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

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



2 associated with the desired pattern may have different slopes with respect
to the pixel grid. Secondly, the conventional 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
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| ead to phase errors” causing rougﬁ-focus e uniformty problens. [0007]
Tilt mrrors tieaomobe haﬁh@redrbtyltbq lithogtapky sysese dose uniformty problens. For

exanpl e, ough-focus. dose uni.formty praobl ens. cannot. he resol ved by the
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ot her phases (.e. 9 or, 27 or even internedi ate .val ues 45.,.135, 315 )
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t hr ough- f ocugedpsifty, KW RE Nk tiXsulfiQBhtabRoRPERAteARP \ore HABRY 8fiomalfeddi ti onal

pi stoning mrror echni ques can have parasitic tilt effects (that can be

const ant vs. Thhssmory subdla angmeleswianhinglhde imhpestectaensuatindividuabPammenist i ¢ tilt
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therefore, is a nore efficient rasterization nmethod and

[0007] Tilt mirrors cannot inherently resolve these dose uniformity problems.
For example, through-focus dose uniformity problems cannot be resolved by
the absence of actuation of a piston degree of freedom (as is the case in pure
tilt mirrors). Another challenge in relying on tilt mirrors, in these applications,
is that tilt mirrors can only represent 0 ° or 180 ° phase intensity. For special
situations (e.g., vortex contact hole printing), other phases (e.g. 90 ° or 270 ° or
even intermediate values 45 °, 135°, 315 °) are needed.

[0008] Traditional pistoning mirrors alleviate some of the through-focus dose
uniformity problems noted above. However, traditional pistoning mirror
techniques can have parasitic tilt effects (that can be constant vs. phase or can
vary with the phase actuation). Parasitic tilt leads to amplitude variations and
finite values of the derivative of phase vs. the x or y coordinate, in turn
causing not only through-focus dose variations, but also causing telecentricity
errors.

[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.



system for configuring SLM pixels to project desired patterns onto a
substrate. What is also needed is a t hod and systemto conpensate for
imperfections in individuals mrrors the SLM 3 BRI EF SUMVARY OF THE

| NVENTI ON [ 0010] Consistent with the principles of the present invention as

enbodi ed and broadly i I I i tion includes a
nmet hod for determ ni gﬁiﬁgcwﬂﬁw%Mrlwﬁﬁgq of a spatial |ight
nodul ator (SLM to print a desired pattern on a substrate. The net hod
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desired pattern, the super- pixel being forned of at |east two pixels. At
| east one eddEoasty tdescraedi hegin, pHiet BFesCRt Hyshlony ipgludesay mMGthad ot he

super - pi xel . : : d 1S+ i ne y ifoh nd
posi tion par adrg}{e}ﬁg?gné g?i%lgggﬁ )t(%l ?’%ghlgg%ﬂﬁidﬁ%ngg sp?q?%?%{gth Eg@&dé.f?%g@i ncl udes
(i) form ng gRLM)tteprinl até¢sived patrdre oha subditdtat Ehgmethod ahdudeatseldctmgx el

nodul ation states and (ii) . determnin he specifi.c pixel dul ation states
for each of tehéeast Q¥ SRR PiEL G BB P IHE (e HF%WSoWaé‘FFbﬁgg f4fe. [0011]

In a second m i | ti J td i ght
nmodul at or (SLM . qﬂ%ﬁ%n%ﬁ{lﬂ&?%g%g%gp?dppﬁgl i??léc??c énﬁé?%egoizit%r%udgt@i tﬂerded to form

groups of suppatterioressss aHawndaypeithipithesugerjpiiehc | Thdes leasd ooe edge és nirrors

fromthe plurality of m.Lrors an i.i.) is configyred to,switch.only one

bt el of "1 1 gRtnedagpgit Rlope ABS absiibe alimierist S toahd SHEFHRISHy act vat ed.
[0012] Furt heyef Gahyl @fotmeluasy antraaaag ah ik dMiRneablel BV@BilaRpreas Wel | as
the structure and operation of various enbodi nents of the present

i nventi on, arcalcubiésicr pield modubigibmi statére hidv (i deterneihgnge Heespesifichpixab conpanyi ng

d i . BRI EF CRI PTI OF THE DRAW NGS/ FI RES [.0013] Th i
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specificationgpel!lustrate enbodi nents of the invention and, together wth
t he general description given above and detail ed description. ?i ven bel ow,
serve t d0@KdI ai n tlhe sseonvcepbediment, theepresont Hivienton ingludae a gpatial hight [ 0014]

Gt ruct ur od i A RuP AT s S B SRR S RER st B2
groups of super-pixels. Each super-pixel (i) 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 incorporated in and constitute
part of the specification, illustrate embodiments of the invention and, together
with the general description given above and detailed description given below,
serve to explain the principles of the invention. In the drawings:

[0014] FIG. 1 is a block diagram illustration of a maskless lithography system
structured in accordance with an embodiment of the present invention;

[0015] FIG. 2 is a diagrammatic perspective view of the exposure of a

photosensitive surface consistent with principles of the present invention;



[0015] FIG 2 is a diagrammatic perspective view of the exposure of a

phot osensitive surface consistent wt h4pri nci pl es of the present invention;
4 [00161 FIG 3 is an illustration of a conventional illum nation table
rasterization technique; 100171 FIG 4 is an illustration of a rasterization
techniq i accorgdanc ith . di grent pr: v j on; 100181
FIG 5 iLIQsz?TfI ow iggrgm}@ofa IHarlll‘?%)t(rg[rrp aér)f;ﬂ?arnectoﬂ{/)ed‘&{{((}f1 alprlg@?llﬂgtlﬁg ﬁgﬁeé t echni que
illustrated irsstériZatiodtech@iQd®] FIG 6A is a graphical illustration of
anplitude and phase haracteri stics assqciated with conventional tilt

mi rrors; 0906201 FIFES: s pal stj%t&wfiaawasﬁe{w@prtaﬁhneﬂvedfl aa?ﬁsﬁ?rfcad@ﬂand phase
characteristigs A RLEHeWr i RnCRVMRRLI onal phase step mirrors; [0021] FIG
6Cis a gr apﬁ?cgﬂ’%ﬁﬁfustrate}e%n rolf anpﬁhi ude and phase characteristics
associ at[8@l8)i t h cdiGens ivadlovpidsgem of an exsmpladP 2Rthdd & praciisngithe

illustration of a super-pixel. in accordance with a second enbodinent of the
present i nveﬁ‘f‘ih&ﬁuetﬁg‘{?ﬁﬁ edl’ﬂ_’gés‘k! s an illustration of variations of the
enbodi myph19f the ppGESEAL isi BVERiIhRAI | lIhiedtiodt & Tahdttde 7andlQadd FIG 9 is

a graphical "illustration of vortex production features of the  enbodi ment of
t he present ichsmeeteiisticsiabdogstedawihl convemti@l tit naimdrsg; 10025] FIG 10 is a flow

di agram n exe ary,net hod of . practij ci th t echnj ques, illustrated in
FIG. 7 [QWS; angailfoo_ 1% & &pph cgfial_lfr‘)’f%art}%ndiOggragfﬂ%élfdeana xe[wﬁfeary

conput er  syst.gaaeRristiiagddcldial mtﬁa@menﬁdswfahas@@te@aﬂinlws_;pr acticed. DETAILED
DESCRI PTI ON OF THE | NVENTI ON [ 00271 The foll owi ng detail ed description of

t he pred8821]i nventflon 6€f a5 sat graphical adlpsimgmnyiaig agrdifiidegsandhathasd | ustrat e
exenpl ary enbgdi ment s consi nvention. O her enbodi nents are
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possible, an AR PPERPENE Tl ™ 62 PR Bt RS ments within the
spirit goekagcope @Gt heisi divehbir@idn of BQipef-pikel int &t@ofdahécoWitAG ebmi | ed
description is not neant to linmt the invention. Rather, the scope of the
i nvention i s cadpdieent of therpsesgppiarerdion;

[0023] FIG. 8 is an illustration of variations of the embodiment of the present
invention illustrated in FIG. 7;

[0024] FIG. 9 is a graphical illustration of vortex production features of the
embodiment of the present invention illustrated in FIGs. 7 and 8;

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



clainms. 10028] It would be apparent to one skilled in the art that the
present invention, as described below,_ nmay be inplenented in many different
enbodi nents of 5 hardware, software, f|5rm/vare and/ or the entities
illustrated in the drawings. Any actual software code with the specialized,

control | ed harduore Lok ENRRL LIRLeSERtcd MYSAILOT, U Al LI ng of

1(] S.
the present iRAVENtI’0 € ‘operatron an Havi ot ~of &r esent

invention w IAnybacaiescoithat wotld wile thungreiatizadi agtiollad hedwaiecal i ons and
variations of the errbodl ments are _possible, given the |evel of detail
present ed her@plemenptie @Ie%ﬂpﬂnvﬁntloél lénﬁ‘l lirpitingiok gheapreSFNERVERtiQN. nhUS) ess

i thography SysLamdr LRNARG, L PRRHRACRIAII 2 BIBAUHBENLiRnd he present

i nvention. ess ogr ap y SysS I nc es a control
system 102. 'ﬂnéerstaﬁﬂlhgoihasyﬁ(bchﬁcalﬁ)ﬁslEmdl uatégioas cafinpiet embpdmmmre a nmenory,

and a user interface config enabl e a user to input data for
i nstructing tRYEs! sgél"%nsgle 1?\1%@%?‘%}&%&?5% k51800 to produce a printed

pattern.gff§301 Tfmcqnisrglbléaiéh g}a}x@?vléﬁ &wmaﬁﬁegsohadguqﬁz e 104

whi ch provides light (e.g., puls froma |light sourc as an exci nmer
| aser or sonmmrehger in scidrddyice with @m mlnodunerrtecﬂqdm pnwsenThevetnt@ht bource 104

System that et becBesics Treabr gl ifudS o RS BB B0 UB P11 1 ng
and field unidoafal tpstdnd 10DCINkIAR a &%?ﬁﬂtd?fﬂ‘é&%@& RY mlehry,| G aSQeF ce 104.

The |ight output fromthe beam reI ay 106 is illumnated onto a programabl e
array 108. [G@Gﬂfa_ceTmﬁ;gnmgrtawndﬂbe uger taynpd latasfor onfrugfingetdie measklssei ve i mage
pattern data}& 0 rese attlve of a.d g &ble l'i thographic pattern, and
reflect I|ight' Flth‘t Oc?fo‘i“ﬁ%aupHB% proj ection optics (PO 1009.

The pat t[m)so]data MQohﬁroladymnkm cbibled® Alight 36uridB 364 haydWrodiata (i.e.,
pre-rasterization). The light reflected from programmuable array 108 passes

through the Pi@ht (. awdsesﬁ fom ¢ aghtssoameosItCheisglat@g@mmréasrugr someeo hction of
the Projectian.,Onti or n. o] he
substrate and® ](t%i lun} t](gn }q %lﬁ)ams Fhé llg {%?c&: I 15758 CO?I ieﬁgﬁ) a %‘1

uce e 1'nage npare RS ORY of the
obj ect. A patrélgy bysteRPIES WM isvepially e arioli’fﬁﬁﬁhlﬂastyﬁteﬂ-llﬂ}at igclideena i maged

onto a phot ossgrrllgsl cEfI l\e/fsess tjor érggtg a]a]églredsgju%tll ﬁlllng and field uniformity in the light
beam produced by the light source 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



waf er substrate, which is being scanned at a constant velocity. As
understood by those of skill in the ary, the imges that are to be
projected onto the photosensitive surface 112 are contained in the
programmuabl e array 108 and nmay be changed by a user via the control system

102. 10032] Téb?nnIIPJSQ@BPQ'H%B{iﬁldgrorf%{di%&ﬁalgﬁé‘?(rlu%‘ﬂ%&'g&ei’?(o@te%}fllws%rre{%?ﬂ%ﬁ ot her

suitable mcro-mrror array. By way of background, an I's ‘an array 6

conposed of atomad SLMIddeménts)ndiBacld yekd] ycaaoetangd lisdopticek Ipsoffeptidseinvase

referred to as SLM elenents). Each. pixel can change its optjcal properties

ina control fRH° a‘hlﬁr’i‘i*?é’ln%égﬁ%ﬁletfﬁié i e @bt PR 6%} é%fn%irlkﬁﬁ?- n be

nodul ated. A i I o I | ar array,
tgﬁaYcQL%M %Mﬁﬁé&%ﬁ%ﬂ@éﬁan@bﬁﬁl 2 ré%{e[n%ﬁﬁ?grrhy,f\%%}i]g&%j?ﬂé{ y

wi th each pix aving an ability to change onl'y one © aneters

char act eri zi nipving an gghtlityato phramge ranlye ©n¢ arfethp graaare¢terscclapaddrizimgluts at i on)
within a certain range.. 100331 For, .exanpl e, .an exi.stin LM has 16 x 16 nR
11t ng- i rr on&ial BRNGHES (Gk DarasgHee Joesmmod Rk REH ARATHE a1 ki
refresh [R5} The {6,086 mpiDgH L itiRnS PR 118! 856 pmkiﬁ@%ﬁ«fbrs Brrflidefier ent SLMs
can be classified as transmttance nodul ati on, nodul ation by |ight

defl ection, pmage2@®@i ktS512maday aindomnnohg- 4tog usK Mazdrelfi@sh aate. afdhe okigha

conmbi nation of several of. the aforenentioned ul ati on types. ,[0034] FIG
2 is a di 2gr aHRALFEO O Pl PETEIFbAT eéelaggﬂ%\ise%nagiaé@@%sd WFaskl ess
i thography syst@MamuCihafidids SHseaMcObyoflidth Cdeflectibh, FiHEse 2shit  System
200 includes an SLM 202, a PO 203, and a substtate 204 having a

phot osensi t i vmodulafiagede-fdves Shodidgin, rmollledes combmatior | dneewvem] 206theconf i gur ed

to refl ect Ii%gt ul ses 208 1onto the substrate 204 within two- di nensi onal
exposure regi ON¥ ongghmofylalion BRFSes 208 are used to forma pattern 212

Wi thin t [iR3gKPOsUr BIG.e0{s0Ndiaghm#ROF2dpeBivar¥wodf MBfk@tawathsptiigapr i nt ed
pattern in a nmaskless |ithography tool is forned froma sequence of

t wo- di mensi onmaskdsysdihegssphyr systeot, suclEag e systemhb¥eof 3. di manBliGeRak shot s
warer . and 1t opstiend ol Ph L A Bongn, Wl LRl B fposure
zone. Addi ti op@ltbsénsiBd€ NsRRROSUI'Fhel SIMVM €20 Binblidés rhirf eleRichie 206 | i ght
fromthe pulsed |ight source. Since the two-dinmensional
configured to reflect light pulses 208 onto the substrate 204 within two-
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. Each
of these two-dimensional shots results from an image of a single SLM being
projected to the surface of the wafer, and it results in deposition of a dose
within a certain exposure zone. Additionally, each exposure is created by a
single pulse of light from the pulsed light source. Since the two-dimensional
exposure zones are stitched together edge-to-edge, the stitching is very critical.
A displacement of one exposure zone on the order of a few nanometers can
create pattern errors along the edge that are clearly visible and detrimental to
features within the pattern.
[0036] FIG. 3 is a block diagram illustration of a conventional maskless
rasterization technique 300. By way of background, the goal of rasterization is

to determine, for a particular reticle pattern, how to configure individual SLM

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



exposure zones are stitched together edge-to-edge, the stitching is very
critical. A displacenent of one exposure zone on the order of a few
nanoneters can create pattern errors along the edge that are clearly
visible and detrinmental to features within the pattern. 100361 FIG 3 is a

bl ock di millu Wol3 12} | ess ri on
Cechni quEtSTD. By Ty ar e e RO BE S, B el ARhF 1hBRLb T,
det erm ne, f ofillamppatidn)ctablar3Ol ébviap eajuat ferconfipoimgt 1 Mopikelg by projeedavi dual SLM

mrrors in order to formthe opti num aeri al |na%§ in.a wafer pl g. 7 [00371
The rast eri zaf3SBRI PRUHR QiR SBESTEC myplagy guRsiale, s e uUPs 93@

(i 11 um nationyeprploe PR RAVEMGisVRINES b QbnG@HHeA D ehaPlaM PirsfliSot 0 proj ect

a desired pattern onto a substrate. An  exenplary substrate is the substrate
204 of FIG pixelkdges.able 301 is derived by considering edges that are

el i xel _edges. 100381 F in FIG 3 ttern 302 i
Corpr i SelfU881 &' BT P PRkt i BUEHT 32 5 Senerssga SBRHAT b n 302"

al so i ncl udespigeis] fugh &8s bﬁc@is@()@dT%@%ﬁtterﬁ@@%%@ﬁ&ﬁ&ﬁs%@i@?[e Bok@dduedge of pi xel s
305. The edge 304 can be created by turning pixels to left of the columm

305 bright and04 wepreserjedibx @l elemn of ginelsoi0S: hEhe edgelitd @oDedaeded Py create a

Form the edge" 303 RISk B HSHTE se YR i Fre ERBls B iRl 31 88505 ar e
nodul ated in glaRABES dadk.pPriediegea RhtsalthdttbiebRght d083R1hdhevepi thel state Pl
must be selected in such a way so that the edge 304 (isolated), can be

desirably postalimned.pivts 08 dhatcormrihe adgand0aaweipe ndatrtasy Thiminating the
aerial imge. %I@Eggmlﬁapyfe(?{]%&g arte'}l?ocﬁl? ilnalrgglgl%r H{Sglroﬁﬁc%eagég%lgﬁqat?ﬁ. curves 306

in a graph 308. € curves represe Image of the

i ntensi tj00d9] t he eTgepixOhstas Pa huaidkiselected ixxsuchacwapto tHae tielyd¢ge 30806 al so
corresponds to a particular state of the edge pixels 305. [0040& An i mage
intensity thréxhed), soobg desirably nositigaed Hiipselpdiomiqap e gecqmplishedi . 304. The

rege, | Lotk ESHOL POk B O St IFGSET, PR o 11
t hreshol d 309cweves¥¥sintahgapteB0 &l Eadhegfehe cwepesciidniepatsdnts theaeaial ivexge 306,
determ e L O ntensiy of the eze 309 5s & hariction o1 x. Bash of (e hrves 306 also
corresponds to a particular state of the edge pixels 305.
[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
306, determines the position of the edge 304. Thus in the graph 308, the
image intensity threshold 309 is selected in such a way that when the edge
pixels 305 vary their state P1, the edge displaces by the distance equal to the
dimension of the pixel in the image plane. Stated in other terms, the edge 304
can be moved from the left of the graph 308 to the right of the graph 308 by
modulating the pixels 305 within certain limits.
[0041] The analysis represented by the graph 308 produces the illumination
table 301, which aids in the rasterization of the corresponding mask
representative of the pattern 302. The conventional illumination table 301

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

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



image intensity threshold 309 is selected in such a way that when the edge
pi xel s 305 vary their state P1, the ed di spl aces by the distance equal to
the dinmension of the pixel in the image plane. Stated in other terns, the
edge 304 can be noved fromthe left of the graph 308 to the right of the

graph 3 moduwat. : [ NIt rieaq i1 411 The
anal ysi gﬁ??plr esenmg%eb@gglﬁgglg? g%ﬁ)l%%%@g}e\ggﬁggéht%ﬁe&fﬁ Bir%a%?a{nl%%l%m%abl e 301,
whi ch ai ds i rcohhentioaslt teclindquitel 300 ddtertisesc forreaslp pixel withinahk patteqpr¥Rent ati ve of
the pattern 302, The nventional . iJlumnation.table 301 tabul ates the
dependence oftg%frf‘?t%‘?faﬁaarlar@ \gﬁ)r(’féb@é’l@iés ¢ fagion ‘Eflﬁge BBl #eafoWed he  edge

304) based Orbglt 1?1% b?%ggﬁ Sjoﬂfonaoﬂ}?éeéattfef?{ 3@2,.gfh\é?iﬂluhﬂix#éfﬁg%%ﬂe%lnﬁ%en 8 [0042]

More specific erformthe rasterization o inary mask, the
convent i onal usedhniogkeip300intiepantei metgie Fl@rofabe pixpl thel waildhiesult indhgat t er n
302, the fractional. clfear. area 310 1fmthi s pixel as a fraction of the pixel

area cover ed “BYSRHENS, faﬁﬂPnﬂS?etaf 823t "t he pattern 302. The illunination

tabl e 309045 then THeSBRINiRatiROabWP 30 P hdvikivef,Pig! Bised od &t Ackatdd 2deé t he pi xel
that would result in the corresponding fractional clear area 310. [0043]

The i || uni natpagilel tngle donensipmée the, pikd gigs elhusnthgrillimblatipe dabdeigel paral | el
(single dinension) tq e pixel grid.  Thus, t i1 lum nation,tahl e 301
Cannot - accoureridhackiiet & B e e Ssro dPlspct BB BIPSPREF (0" he

pi xel grid. gHi. SThiyn@@saedlle®! sceB@@Nedn b cRMedOyQr Qaitedlliby opasy atheed |ine or
any other feature wth a slanted edge, which wil] have critical dinension
(CD) vari at i deatuzgl it aistanted gdgpewhich mall haye ertiqab dwnensian (Ghatariehon abl e 301
does not acca fo e, Sl L S [ ' ose

or oxi m ty ¢ o ol pubdt g bR BB T ARAEHE b RERARE WP €EOFZ, | ¢
consi der edgehe tshadtioiayf beneal odigéd beiagtind olpss pydxtimity s pech dikerf he pi xel s
that formthe pattern 302. Fo the techni que 300 cannot account

for edges thaCYPEHY S@F@ssTb%gbleSé(&gggggﬁ%@ tsidar seentahat Py dd¥es crossed
h i xel | i i i | d |
the pixels al ofghNeHlLAMAMT espdclGo ftﬁé)[ﬂﬁfeﬁl H‘fgﬁf‘%nﬁ ?HJ‘?B%‘(?#E' 339? Oggf’ sel ect

the states 300 In the sane was as | e edge was pa 4] Finally,
conventi onal exasipky; ithatdchnique 300 cmest, acooin fis ddges tlet hmightieros8Ghe ar e

general 1y Teqdl 118 %iong (o Slaabmat. 1t da5es crobebd the Pixels' along e Gagandl the e
conventional technique 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 present 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 corner. Instead of focusing on a

single edge, the technique 400 of the present invention considers one or more

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



limts applicability of aerial inmage optimzation techniques to
rasterization. The technique of the pr9esent i nvention, however, resolves

t hese and nany other deficiencies that” are characteristic of the
conventional rasterization techniques. [0045] FIG 4 is an illustration of

a rasteri zat g0 WRGHOL AR 498 AR LARDGE: AR ahedbaRRt: B Che

present invention. ocusing on a single I'me, the
rasteri zati onadt@tdatibgue 400 considers several adjacent pixels, referred to

herein (in the present enbodi nent) as super.-pi xels. . [0046]. I n the exenplary
enbodi meA¥48t Fi A ,ltl%‘laéléip'é‘ra[%is&%w»é%ﬁfagtéﬂzaéWHﬁ%é'é&{“Gﬁ%Sé%ﬁlu%ﬁS%@ s t hat
share a commyj. GO BRhriod B4 ?edca@éulag@&uﬁm @M reh%}i?a&lgghameﬁ ol t €chni que

400 of the present |nvent|o§ consi ders one or edges, as described in
great er det aithblbddasad updor @rédepomirgdt illpminatieos enediye dn casecOnthatep, dhdi t r ary

orientations, ich sults in a nulti-di mensional. apprpach to
st ar vt oriecisi ADD by iRe b hefy Becuraie Sl e RueHA R B4R Bt § on

techni que 40Q,k10G bdeRulal6ns. Offitel EELIRARAL bP MO brac A Bated! hiihiasidl, _
mul ti-pixel, nmulti-paranmeter interpolation table based upon predeterm ned

i |1 umi nati on mutegmraneiera inérpelatien efblet hand tthe hmiagee ad@Batpr aedldase nor e

securate ool TR RSIL L b BT O B SRR ML o

i nterpol ati opatAR| & MEGitd)§ridDIEhiagsH#bRhIdCHablek MR predéilk @iveafibh @ enabl e
the present invention to account for edges that are non- parallel to the

pi xel grid. Hetemafprthaiteratin betsnadiffernat qdgesent invention to account for
Che L g on otueal, L0 o1 L B00SH TR SESTRL e ot o

the pre i nven ers i ncl udi hg one or

nmor e strai ghteohiiférs §d8@Hs CicdsEh@ On@oSHRE strapdh @ine Rdg@R&BbIMEE h Bupdrs
proxi mty. For exanple, consider two edges that forma particular pattern.
Each edge i n Ri¥® opRESERANIBPrOEmityaFeE exrmplecopydeniso ssleeahst rmae. g. v =
k*x + b, wher i I ISt OS] 1} I f or
reference | o %FKFgétzgggﬁpggﬁgﬁggF)P @ft¢§?ﬁb§%1B§?%%§¥%$§e%§ﬁﬁﬁﬁb in
certain stepsavdnidiem (€.gr ¥ & kX + il vheerloimthaglopatiid®bis the mrdioadn.thdnl y
reasonabl e and neani ngful pattern fragments.shoul d be consi dered.

frame or refereénce local to the super-pixel), with these parameters varying in

certain steps within certain limits from one pattern to another. Only reasonable

and meaningful pattern fragments should be considered.

CALCULATION OF MULTI-PARAMETER INTERPOLATION TABLE

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

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



CALCULATI ON OF MULTI - PARAMETER | NTERPOLATI ON TABLE 100491 In FIG 4, for
exanple, a pattern 402 is forned wthi,q an object plane 403. A super-pixel
404 is fornmed of individual adjacent prxels 405. In accordance with
principles of the present invention, super-pixels within an SLM can

overlap, alt € Y - ki [ ikl ddaefthusS uper -
pi xel s can b%ghgl%rtr@cyl %ﬂsﬁgg&%}@? glrn g%@@?ﬁ@ﬁhﬁdéuﬁgﬂyfhggep 1d‘?lf T er{-:-nl'f [y forned
super - pi xel stheranard hepixbl depietridroatkidemitthe super-pesu#@®4)ng conbi nati on bei ng

duce, i nal , -Rpi xel . 100501 i n Fl 4, th
ot  or 0388 [ nol AgEE o capgoR N A0 AEr T - Right BDAORMICGT Thtbr sect to

forma cornehfRialpixBisudshge 3HBQEd B )&%'t tt)lifboﬁa_}_tﬁrnTﬂﬁid%Qﬁﬂhé‘%e@%&ebe def i ned
* X .

by an exenplary expression y = e edge 407 can be defined by

an exenpl ar y40&xip raxslsiedropyimally Zora given BRimifiatoon mpede @r the4ppal imageiode of t he

super-pi xel 404, 1.s a, na orned by the 10 contihugti of. t;h trai ght

li ne edges oe(Ytegi"ag’eﬁbftﬁazésEB%W—SBP?geIth% %es(?ﬁd)?,’ p?’tﬁ?‘ngﬂher%xﬂ%(‘:‘B?xe! s

depi ct ed out&indR sefecled @ BHRRTIZPPHEIMAHOdror (PBY DL EadhnstitHeeddie fouigg - pi xel 404,
states pl, p2, p3, p4 (or tilts) of the individual pixels 405 are sel ected

so that the thapeeern Wwidan dee stper-hixekdlfer The states @042 83+ bhersy deo bpti mal |y for

a given illumnation nmode (4.0 the nial i . i bstrate).
For i nst ances,rgletcﬁeél tgtegﬁuerg%bel }}lg}ﬁef,Pp%%?ol%ﬂéﬁa@%illﬁ%%?el?ég%&QN%Q% %g sel ected
to mnimze QkRGEMRMIgES 408 aldPH)7. MinkaieihgHE dttter8dges tHetigha3gNIL$e pattern

wi thin the super-pixel 404. The states pl,. p2,. p3, P4 can al so be selected
to ensure theowdgneat fposxample, AR the cptinHeajion| YLBe oprders@adshy f or  each

of the edgesy 400, anth #af. Rl FLEl0g: B @Pdhegsuring the highest NILS woul d
exanpl’e,” runni ng e op

entail, for I'mzation routine (understood by those

of skil}J0052] t he anhotaerdmelidsd o betekthied sises of fp2, ipBep4 [FABR pixAlsotdsas et hod to
select the states pl, p2, p3, p4.of the pixels 405 is .tg select themso
That the di ririaisceiem B i dhsfitirted PerCimahe aepersiel il SPubéicpt i mal &y

approx! i esyhlifuty LSRR ) diFOm ey TRSH ARL HRGE.pallie aRPr oxi mat i on

needs to be over the portion of the pupil participating in the
formati on ofapph&imatge fceds t toe bgi perfointdduravaatthenpomide. of OS3pupiét anot her

method to Sell)a%(fctipétpneg irslttﬁac;[ f%?mgtlio’n gtzthe Pn%égepfgr t%]; g‘lj\i/e)x(lei\llgm?n%?ion mode.

[0053] Yet another method to select the states pl, p2, p3, p4 of pixels 405
avoids the optimization process by cycling through all possible pixel state
combinations inside the super-pixel 404. After cycling through all possible
combinations, only those states that correspond to a meaningful pattern
fragment inside the super-pixel 404 are selected. The analysis to determine the
specific states (pl, p2, p3, p4) of pixels 405 is then used to form a multi-
dimensional, multi-parameter interpolation table 409.

[0054] The multi-dimensional, multi-parameter interpolation table 409 is pre-
calculated and is independent of any specifically desired pattern. In other
words, this pre-calculated 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



avoi ds the optim zation process by cycling through all possible pixel state
conbi nations inside the super-pixel 404. After cycling through all possible
conbi nati ons, only those states that rrespond to a nmeani ngful pattern

fragnent inside the super-pixel 404 are selected. The analysis to determ ne

e SPE eSS iRk w09 Fas Ry BAIOLL PABLR A0RP: WIEIRER Lo form @

mul ti- di nensi parane I on

mul ti-di ﬁEnSyQﬂﬂmenﬁmbtﬂ)rlﬁ&E‘ aﬁﬁélb}EdiuriIfgttﬁé potegizationh prabdse. 409 i s pre- )
calculated and is independent of any specifically. d sired pattern. In other
wor ds, (94364 pre- élacllwpalﬁéegm?ﬁmﬁlo dhePALsTB A, ( %ﬁiﬂﬂtbF FaPYeY el %qrm erpol ati on

tabl e 409 f 0055
abi € r ‘?ﬂﬂg%ﬁt‘?{%& ﬁf@ 1ht@lbpto'laﬁfon§£kflf’4@)§‘akls;5reggl%gg{1f§eegﬁ%n%h(% g'mﬁleo [ ]

Bei ng i ndependent o fica des
di mensi onal blntul k2 Ophﬁa()jextvék farnt entped af & axble ablummi@80,i shadepemastett upon t he

geonetry of fhe pixels of t M interpolation table 409 is al so
dependent uﬁtﬂ?etaﬁ@ PRsitign &fit Q‘he‘i?ﬁf 4(9% Q‘@g &9%?41%31’??“?&%1#%?%8}?%% t he
wavel engt h @f ol i,ghy , pRd pRE], %ﬁeb?'{ﬁll %mpemn%%rartaaetdoﬁﬁnmm h@al i t hogr aphy
system After cal cul ati on of the nulti-dinmensional, nulti-parameter 11

i nterpol at i meprcsbtsestatéﬁgoffwselbé@ﬁ Batrsl éﬁ@@eClﬁh@tatﬁblllep&aﬁwé oditke t hen st ored
in systemne Ia er use .b rast tio rocess. [0056]

| ndi vi dual s é’&@ émg"lm }}‘?eguBgrt?lé%’{l ‘ﬂ)%oﬁ“? ?Bé’& é@jﬁg}“ la? ?for m line
entries in thehddyyerealdatd so% sz, 409. Aspects of the segnents (e.g., kl_O,
NO k2_0, b2 0) will formentries of a table columm 410, that represents

sl ope dﬂ@ﬁ7ﬂ305| t i dm thef spepiéicesdsest the Gvandges 36 aad HEY, @spég@ parameterfe segnent s
(e.qg., P3.0. .p orm ent r i um 412, that
repr esents sv¥ﬁt es(kolfg]ga;?glé%%g reﬁecftwel%’ PERE™ tgét cpaﬁ{%g% es pI1 p2, p3, p4
of the pixek&nd&bbeyohd mensuqaaepls;aw& m@telthafr&{bse paﬂainefeesswetreﬂébtai pattern
fragnent that is formed two edges 406 and 407. 0057&‘ In the specific

case of t he ag poing gy imbe naﬁa Paxet, mtﬂwepaé@g@terplaﬁeépﬁéw&rstab 400. gdig kI bl) and
(k2 b2), %Bcgc%hhr\éel% Xhe‘trﬁ ?X%tﬁda gn& g%ereh 84 Rt 1%{5‘er§%§e1‘s %ic frd %ﬂﬁd beyond the

super - pi er ese paraneters are'r ected ~as a line entry
in the multitheBKM., Atuitibhalpgtkepioeedureitneil prdlaiel AAhpoivle frai@@entdors  procedure

is then repeated and generalized to all super-pixels defined within
all potential patterns.

[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



the SLM Additionally, the procedure will include all possible fragnments for
all potential patterns. [0058] By way gé review, the multi-dinmensional,

mul ti-parameter interpolation table 4 is constructed by exam ning all of
t he possi bl e meani ngful conbinations (polygons, rectangul ar features,

intersecting |ines, . etc f. sl opes and _positions of..generj.c tferns that
mant e of RS il FosFibles e 1S RiRotR BETob AT 2B gIRTE aBel Bl ) "anc s
perfornmed of feohidtentially Boifbghedach |ine in the interpolation table 409, one
shoul d desirably specify values of slopes/positions of at |east two edges.

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

Opti mi zat i on RIEGAhrIYRRASTERIEATI®Nown to those of skill in the art and are
used to select the state of pixels that will result in the pattern |lines
that ir08¢Hect tAlthsughathgl multi-dmepsipesl, magti-pragetar iaterpglahen &¥eur within a
super - pi xel .1 he M. T RY t I I Lons results
in formati on‘fbgflg ? Wécs‘lhr}%ﬁleft?@g{fﬂ@ﬁsﬁ%é%afa,q{orr%uql?t% ?é?rpeg(rq%%%ecr%n%%{@%%gﬁgfl on table
409. [0060] Am-ladmidrnatéareinet hod to provide the multi-di nensional, nulti-
paraneter interpolation table 409 can be to exam ne the pixels that form
each of[006d superThsirgalttemogastarizationearproach phths rsesephivyentin dessribeth t hen be

driven 12 thro | SSi . t (o) : | ition of
cgee that oo duly beRR? BelRist Rl o bty REARFS RIBERR (06 1)
Al t hough the g@dsired ghttensnan@lbstrat] Thegagtaseherdetdtingiddobatdreeptually e 409 is

pre-cal cul ated off-line, rasterization of desired |nages can be Ferfor med
on-1ine and igyerladng therdesiedgastprono theapuper-pixelsach & PEM.| JhedpHoach of the
present '“Ve%hﬁﬂsio&?,%ﬁﬁhigﬁﬁaméﬁf EltthJ&ht)foxP&b%‘Mogcl%s rglcgﬁcﬁlaftébebﬁ%@t es of
particul ar pixel's required to projec a desired pattern on a substrate.

These st ates @ thak eeneriedatteyn celaed po tiad duper-pixels| eBiencpalidsewitieiaithed pattern
onto the super-pixels of. an SLM The multi- dinmensional, multi-paraneter

i nterpol ati orimteﬁlﬂl%loll?ot_@b\ﬁ/e@pp?%’feé%ﬂ’@uqoa&nédeﬁrﬁ% pl’%éﬁat? Hé%tériﬁ"’él*‘i@?i c pattern
related to t h%%ttﬁlgp Heclds Yo &Fﬁlg.\cga{hye%enﬁié Zﬂaﬁeltnlgemo a%oﬁg,pfgc?aﬂlkﬁlgr table 409

correspond to and represent st at asteri za
features, intersecting lines, etc.) discussed above.

[0063] The first step in the real-time rasterization process includes overlaying
the desired pattern with the pre-calculated super-pixels. When the desired
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 values from the table can be used, and how close
matches between desired pattern values and generic pattern values, must be.

[0065] The desired pattern (to be printed) can be split into fragments

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



settings necessary to produce the generic patterns (polygons, rectangular
features, intersecting lines, etc.) di ?fussed above. [0063] The first step
in the real-tine rasterization process 1ncludes overlaying the desired
pattern with the pre-cal cul ated super-pixels. Wien the desired pattern is

over-laid w he pre-cal cul ated super-pixels, features of.the,desired
pattern will tsm EHWE T ‘ﬁ?@&gﬂ’&f’ %eéa"%f“ﬁsr Le 01%@ dlr*%ic}ualpgg?soﬁha‘& he generic
patterns whogRarpiaX®hfinst %rﬁeﬁ}.aﬁﬂfsssté]:ﬁ,?’:@dmﬂhe%ﬂd Off dup¥r-pReRr dagktian the

interpol ation table 409. These pre-cal cul ated pixel state values (related to
generic patt spiighle expospee Satagytsoeldrhsutsed.r Manyrdifferenpbsirajegiefe 8llivll t he
desired pat ese.val WY - ted table
409 entries H@é&%lﬁ%ﬂ@?ﬁéﬁ?%@% e%&g??%?ﬁl#g?c%gé&@%%ﬁt?% gétgrolﬁ%% ééé’!) romthese

table entri e%xarb?@@ﬂaht whai egativolahREerWakse iOreeivudhiias SWM, theawatee is
mul ti-di mensional, multi- parameter table 409 have been co%ut d, one can
exani ne the tayed syah thas this pylsggvile proprlproigsted, eo tthe: SEM, 9 to perform

interpolatio E conpute the precise rasterization. Standard
optim zati onq}ilee%%%le& %Ene'well known to those of skill in the art) are then

used to [0@86pr M ne,Ordorteighd Bs supet-pineteis ddetmined, therdesibal sisternbat beval ues from
the table can _be used,  and how cl ose nmatches between desired p,at({ ern val ues
and generic phvided mie piegesthahingy bseoverlapmng torersuredliteling pdiredlesingd o be
printed) can iet. 1 428 éﬁﬁp i a e

super - pi xel splagﬁréﬂg IggStt lelggéjgg%%@ é%ﬁhaﬁg(iﬁe% e %3&%?_}\8/%\? 'xgagmg?ﬁee?al SO

di vi ded i nt o pixgheovgps x pbsiohefahe pdtteal. udiengrallpthis porkieh of theagatteshaile a common
corner). This ét p..produces the gri of super-pixels. Next, a .suitable
exposure strab 5«}? iR EASFSHY SRS Ok bRy Paffert-erTdit PRTiPA Ry 8lso aglpdae| | Kknown

Lo ihose [n WRRIGKIor B pRaAR! S BErREPATULE RbiALEQY HELRlfes. for

exanpl e, tha en a particular | ase se is recelve t he
waf er is novidomticdilyt hatupthpixepodrs mclide Imby @rogerang gdgey. e€vechosnt o t he SLM

to form the desired pattern. [0066] Once the grjd of super-pixels is
determi ned, CAESRRTSER (hereclllrbecsifenBo cdgesi e &%terﬁlaeﬁé“@wésemy be

overl appi Nng R SNSNESR a8 h bbSdh Q8ole 1RG0 de BfherPattern is first divided into
pi eces that corr esponé1 to each SLM Eacﬁlf super- pixel covers a portion of
t he pat t[@806Y] GenerByl vgy toiiesampple; wben dfe super-piatk sroompiokd¢d of four pixels

sharing a common corner, the geometry of the segment of the pattern that

overlaps the super-pixel is desirably known. When this geometry is known,

the states of the four pixels that form the super-pixel can be computed. The

state of the pixel, however, is dependent on the modulation principle used in

the SLM. For example, using tilting mirrors, the state could represent the

degree of tilt. If pistoning mirrors are used, the state could represent the level

of voltage to drive the pistons.

[0068] In the example of FIG. 4, where the edges 406 and 407 intersect to

form the angle 408 within the super-pixel 404, the two edges 406 and 407 are

characterized by four parameters. The four parameters, for example, include

the slope of the edge 406, position of the edge 406, slope of the edge 407, and

position of the edge 407 (indicated in the formula above), to form a parameter

quadruple. This quadruple characterizes the exact geometry of a fraction of

the desired pattern. At this point, the multi-dimensional, multi-parameter

interpolation table 409 can be used. The interpolation table 409 includes the

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

fraction of the desired pattern.



i nclude line edges or corners of the pattern. This portion may al so incl ude
portions of the background and portions of the features of the polygon.
Theoretically, a super-pixel can inclu é many corners and edges. For nost
cases, however, there will be either no edges, one edge, or at nobst two
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same angle may form different pattern fragments depending on the edge

orientation.

[0072] The present invention provides infinite slope for any edges parallel to
the y axis. for example, instead of the single slope k, unit normalized
components can be used to parametrize the slope of the edge:
x*cos(alpha)+y*sin(alpha) = b. The unit normal components are [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



quadruple (kl, bl, k2, b2) is used to interpolate in the pre-conputed nulti-
di nensi onal, nulti-paraneter table 409 gor the interpol ated val ues of the

pi xels (pl, p2, p3, p4). This proceduré is then repeated for all
super-pixels wthin the SLM[00711 Many different conventional techniques,

all well known.t hose of . skil] in the art, can he used to account for the
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i nstead of t h(%ﬁg?%é}’ éB%ﬁI%%élORe a&%pﬁﬁ’lﬁlgﬁ%&ﬁnizegé Str‘%:%trlr‘%)eoﬁ)e%l Z%E%np l%@' used to
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Such edges stsidp 506nfl uence the pattern inside the super-pixel.
Additionally, edges may or may not intersect within the super-pixel.

Al t hough the current enbodi ment of the resent invention uses the exanple
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super-pi xel could be nore than four or less than four. Alsq, the nunber of
edges fdPATHg t he Ay agiedntbaye, rasterizatione feshpiguesd Ce CRBDENSAH AT §/MBC or | ess

h . - 2 i f f
or act i o ng.  rEonge it AgDo b R ol fth PEARRAALY TRRBRen D One

pi xel is sel agéteilzaltion adlodd caltjod ConPendate Gfr mogte SuitRd afahilesisn sudhhas
super - pi xel being forned of at |east two pixels, wherein at | east one edge

of the desir euiripat irepaifectionss dbeightoarigfiany. oig-1 hviahheagulsed - 19 ¥ope  as
i cated L 4SBT o) LSRG S 1, el Bt gl < o
i nter pol ati o thathbé ahd syseniméd réduciaitib affectpoLmiradrdmmipatfediops x el
[0076] Conventional optical mask lithography systems can use, for example,
tilt mirrors, phase step tilt mirrors, piston mirrors, or hybrid piston-tilt mirrors.
FIG. 6A is a graph 600 of amplitude and phase characteristics of conventional
tilt mirrors.
[0077] As a preliminary matter, square tilt mirrors generally achieve a
modulation between 100% and 0% positive phase intensity and beyond to
4.5% negative phase intensity. It is desirable to obtain negative-phase intensity
of 100% to be able to emulate alternating phase shift masks. Square phase
step tilt mirrors reach intensity modulation between 50%, 0% and beyond to —
50%. These mirrors reach symmetric intensity modulation in positive and
negative phase, however at the expense of 50% intensity loss. Manufacturing
of exact 1/4\ phase steps anywhere over the device is complex (see FIG. 7, for
example, where mirror portions 710 and 712 combine to form a phase step
mirror).
[0078] FIG. 6A provides a model 602 to show the electromagnetic field (e-
field) resulting from a single 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



nodul ati on states. Specific pixel nodulation states are then determ ned for
each of the pixels in accordance with the interpolation table, as indicated
in step 506. COVPUTATI ONALLY COUPLED MPRRORS 100751 As noted above,

rasterization techni ques can conpensate for sone anomal i es associated with
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field is represented by the length of the vector 604. If the degree of tilt of the
mirror continues to increase, the actual e-field magnitude becomes slightly
negative 608 (i.e., negative black).

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

[0082] A graph 609 is provided to illustrate that the tilt mirror has a relatively
large amplitude curve 610, measured along the y axis 612. This amplitude
curve depicts a maximum amplitude 613. As the mirror is actuated, however,
the graph 609 illustrates that the amplitude curve 610 decreases and the
reflected light changes phase as the curve 610 crosses the y-axis 611. The
amplitude becomes slightly negative as the curve 610 crosses the x-axis 612.

[0083] FIG. 6B is a graphical illustration of amplitude and phase

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



Assum ng the light is reflected froma single mrror, the light can be
represented by an e-field vector. Depengi ng on the type of mrror, the
e-field is nodified by the mirror in 3 speci fic manner. 100791 In FIG 6A,
as the mnor is tilted, the e-field is nodulated. In the case of a tilt
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compared to a regular mirror, such as a tilted mirror model of FIG. 6A. This
principle is illustrated more clearly in a graph 622, which depicts that the
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
mirror is in opposite phase from its right side. Therefore, there is always a
degree of cancellation between the left side of the phase-step mirror and its
right side. This cancellation results in its decreased amplitude, since each side
is in opposite phase with the other. With the phase step mirror, and depending
on the direction of actuation, one will have pulled light in-phase or out of
phase. Additionally, with the phase step mirror, although the maximum
obtainable amplitude is less than the amplitude of a regular tilt mirror, the
amount of negative e-field is the same as the amount of positive e-field.

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

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



614 is provided as a point of conparison between the nmaxi num achi evabl e
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[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 n x m (n =2, 4, .., n
even) 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-



(e.g., by pistoning), then the phase of the e-field is affected. 18 [0088]
FIG 6C also depicts rotation of an e- E'?nel d magni tude vector 628 along a
unit circle 628. As one can observe fr t he graph 625, pistoning does not
affect the anplitude of the vector. Pistoning does, however, affect the
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can also be an odd number. Each of the individually addressable mirrors can
also include a separate actuation means.

[0096] Stating that the mirror configuration 700 behaves as a single mirror
means that the mirrors (sub-pixels) 702, 704, 706, and 708 can be
independently pistoned (moved up and down) in a manner to compensate for
imperfections contained in a single mirror.  Additionally, since the
configuration 700 includes four mirrors, the e-field amplitude components of
each of the four mirrors 702, 704, 706, and 708 provide a combined amplitude
at a level of four times the level of the single mirror of FIG. 6C.

[0097] In terms of addressing, the super-pixel 700 is addressed as one pixel in
the optimization routine (mentioned above). In order to calculate an aerial
image or a resist image, the super-pixel 700 is used as a single pixel. The
result of this approach is an enhanced an e-field that behaves like the e-field of
a single mirror. With multiple mirrors (sub-pixels), one can synthesize the e-
field representative of a single mirror by using the combination 700 of mirrors
702, 704, 706, and 708.

[0098] Although individual mirrors will have imperfections, specifics of these

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



[ 0092] The present invention provides an assenbly of n x in (n =2, 4, .., n
even) piston sub-pixels as a single sugér-plxel that, by proper actuation of
the sub-pixels, acts as a pure gray-| nodul ator. Parasitic errors of
the sub 19 pixels are conpensated on the super-pixel |evel by collective

act uat i on Of Fﬁﬁl%'i’edgé %8Rst %b&?ecﬁg%sa{}ﬁea&% Qi 4dg R e ?%qg:%&&?%ls of

freedom [009 gray-|I tor concept pr esent
i nvention of ffeld bothha Ifhdsh ﬁnd)mﬁdmﬁlduwbageset ﬂhateo&iburmtmn@@()gnf miaroasitic tilt

errors or reflectivit errors) on_the i.xel |evel, can be npensat ed
on the super-1¥x&4. TBbeand 708, 1)4) ﬁflﬂéagf}ﬁ@? higysddpegayg the, BUITRIG i (4, 9,
16, .. for n70427063and]'7?]8 ca)n%@&%a%&ﬁln%ulﬁg%ggg{&wfﬁ%ﬁﬁsate for these

errors. [0094] Anmon er things des an illustration of phase
and anyb099)de ché?oacekanplst tvos pisfonangsmitgirg spels bomimons7d0.and 762, Will however ,

provides a m nor confi ra ion 7 rep esenti our mirr 702, 704, 706
708 confi gurk® Utcﬁ%’?rﬁ? Bf?éﬁerq%g Q@néﬁhﬂgnéloint:lYH‘étoégilzgfﬂt%fﬁ%s) t he

effects of r@}g%tﬂ:%xﬁ%ﬂl’é?& hn®@findth& vebior 71608 R1es AldnBonetheFufdt chclepi cts the

use of four ors aving as one mnor), the present invention is not
limted to fcimila tordlesﬂlamtdatmnofiJEEG ahy. 'Eha llatﬂrecthtb@rombf thedtwa dual |y

addressable mrrors. Si ar| h th | ar senbly
above i ndi caft"éﬁt_ofsfrja]t4 l\ga‘gm)a/‘?{ @ Hﬁﬁ%ﬁﬁg?fe"flﬁﬁq@é’ﬁmé Pl% aBe@ %‘ﬂa%dd nunber .
Each of the ijpdieidualil ¥irad dfepsaiewithiosciniadtion3dSle ithe | wd@ra7 separ at e
actuation neans. [0096] Stating that the m nor configuration 700 behaves as

a single mnomd7déans that the mnors (sub-pixels) 702, 704, 706, and 708

can be pende tI i st.on u ner,to conpensate
R 11 M N L R
confi gurati onstefOthitrbC bh@es af Qf-slfoniﬁgnﬁﬁﬁfor tdwo&h fheltperppkdl! Whgre anponent s of
each of the four mnors 702, 704, 706, and 708 provide a conbi ned anplitude

at a | evel ofregWar ntnirmagart he llséd'é‘l) C@fltr@lh@esﬁmldltédm?ﬁ(ﬂ?e efficld end 6l [ 0097] In
e e W L
image or a reawl@tIf bmlgeft}iehmrﬁdwele ancxelz Z@Qal@rat&ﬁ&iﬂ)r@&tlﬁ e&bh\@hﬁopl xel . The
can be used to compensate the imperfections of the other.
[0101] As an example, during execution of the optimization routine, one can
determine what the optimal e-field distribution should be across the super-
pixel. During this step, the individual mirror defects need not be taken into
account. During execution of the optimization routine, e-fields are requested
of the different super-pixels. Because knowledge of the individual mirror
imperfections was previously obtained during calibration, as noted above,
during a final step the e-field can be translated into deflection values of for the
individual mirrors 702, 704, 706, and 708. This process compensates for the
defects of the individual mirrors and/or non-functional mirrors.
[0102] Defects can also be compensated for by performing specific
mechanical and optical measurements related to the individual 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.



result of this approach is an enhanced an e-field that behaves like the
e-field of a single mrror. Wth multiple mrrors (sub-pixels), one can
synt hesi ze the e- field representative<of a single mrror by using the
conmbi nation 700 of mrrors 702, 704, 706, and 708. [0098] Although

individ inors W | have. inperfections, cifigs of these. .inperfections
can be aﬁg ified IBJFV?‘FQO{H%&E{@S%:E?@ BE@P c‘i&?@?&f&dﬂlxﬁpo%elg gl.Vl%PWt h

know edge of hiese70277604f BH, b 30DRG iGedwishddréssaizbi eurl dshefife qurst ed e-
field both in phase and in anplitude because the conbination 700 of mrrors
702, 704, 706nIrEpRdaligrgtionken be prdpanadaandobe desvtiigeeplibeationdatd f B§ rrors 702,
704, 706, and.? ted in nmultiple degrees of freedom 100991 For
exanpl e, tmdsrg?rggloo%?%%%tﬁ%l@; such as mrrors 710 and 712, will produce

two i ndepeoyjent e-FlGel8dsrovillss & hawrbet Bf Hifferent exemplavie pistoningldariavioas es  al ong
one unit circle and anot her vector 716 rotates along another unit circle,

simlar to tH90 ol theremhqdymens ofFihe present myentiomeh FIG o i ki rP. dhe t he two
vectors 714 - WM C requif.ed. e-fi ool iciple, all
e-fields ingag\gzﬁlgwumot Qé}?dgécllsgeﬁa?@)p%sgﬂob eal\%nn h%!atﬂc%r#(i)lllajr’:%i[:ltsfé n of the two
vectors 714 wnflgirhion 802,001 d phast Bep rigiplapp@bcloBB4. aAlscepueluaed is am or coul d

be conbined with phase- st pn‘irror?hag(g/or a toni ng n‘irr%r to formthe

[

super - pi xel . SHRBPETY REASC LAV FPPIO8 th %%heﬁgeé oqtg WorRreAch §08: anpl i t ude
of the e-fiel AgGw3 1980, MEAhOSE MOHiREreh Garithe M0 Mg T Or, to
control the aﬁgﬁﬂg}é&f&ﬁ)@ e-&MIgg. In% Cboth of 1t hrg m'arlrors 710 ané 712 are
cal i brated camigetddyantegesheavhrafovhiclceapitbbzesoadh¢ o xcordegresabpéfreédom
i nperfections of the other. [0101 an ex | e, during execution of the
opr i 7at | on ALaE PHET POHE. (UheT @BteeR RS N APt R GRIRKG CoBTR g
di stribution H:!edst&?(tﬁﬁ%ﬁé istdemAHRE vithiy d?ﬁlsup%ikag this step, the
individual mrror defects need not be taken into ‘account. During execution
of the dpl05ti zat i dn thoutiirme¢ombihitedndDf FlEs.re§ueptredrapievehmodulafien ent
super - pi xel s. Because k edge .of the individyal, mr i nperf.ecti ons was
o1 ovi ousy oHRanBUPIHEAG S TS By et Phabbobt onalPRGUSE [ nal ot ep
the e-field gasdgifir@neréhedsd phdde dRhREHYORad@). Ueset@itiohosf thesubl ndi vi dual
mrrors 702, 704, 706, and 708. This process conpensates for the

pixels 702, 704, 706, and 708 is such that for the entire pixel:

[0106] - The intensity is anywhere between 100, 0% and —100%,;

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

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

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

[0110] Alternatively, in pure phase-modulation mode ( 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



defects of the individual mnors and/or non-functional mrrors. [01021
Defects can al so be conpensated for by&?erforn‘i ng specific nmechanical and
optical neasurenents related to the indifvidual mnors. For exanple, the
surface of an individual mnor can be neasured to determ ne any anonalies

inits actuat] | evel s.. ) el b 1S | i ndj vi m nors can
be neasured bt ggr gu eﬁ'pé)ﬁé@%fieg Ic}é&%beeg-p ﬂ%gﬁ B é@?\@ljﬁél’{%o ?Ig%nSPﬁdlélY% these

measur ement s waplirhlety denineedadd(if) eoaohing whb etsikelndfighs, as ihdiicae he super -

pi xel . 21 [01_03% In ternms of addressjng, each of th&emgifferent, sub- pi xel s or
i ndi vi dual  niorstesr 902030 stepd 004 58ch ahie 7@ ohEdrTers VIBWH thediypeisRixflilhe.  And as

a final mater;, :.m I Larati Yol anghet Jr&€$ti ng
calibration dlg%ihv@:l%wgg&%éétegrsg& ?r%(t:glfelr]@moﬁr?{o egc ?36 1631%‘;? rF%nyt 8 provides
a nunber of diefdlen&hlatexenylpare/pipssmodulagonari ati ons 800 of the enbodi nent

of the present invention of FIG_ 7. In FIG 8, the conbipation 700 (phase
step |efi13ls showfs atteffgy Ve dhphrgsentigyention e%}hfl?egdmafqr%lt%*ozr} and a

hase step ri : i i e e ste
p p 9%%\&91@5518%2% ﬁé%maﬁ‘bﬁ Qfisheh et dimirdfare! @Hg&%gﬂﬁhﬁ@ p

down approach oard up approach 808, a ckerboard down
810. Each of inkenthnf hey éatimpémiatddomsth8 GRvodimers ofuntquputadywstinages, each of
whi ch capitali 17:1es on the n x m degrees of ffreﬁdom of the sup]telr-pi xel . O her
appr oaches caf ¥ nRIOGERsINef Wﬁte&arﬁﬁg’,‘mﬁ%‘ﬁtﬂ AXER Gneompipter fytem 1B i ¢ ) “and
pi ston mrrorgowntiRiFiGone super-pixel. [01051 In the mrror conbinations of

FIGs. 7-8, a pure gray-level nodulation node is provided (to enul ate

bi nary, Hdi3lhuat edlixhemepuén ysteor 1 HI0 ipeludes org orphersepredeissars,sucle hs anmel ess

phase |ithography nasks)...Actuation t he,sub- pixels 702, 704, 706, and
208" s such CRETeSH T TAY PRECRRAID4 (8t Sae spobih Pefodf o eyt o uner e
bet ween 100, ;Q%Bé’déddi'f;@p%gnal[ Oiddédsor. T P¥Reade PSR ebndebRdPioxg! 1s

ei ther exactly or I80; and [01081 - The derivative of phase vs. x and y
is zero. 1010@®mrAnGcatpnpinbestossurgrldphifoakxdmplasa bas poagiwod). sVrsiuag t hat t he

enbodi nent of tft resent J roduce
vortex imagi ng

"GP DERE PG b Wl Ghtmiy & RS R F Sal BB Ty r can 1
system. After reading this description, it will become apparent to a person
skilled in the relevant art how 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



multiple etch steps are required to realize the vortex. Pistoning m nor
devices provide nore flexibility in o\r;ger to mmc the ideal vortex
situation. One can use the present invention to construct a vortex mask or
i mge. 10110] Alternatively, in pure phase- nodul ati on node ( e.g. to mmc
vortex mask ¢ act n ao(“fl ? e n ;S\h and 360 )
the piston n]in e(gfa baé°‘ tll}} g4 0 co‘1rfﬁge ?@%?e%ags negrgrgg%\é\éeg%ngo?’l ned phase

anywher e bet vwggp (Qlchadsdarﬁ@(PRdM,lﬂ;ﬂ-PR@P@ aid amcate‘dl sovkeli, agd ahe @fthean
exenpl ary nethod 1000 of practicing enpodi ment of .t he present invention

i|lustrated i¥§movaRle SGQnge PRty hE22 ﬁ’ﬂ H@dﬂ%@@es b#@uwglcéfalﬁ“héqféwﬁlge
configured w tfy g n@ Bl %E@Jsfe&ﬁéd%m {Heofeﬁqo%ab% stfn%En ﬁHquw?'téeﬂh@ each

super - pi xel r{&lncl udi nore mrrors from plurality of mrrors
and (ii) svmtcdmpﬂgerﬁslylstymon@Opl xel of light, as indi cat ed in step 1002. In
step 1004, each of the two or mrrors wthin the super-pl xel s

i ndi vi dubil§l addr eSheosipiert sten bkl 08) mayeplsorwglude # commupigations pure gr ay-

| evel modul atjonea0d;p ﬁ%h@@?xﬁ&uﬁ&%&%ﬁh&ﬁfacé Pl SIrdlfdafdang, the

present invention can emented I n ardware, or as a conbl nation of

sof tware and imabejmnﬁerr@rbswwﬁrthé yomiphter snyswmnll(lﬁ)namhyxﬂemaﬂ rieleeent ed in

t he envi ronrrent of a gt uter system or _other rocess1 em An exanpl e
t

Sys
of such a conptaples p&thmeemayinicationy, fifgrfacs Hi2d may ing B@%g] PhEcBnput er
system 1100 i pGhUAE $nteffceO sllRr & BAOEBEsef Rard§ UG NedttmenicRi AREPSRr 2 1104. The

processor 1104 can be a special purpose or a general purpose digi taI si gnal
processor. ThRChpIHdAessur add Ochrd,s econn8oftedret @and dammranmfmmd ona the

infrastructure 1106 (for a bus or net I t war e

i mpl enent at i offSVFPRC é‘g’érlmﬁ{aefnpq ﬁl?t AR B fPWi‘Q Ilﬁg"@k@ﬁ) © system
After readi ngelkafo%u@%%&hbmagﬁam tidM b{ oﬁa%pg 1@@9@%@&5& r&%fv%@n skilled
in the relevant art how to rnplenent the inv nt|on usi ng ot conput er

systems and/ oby therpmnemictiohs tneatace d$24.[ Olickd pignhle lda&pmtmpv@yétoemﬁ 1100 al so
Al 50| ml ude SSBLBRAY sy TIELOR FeoBeuBitaiy Relory deiorey
include, for gxafBhiBatichsAfH]1126 carries the signals 1128 and may be implemented
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



di sk drive 1112 and/or a renovable storage drive 1114, representing a fl oppy
di sk drive, a magnetic tape drive, anW%IQtical di sk drive, etc. The renovabl e
storage drive 1114 reads from and/ or tes to a renovabl e storage unit 1118
in a well known manner. The renovabl e storage unit 1118, represents a fl oppy

di sk, magnetic tape ptical disk, .etc..which is. r and iften to by
renovabl e st o%PS%B‘Eﬁt?@é‘STﬁi‘?fg‘&rewﬁrﬁ s%%waéfﬁp?%%?baet gg’?e(fﬁré arecr%\%ﬁ#e st or age
unit 1118 i nchrdghes PréQuEpUindr 1848ad! iatos gy agmpirei $iRichaviing 6ding edlet herei n
conput er software and/or data. l5|0115] In alternative inplenentations, the
secondary nenismpvable storage drive|lddd Bererd grig | 1dA2 Rrais osmMENEdigngg conmput er
prograns or oithpe(#ace;lpﬁructi ons to be loaded into the conputer system 1100.
Such neans may I nclude, for exanple, a renpvable storage unit 1122 and an
interface 1120. Exanples of such neans may include a programcartridge and
cartridge 23 interface (such as t h@ONGILRION vi deo gane devices), a
renovabl e nenory chip (such as an EPROM or PROM and associ ated socket,
and the ?tlb@]r r enpvalpraent divagaon tab Sbeki 28esarfibbd ABoventveith algeaidl b20 whi ch
allow software and data to be transferred fromthe renovahl e storage unit

1122 to the onkrnabpuddisg dlgcksddustrating ghe nesormapssueiesresific dpneticdd may al so

i nclude a co i [Wele i r 0 3] LRSI face 1124

al l ows soft m%mgﬁagghg{lﬁs tht? %%g'efr??gﬂé?%r Fseé-lq@g%emg%gﬁ%rﬁdg%gg@n%ﬁtbg&éyst em 1100
and external ksxitkees.arbibialyplebedfherdia foo teutinvahiendesof Heeddsadptidnl 24 may

include a nodem a network interface (such as an Ethernet card), a

cormmuni cat i ondltgrarte, boundargyryan ke defingdas bong asethe spegfiehdiections apdt a
transferred vjia.: . i i i 1124 are in the form of
signals 1128 mtléﬁ&ﬁ%sf/t%ggeggpélfé%%P&%ﬁ#gwIgﬁrr%)g@?%rmgneti c, optical or other
signal s papapl e of Ahgisugh alegraty @dundiyict hee haswithic aia swope iand apfrace 1124.
These signals 1128 are proyvided_to ae _cogguni catl ons interface 1124 via a
comuni cat i onde pdpimedy byentigne  @pgnkiicd i HksamapHl Tacvenizs, thakdhdspe signal s

1128 and may SR ST ' hd EmBlenkdRldChy TdMIRSe QRA/LF Stigital PRONE
line, a cell uﬁg(r:ﬁ(gﬁime pp%(k’bldggé n},\ﬁ\k 853% ot he com‘%unllqcati cl)%s channel s.
circuits, discrete components, application-specific integrated circuits,

firmware, processor executing appropriate software, and the like, or any
combination thereof. Thus, the breadth and scope of the present invention
should not be limited by any of the above-described exemplary embodiments,
but should be defined only in accordance with the following claims and their
equivalents.

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



[01171 In the present application, the terns "conputer readable nedium and
"conput er usable nediunt are used to g gerally refer to nmedia such as the
renmovabl e storage drive 1114, a hard di“sk installed in the hard di sk drive

1112, and the signals 1128 These conputer program products are means for

provi ding soffyal 4 0 YRS FOTRULEL 1S YShEMId00 ohOBF Gy RIRRISH Bt 007 are

and/ or the seggndary nenory 1110. Conputer prograns may al so be received
via the communi cations interface 1124. Such conputer prograns, when
execut ed, enable the conputer system 1100 to inplenment the present

i nvention as discussed herein. [01191 In particular, the conputer prograns,
when executed, enable the processor 1104 to inplenent the processes of the
present invention. Accordingly, such conputer prograns represent
controllers of the conputer system 1100. By way of exanple, in the

enbodi nents of the invention, the processes/nethods perforned by signal
processi ng bl ocks of encoders and/or decoders can be perforned by conputer
control logic. Wiere the invention is 24 inplenented using software, the
software may be stored in a conputer program product and | oaded into the
conputer system 1100 using the renovable storage drive 1114, the hard drive
1112 or the comrunications interface 1124. CONCLUSI ON [ 0120] The present

i nventi on has been described above with the aid of functional building

bl ocks illustrating the performance of specified functions and

rel ati onshi ps thereof. The boundaries of these functional building blocks
have been arbitrarily defined herein for the conveni ence of the description.
Al ternate boundaries can be defined so |ong as the specified functions and
rel ati onshi ps thereof are appropriately performed. [0121] Any such alternate
boundaries are thus within the scope and spirit of the clainmed invention.
One skilled in the art will recognize that these functional building bl ocks
can be inplenented by anal og and/or digital <circuits, discrete conponents,
application-specific integrated circuits,



firmvare, processor executing appropriate software, and the |like, or any
conbi nation thereof. Thus, the breadthégnd scope of the present invention
should not be Iimted by any of the abdVe-described exenpl ary enbodi nents,
but should be defined only in accordance with the following clains and their
equi val ent s. f oi ng description of the specific enbodinents
will so fully Hgﬁggg%ﬁﬁgﬂéggeral nature of the invention that others can
by applying knowl edge within the skill of the art (including the contents
of the references cited herein), readily nodify and/or adapt for various
applications such specific enbodi nents, w thout undue experinentation,

W t hout departing from the Cgener_a,l concept. of the present invention. [0123]
Therefore, subh adApR@bebHY dHAMARIBE FRCCHIG BN mpalakaresiates of 8 spalwi t hin the
meani ng and range piheQuhYIHENSIMY 1§ Niindll S WeQRR0 peIRRdb BN kGbsiraf2Sed on the
t eachi ng and gui dante presente erein. It isto ge under st 0o that the
phraseol ogy or tereconmoisigy herein is for the purpose of description and not
of limtation, such that the term nol ogy or h{aseol o}% of thefpthesent
specification is to be TSMCHPBrdtlSet ANt HPCERIXE] &y a8r PPIELNPIRRE 19 HE of t he
teachings 25 and ggisledpedh aRe MRALNRY BliRe fdrhed B R&L Y pRlel@ne of
ordinary skill in ('ttljéﬁe a?t. 26 V\Hﬁ Y?\E CLAI\I%VI IrS:e I A net hodpfoer "det er mi ni ng
speci fic pixel nodul ati ohersimatedeast oae splgt i &l thel degyhtd nttatratcorss¢sSAM) t o

rint a desired ttern on_a substrate, conprising:, selectj | east one
Super - pixel i an BBEEY BIERGTPERBe} S 1 lerspa eleR PeinellpE Y pi xol

bei ng formed of atJ.eaRtIdpdnBipt&lisn pardieleR Rladhe heaRuplspigdge of the
desired pattern crosses a boundary wthin the super-pixel, the at | east one
edge being defined by fpeod arcidrppletiam thbirowi tabdatepae aakubtal mpetati ve to

t he super-pixel; formn n interpolation table to tabul ate pre-cal cul at ed
pi xel  nodul ati on %‘PQ{FQQ&’ Qﬁtﬁs’ and

determining the specific pixel modulation states for each of the

pixels in accordance with the interpolation table.

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

deflection settings.

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

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

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



determ ning the specific pixel nodulation states for each of the pixels in
accordance with the interpolation tablfé 2. The nethod of claim1, wherein
the nodul ation states include mrror &f | ection sett| ngs. 3. The net hod of
claim 2, wherein the deflection settings include mrror tilt angle. 4. The

met hod of claim1, _wher e def |on ettin i n¢l ude |st settings.
5. The met hocai‘j of clbtf me fh r&\/\ﬁgﬂéjlnﬁ % i ﬁ’ﬁs‘teslﬁ%ﬁv Si s gf’lacent The
method of claim 1,pphiR&tedsMhré G@teﬁhhﬂ@dl 1rphéé€fdah&§3{wcﬂ€a§ o’ﬁhh@@ﬁﬁmﬂzaﬂ@ﬁ‘l acent

pi xel s sharing a commn corner. 7. The nmethod of claim1, wherein the

boundary is a pi xebunm;ndary 8. The met hod of claim1, V\,herel n the
pre-cal cul at ed pi xel nodul ation states are based upon a plurality of edge

posi t ons, 0%, Grafdior Bl WhoBS! 19 ASied By £PSELLNE o ope and

position para ters. respective

sl ope and posi ti ompargaétaReirer detéhtnddebe (1) dkachinifg atlc podivle eivdl tdatan of f-1i ne
optim zation routine. 10. The nethod of claim9, wherein the respective
sl ope and posi ti orconpuRaingt withinahe él‘éleé'ﬂ)fﬁehé*ﬂdb(yb(%e}ecéﬁﬁrﬁoﬁlh#@)atlé?lnﬁ possi bl e

pi xel state comnbi iyt pé§031dln tt?):?qe&epgm?er éatteﬁpﬂaéﬂqérhsel ecting

conbi nati ons cor r%: prede enerrcopattern fragnments. 11.
The nmethod of claim1l, wherein the pixel m)dul ation sates are selected from

t he interpol atfion Tighhethod 3f clihie 1(ehéveth thé pidehimdddlativd edtey are tsblectpd xel
nodul ation states are interpolated fromthe tabulated slope and position
paraneters of the fromiks raelaten tehlsi e. 13. An apparatus for determ ning
specific pixel nodulation states of a spatial light nodulator (SLM to

print a desired papfeil oy 3rSUBst rlat\gherelﬁofﬁgrb&bln%odﬁ%%ﬁ {iffes SpL €Cting at

| east one super-pixel 1n an object
interpolated from the tabulated slope and position parameters of the

interpolation table.

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

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

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

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

means for determining the specific pixel modulation states for

each of the pixels in accordance with the interpolation table.

14.  The apparatus of claim 13, wherein the at least one edge intersects
another edge within the super-pixel; and
wherein the at least one edge and the other edge continue

outside of the super-pixel within the object plane.

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



of the desired pattern, the super-pixel being formed of at |east two

pi xel s; wherein at | east one edge of tgg desired pattern crosses a boundary
wi thin the super-pixel, the at least o edge being defined by specific

sl ope and position paraneters relative to the super-pixel; nmeans for formng

an interpolation table to tabulate pre- cal cul ated pixel .modul ation states;
and neans for determ niahglu.faﬁ%' gggléﬁr?ﬁsétrﬂ?%ﬁ%ﬂg%fm g{)OIUB%OgﬁLg}egngre % each of
the pixels in accogregRrpitd (i) MRLidMERMRPbEhbR MY Romlthe pltikditappar at us of
claim 13, wherein the at | east one edge intersects another edge within the

super - pi xel ; and winirass and (g baing|ceaBiguredto writrh aphormixek dfdightdge conti nue
outside of the super-pixgl. .y %}'hnoft fh% t‘&fﬂ ?Pﬂncﬁé Prord an "Bes&ﬁﬁfa?ééyl | ght
a prurality o

nodul at or (SLM, conpri sing: mrrors structured to form
groups of super-piacelased. each super-pixel (i) including two or nore mrrors
fromthe plurality of mrrors and (ii) being configured to switch only one

pi xel of light; wherein each of the two _or nore mrrqors can be separately
actuated. 16.16rhe Sisaspatial (lighhtmeditatpnobrclaim dpaiheresn %dﬂ%‘ia % RE plurality

of mrrors is co%h_ﬁglg %dcfigﬁg%af‘&ﬁ%‘?ﬁfe&#?%Iﬁr‘?&ﬂt?"tﬂ[On' 17. The spati al

| i ght nodul ator of ¢ where rs are pistoning mrrors.

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

mrrors Wt hilV.eachhes upetial dight| meddger af ecliim Héhaxteras the smirgire d@rél ti ng
mrror. 19. The spatial |ight nodul ator of claim15, wherein the two or nore
mrrors includes ARSPBREMYIGLY: mirrors. 20. The spatial |ight nodul ator of
claim15, wherein the two or nore mrrors forman array. 21. The spati al

light nodul atgy ofigd @hdfla? QighWVRIdR1aforeSE Blalth M0 rwidrdifli the L@ or more
mirrors within each super-pixel cooperate to behave as a single tilting

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.

25. A method for modulating light within a spatial light modulator (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



array represents a degree of mani pul ation freedom 22. The spatial |ight
nodul at or of claim 15, wherein the act Eﬁ;t)l on of each mrror is caused by a
separate piston. 23. The spatial |ight dul ator of claim 15, wherein each
of the two or nore rri rrors can be independently actuated. 24. The spati al

I'i ght nodul ator of I m 0, r rors can be
i ndi vidual |l y addr efsse %‘éi?’ah)ky F{nﬁﬂré&rs?‘aﬁ&I?ln)Ds(mfcrﬂfn%gﬁy%nﬁp%ﬁ ?E%ﬁta spati al
l'ight nodulator (W) including a plurality of mrrors, the nethod
conprising: configuring groups of mrrors within the pl ural ity of mrrors to
f orm super - pi xel s, eachn w&hﬁaﬂbuaﬁéﬂ%%ﬁls e?@c@%@?ﬁ@’%%mworﬁﬂ?’@%th? ors 29

fromthe plurall il SAETQES (B S0 RUGADLIGLORY PRErPLARlcR] 1T ot

and individually a I'n or mrrors
super - pi xel such trh@dulitttmﬁldl\ﬂupepliasemdalatlbmast one of pure gray-Ievel
nodul ati on and pure phase nodul ation. 26. The nethod of claim 25, further

conpri si ng re confjguring . p rrors, Wwthin at | east one group of
the groups of%ni rrH}esmF@Od&gr?ﬁfé éﬁaefu‘ftggfr @EESING terf o IBRHNG PRHISRAT Wi t hi n t he
at |east one gr OUH]m%?s \;vrﬁ'ﬁn h@e@t Ocgne ggﬁ g]ctgﬁétth?’ggrroﬁg cfth?m ‘Srsc?@f' guring

i s based upon at east one o a measur and an 1 mage
intensity associ atoatpensdtdfdrefeptrit iothel anirrons withirs the28 leastrorepaumt us f or

nodul ating light within a spatial light nodulator (SLM including a
plurality of jgrraogs, thea r.at onprising ans fo nf i urlng groups
of mirrors wi4thi Qf}ﬁemﬁﬁhﬁ?j 0#168 %e?%&rﬂ%e &) C@@%mlg%ﬂﬁa{’asﬁg &t gach
super - pi xel (i) Ineéswdéﬁégorvw Iﬁéasmréar sctﬁatfowesvef Pl arhqnﬁgyrﬁténwy of mrrors
and (ii) switching only one pixel of light; and neans for individually

addr essi ng each ofassdeéateduyitbthaypartiarlar migkarhi n t he super - pi xel such that the
SLM perfornms at | east one of pure gray-I|evel nodul ati on and pure phase

modul ati on. 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.





