ch may be

communi cati ons_J rfac 12 re in the formof si

electronic, el %Hgglﬁaglné’éon@f %c??éo%??eéfallntBrt%St‘F?érfpuéqrgWé e cHPGprEngfthgei ng
received by thewoostRumigRt dons1int eid a6 drk24113hGSRieSigNaksc4ba8 are
provided to the communications interface 1124 via a conmmuni cations path
1126. The conf®ififeatiZbns path 1126 carries the signals 1128 and nmay be
i npl enented wusing wire or cable, fiber optics, a phone line, a cellular
phone link, an RF |ink and other ﬂbgf&{;ons channels. [0117] In the
present application, the terns "conputer readable nediunt and "conputer

ctorage drial  30a M freb e SROBHEN Yol PLE' pRuiR B & S0k D ol 1115 and
the signals 1Jmﬂctiom1em1dmgnmuue;rinpgt@gihfrmepp&ﬂ#ﬁhﬁceadfesp@aﬁ@§ h®fiondr ovi di ng

software to the cq uter system 1100. [0118) Conputer Frogéans (al so called
comput er cont r8f F18 fﬁglpaﬁ@r%qfor@@ bopndagige o w0dnghlicky t he
secondary memyye. HddP iR p e recejved via the
communi cati ons interface 1124$E%%%ﬁ9&%§%gu e%mgggéygﬁgfﬁﬁﬁ%ﬁmg§@8uted,
enabl e the conpistmte Systderesl £00 bt aeliheipbemgtastthe speeBenturcA¥y@NEAON as

di scussed hert%ilntﬂ r{Slg.llai’le Ig Eﬂarti cul ai, t&gpcorrputer prograns, when

execut ed, enabBf 8"YREPS HIFBOE dEAPPIPHAlChoPSTiopetent t he processes of the
present i[evAENti on. AnCEeK ditdldhid: boBHEReS QRPHELE il OBk

controllers of the_ggnputep sysfén11f0g. B§§&g§ﬁb e%ﬁ%ﬁ%ﬁﬁfﬁﬁﬁp§%6

embodi ment s ofhet K@imed, énenidon. tQee spilled einsths/ aretwitidscpgriforthmdibye si gnal
processi ng bl f ode nd/ or, decoders can be perfornmed by conputer
control | ogic. %@% ﬁﬁ@ﬁﬁhégﬁ?fdﬁni@s?ﬂkaﬁﬂF@ neByogsINPrsaLittar e, the

sof tware nmay bieciStsor ddcriett acOOpRCAB! agPlieAHANBERIUGH: d oadegdinto the
conput er syst?m 1100 using the _rermval%:lga stg@rpagie dri 3%%%114, ﬂ{%ﬁ% har d
drive 1112 or "f'RE%E€oMRATFOAII*EAEING mnseiriite saft@are, 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, without 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




CONCLUSI ON [ 0120] The present invention has been described above with the
aid of functional building blocks illusgrating the perfornmance of
specified functions and rel ationships thereof. The boundari es of these
functional building blocks have been arbitrarily defined herein for the
conveni ence ofantl middest piepdrtahhereidl nerondtieatidva widat iof Srdiddty REldafihaed so

| ong as the specified functions and rel ationships thereo¥ are _
appropriatelya erfornmed. [0121] Any such alternate boundaries are thus
within the scope and spirit of the clained invention. One skilled in the
art will recognize that these functional building blocks can be

i npl emented by anal og and/or digital circuits, discrete conponents,
application-specific integrated circuits, firmware, processor executing
appropriate software, and the like, or any conbination thereof. Thus, the
breadth and scope of the present invention should not be Iimted by any of
t he above-descri bed exenpl ary enbodi nents, but should be defined only in
accordance with the following clains and their equivalents. [0122] The
foregoi ng description of the specific enbodiments - will so fully reveal the
general nature of the invention that others can, by applying know edge
within the skill of the art (including the contents of the references

cited herein), readily nodify and/ or adapt for various applications such
speci fic enbodi nents, w thout undue experinmentation, w thout departing from
t he 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 disclosed enbodi nents, based on the teaching
and gui dance presented herein. It is to be understood that the phraseol ogy
or term nology 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
teachi ngs 25 and gui dance presented herein, in conbination of one of
ordinary skill in the art. 26 WAT WE CLAIM I S:




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

| ight nodulator (SLM to print a desired pattern on a substrate,
conprising: selecting at | east one super-pixel in an object plane of the
desired pattern, the super-pixel being forned of at |east two pixels;
wherein at |east one edge of the desirgd pattern crosses a boundary w thin
the super-pixel, the at |east one edge being defined by specific slope and
position paraneters relative to the super-pixel; formng an interpolation
tabl e to tWHWTaWeE Qramas.cul at ed pi xel nmodul ation states; and determ ning
the specific pixel nodulation states for each of the pixels in accordance
with the interpolation table to i ndependently position one or nore of the
at |east two pixels of the super-pixel. 2. The nethod of claim1l, wherein

t he nodul ati on states include mrror deflection settings for the spatial

I'i ght nodul. at orA @Rtid foprdetasimid 2pdetrict pRel aidnRboP atale8rdT Sfspatanl Nghi cl €. 3.
The nethod of claim?2, wherein the deflection settings include mrror tilt
angle. 4. Thenﬁgﬂﬁgﬂ(%@M%FéﬂﬁﬁiﬁaWWéP@WﬁnPHéSﬂ@ﬁ?@c@¥@%$§€ttings i ncl ude
pi ston settings. 5 ; aim a1, i : pi xel s
are adj acent. 6. Thgﬂ%@?g%ﬁk%?%g?%gﬁ#??%l é?e.ﬁ&?h@nigg@?hﬁ%ﬁgﬁﬁ?ﬁﬁ?udes at
| east 4 adj acefite sppsteizel bsinaformgd af eideasbrwoggirelgr . 7. The net hod of claim 1,

wherein the boundary,is. a. pixel bqund ...8. .-The method qf claim. wherein
the bre- cal cut at ed SPYer e e RORE O aeicn PAReR el sivofodly Widin 1) o
edge positionsﬂmaapﬁqﬁﬂgﬁ&eﬁtkmﬁoﬂéaﬁ@ﬂkh&cﬁﬁhﬂﬂbﬁ@kbﬂ@dkmbﬁnigaﬁﬁﬁiiVe

sl ope and position paraneters. 27 9. The nethod of claim8, erein the
respective sl op#BAETSIERYS oihguPeRiEdi s are deternined in accordance with

an of f-line optini zaﬂnﬁ@_arrlg%waﬁﬁoﬁeam&aqam@gft-&icugte%ramg%l r(n\emat?dnﬂ_ the

respective slope and position paraneters are eterm ne y (1) exam ning

al | possi bl e pbigies; atdat e conbi nation within the super- pixel and (ii)

sel ecting conbi nati rrespondi-ng..t r term ned negj.c .pattern
fragments. 11. The TECRBATGICCPATH PreRREIERRoY HA I FOSEUE AT at os
are sel ected facordshe withtieripehmldton i keindependently position one or more of

the at least two pixels of the super-pixel.

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

settings for the spatial light modulator (SLM) for rasterizing the desired pattern of

a reticle.
3. The method of claim 2, wherein the deflection settings include mirror tilt angle.
4. The method of claim 1, wherein the deflection seftings include piston settings.
5. The method of claim 1, wherein the at least two pixels are adjacent.
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 I, wherein the pre-calculated pixel modulation states are
based upon a plurality of edge positions, each edge of the plurality being defined

by respective slope and position parameters.




12. The method of claim1l, wherein the pixel nodul ation states are
interpolated from the 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 |light nodulator (SLM to print a desired
pattern on a substrate, conprising: megns for selecting at |east one
super-pixel in an object plane of the desired pattern, the super-pi xel
being forned of at |east two pixels; wherein at |east one edge of the
desired palt er ImhemassRiSofa]dhaL8) dakeinhe Fespectiveldpe REd pplitié parihi&edtard east
one edge being defined by specific slope and position paraneters relative
to the super - pidgErmingdinfgeqrpnce Srithiap@t ]rlf“i‘}i’tlg%*%%f‘?%ﬁetabl e to tabul ate
pre-cal cul ated pi xel nodul ation states; and neans for determ ning the
speci fic pioxel THeGkHtiRIdl ST 1a5h AL %ete@fmeas@eatvetst@eaﬂaiseélﬁoﬂ ﬁhrﬂﬁét@rrs@?é‘ce with
the interpolation table to |ndependent ¥ position one or nore of the at

| east two pi xeldstegpingipy gupramining all possible minel séama%m%hlwoefwlﬂmathmswr- wher ei n
the at least o t el ; and
wherein the at%ﬁmggggéhgggéﬁgéd%ﬁ %ﬁﬁﬁ{ﬁgggﬁamyh%ongFﬁﬁgmgﬂt g&gt t he
super - pi xel mntmmmmﬁhgn@bgect plane and mhereln t he nodul ation states
include mrror deflection settings for the spatial |ight nodul ator (SLM
for rasterizin esi tern of .a atial |ight
rodul ator (st AR Tl EUREEMTR R PRt GG et R o
groups of supeMﬂ@pmmm@1memph super-p|xel (i) including two or nore mrrors
fromthe pIuraIity of mrrors and (ii) being configured to switch only one
pi xel of ght ., wher.ei n_.each of t he two._ or re mrrors can arately
Pt vat od 18 16 BEfDA S SHE01 bt P OB oo o e el o0

defl ection set tengsul@r sidfeana paditial parkih&bls oMBRYARHRIa16StdMe. by | ndependent |y
positioning one or more of the two or nore ntrrors fromthe plurality of
mrrors of the super- Plxel 16.. The spati al ht nodul ator of claim 15,
wherei n t & pl ARAPPEPUS fonglstergpning §Pe%%PtX@hme léprpgiten phe shatil dehly

modul ation. 17 y,hh60s BativiRh ﬂri‘ngmlesﬁgﬁig!it?ér@fm QEHIE r%@o#@gxu}ﬁger ein the

mrrors are pistoning mnors spat1 al |gh tor of claiml15,
wherein the two or moae foi sdeding #thiemst 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 to independently position one or

more of the at least two pixels of the super-pixel.

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 and wherein the modulation states mclude

mirror deflection settings for the spatial light modulator (SLM) for rasterizing the

desired pattern of a reticle.




each super-pi xel cooperate to behave as a single tilting mnor. 19. The
spatial |ight nodul ator of claim15, wherein the two or nore mnors
includes at least four mnors. 20. The spatial |ight nodul ator of claim
15, wherein the two or nore mrrors forman array. 21. The spatial |ight
nmodul at or of claim 20, wherein each mgygor within the array represents a
degree of manipul ation freedom 22. The spatial light nodulator of claim
15, wherein the actuation of each mrror is caused by a separate piston.
23. The spati aIAépagﬂthgmﬂudhaﬁt@f(sgﬁ\/[)c&@m{ﬁ . wWherein each of the two or
nore mrrors can be |ndependently actuate 24. The spatial |ight

modul ator of cl ai m 2PIUhY & AitEeE Hligsturetor fsmogronpsy ef whRerviRels, ¢agh be

i ndi vi dual |y ag@;dc‘;?at i) \%glud E'tw@‘o BFéorﬁu-ifo? fr@fﬁ‘iﬁ&g @Ext)ap%r Jt*rﬁ’iﬁrors"ﬂnﬁﬂh)n

spatial |ight inclu |ngapura|t mrrors met hod
conpri si ng: cohﬁmgwnf@raglrtoawscfmnlmmermx@ ofdighti n the plurality of mirrors

o . L udi :
fromthe plaral ty "Bfm FEBrS iR O R i o st FRE P [ g
and i ndi vi dual kastepidéelh desicd paeas bf otctichbnfowlin®F defdction Setids Fbinthé Biitial

super - pi xel IIJCh that the SLM perforns at | east one of pure gray-|evel
modul ati on and8HrBOdIHAEESIABLEY Mdersrdenly pastioningeons AaBEed hatteeh of a

reticle into ml{of@ﬁurft@; f6ftthOPuraBBt S igrdrs ftind WBersAgdyi @l 11 ght nodul at or
(SLM by independently positioning one or nore of the two or nore minors

fromthe plurality of mrrors of the super-pixel. 26. The nmethod of claim

25, furthdf cokhe isgatied light exndplaureingaignrfi sliersin ienphugalityviof hiross is east
one group of t nsate for defects in other
group [lga‘dl?é gQrIforH? %Jrﬁéfﬁa‘g%dﬁgwﬂ? .

mnors within t he nmet hod of claim 26, wherein
the re-configuri ng i s based upon at |east  one of a measured actuation

| evel andlan i itbgepaliatlmhsinpgulatesofoilzined, whedeintthe mpaes beyfigoninginhons. 28. An
apparatus for nodulating light within a spatial Iight nodul at or (SLM {

i ncl uding;g pl ?ﬁ@‘g ah%{l l?éht Eﬂod[ﬂ%{o of tcﬂ?ﬂeiep fl@fg ?5} gllﬁpegmlr{orsa (‘v?thmor

configuri ng group ura
each super-pixel cooperate to behave as a single t11t1ng mirror.

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.




f orm-super-pi xel s, each super-pixel (i) including two or nore mrrors from
the plurality of mnors and (ii) switching only one pixel of |ight; and
means for individually addressing each of the two or minors within the
super - pi xel such that the SLM perforns at |east one of pure gray-Ievel
nodul ation and pure phase nodul ation 4o rasterize a desired pattern of a
reticle into mnor deflection settings for the spatial |ight nodul at or
(SLM by independently positioning one or nore of the two or nore mnors

fromthe msuralA iytholl foA hédulBing Gishtt wighis d REd(aPliXe Imodulator (SLM) including a
plurality 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 from the plurality
of mirrors and (ii) switching only one pixel of 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 to rasterize a desired pattern of a reticle into mirror deflection
settings for the spatial light modulator (SLM) by independently positioning one or

more of the two or more mirrors from the plurality of mirrors of the super-pixel.

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 modulating 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 to rasterize a desired pattern of a reticle into mirror
deflection settings for the spatial light modulator (SLM) by independently
positioning one or more of the two or more mirrors from the plurality of mirrors

of the super-pixel.




