MULTI VARI ABLE SCLVER FOR OPTI CAL PROXI M TY CORRECTI ON FI ELD OF THE

| NVENTI ON [ 0001] This invention relates generally to resolution enhancenent
technol ogi es for photolithography masks, and relates nore particularly to
a multivariable solver for optical proximty correction. BACKGROUND
[0002] In the sem conductor industry, mcrolithography (or sinply

| ithography) is the process of printing circuit patterns on a

sem conductor wafer (for exanple, a silicon or GaAs wafer). Currently,
optical |ithogr R} TI¥ARRRBLE SEBMHHRRORIQEHRGMLRROVT Y RORREGAEON
manuf acturi ng of sem conductor devices and ot her devices such as fl at-panel
di splays. Such [|ithography enploys light in the visible to the deep
ultravi ol et spectral range to expose photo- sensitive resist on a
substrate. In the future, extreRELD) OFSFHEOINVENEI®N and soft x-rays may be
enpl oyed. Fol | owi ng exposure, the resist is developed to yield a relief

i mage. [0003] |[@oapthiahvdntibhagt@iiteraly RIveidiRslknhaltaot ¢@hhadgias mask or a
reticle) that serves as a tenplate for the device structures to be

manuf act U_rﬁl@tdliﬁm%}aﬁaﬁ'} mKst dRNeldfh Ribre FirBGHABNOREAM I MriabRIEVePERBtical
direct-wite tool's. ‘A typical photomask for "optical |ithography " consists

of a gl as . ) plate of six to eight inches on a side, wth one
surface ¢ ééggmgaﬁéﬁ%%nthin netal |ayer (for exanple, chrone) of a

t hi ckness of about 100 ran. The devgﬁﬁ?ggﬁb is etched into the netal
| ayer, hence allowing light to tran %ﬁﬁﬂ the clear areas. The areas

where the netal | r is not etched away block |ight transmssion. . In this
way, a patter rﬁ"q{ﬁﬁ%@e proicerduegr K. migRlIbagaRt OF sifekthography) is the

process of printing circuit patterns on a semiconductor wafer (for example, a silicon or GaAs
wafer). Currently, optical lithography is the predominant technology used in volume
manufacturing of semiconductor devices and other devices such as flat-panel displays. Such
lithography employs light in the visible to the deep ultraviolet spectral range to expose photo-
sensitive resist on a substrate. In the future, extreme ultraviolet (EUV) and soft x-rays may be
employed. Following exposure, the resist is developed to yield a relief image.

[0003] In optical lithography, a photomask (often called a mask or a reticle) that
serves as a template for the device structures to be manufactured is first written using
electron-beam or laser-beam direct-write tools. A typical photomask for optical lithography
consists of a glass (or quartz) plate of six to eight inches on a side, with one surface coated
with a thin metal layer (for example, chirome) of a thickness of about 100 nm. The device
pattern is etched into the metal layer, hence allowing light to transmit through the clear areas.
The arcas where the metal layer is not etched away block light transmission. In this way, a

pattern may be projected onto a semiconductor wafer.




100041 The nmask contains certain patterns and features that are used to
create desired circuit patterns on a wafer. The tool used in projecting
the mask inmage onto the wafer is called a "stepper"” or "scanner"
(hereinafter collectively called "exposure tool"). FIG 1 is a diagram of
an optical projection lithographic system 10 of a conventional exposure
tool. System 10 includes an illum nation source 12, an illum nation pupil
filter 14, a lens subsystem 16a-c, a nmask 18, a projection pupil filter

20, and a waf er[0@®R] dihe whislc boritdies Geningdattemamgefcalires gk arkisédSlopraajeaktied.
[I'lum nation source 12 may be a | aser source operating, for exanple, at W

(ul'tra-vi adigtx piterfddd A digep THeltbal-ukéDin@hrojeha ngfﬁﬁeeiﬁ@khﬁagér&lﬁo tHe@hiferheam of
illumnation source 12 is expanded and scranbled before it is incident on

i |l um nat Idanecpmtépperl%r “dobbiyt n@;elmepmle&tw%ﬂ, d’éﬁé’d 8susd @sei”sé FIOH1Gs a
aperture, or may have specifically designed “sh apes Por of f-axi s

i1l uminatig r?&?fo% m@eﬁstﬁff Jlr fesadmhh% pdlf,l‘?é/ ﬁea 1, c%f?&ena?ﬁamk@sm%w' ar

illumnatio nat1on |sar|ngvv| esi gned i nner
and outer le. illumna upi | 14 has
Four open.%%l% 1o ipr Q8 R imcn bR > Pinpgon %ﬁpﬁﬂfl&? tl%nﬂi] thers such
as dipole i umntlon 51 After J tion pu eI|

passes thrd Riepida H‘ﬁ'gliﬁg ad]ﬁolﬁcﬁ’coi“cpé‘p‘é? E},rnz T er?%?%wg E ﬁ11 16a)
and i's incident_ on mas 18, which contains the circuit pattern to be

i maged on 'RaEEP! DFKYY it preiepied; Bhwninaionsevee 12 may baa laseisionsg operating frsi ze on
waf er 22 becones smaller and smaller, and the features of the pattern
become cl @semplamt UY 6uier-viokteardHU B disp ulitakdolet) tavelgngihhyThsrligbelssmodcones
nore chal |l engi ng. The projection optics (for exanple, |lens subsystens 16b
and 16c, atumpridgreoticon 2 puygxiphndedlanéscradhled befgest ivasddch8owiituminwibe puRP.
Pupil 20 of the projection optics limts the maxi num spatial frequency of
the mask pat G@rminkiatpupan 4 besy Rassaple tr&imatagdsmtr@ @r Rla9haed dpReifiefly diSigyBt em

A nunber called "nunerical aperture” or NA ofte
shapes for off-axis illumination. Off-axis illumination may inciude, for example, annular
illumination (i.e., illumination pupil 14 is a ring with a designed inner and outer radii),
quadruple illumination (i.e., illumination pupil 14 has four openings in the four quadrants of
the pupil plane), and others such as dipole iilumination.

[0005] After illumination pupil 14, the light passes through the illumination optics (for
example, lens subsystem 16a) and is incident on mask 18, which contains.the circuit pattern to be
imaged on wafer 22 by the projection optics. As the desired pattern size on wafer 22 becomes
smaller and smaller, and the features of the pattern become closer and closer to each other, the
lithography process becomes more challenging. The projection optics (for example, lens
subsystemns 16b and 16c¢, and projection pui)il filter 20) images mask 18 onto wafer 22. Pupil 20
of the projection optics limits the maximum spatial frequency of the mask pattern that can be

passed through the projection optics system. A number called “numerical aperture” or NA often

characterizes pupil 20.




characterizes pupil 20. 2 [0006] Wen the resist is exposed by the
projected i mage and thereafter baked and developed, the resist tends to
undergo conpl ex chem cal and physical changes. The final resist patterns
are typically characterized by their critical dinmensions, or CD, wusually
defined as the wdth of a resist feature at the resist-substrate
interface. While the CDis usually intended to represent the snall est
feature being patterned in the given device, in practice the termCD is
used to descr i[pe0d Mehdn thevdsidt B egfosedlyy the praictdddiatagé end thOOSTEr bhiedrmst
exposure tools, the optical systemreduces the size of the pattern fromthe
nmask | evel ddvelopdil theat et tdry & urldired coglek ch@ichiamtl Physiday Baadsl Yhéiniresdst-
Because of this the pattern at the mask level is typically larger than the

desired paih@me a@t%{sibﬁlymaﬁaehfe\a@y,théeh&ﬁt&al_ difleAt&s, €D AisTRRSIPNE kRO T Ol
tol erances required at 'the mask | ével and 1 nproves the yireld and

manuf act Ur»@i‘ﬁiﬁ SitreQl; é&ﬂl‘ﬁe TR E%KEJ&UBE Hfiéipate. WHB theS@HGE | %?I(IJJ ﬁﬁgéd @h the

exposure too introduces a ¢ alrn confusion inre errlnﬁ

di mensi on"_of t expesure process. Herein, .features sizes and djnensi ans
rerer to vargnf Bs STRRELIGHE SFEERnGRI G e aveBRtHES TuoRER Rt (I e
feature size" r. f_r?.to. 1 ni num feature at the wafer |level. [0008] For an
exposur e d?gﬁﬁggeﬁﬁ ﬁQFF@?%thﬁﬁﬁﬂgﬁnﬁﬁrrectIy, the CDs of all critica
structures in the device nust be patterned to achi eve the design target

di nensi ons. Si deW7I {n mest expegurq teals) the ppfisakyiskimeedureg iisag of by ryerp Fogethe CD
with no errors, the device is designed with a certain tolerance for CD
errors. | mashilevebmgbe whfeelepeltyerradicson taegirdgpied it 4« dreSxadireptsabf thisthe t he CDs
of all critical features are within these predefined tol erances. For the
exposur e [Paneaistht tnk lev¥l ig Blpieal 1P ladgdriiafiRC dddirb dBat@RVAL HIRNWEBL levdl Nehitml | CD

distribution nust fall within the tol erance
relaxes the dimensional control tolerances required at the mask level and improves the yield and
manufacturability of the mask-making process. This reduction factor of the exposure tool
introduces a certain confusion in referring to “the dimension” of the exposure process. Herein,
features sizes and dimensions refer to wafer-level feature sizes and dimensions, and the
“minimum feature size” refers to a minimum feature at the wafer level.

[0008] For an exposure process to pattern a .device correctly, the CDs of all critical
structures in the device must be patterned to achieve the design target dimensions. Since it is
practically impossible to achieve every target CID with no errors, the device is designed with a
certain tolerance for CD errors. In this case, the pattern is considered to be acceptable if the CDs
of all critical features are within these predefined tolerances. For the exposure process to be
viable in a manufacturing environment, the full CD distribution must fall within the tolerance

limits across a range of process conditions that represents the typical range of process variations

expected to occur in the fab.




limts across a range of process conditions that represents the typical
range of process variations expected to occur in the fab. 3 [0009] Factors
that limt or degrade the fidelity of the pattern transfer process include
i nperfections in the mask-maki ng process, in the projection optics, in the
resi st process, and in the control of the interaction between the
projected light and the filmstacks formed on the wafer. However, even
with a perfect nask, perfect optics, a perfect resist system and perfect
substrate ref |[86Q9] Fattyrscloat dimad or degradetht ifidelitiy oy tHe patere srankiféfira@ithd intlade

mai ntain as the dinensions of the features being inmaged becone small er
than the vapetenghfinahe hbgaliBeprob ks !ih ehepepRsibneptie lin thE@dsist SHPESUNE in

processes using 193 nor illum nation sources, features as small as 65 nor
are desirafe cdirol biths irfl@8Rio] BErwBY ?ﬂe%ﬁﬂ&é@ed ﬁ"@'lt B thE fin Bt%ElEsefﬁﬂnédrcﬁﬂﬁé Rhafer.
process becones highly non-linear, and'the dinensions of the final pattern
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proxinmties of neig hborln? features, and even features that are not
i mredi at el SFPAUFARIBSHFSS Ysing { 93 pmflyinatianseurcey, dsatres 35 smalias A5 amraradesited Ihe
optics of the exposure tool. These optical proximty effects are well
known i n tthie dpéprsabatayelength o@irog, thapagiernettdnstet progess rproonee highbyosianefingera kind theand
m nim ze high non-linearity in the pattern transfer process, current
pr ocessi nglrheshns gfits fiealatyrmuathcouderesbberbinen venhangd gnefihctidneohodl ofjihes
("RET"). One of the leading types of RETs in use today is optical proximty
size of the pattern at the mask level, but also of the local environment of the feature, where the
local environment extends out to a radius of roughly five to ten times the wavelength of light.
Given the very small feature sizes compared to the wavelength, even identical structures on the
mask will have different wafer-level dimensions depending on the sizes and proximities of
neighboring features, and even features that are not immediately adjacent but still within the
proximity region defined by the optics of the exposure tool. These optical proximity effects are
well known in the literature.
[0010] In an effort to improve imaging quality and minimize high non-linearity in the
pattern transfer process, current processing technigues employ various resolution enhancement
technologies ("RET”). One of the leading types of RETs in use today is optical proximity
correction (OPC), a general term for any technology aimed at overcoming proximity effects.
One of the simplest forms of OPC is selective bias. Given a CD vs. pitch curve, all of the

different pitches could be forced to produce the same CD, at least at best focus and exposure, by

changing the CD at the mask level. Thus, if a feature prints too small at the wafer level, the




correction (OPC), a general termfor any technol ogy ai ned at overcon ng
proximty effects. One of the sinplest forns of OPC is selective bias.
Gven a CD vs. pitch curve, all of the different pitches could be forced
to produce the sane CD, at |east at best focus and exposure, by changing
the CD at the mask level. Thus, if a feature prints too small at the wafer
| evel, the 4 mask | evel feature would be biased to be slightly |arger than
nom nal, and vice versa. Since the pattern transfer process from nask

| evel to wabgkrletebkature sondme biasabio betshghtBrimgat thaf ndmhiasl, ikl vied versil 19plcy tHehe
measured CD error at best focus and exposure tinmes the reduction ratio, but

Wi th nmodeptag wnefeLpdedsh B Bdsk 08 cRid IR IeR istod-1leas theamober deiRiiided.
Sel ective bias is an inconplete solution to the probfentof proximty

effects, pﬁtﬁébly(%h'é RAkdsiredfco Errd)rsat 88 YocRPRld SPodhe ﬁtﬂ@s thP e B Iﬁﬁ@ G&bwith
condi tion. Even thoug such bias could, in principle, be applied to give
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process vari es rom nom I'tion eac sed curve wil
respond dL% | reseétln fere mnndo for
i horent  PedpilnbadtughEpithe by Prosufle eyl BEGE G iRy elbicisFpe
pitch may even have a ct .on the overal] process mtndow
educi ng. PR PSS BRfIEPY %&ntth%%ﬁ%%@awafdemwée PR AR B UHFArEh
all of the target features print on the wafer within the desired process
t ol er ance.“P g9 Piigh eyrKesat ket docs sl eporre opee A CERASErepsEEsasss Hapdioped f or
appl i cation beyond the one-di nensional bias exanple above. A
t wo- di nmengiognzd] ceidatidnapaoh bagsedpich curvei widl respdnd dilfferendniregltinlgi in diféanché progess a
tendency to "pull back"” fromtheir desired end point |ocation as a
functi on ofindovpoSuthe ddiferft deahiges. | Thendiory, thaSiest” Hidsao deglidatiofl Gnhds. phdrmaeni ng
of along line end can be several times [arger than the corresponding line
narr owi ng.evdihhsretaypgativt ipae o @ obilall process window, reducing rather than enlarging the

focus and exposure range within which all of the target features print on the wafer within the

desired process tolerance.

[0011] Other more complex OPC techniques have been developed for application beyond

the one-dimensional bias example above. A two-dimensional proximity effect is line end

shortening. Line ends have a tendency to “pull back” from their desired end point location as a

function of exposure and focus. In many cases, the degree of end shortening of a long line end

can be several times larger than the corresponding line narrowing. This type of line end pull

back can result in catastrophic failure of the devices being manufactured if the line end fails to

completely cross over the underlying layer it was intended to.cover, such.as.a polysilicon gate

layer over a source-drain region. Since this type of pattern is highly sensitive to focus and

exposure, simply biasing the line end to be longer than the design length is inadequate because

the line at best focus and exposure, or in an underexposed condition, would be excessively long,

resulting either in short circuits as the extended line end touches neighboring structures, or




back can result in catastrophic failure of the devices being manufactured
if the line end fails to conpletely cross over the underlying layer it was
i ntended to cover, such as a polysilicon gate |ayer over a source-drain
region. Since this type of pattern is highly sensitive to focus and
exposure, sinply biasing the line end to be | onger than the design | ength
i s i nadequate because the line at best focus and exposure, or in an

under exposed condition, would be excessively long, resulting either in
short ci r cuiresesasily hegeasticain decs il oee ack it addddéstwieh glidddian GeasirésUs therdds it or
5 unnecessarily large circuit sizes if nore space i s added between

i ndi vi dual Siheaén&shd Keylsbls 6F infdgrdted ciul @6siANdAharufR alRY i9Rah&ifize the
integrated circuit design and manufacturing is to maxim ze the nunber of

functi onal nghreptusciial Qedlbdl Fhitd Hﬂmfn%gatlhear_ea ?éﬂ{ﬂi[r%(g%zrl%ﬁf?, i ex@ddi ng

excess spacing is a highly undesirable solution. wo- di mensi onal

OoPC approgﬁggﬁgngﬁﬁgpggﬂ¢g§%§ggﬁﬁﬂX%o hel p solve the line end pull back

pr obl em ra“stru res assi st features) known as "hanmer heads" or

"serifs" are r hnely.added t ine ends.to effectivel chqr themin
oi ace. and- pr ovi ML SGtRARBTPY DLAORTERS e Grp Arose o RS e iR ok
at best foc d exposure these extra structyres arg not clearly resolved
and t hey gk H@%ﬁfﬁb SIS {HSHE O ERRIP D §f {EURCrA oPrf Bty are
resolved on their own. Assist features can take on nuch nore aggressive
forms t hanfoylinghy elded tmkinafadsto effegidedy aushpr them émplgce and prenddesetegeel pplh back
pattern on the mask is no longer sinply the desired wafer pattern upsized
by the reduvet thountigpresessazisiler. Eeert albest fows hndisxpoearre flsscentralsauctppes arediot o
many nore cases than sinply reducing Iine end pull back. Inner or outer
serifs carcléelyapphicddnd thepnltereiggpearesjeed ittal thyin femurd wikogiboingfuldgadyed @
reduce corner rounding or edge extrusions. Wth enough selective biasing
and assi stihéieainr 88siqffeablrks Sin28& ANBudAGhSE hidreRivelftens tBA! 4R HamnidiRadRsk

bear | ess

added to line ends, to the extent the pattern on the mask is no longer simply the desired wafer
pattern upsized by the reduction ratio. Assist features such as serifs can be applied to many more
cases than simply reducing line end pull back. Inner or outer serifs can be applied to any edge,
especially two dimensional edges, to reduce corner rounding or edge extrusions. With enough
selective biasing and assist features of all sizes and polarities, the features on the mask bear less
and less of a resemblance to the final pattern desired at the wafer level. In general, the mask
pattern becomes a pre-distorted version of the wafer-level pattern, where the distortion is
intended to counteract or reverse the pattern deformation that will occur during the lithographic
process to produce a pattern on the wafer that is as close to the one intended by the designer as
possible.

[0013] In another OPC technique, instead of appending assist structures such as serifs to

a feature, completely independent and non-resolvable assist features are added to the mask.

These independent assist features are not intended or desired to print as features on the wafer, but




and less of a resenblance to the final pattern desired at the wafer |evel.
In general, the mask pattern becones a pre-distorted version of the

waf er-1 evel pattern, where the distortion is intended to counteract or
reverse the pattern deformation that will occur during the lithographic
process to produce a pattern on the wafer that is as close to the one

i ntended by the designer as possible. 100131 In another OPC technique,

i nstead of appendi ng assist structures such as serifs to a feature,

conpl et el yrathedlap énclelet tameddifiothe hasd inade! F aaesbs inaleRhtures calimcatded to the
mask. These independent assist features are not intended or desired to
print as fgakibi@s a8dplodess Eibiglice dPWHat nflinf REDR! i rbiokreN@ed “5Qusmi davs,t i
aerial imge of a nearby nain feature to enhance the printability and

process t olgs &NGE- r&%l&tx%ﬁ%gs'i@%&tu&@?é@h% ad §& Bn&tﬁér%)feﬁgf éo%;ﬁéutg%& 8L 1 RY

bars,” thi§ type of sub-resolution assist” feature *( adds yet anot her

| ayer of co E%§h%%eg?aﬁ“ﬂﬁ%§ﬁwﬁh §&Qﬁkﬁnﬁ§%ggbﬁm8§ r&m%%ﬁ@%&ﬁ&gﬂgmn

bars i s wher ul'ar array o on resol v € sca

- on both S|des f an, i.sol ated |ine, f ure, whi h%F S t%f f t. of makin
the 1 so at i Rl Bl Po&trahi i Sine iy ot T diet i fepthpfpie’
representgtlve of a S|ngl line within an array of dense |]jnes, resultlng
in a procefs RPHE nﬁﬁ%ﬁﬁf@ﬂ pase slepdrogt e bﬁﬁé@f@i@;ﬂ&@aﬁ@“@&f asingledineryihingg  of
a dense pattern. The conmon process w ndow between such a decorated
i sol ated ¥B¥efid¥saHacsaradisgingarrpessnwitidow muahecleser iarfoar apdmraosure slerargsce
.to focus and exposure variations than that of a feature drawn as isol ated
at the nmadkthagold denp@padtien. MebeycominanipeeesOP@db e dtwegu eschrastobied imbted
together on a single nmask with phase-shifting structures of different
phases addedudennas demsklpafiarn whid hiverada@kiddnahoraiotkrpice cefsus anidrepwyure variations
enhancenment. The sinple task of biasing a one-dinmensional |ine becones
i ncr easi Nghah that of a feature drawn as isolated at the mask level.

[0014] Many of these OPC techniques must be used together on a single mask with
phase-shifting structures of different phases added in as well for both resolution and process
window enhancement. The simple task of biasing a one-dimensional line becomes increasingly
complicated as two-dimensional structures must be moved, resized, enhanced with assist
features, and possibly phase-shifted without causing any conflict with adjoining features. Due to
the extended proximity range of deep sub-wavelength lithography, changes in the type of OPC
applied to a feature can have unintended consequences for another feature located within half a
micron to a micron. Since there are likely to be many features within this proximity range, the
task of optimizing OPC decoration becomes increasingly complex with the addition of more.
aggressive approaches. Each new feature that is added to a design has an effect on other

features, which then must be re-corrected in turn, and the results must be iterated repeatedly to

converge to a mask layout where each feature can be printed in the manner in which it was




conplicated as two-di nensional structures nmust be noved, resized, enhanced
W th assist features, and possibly phase-shifted w thout causing any
conflict with adjoining features. Due to the extended proximty range of
deep sub-wavel ength |ithography, changes in the type of OPC applied to a
feature can have uni ntended consequences for another feature |ocated within
half a mcron to a mcron. Since there are likely to be nmany features
within this proximty range, the task of optim zing OPC decoration becones
i ncr easi ngbrygicadiyphtexdedivibiic tatwbe agite tiine Bodfibitihgen tHRPUSIRS Siakiter apthe @ath @sagekach
new feature that is added to a design has an effect on other features,

whi ch t henofifisSieighBoritf-f6Ahee SlcB dhadt ek Usdare AR R@hiagsl tSpdP6d toRgarct£r at ed
repeatedly to converge to a mask | ayout where each feature can be printed

in the manner igoi)isif tb thiv@nple:tyiadl ﬂﬁl‘&la}' iﬂt&&cﬁi@ﬂ%@tﬂ@!@ﬁ kandds, OPe 1&aiBlo ﬂr me

contributing in the proper manner "to the aerial 1mages of its neighboring
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[ 00151 Due to this c exity and nu nter ion ures, C
-technol ogy, .has becone a mwajor field of innoyatio agd many techni.ques have
been wi dol§ SATERT BRaTsReha Topres oy Reb gt e B I FRRE SoER g o o
manageabl ¢ nunber .of edges for co-optim zation, howto prioritize the
opti m zat i &Y Ptiorifes e Bzt HEu IS 5O HAT i gt itepl PUF BEes recbepiguptected
protected  from unintended distortion by nearby OPC assist features on
nei ghbor i P sanispded digierijon by neasByPVE astisideatupgiopnaigihonng faabyies hew & bet ween
features, how to trade off conputational speed versus ultimte convergence
of the regetolvanhasecand plasementichellide betwadn faagutst Bow tntdadstofibrongpatatiohad spdedt he
full inplenentation of OPC as a manufacturabl e technol ogy. [0016] OPC has
gener al | y wepveditiracmnoaverpéree bithe desibing feanaeto tha sledred pgiubng ahd other details of the
nodel - based OPC, both the effect of the exposure tool on the aerial inage
and the effiig@hpleieithiton of OPC as a manufacturable technology. '
[0016] OPC has generally moved from a rule-based to a model-based approach. In

model-based OPC, both the effect of the exposure tool on the aerial image and the effect of the

resist processing are modeled mathematically. FIG. 2 is a flowchart showing a typical model-

based OPC design process. In step 210, a pre-OPC layout, an OPC technology file, an optical

model, and a resist model are obtained. The OPC technology file describes the types of model-

based OPC techniques that are to be used, for example linewidth bias corrections, corner

rounding corrections, or line end pull back corrections. The optical model describes the

llumination and projection optics of the exposure tool. The optical model may also include the

effect of imaging into a thin-film resist or the effect of the mask topography. The resist model

describes the changes in the resist after being illuminated by the mask pattern in the exposure

tool. An etch model may also be used in the method of FIG. 2. The optical, resist, and etch

models can be derived from first principles, determined empirically from experimental data, or a

combination of both. The models are usually calibrated at the nominal process condition. See R.




resi st processing are nodel ed mathematically. FIG 2 is a flowhart show ng
a typical nodel - based OPC design process. In step 210, a pre-OPC | ayout,
an OPC technology file, an optical nodel, and a resist nodel are obtained.
The OPC technology file describes the types of nodel - based OPC techni ques
that are to be used, for exanple linew dth bias corrections, corner
roundi ng corrections, or line end pull back corrections. The optical nobdel
~describes the illumnation and projection optics of the exposure tool. The
opti cal noSteha fRysditin Enhahatdent Teehnighidsg'cthoafmdskBEghrivgtibn T echaolofy, Behjatin
resist or the effect of the mask topography. The resist nodel describes

t he changes. Eyhoh/ie. dn@ Bahiiualh erditosl NEGra-wil Nt 866-08, DO, MBzkrdebtesidut, N
the exposure tool. An etch mpbdel may al so be used in the nethod of FIG 2

The opti cahe O'P@%e%holoéﬁ ]gle? tutdthe FREEL §reca?lrlré%tﬁs Qanhd 4881 QR dpd S NCI pl es 1

determ ned enpiricall rom experinenta a, or a conbination of both.

(0]
8 Socha. ~ Resol o e ai Shah Rl PR CLeMAB o REAE AR Tl P O

8 Socha, "Resoluti and echni ques, rica

Technol Benj, am G N g Bangj u Wi, . Edi t : Hill,
o, 466- 488 S BHEN s B el soflPl PR Yesech Wiek gy ERRASTURG ¢ he
nodel s are.all [nputs to the npdel -based OPC software. [0017] In step 212,
the model e BHE S BARAF B OC SetiabrbeP Bt BRbdeiter fien piketieie shisg out

into edge segnents and,assigns control points to each edge segnent. Each
feature i deattessul beguiyeqt & diffgreapproyinily eamijoromats ddisspeid Ponscanewluation
feature, even identically-shaped features, will be subject to different
proxi mi t y pemis)amihe lcstionFhvdiesoriP oo kdgegil svemefterrosEPEatvilbbe evabiatetislyiring et he
| ocations where CD or edge placenent errors (EPE) will be eval uated during
the OPC d2RT designrooess . ThEhwsigieadry bfitncomtfol pbaistoatomplep pioatss tha depeading ex
process that depends on the pattern geonetry of the pre-OPC |ayout and the
optical noBepattefn deomdirs BOWS paNOREINREE the optical model. FIG. 3 shows an L-shaped

feature 310 with dissection points represented by triangles and assigned control points

represented by circles,

[0018] In step 214, the model-based OPC software simulates the printed resist image on

the wafer by applying the optical model and the resist model to the pre-OPC layout. In general,

the simulation is performed at the nominal process condition at which the optical model has been

calibrated. In step 216, the model-based OPC software generates the contours of the simulated

resist image by comparing the simulated resist image values to a predetermined threshold value.

The model-based OPC software then compares the simulated contours with the pre-OPC layout

at all of the control points to determine if the design layout will deliver the desired patterning

performance. The comparisons are typically quantified as a CD or an EPE at each control point.

In step 218, the model-based OPC software determines whether a figure of merit for the contour

metric of each edge segment is satisfied. In one embodiment, the figure of merit is satisfied

when the total error for the contour metric, e.g., CD or EPE, of each edge segment is minimized.




feature 310 with dissection points represented by triangles and assigned
control points represented by circles. [0018] In step 214, the nodel - based
OPC software simnmulates the printed resist imge on the wafer by applying
the optical nodel and the resist nodel to the pre-OPC | ayout. In general,
the sinulation is perfornmed at the nom nal process condition at which the
opti cal nodel has been calibrated. In step 216, the nodel -based OPC
software generates the contours of the simulated resist inage by conparing
t he si nul ahedothes¢mstiodimagehy figwre of meritis paifed ehen the thiillies holid coalouemetrithe
nodel - based OPC software then conpares the sinulated contours with the

pre- OPC | ayfaidth edye sédnhendfs Helthy £ praliéteiminQl (hteShdl@ BeREMgHOES rhéritietisRs 8o
layout will deliver the desired patterning performance. The conparisons

are typi cahbdesSItRR! i ifdle Asurd ot is 8t &R ﬁ"le@tthgﬁﬁﬁe&(wﬁtﬁlﬁ'es Rah %p 220.n step
218, the nodel -based OPC software determ nes whether a figure of merit for

the contour mabhist e £aRN-aH9EP E?%ﬁ%%ésﬁeﬁ | bRtk of BrPQfBIRAGE TR

t he figure of IS satlsfle when error
metric,

f each e t her

enbod et a%s%‘%e%%fmulaf %51 2RO RO R i i%’rﬂl%t R Sesizp e PP, e
cont our ric,_  of e ch, ed i s bel predeterm ne threshold | f
the figure r 1 fhspRigl 0wk N R AL b Fﬁedetwéigse idhe GfErepes 7 POTiaF BOIBK
merit is not satisfied, th%éfrocess conti nues with step 220. [00191 FIG 4
shows two HebHging;te ﬁl%ﬂp%ﬁ't% 24 thpmoded hasrdd o G softwise 656?#1#“@1 the ggetcgiregtiongn
assuned sinul ated resist inmage contour 414 does not overlap the feature's
desi gned g@wnat atyachieppirgh paitie Lidbistassimed dhat the Eifeof thiethrEe segndet @)ris Aéd
based on the difference at that control point. Returning to FIG 2, in
step 220 tdewrmbde bt dvageldhbd@RC;isbé sivmtest @lgk cotratios ambentedgs aampatentdl 0ife error:
anount at each control point. If it is assumed that the EPE of the i-th
edge segmem, =(EAE] Sudba straightforward correction function does not work well for non-linear

processes because changes on the mask are not linearly reflected in the printed resist image. To

account for nonlinearities such as the mask error factor (MEF), a slightly more complicated

correction function can be used:

AE
MEF’

AL =~
[0020] In a real application, the method of calculating the appropriate correction is much

more complex, and the correction algorithms can depend on factors such as linewidth error,
fabrication process, correction goals, and constraints. See A.K. Wong, Resolution Enhancgment
Techniques in Optical Lithography, SPIE Press, pp. 91-115, 2001. For example, if it is assumed
that there are N edge segments of a feature and one control point for each edge segment, and that
the correction amount for the i-th edge segment is AL;, the ultimate goal is to solve for AL; AL, .

. » ALy, such that the difference between resist image values R{C;) and the predetermined

threshold values 7 at all control points are equal to zero as:

RI(C,-)—T =0 fori=1,..., N, where C; are the control points.

.10




determ ned at control point C, the sinplest edge correction amount AL; is a
negation of the error: AL, = -AE;. Such a straightforward correction
function does not work well for non-linear processes because changes on
the mask are not linearly reflected in the printed resist inmge. To
account for nonlinearities such as the mask error factor (MEF), a slightly
nore conplicated correction function can be used: AL=-AE, MEF [00201 In
a real application, the nmethod of calculating the appropriate correction is
much nor e Oonmplimkze thnfiinttim correction al gorithns can depend on factors such
as linewdth error, fabrication process, correction goals, and
constraints. See A K. Wong, Resol utixo é?a cenent  Techni ques in Opti cal
Li t hography, SPIE Press, pp. 91- 1152[2@ ﬂor exanmple, if it is assuned
that there are N edge segnents of a‘zf‘eature and one control point for each
edge segnent, and that the correction amount for the i-th edge segnment is
AL" the ulti rratlﬂ‘l?g‘d&fe?it 4n step 38 the mesiel-hased ORCxsoftmarg adingtstihg ¢ndire edgs segment
di fference between resist inmage values R (C) and the predeterm ned
t hreshol d Kakeseding & thakalcdaind rotechoi ansudré; oqaldkdgesegpems @prodice e ppstT =
for i =1,..., N, where C, are the control points. 10 O mnimze the
function N)P(Zla{yaht( @jch Thek thel mﬁuliﬁﬂ)%ﬂstﬁhagecontbuﬁh&\@s%?ﬁatchﬂ&: desidrleedinand OPC
software adjusts the entire edge segment

Then the method returns to step 214, where the model-based OPC software simulates a resist

image using the post-OPC layout produced in step 222. The resist image contours and error are
then calculated for the simulated resist image produced using the post-OPC layout in step 216.
In step 218 the model-based OPC software determines whether the total EP error is minimized or
below a certain threshold. The total EP error may be defined as:

N

2
Ervroriotal = Z(A Ez')
i=l

Alternatively, the total EP error can be defined as the maximum EP error of all segments, i.e.,

max{A £{}i = 1,.., N

since the OPC goal may be set such that all edge placement error must be below a certain
threshold.

[0022] In the method of FIG. 2, the correction amount is determined individually for
cach edge segment in the mask layout, without taking into account effects from the movements
of other edge segments in the layout. As feature size decreases, solving for the correction
amount for individual edge segments experiences convergence problems. What is needed is a
technique for determining correction ainounts for each edge segment that takes into account the

movements of other edge segments in the layout.
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E; according to the calculated correction anmount AL; for all edge segnents
to produce a post- OPC | ayout, such that the sinulated resist inmge contour
noves to match the design geonetry. Then the nethod returns to step 214,
where the nodel -based OPC software sinulates a resist image using the
post-OPC | ayout produced in step 222. The resist imge contours and error
are. then calculated for the sinulated resist inmge produced using the
post-OPC | ayout in step 216. In step 218 the nodel -based OPC software

det erm nes whether the total EP errorSUSIMARYM zed or below a certain

threshold. The total EP error nmay be defined as: N2 FErrortotal =1 (AE ~
H Al ternati vel y0023p&ht aictlod BPtRIIf@Nti6RRadke he® thd @Wle@bre iR ciBx oTeaaEP error
of all segnents, i.e., max~AEl },i =1,...,N since the OPC goal may be set

such that @bheR668 RARISTRDAILRS the Fesitl Fhagl aled A\WoRrd §bin®i iR thdIByRehd d.
[0022] In the nethod of FIG 2, the correction anount is determ ned

t ol dual § . _ > Ki ng i
| ndi vi dua sh}{uﬁa&lé?ursgﬁ]zfelfér&ﬂ&?aé&%%% afgpu%?ﬁre@zﬁigég%@g%% hﬁt’\fgé .Eb?{)d‘%%% Ing into

account effects t he novenents e layout.
A Tt e R L T A
Bt R o S RS T L L RS U0 SRR

ayout. L Shal thyout.

[0024] In one embodiment, the method of the invention includes simulating a
photolithography process using a mask layout to produce a first simulated resist image,
perturbing each edge segment in the mask layout by a predetermined amount to produce an
initial perturbed layout, simulating the photolithography process using the initial perturbed
layout to produce a second simulated resist image, determining a difference value between the
first simulated resist image and the second simulated resist image for each edge segment,
creating a multisolver matrix that inciudes the difference values for all edge segments,
determining a correction delta vector using a pseudoinverse of the multisolver matrix, wherein
the correction delta vector includes a correction delta value for each edge segment, perturbing
each edge segment in the perturbed layout by the corresponding correction delta value in the
correction delta vector to create a further perturbed layout, simulating the photolithography
process using the further perturbed layout to produce a third simulated resist image, updating the

multisolver matrix based on the third simulated resist image values for each edge segment, and

updating the correction delta vector using a pseudoinverse of the updated multisolver matrix.

12




[ 00231 The nethod of the invention tracks how the coll ective novenent of
edge { segnents in a nmask layout alters the resist inmge values at contro
points in the layout and sinultaneously determ nes a correction anmount for
each edge segnent in the layout. A nultisolver matrix that represents the
collective effect of novenents of each edge segnent in the mask |layout is
used to sinultaneously determ ne the correction anount for each edge
segnent in the nmask |ayout. [0024] In one enbodi nent, the nmethod of the

i nvention i ncl y6ezs] dn nud @bbaiiment, thbalctlod bfiogriaehtiopholtgssmulgpRinga dmping

I ayout to produce a first simulated resist inmage, perturbing each edge

segnent i nfattbetordagkvdl@yiathc Riredtidi RUL VAR fHRA tAdipibihg HR 180a06ACH tiidedgbNi ti al
perturbed I ayout, sinulating the photolithography process using the |n|t|al

per t ur bed sekﬁb’lﬁyinthé)nﬁﬁ@ﬁ?&ﬁ aBeoP @R ﬂﬁh@héﬂ@cﬁ&ﬁﬁ'elfa%bt%f' i mage, determining a
di fference val ue between first sinulated resist imge and the second
sinmul ated resist inmage for each edge segnent, <creating a multisolver
matri x that includes the difference values for all edge segnents,

determ ning a correction delta vector using a pseudoi nverse of the

mul tisolver matrix, wherein the correction delta vector includes a
correction delta value for each edge segnent, perturbing each edge segnent
in the perturbed |ayout by the corresponding correction delta value in the
~correction delta vector to create a further perturbed |ayout, sinulating

t he photolithography process using the further perturbed | ayout to produce
a third sinmulated resist inmage, updating the multisolver matrix based on
the third sinulated resist inmage values for each edge segnment, and

updating the correction delta vector using a pseudoi nverse of the updated
mul tisol ver matri x.

13




12 [00251 In one enbodi nent, the nethod of the invention includes

mul tiplying a danping factor to each value in the correction delta vector
prior to adjusting the locations of the edge segnents in the nask |ayout
according to the correction delta vector. 13 BRI EF DESCRI PTI ON OF THE
DRAWNGS [0026] FIG 1 is a diagram of one enbodi nent of a |ithography
system [0027] FIG 2 is a flowhart of nethod steps for nodel -based OPC,
[0028] FIG 3 is a diagramof a feature including edge segnents and contr ol
points; [0029] FIG 4 is BRUTAQEMGRITIANf@BTHEDRAWINGISassuned si mul at ed
resi st i mage showi ng edge placenent errors; [0030] FIG 5 is a diagram of
contact feat ur g6026p¢iGA BY depgen seGERMIBHdRNt 600Lithodrapiaiyitesm; [0031] FIG 6
is a flowhart of nethod steps for simultaneously solving for corrections
for edge segneniee7i Fi@. TBeKINRUAYULS mABEPEEhTor 8dQas@ndadi ment of the
invention; [0032] FIG 7 is a diagramof plots of resist inage val ues

versus iteratiqgoiRyHags {Sgrdi%&ntlxpé fat ﬁeigglgg ggggé;ﬁg&glg}g t &’t"%f%‘%ﬁ tures,

determ ned by a prior art si e-varia e met of FIG

6; [00331 FIG i j e pl,acenent .errqr.s;after applyvi.ng OPC
cortections adtehifed SatfR 85 NG Pdf i lleoShr e e inalP Sigkye
[0034] FIG is a histogramof edge placenent errors after applying OPC

9
correct i ortsee HATHN HI¥SUsi ng the method of FIG 6.

[0030] FIG. 5 is a diagram of contact features including edge segments and control
points;

[0031] FIG. 6 1s a flowchart of method steps for simultaneously solving for corrections
for edge segments in a mask Jayout, according to one embodiment of the invention;

[0032] FIG. 7 is a diagram of plots of resist image values versus iteration number for a
typical edge segment in a contact features, determined by a prior art single-variable solver and by
the method of FIG. 6;

[0033] FIG. 8 is a histogram of edge placement errors after applying OPC corrections
determined using a prior art single-variable solver; and

[0034] FIG. 9 is a histogram of edge placement errors after applying OPC corrections

determined using the method of FIG. 6.
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14 DETAI LED DESCRI PTI ON [ 00351 The nethod of the invention tracks how the
col l ective novenent of edge segnents in a nmask |ayout alters the resist

i mge values at control points in the layout and sinultaneously determ nes
a correction anount for each edge segnent in the layout. FIG 5 is a

di agram of contact features 510 and 512 i ncl udi ng edge segnents and control
points. Contact feature 510 has four edge segnents whose | ocations can be
adj usted, and each edge segnent has one control point. For exanpl e edge
segnent 522 has a control point 524. As contact features 510 and 512 are
relatively small features, novi MEBAIIEIYBESEFMITON f or exanpl e edge segnent
522, affects the resist inage value at that edge segnent's control point

(e.g., control [peSSHThe&d)hodafichcahsmtiad fraxdks Sowhies dofisitble mdvegeniudletgs at t he
control points of the other three edge segnents of the contact feature.

And for corpmeits fneahkasydub Aterdihe radts@ifsheGhRELatlcaBied] BTntd iR thBydu@¥RHt ,
novi ng an edge segnent of one contact feature also affects the resist

i mage val ugsuighed3f ERMIRL 2 RGIOLSA aﬁ%uﬁqgreeaiéﬁgdﬁ%%gﬁnéd? oGk $RBAT iMg. S/t act

features. Simlar effects on resist Inmage values at- control “polnts due to

movement s (ﬂifiglrzﬂﬁ bﬁ%?z{cb%g%f&%ﬁ &%ﬁ%%ﬁ%hﬁﬁg eg es ?%glitél grlgd[ c%]ogiggg ogntls.aﬁgr#{gcst for

non- cont act 1 ayers. IS a wchart o psS
si nul tane I hvi for corrections for edge segnents i mask | ayout,
accor di ng 1PRA0 BiUSH: SR ccren P PR Al Bt itk parcaok sfecrepmen s i
| ayout, the I%éoTt_'sé%jrst subdi vi ded int% patches, which are typically 20
mx 20 grilf GUBE! RYRL 6O SHATRIC SreeSceBel or e hapiopirapBBC 24 ars pntapEealiyes been
applied the patches are conbined together to produce the final post-OPC
| ayout . | rdfPapd Bhare glatvglysmail fpajercs, Rrovingsan eslgpreancatl forskpgrls cdessegmentay out
(pre-OPC | ayout). The resist imge nmay be simnmulated using a
522, affects the resist image value at that edge segment’s control point (e.g., control point 524)
and also affects the resist image values at the control points of the other three edge segments of
the contact feature. And for contact features that are placed close together in the layout, moving
an edge segment of one contact feature also affects the resist image values at the control points
of edge segments in neighboring contact features. Similar effects on resist image values at
control points due to movements of neighboring edge segments can be observed in mask layouts
for non-contact layers.
[0036] FIG. 6 15 a flowchart of method steps for simultaneously solving for corrections
for edge segments in a2 mask layout, according to one embodiment of the invention. Optionally,
for a large mask layout, the layout is first subdivided into patches, which are typically 20 pm x
20 um to 60 pm x 60 pum is area, before applying OPC; after OPC has been applied the patches
are combined together to produce the final post-OPC layout. In step 610, a resist image (RI) is
simulated using a design layout (pre-OPC layout). The resist image may be simulated using a

photolithography simulation system such as that disclosed in U.S. Patent No. 7,003,758, the

subject matter of which is hereby incorporated by reference in its entirety. In step 612, assuming
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phot ol i t hogr aphy sinul ati on system such as that disclosed in U S Patent
No. 7,003,758, the subject matter of which is hereby incorporated by
reference in its entirety. In step 612, assuming 15 there exist n novable
edge segnents, the edge segnents in the design |ayout are perturbed (i.e.,
noved) by a predeterm ned di stance, which is specified by then x 1 vector
Aco , to produce a perturbed layout. In step 614, a resist inmage is

simul ated using the perturbed layout. [0037] In step 616, a difference

bet ween t hthesiayist ahrcatiRt cdgl segBers, thbigd sepicht ih ke desigs lagoud sy patturtaadi.é.he
simul ated Rl val ues produced using the perturbed | ayout are deternined for

each edge 3 8% B%ap?c%@t%ﬁnﬁ & HSLE C 1cﬁr %p"éa?'? e384 %ec?@r Kno b 8 p(roduce

mul ti sol ver e|n| MR Tix 1 g afn matri X,

where n is nber of e SEHEMSJrlt for some masks
can be nnr@ﬁ&ﬁ§H$QMH§ﬂpﬁﬁﬂqgiﬁﬁegﬂFFﬁﬁTmﬁﬁ? g@%P%%%‘ﬁﬁ??W&‘r@Wﬁn di agona
matrix in which the i-th diagonal entry i s conputed
as the differdfB¥d peenséh at%e@’ilciﬁhe’é’fe@ﬂ tlﬁl m%lﬁ@é@l (YFIUFWOQMGF% ugpghent

ARl , divided by the ambunt of the perturbation of the i-th segment Aco ;
Mat hemat i cégsigp layoneand thasioiubagrsl vabuss pipdodeddsing shegieviarbed Bayoutrart deterfmd@id ;
Aco In other words, initially it is assuned that the edge segnents do not

i nteract; foheachldggegmient. et diffegeces egpbat tosrddte araihitial inlt@adlyver rhaitigddt o

t hat edge segnent only. As a diagonal matrix, the off- diagonal elenents

of A0 are iTefthiti@BhliYis@9&QnatdR &tani 5% n bl x, whereQ: it @e dundber of edge segments in the

layout, which for some masks can be more than a million. The initial multisolver matrix is a

diagonal matrix in which the i-th diagonal entry, wherei=1, ..., N, is computed as the

differences between the simulated RI values of the i-th segment AR/, divided by the amount of

the perturbation of the i-th segment ACO’I- . Mathematically, the i-th diagonal entry of 4y is given

by:

A, = L.
[ U]u ACOJ—

In other words, initially it is assumed that the edge segments do not interact; the changes in each
edge segment’s RI value is attributed to that edge segment only. As a diagonal matrix, the off-

diagonal elements of 4, are identically zero. That is,
[AO]U =0 fori=j.
[0038] In Step 618, a correction delta vector for the edge segments in the layout is

determined using a pseudoinverse of the multisolver matrix. The correction delta vector Ac
includes a correction delta value for each edge segment. The values for the correction delta

vector are determined by first computing the difference between the desired RI values and the
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[0038] In step 618, a correction delta vector for the edge segnents in the
| ayout is determ ned using a pseudoi nverse of the nultisolver matrix. The
correction delta vector Ac includes a correction delta value for each edge
segnent. The values for the correction delta vector are determ ned by
first conputing the difference between the desired RI values and the 16

| atest sinulated RI values determned in step 616 (or later in step 622)
and then multiplying the pseudoinverse of the nultisolver matrix by the

di f f er encelateAicsimulAled RO valuby dHtdrmjred i siee6 B (or fatdriestps 620 andviten sailtgflyihg ¢he

mul tisolver n x n matrix, O is an n x 1 vector representing the desired R

val ues, F(lﬁékl)dduﬁfeﬁlaoﬂtﬁérﬂlultiﬁﬁeﬁhla&ﬁiﬁﬁﬁeﬂiffe?@cé he latest sinulated R
val ues when the edge segnents have been noved to the position val ues as

specified by the vector ¢ k , and-k s an-index-of the iterations of step
618. [0039] The pseudoi nverse ofAtte Aol Féc, Jatrix i s used because the
mul tisolver matrix can be singular or close to belng singular, or since it
may not always be a square matrix, if the problemis generalized such that
t he nunberwhsie elgnis thel pspsiontversn ef e Riultiselvees xarmatol Aiina: k4 veslot reptvecrtiage
as the nunber of adjustable edge segnent, the true inverse nay not al ways

be calcul bl e. seu verse of the nultisolver nmatri is defined
as fol | ows s&emﬂg Pgrﬁwﬂ% () 15 2m A% 1 yrafog reRFesptingie Featrﬁérablé@d&l veles her

mul ti sol ver matrix, | is the n x nidentity matrix, and a is an adjustable

positive myl Edg{é séé}ﬁ‘éﬂté’}%vta %Eénq{lo%ﬁ% Hl%g)otslﬂoﬁ DQuddR @f:ébctierd?r thd efe tolNE, “alige of

ais preferably Set to a default val but it uste to optimze

the overali ,PRHELL RO fGaRns'PGep BRI NOD Of FIG 6.

[0039] The pseudoinverse of the multisolver matrix is used because the multisolver
matrix can be singular or close to being singular, or since it may not always be a square matrix, if
the problem is generalized such that the number of control point where RI values are obtained is

not the same as the number of adjustable edge segment, the true inverse may not always be

calculable. The pseudoinverse of the multisolver matrix, 4, is defined as follows:
+ T -l
A =(aT+474,)' 4!
where A, is the transpose of the multisolver matrix, 7 is the » x n identity matrix, and o is an

adjustable positive multiplicative factor applied to the identity matrix. The value of a is
preferably set to a default value but it may be adjusted to optimize the overall performance of the
method of FIG. 6.

[0040] As the multisolver matrix resulting from the method of FIG. 6 may grow to be as
large as 1 million x 1 million, the multisolver matrix A4 is preferably expressed as three

components:

A=A, +PQ" e R™
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[0040] As the nultisolver matrix resulting fromthe nmethod of FIG 6 may

growto be as large as 1 mllion x 1 mllion, the nultisolver matrix Ais
preferably expressed as three conponents: A = Ao + PQTl E 93 nxn 17 where
AOis the initial multisolver matrix, which is a diagonal matrix, P and Q

are n x p matrices, where n is the nunber of edge segnents and p is the
nunber of colums of P and Q where p<<n. Since p=Oinitially, the

matrices P and Qare initially enpty. The columms of P and Q are popul ated
by the updah&s 4@ thdmitil kuligelveehattR] Whikh isasdid@nerhRfd PMOWatd) €9k on

with step 624. As the nunber of updat es increases with the nunber of

i terationsyphgphiionahlMeihe e@?exé ng‘ﬂ@?gs Qx@?%rthé)ﬁ %gg{"ﬁﬁurh&a&f 2 g4 1n

the matrices P and Q can be exanpl e maxi mum a ue ofp
can be limted n tes ar ress
the multi ? I@erstu%% P %ﬂ gasl}h répemgacc?;%rgﬁrélﬁ e R %h HIE?Sf?fJE%ﬁtéam

storage of _th o] ver t nd a so f [of ent cal cul ation of
the corr ecIf(ip&}ﬁate(ﬁi%ttg k’Peffé’Fa o “H%tég(?f ef)’@a TXh & ”%?Q:be@yaﬁﬁ?@“nca‘ggﬁv Pn
1, 000, 000 =1

f1 oati ng- p Sr g%?‘&%‘%ﬁﬁf) FRA3HES WsTRAaeSCOHS HRBURDSE of ttgrations, aptiqnally the masipnes

I n contrast storing the diagonal entries of the initial nultisolver

matrix AO BHeberaf wdaiss thpt aa gtoryd inithe magersuind(@ can e limigedy Foy exemple; tigs

mllion bytes only. (0041] Wth the creation of interimmatrices, the

correct i ormaemnyg wabetodp chsbe hinded @izaek @ the ml.)-mnstrecent updates are stored.

4c=LA - D1+CTQ ' GI'1Ao+QPT). (0-F(ck)) where A" (al +AcAo0)"1, a di agonal

mat ri x; C ExprésiAg Bie,mitisdivex n2rin@ithéss thrée sonfpon€hts allows fr cfficient storage of the
multisolver matrix and also for efficient calculation of the correction delta vector as described
below. For example, assuming z = 1,000,000 and p=10, to store the # x n multisolver matrix 4
as it 1s using a floating-point representation would consume 7 x n x 4 = 4 trillion bytes. In
contrast, storing the diagonal entries of the initial multisolver matrix 4y and matrices P and Q
will consume {(n+nx px2)x4= 84 million bytes only.

[0041] With the creation of interim matrices, the correction delta vector is calculated as

follows;

Ae=|n"-6(D TG 67 4, + 0P Yo (6 - Fle )

where A = (o +Apde)", a diagonal matrix; C' = [Q AOP], ann x 2p matrix, G = A'C, ann x
. PP , . . . ,
2p matrix; ; and D = ool a 2p x 2p matrix. By first expressing the multisolver matrix as

three components and creating the interim matrices, calculating the correction delta vector is

performed cfficiently. Specifically, the inverse of (D T+C TG) in the above equation can be

computed quickly, since (D T+ C TG) is an 2p x 2p matrix, where p is typically equal to 10.
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ng

to store then x n nmultisolver matrix A as_ it is using a




T 2p matrix; ; and D=1 P P Pol] , a 2p x 2p matrix. By first expressing
the multisolver matrix as three conponents and creating the interim
matrices, calculating the correction delta vector is perforned
efficiently. Specifically, the inverse of (D- '"+CT G in the above
equation can be conputed quickly, since (D-' + CT G is an 2p x 2p
matrix, where p is typically equal to 10. 18 For exanple, assum ng that n
= 400,000 and p = 10, the correction delta vector is determ ned wusing the
above equaldr@rarhylecosmming tigt & ka00,00@ asEy 6fl0ahCorrecBh daftarvieXtor isisteanidedf
conputing the inverse of a 400,000 x 400,000 matrix. Calculating the
correct i onysii the@abere bQlatibs bpgoﬁl;b\ﬁlr@bﬁe/ﬁve@a&aatzowzmﬂa{r& IRRad bt dobiptiNEthe

matrix is a 400,000 x 400,000 matrix can be per ormed in about one second
In contras; [ trix. usi brut force
met hod WohfltgL 03%6409@{) txt‘@/g Oa%a?is X ggal(fmé]tnﬁg}e Cé’ﬁrg(gt leg H%Ct‘%o 8?38?46 t he
i nverse of D can be _conput ed anal ytical l 1 D1PrPIn one

enbodi nenteduaifonaihare the @pliisobisr mgtrixgp p 4890 GQQ 999 Patpk san e perfpanedingbaytz es
~z JAAc +. F(ck) + a F is conmputed. It is possible to assign different
prioriti egnescecondelglaniray, jistdtvertig 4 4001000 xegSH08 egurenissng Fbrdiedgenalethsdt ri X
W where the non-negative z z weighting factors appear on the diagonal, is
i ntr oducedyouMeke oW [tWé\Geats. F{& KirthdrtspBedep the computation, the inverse of D can be

o1
D=l el

In one embodiment, at each iteration, a correction delta vector Ac that minimizes

computed analytically as:

AAc+ F(ci) +a ‘AC‘ 1s computed. It is possible to assign different priorities, or

weighting factors, to the edge segments. A diagonal matrix ¥, where the non-negative

J— — = 2 — 2
W[AAC + F(cy )] + a‘Ac'

weighting factors appear on the diagonal, is introduced, where
is minimized. In one embodiment, the quantities 4 and E(E;ﬁ) are replaced with:
A< WA
when computing the correction delta vector.
In another embodiment using the optimized mairix representation 4 = 4, + PO" € R™,  the

quantities 4o, P, and F(_c'k) are replaced with:

Ay < W 4,
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is mnimzed. In one enbodi nent, the quantities A and F(ck) are repl aced
with: AF W F(ck) + W(ck) when conputing the correction delta vector.

I n anot her enbodi nent using the optim zed matrix representation A = AO +
PQr the quantities Ao, P, and F(ck) are replaced with: AO <- WA, 19 P-W
F(ck) <- WF(ck) when conputing the correction delta vector. By default, the
matrix Wis equal to the identity matrix. If a large weighting factor (>>
1) is assigned to the i-th diagonal of Wthat corresponds to the i-th
segnent, at each iteration, the EPE of pthgyipth segnent will preferably be
reduced nore than the EPE for the renmaining segnents because the i-th
segnent's EPE is anplified by the _weighting factor. 100421 In step 620, a

danping factor is applied to the c@(gytd-di gl hHa vector and the edge
segnents in the layout are noved by the values in the danped correction

del ta vect such.-that the n osition of. the edge, se tg i.s ck+t =
ek + o oo REPUALEL sotfifiol Sla AP, B9 oGl BopBFAIER I iR na
is applied ta t correcti.on_delta vector 0 that the n osition of the
edge segnehtEX; IR G g (s ) &ﬁ@fﬁneﬁw@%ﬂi %ngnaﬁoxftr%ﬁ%forrq%@é i's
simul ated using the |atest version of the layout. In step 624, the
mul ti sol veP thegrihissggment, at each iteration, the EPE of the i-th segment will preferably be reduced more
than the EPE for the remaining segments because the i-th segment’s EPE is amplified by the
weighting factor.
[0042] In step 620, a damping factor is applied to the correction delta vector and the edge

segments in the layout are moved by the values in the damped correction delta vector, such that

the next position of the edge segments is

Ci1 =Ci +ACe damping .
The damping factor is a value between zero and one that is applied to the correction delta vector
so that the next position of the edge segments is not too aggressive. Then, in step 622, a resist
image is simulated using the latest version of the layout. In step 624, the multisolver matrix is
updated based on changes in the RI values caused by the changes in position of the edge
segments. Updating the multisolver matrix is necessary because the multisolver matrix, which .

relates changes in the correction values to the RI values linearly, changes when the edge

segments are moved. If a vector ; is defined as F (EM )- F (E;c) and a vector s is defined as

H

(y—4,9)

|

. s . :
column to the matrix P and H‘_T“ is added as a new column to the matrix Q. As a result of the
|

18 added as a new

Ct+1 —Ci , then to update the multisolver matrix 4, if ||s|| > 0,

-

LS
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updat ed based on changes in the R values caused by the changes in position
of the edge segnents. Updating the nultisolver matrix i s necessary because
the nultisolver matrix, which relates changes in the correction values to
the RI values linearly, changes when the edge segnents are noved. If a
vector y is defined as F(ck.i) - F(ck) and a vector s is defined as ck+,
ck , then to update the nultisolver matrix A if Isl >0, (Y Ak s) is
added as a new sl colum to the matrix P and Ilsll is added as a new

col umm to tiguatemht inittall didgonal maldsdlver oiatii-ng is %o [ROgdiplibabeal. Thevdlin dfithd | y

di agonal multisolver matrix A is no |onger diagonal. The value of the

nul ti sol vemuRBélvérmaAtix bitle i-tH Rw W 0h thRmin-cah bE RltépRtAAR tHRinkiH BhRIaH ed
as the linear change in the Rl value of the i-th edge segnent caused by a

posi ti onal 18, J L XA =
ho QT Do R e & g R e e e G S EaS e 5
be obtained as, if Ilsll > O; QﬁQTAr’Ti = AA + éy - A z s)s Isll [00431
I'n step 626isnot cxpsesged asr AT WREt Hut ingtepd stuvedhdisecdy, theapdatsd arylaspdves magrive
edge segnents in the layout is finished. In one enbodi nent, the

adj ust nment s %re finishep~mh n a predeterm ned nunber of iterations of
steps 618-B3X°RRGIAA%] % ﬁgreted. In the predeternined nunber of
iterations have not been conpleted, the nethod returns to step 618. In

anot her enbodi nent, the adjustnments are f4ni shed when a figure of nerit is
satisfied. The figure of nerit A, =4, (y—4,s)s

‘ 2

[0043] In step 626, it is determined whether adjustments of the locations of the edge

A

segments in the layout is finished. In one embodiment, the adjustments are finished when a
predetermined number of iterations of steps 618-624 have been completed. In the predetermined
number of iterations have not been completed, the method returns to step 618. In another
embodiment, the adjustments are finished when a figure of merit is satisfied. The figure of merit
may be satisfied when the sum of the edge placement errors squared for the layout is minimized
or below a predetermined threshold. If the figure of merit is not satisfied, the method returns to
step 618. If the adjustments are finished, then in step 628 the latest version of the layout is used
as the post-OPC layout, which is typically then used to manufacture a mask.

[0044] The method of FIG. 6 may be implemented in software or in hardware.
Embodiments of the method of FIG. 6 implemented in software can be executed on any
appropriate computer system. The method of FIG. 6 can be applied to any mask layout for any
type of mask layer, for example contact layers and poly layers, and any type of mask, for
example bright-field masks or dark-field masks. The method of FIG. 6 can also be applied to

mask layouts for masks used in double-dipole illumination photolithography. Correction delta
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may be satisfied when the sumof the edge placenent errors squared for the
| ayout is mnimzed or below a predetermned threshold. If the figure of
merit is not satisfied, the method returns to step 618. If the adjustnents
are finished, then in step 628 the |atest version of the layout is used as
the post-OPC | ayout, which is typically then used to manufacture a nask.

[ 00441 The nethod of FIG 6 may be inplenented in software or in hardware.

Enbodi t f th t hod Fl i .ol ted in software.can,be. executed
ooy Ao ks dltbe W86 for b of e AREAE P Bl yfec B Bk RUSTEIoE g £
any mask | ayoyt for an t of mask | ayer, for exanple contact |ayers and
pol>/y I ayersé‘,Xh Qﬁhﬂlﬁﬁ?f’aﬁl éﬂ%g%’ﬁ% tragt 33 equaligraognd thegs 1§tfliné$edvzﬁ'&‘§ fonphoth

dark-field masks. The method of FIG 6 can also be applied to mask |ayouts
for nmasks WEEHISSIuEluBIR- di pol e i |l um nation photolithography. Correction
delta 21 vectors can be determ ned for each of the two mask | ayouts used in
doubl e- di pol e ilP94PkiFHatT 513 diagmarh of plats of ksishndga lvalupmgssuatitetabion semberdeita i s
equal to zero and the resist imge values fromboth masks is equal to
zero. [ 004ppickledge eginsnian dicagaa feadirep |doteaninbd bes psér arnmgde-vaiabbssolver subby
iteration nunber for a typical edge segnent in a contact features,

det er m nedhdprethof bf BIG. & tAsshogh,ehy RI Valds@esiingdforaddrdonstderiBied asin@theF| G
6. As shown, the RI values resulting fromcorrections determ ned using the

nul ti sol vahuTeMetfodfdrBIG & SaNUGEORSel @sk&htidal I) kd @k atdiRA R¥ LAt 8f 36

desired Rl value of zero than the prior art single-variable solver (at

iteratiOntgﬁ%heFQQ%ﬁﬁﬁ&%&%%g?kﬁﬁ?ﬁggﬁh895&9%8f edge pl acenent errors after

appl yi ng OPC coftrectio using a‘prior art single-variable
o ver e T e SR S B
determined using a prior art single-variable solver after six OPC iterations. The distribution
shown in FIG. 8 ranges from 1.0 to 4.2 nm, and the distribution has 2 root-mean-square (RMS)
value of 0.61 nm. FIG. 9 is a histogram of edge placement errors after applying OPC corrections
determined using the method of FIG. 6 after six OPC iterations. The distribution shown in FIG.
9 rangeé from 1.0 to 1.7 nm, and the distribution has an RMS value of 0.11 nm. Thus, using the
muliivariable-solver method of FIG. 6 to determine corrections for edge segments produced
fewer edge placement error “defects” and the distribution of edge placement errors is narrower.
[0047] The invention has been described above with reference to specific
embodiments. It will, however, be evident that various modifications and changes may be
made thereto without departing from the broader spirit and scope of the invention as set forth
in the appended claims. The foregoing description and drawings are, accordingly, to be

regarded in an illustrative rather than a restrictive sense.
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value of 0.61 rim FIG 9 is a histogram of edge placenent errors after
applying OPC corrections determned using the nethod of FIG 6 after six
OPC iterations. The distribution shown in FIG 9 ranges from1.0 to 1.7
m, and the distribution has an RVS value of 0.11 nm Thus, using the

mul tivari abl e-sol ver nmethod of FIG 6 to determine corrections for edge
segnents produced fewer edge placenent error "defects" and the

distributiﬁ%%gfgﬁgggnﬂb?quent errors is narrower. [0047] The invention has

been descri ve Wwth reference to specific enbodinents. It wll,
however, be evident that various nodifications and changes nmay be nade
thereto without departing fromthe broader spirit and scope of the

i nvention as set f rah in.the appended clainms. The foregoi ng description
and dramﬁn@s aHEng@ 6YPHYP8, to be regarded in an illustrative rather
than a restrictive sense. 22 WHAT IS CLAIMED I'S: 1. A nethod conpri si ng:
simul ating a pHERYRiSohoIReSHPBE BEASCssising aanavk davontd) arrdugda Brsbeimutated
first sinulated resist inmage; perturbing each edge segnent in the nask

| ayout by a predet ergsisheshggnount to produce an initial perturbed |ayout;
simul ati ng the photolithography process using the initial perturbed |ayout
to produce a gecwhthgshehidbdat ecknians imsthe hasiglayoud &l @paideichginad dinbfiertemoduce
resi st image val ue between the first sinmulated resist inage and the second
simul ated resist i magaifif@petabél @dgs;, segnent; creating a nmultisolver matrix
that includes the difference resist inmage values for all edge

simulating the photolithography process using the initial perturbed layout to produce a
second simulated resist image;
determining a difference resist image valuc between the first simulated resist image and
the second simulated resist image for each edge segment;
creating a multisolver matrix that includes the ditference resist image values for all edge
segments;
determining a correction delta vector using a pseudoinverse of the multisolver matrix,
~wherein the correction delta vector includes a correction delta value for each edge
segment;
perturbing each edge segment in the perturbed layout by the corresponding correction
delta value in the correction delta vector to create a further perturbed layout;
simulating the photolithography process using the further perturbed layout to preduce a
third simulated resist image;
updating the multisolver matrix based on the third simulated resist image values for each

edge segment; and
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segnents; determining a correction delta vector using a pseudoi nverse of
the nmul tisolver matrix, wherein the correction delta vector includes a
correction delta value for each edge segnent; perturbing each edge segnent
in the perturbed | ayout by the corresponding correction delta value in the
correction delta vector to create a further perturbed | ayout; sinulating

t he photolithography process using the further perturbed |ayout to produce

a third sinulq§%95 &8l 8 'Hag , & ing t | tisol-ver trix,based on
the third sinulat eclf[ 5esi (gsrfécl rra(gee_lta\ljfg §1telgsl? arlpS g‘ééglilmeésﬁgoé seeuéI %ﬁé ?lugﬁgﬁlﬁrs
updating the correcgﬁ n delta vector using a pseudoi nverse of the updated
nul tisolver nmatrix. 2" A conput er -readabl e nmedi um i ncl udi ng i nstructions
for performng: sinulating a photolithography process using a mask | ayout
to produce a first sinulated resist image; perturbing each edge segnent in
the mask | ayout by a predeterm ned anount to produce an initial perturbed
| ayout ; siful at4 repvierTsidsblsl medigp inspidinginsmetensyfer pryforiing niti al pert ur bed
| ayout to produce a second sinulated resist inage; determning a
di ff erence r esisstulingyephosdlisl gowhyweeretshising iamstsk $ayoul tatpeaiuces fist simubgel and
the second sinmul ated resist image for each edge segnent;
resist image;
perturbing each edge segment in the mask layout by a predetermined amount to produce
an mitial perturbed Iayout;
simulating the photolithography process using the initial perturbed layout to produce a
second simulated resist image;
determining a difference resist image value between the first simulated resist image and
the second simulated resist image for each edge segment;
creating a multisolver matrix that includes the difference resist image values for all edge
segments;
determining a correction delta vector using a pseudoinverse of the multisolver matrix,
wherein the correction delta vector includes a correction delta value for each edge
segment;
perturbing each edge segment in the perturbed layout by the corresponding correction
delta value in the correction delta vector to create a further perturbed layout;
simulating the photolithography process using the further perturbed layout to produce a
third simulated resist image;

ﬁpdating the multisolver matrix based on the third simulated resist image values for each

edge segment; and
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creating a multisolver matrix that includes the difference resist inmge
values for all edge segnents; determning a correction delta vector using
a pseudoi nverse of the nultisolver matrix, wherein the correction delta
vector includes a correction delta value for each edge segnent; perturbing
each edge segnent in the perturbed |ayout by the corresponding correction
delta value in the correction delta vector to create a further perturbed

del ta value in t} n - ;
et tur bed | ayoubeh e aBRES! bt Rt BR LR TR IRl M Wby e

mul tisolver matrix based on the third sinulated resist inmage values for
each edge segnent;n% 24 updating the correction delta vector using a
pseudoi nverse of the updated nultisolver nmatrix. 3. Mask image data for a
mask | ayout that includes edge segnents whose | ocations have been
determned by: simulating a photolithography process using a mask |ayout to
produce a ¥irstMagkriipsg ‘éaga for a snask layprtgleat insdides pdgersgeraedhwbeigdocstigirdiave i n
the mask | ayout by a predeterm ned anount to produce an initial perturbed
| ayout ; sibwah detemynediey: phot ol i t hogr aphy process using the initial perturbed
| ayout to produce a second simulated resist inage;

simulating a photolithography process using a mask layout to produce a first simulated

resist image;

perturbing each edge segment in the mask layout by a predetermined amount to produce
an initial perturbed layout;

simulating the photolithography process using the initial perturbed layout to produce a
second simulated resist image;

determining a difference resist image value between the first simulated resist image and
the second simulated resist image for each edge segment;

creating a multisolver matrix that includes the difference resist image values for all edge
segments;

determining a correction delta vector using a pseudoinverse of the multisolver matrix,
wherein the correction delta veétor includes a correction delta value for each edge
segment;

perturbing each edge segment in the perturbed layout by the corresponding correction
delta value in the correction delta vector to create a further perturbed layout;

simulating the photolithography process using the further perturbed layout to produce a

third simulated resist image;
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determning a difference resist inmage val ue between the first simulated
resist image and the second sinulated resist imge for each edge segnent;
creating a multisolver matrix that includes the difference resist inmge
values for all edge segnents; determning a correction delta vector using
a pseudoi nverse of the nultisolver matrix, wherein the correction delta
vector includes a correction delta value for each edge segnent; perturbing

cach edge SeOMpad BIRRSLLY AL bAXIUL iRt IS GO ERAANHLA SRLTGSL!

n

delta val ue i orrec vector to crea erturbed

| ayout ; sinulatingeth;g%oHpgjthography process using the further

perturbed | ayout to odace ™ (khird sinmul ated resist imge; 25 updating

the nul tisol ver ri x based op . the third sinu]ated resist i e, val ues for
H%att ff&,c d [ a e ge,

each edge segrBfitlieAMCHR5aA YrYavRdoTEIEARSFUIPITErE 41 hedpdrod apligolyer
pseudoi nverse of the updated nultisolver matrix. 4. A mask having a mask
| ayout that included@#Hge segnents whose | ocati ons have been determ ned
by: simulating a photolithography process using a mask | ayout to produce a
first sinulated resist inmage; perturbing each edge segnent in the nmask
| ayout by a predeterm ned anmobunt to produce an initial perturbed |ayout;
4. A mask having a mask layout that includes edge segments whose locations have been
determined by:
simulating a photolithography process using a mask layout to produce a first simulated
resist image;
perturbing each edge segment in the mask layout by a predetermined amount to produce
an initial perturbed layout;
simulating the photolithography process using the initial perturbed layout to produce a
second simulated resist image;
determining a difference resist image value between the first simulated resist image and
the second simulated resist image for each edge segment;
creating a multisolver matrix that includes the difference resist image values for all edge
segments;
determining a correction delta vector using a pseudoinverse of the multisolver matrix,
wherein the correction delta vector includes a correction delta value for each edge
segment;

perturbing each edge segment in the perturbed layout by the corresponding correction

delta value in the correction delta vector to create a further perturbed layout;
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simul ati ng the photolithography process using the initial perturbed |ayout
to produce a second sinulated resist imge; determning a difference
resi st image val ue between the first sinulated resist inage and the second
sinul ated resist image for each edge segnment; creating a nultisolver matrix
that includes the difference resist imge values for all edge segnents;
determ ning a correction delta vector using a pseudoi nverse of the

mul tisolver matfj x,.. rein.the correction I vector, i.ncl udes a

Cor recti on der tungainalie B ub g S Ahalfe B BEeHN s uset ron
in the perturbed Iaﬁ?gi.bﬁltpe correspondi ng correction delta value in the
correction delta vettBrsPBEFESHS ™M yr t her perturbed |ayout: 26

simul ating the photoljthography process using the further perturbed |ayout
to produce a t%ﬂ%twgéhwpgwaerr@@ﬂéPaﬁeﬁaaél}e tg%atn%dtwstm%q wes &t cagh r i x
based on the third sinmulated resist inmage values for each edge segnent;
and updating the coefgcep@antdald a vector using a pseudoi nverse of the
updated nmultisolver matrix. 5. The nethod of claim1, conputer readable
medi um of cl ai mp@stingalskcdrmraigen diib aeadr wing apseBloimersoas theapdatbdinmtidolvevher ei n
t he pseudoi nverse of the nmultisolver matrix, A, is defined as A" =(al +ATA)
“AT where AT is thentatrdnspose of the nultisolver matrix, | is the identity
matrix, and a is an

5. The method of claim !, computer readable medium of claim 2, mask image data of claim

3, or mask of claim 4, wherein the pseudoinverse of the multisolver matrix, 4", is defined as
A =(ad+ 74 ' A7
where 4" is the transpose of the multisolver matrix, / is the identity matrix, and « is an

adjustable positive multiplicative factor applied to the identity matrix.

6. The method, computer readable medium, mask image data, or mask of claim 5, wherein
an initial multisolver matrix 4y is a diagonal matrix in which the i-th diagonal entry is

determined by

ARI.
[AO ]i! l

ACO,:‘

where Acy; is the amount of the perturbation of the i-th edge segment and AR/, is the change

i

. 1n the resist image value for the i-th edge segment as a result of the perturbation.
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adj ustabl e positive multiplicative factor applied to the identity matri x.
6. The nethod, conputer readable nmedium nmask inmage data, or nmask of claim
5, wherein an initial nultisolver matrix AOis a diagonal matrix in which
~the i-th diagonal entry is determned by [AO];r = Aco,i where Aco i is

t he amount of the perturbation of the i-th edge segnent and AR, is the
change in the resist image value for the i-th edge segnent as a result of

the perturpati omhe Bethdd of MMM LARFG resdaBleMebiuk SMRHLES, MRRARKY QoM Wi Of
claim2, mask imge data of claim 3, or mask of claim4, wherein the

I
mul ti sol ves Jattik %5 c1hm 4. Vs ﬁﬁ&@sq =A04P where AO is an
initial miltisolver MAtri X, re%?% I's gégllnggd(%h% Q%E?%sg&( and Qare n x p
matrices, where n is the nunber of edge segnents and p is the nunber of

colums of P and Q 8. The nethodA Eofptd? e¥dabl e medi um mask i mage
data, or mask of claim7, wherein the initial nultisolver matrix AOis a

di agonal nghdré X4, ishnWakigmbAS e | 3R Ptri ) :
-- Akll Aeo’ ir \(;vﬁere Al\ ; igoswetrtkll%ugiﬁount qg?g{h%gﬂaé&e%%)?%iaa???nﬁgg X%Ig[i@%

co
edge seg i chan i thlg resi st.i e\c/@;u ééfgrthei-th
edge seg m{‘“gg%ﬁ%‘%‘ﬂﬁ’% Otgp g%ehsec nﬁ%ﬁ% ?Jnrdgpa&Sit Tiiae %%Oq‘%g?sho ,angi ut er
readabl e nedi um mask image data, or mask of claimb5, wherein
8. The method, computer readable medium, mask image data, or mask of claim 7, wherein

the initial multisolver matrix Ay is a diagonal matrix in which the i-th diagonal entry is

determined by

Ay = L
4] =5

where Ac; is the amount of the perturbation of the i-th edge segment and ARJ, is the change

in the resist image value for the i-th edge segment as a result of the perturbation.

9. The method, computer readable medium, mask image data, or mask of claim 5, wherein

determining a correction delta vector comprises
—_— . + —_ —_— —
Ac=A' o (0—F(c,))
where A, is the pseudoinverse of the multisolver # x » matrix, 0 isan 7 x 1 vector representing

desired resist image values, F'.(c—,() is an n x 1 vector representing the latest simulated resist
image values when the edge -segments have been moved to the position values as specified by the

vector ¢, and £ is the iteration number.
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determning a correction delta vector conprises Ac =Ak (0-F(ck)) where A
is the pseudoi nverse of the nultisolver n x n matrix, ois an n x 1 vector
representing desired resist inmage values, F(c) is an n x 1 vector
representing the latest sinmulated resist imge values when the edge
segnents have been noved to the position values as specified by the vector
c k, and k is the iteration nunber. 28 10. The nethod, conputer readable
medi um mask i mage data, or nmask of claim7, wherein deternining a
correction delta vector corrpri ses 11 Ac= [A— G(Dt+CTG) GTj Ao+QPT) *(a- FQ

where A-' (al

it 1 AT Ao BB it &%, g Bl s
an n x 1 v t or rese deS|red resist inage values F(ck) is ann n x
| vector %‘é’@’f‘ﬁ ﬁ‘@TetCH ?egttaé@‘fto’%?ql?ﬁﬂrg{esed resist image val ues when the
edge segnents have heen nmoved to the p05|t|on|values as sp C|f|e( b the

vector ¢ k : _ig ixs-1t h ( £at oRT gﬂ of
conmput er reada um 0 ai ﬁ'Tg? ﬁ e(? od'E'tQ F; mask
of claim4, further conprising applying a danping factor to each value in

the corregidOR ldedatra AY,%{‘ ogdlac;lo%a; migx Methied, Aﬁﬂgg?k PRARRRE & KBl 44 «

mask i nmage data, of claim 7, wherein ing the nultisolver
mat ri x i ncl udes: |f I;II > 0, addlng (y A s) s
. PP o . . .
2p matrix; D= ,a2p x Zp matrix; 0 is an 7 x | vector representing desired resist

image values; F(c,) is an n x 1 vector representing the latest simulated resist image values

when the edge segments have been moved to the position values as specified by the vector e

and £ is the iteration number.

11. The method of claim 1, computer readable medium of claim 2, mask image data of claim
3, or mask of claim 4, further comprising applying a damping factor to each value in the

correction delta vector.

12.  The method, computer readable medium, mask image data, or mask of claim 7, wherein

updating the multisolver matrix includes:

()7_ A;;S)

if HEH >0, adding as a new column to P and adding —— as a new column to Q,

)

where y is defined as F(cis1)— F(ci), s is defined as i ~cx, and ¢ is a vector specifying

the positions of the edge segments at the 4-th iteration.
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sl as a new colum to P and adding Its as a new colum to Q wherey is
defined as F(ck+,) - F(ck), s is defined as ck+, - ck, and ¢ k is a vector
speci fying the positions of the edge segnents at the k-th iteration. 29

13. The met hod, conputer readable nmedium nmask inage data, or mask of claim
5, wherein wupdating the nultisolver matrix includes: if if I > 0: > AR+ =
AR + (y - Azs)s sl where y is defined as F(ck+i) - F(ck) , s is defined as
Ck+l - cF 13.andTie Keth&d, Boni@ératadaBRGhddyirA Onask hda. td bOReskAf cldng 5edB&cin
segnents at the k-th iteration. 14. The nethod of claim 1, conputer

readabl e it OF ntlRbMeclmattBSkclhd®ge data of claim 3, or nmask of claim4
wherein the mask layout is a |layout of a contact |ayer. 15. The nethod of

claim1l1, conputer readable nedium of.,claim2, nmask inmage data of claim 3,
or mask of cIaHFE#>%pe2eiQ[}qdywaékliayout is a layout of a poly |ayer. 16.
The met hod of cl &lim™1, “tonpht er adabl e medi um of claim 2, mask i mage data
of claim 3, or nmask of clain14,ﬂ erein non-negative weighting factors are
assigned to the edge segnents. 17. The nethod, conputer readable medi um
mask i mage_data, . or sk aj , “wherein  non-negat,ive wei ghting. .
factors af%g%s§ﬁSgggﬁﬁﬁsgﬂg“g%QEH%ZgﬁéﬁﬁgﬁfﬁéﬁC?héf“ & Ai'h oﬁﬁﬁgﬁm@
correction delta vector conprises: Ac =(a,+ AKWIWAK)' AkWI' . (0-WF(ck)) where
AF. is thdhebesitiapsplte edgnsepments at the/kh tieratiqner ation; | is the identity
matrix; O is an n x 1 vector representing desired resist inmage val ues;
F(ck) is an n x 1 vector representing the | atest

14, The method of claim 1, computer readable medium of claim 2, mask image data of claim

3, or mask of claim 4 wherein the mask layout is a layout of a contact layer.

15, The method of claim 1, computer readable medium of claim 2, mask image data of claim

3, or mask of claim 4 wherein the mask layout is a layout of a poly layer.

16.  The method of claim 1, computer readable medium of claim 2, mask image data of claim

3, or mask of claim 4, wherein non-negative weighting factors are assigned to the edge segments.

17. The method, computer readable medium, mask image data, or mask of ¢laim 5, wherein
non-negative weighting factors are assigned to the edge segments such that determining the

correction delta vector comprises:
Ac=(ad+ ATw WA, ) AW o (0O-WF(c,
=\ k k) Ay (0- (¢))
where 4, is the multisolver matrix at the £-th iteration; / is the identity matrix;a isann x 1

vector representing desired resist image values; F(E: } is an n x 1 vector representing the latest
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30 sinmul ated resist inmge val ues when the edge segnents have been noved to
the position values as specified by the vector ¢ k ; kis the iteration
nunber, and Wis a diagonal matrix with non- negative weighting factors on
t he di agonal. 18. The nethod, conputer readable nedium nask inmage data, or
mask of claim 7, wherein non-negative weighting factors are assigned to
the edges segments such that determning the correction delta vector

oL A ol AT S T IR g

PTWIWP | t
repr esent ?ﬁ’ﬁmﬁa(éé Yhﬁ(’.f e‘f‘tgrsf ‘S’It?( 1§ Hﬁdg"r@’é’P @g‘@ﬁerlfw F8 é’&ﬁoqfi‘ ?{131%8%,‘618} - vector

representing the latest sinulated resist image val ues when the edge
segment s hRERUSRTIBHIBEderers of His Jrgortl on val ues as specified by the vector
C4; kis the iteration nunber, and Wis a diagonal matrix with

non- negative weighting factors on the diagonal. 31

18.  The method, computer readable medium, mask image data, or mask of claim 7, wherein
non-negative weighting factors are assigned to the edges segments such that determining the

correction delta vector comprises:
Ae=|n1=G(D + TG 6" [wa, + oompy Yo (6 - W F (e )
where A™ = (af + WA, WA,)", a diagonal matrix; C=[Q WA, WP], an n x 2p matrix; G = A”'C,

P'wiwp I

an n x 2p matrix; D E[ ; O]’ a 2p x 2p matrix; 0 isann x 1 vector representing

desired resist image values; F(c:) is an n x 1 vector representing the latest simulated resist
image values when the edge segments have been moved to the position values as specified by the

vector ¢, ; kis the iteration number, and W is a diagonal matrix with non-negative weighting

factors on the diagonal.




