10

15

20

25

30

5 10 METHOD AND APPARATUS FOR PLACI NG ASSI ST FEATURES
15 Field of the Invention 20 [0001] The present
invention is related to integrated circuit

fabrication. Mre specifically, the present invention
is related to a nethod and apparatus for placing
assist features in a mask | ayout using an aerial -i mage
intensity nodel. BACKGROUND 25 Related Art [0002] The

dramatic i nprovenents in senm conductor inte '
densities in recent years have l|argely beeam ﬂﬂmwm“mm
manuf act uri ng technol ogi es. [0003] One such 159159+

t hrough correspondi ng i nprovenents in sem
Bl aci ng. assi St Teat ures on'a. EEQE:’I ayout Vﬁ\m\ﬂﬁ\\\ N
e.g., 00002

assi st features can be printing
super-resol ution assist features) or non-printi ng
(e.g., sub-resoluti ?n assist 1 features). In either
r n
[ M EHODANDARPA RATUR FOR BEACING

printed on the wafer. [0004] Present techni ques for

pl aci ng assist feat p? met hodol ogy
in which assi st A$ures are ace ased on

conbi nations of feature 5 Mﬁdth and spacing
paraneters. [0005] Unfortunately, optical behavior
with off-axis illumnation is conplex and requires an
el aborate set of assist feature synthesis rules. As a
result, creating and maintaining a robust set of

pl acenent rules that are guaranteed to

Field of the Invention

[0001] The present invention is related to integrated circuit fabrication.
More specifically, the present invention is related to a method and apparatus for

placing assist features in a mask layout using.an aerial-image intensity model.

BACKGROUND
Related Art
[0002] The dramatic improvements in semiconductor integration densities
in recent years have largely been achieved through corresponding improvements
in semiconductor manufacturing technologies.
[0003] One such semiconductor manufacturing technology involves
placing assist features on a mask layout. Note that assist features can be printing

(e.g., super-resolution assist features) or non-printing (e.g., sub-resolution assist
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work properly for arbitrary configurations is very
difficult. In addition, 10 maintaining rules in a
manuf acturing environment is very expensive. [0006]
Hence, what is needed is a nethod and apparatus for

pl aci ng assist features in a mask | ayout w thout the
probl ens descri bed above. SUVMARY 15 [0007] One

SRRl IE RAERE FRAELH Bl VR o™

&istsd gdphli CpdribrMandd s thg lingdhRhidito bepeinteRlysl tBewasEei ves
a layout of an integrated circuit, Next, the Séstem
sel ect(@0Q4} Presgat tgehmianesgon plecingassise faagupesiuse arnie-bpjed em

e e

twWiethf dnda a@@gbme{e@j in the layout to place an assi st
feature , lteratively, (@ sel ect i nfg@(. perturbation
| ocat i[60R85] fnfopneselscontieplhebavionwith effaaxds duntivaitonries

in the proxinmity of , the capdidate | ocati.on,

OIS Rl TPk e Rlabatal s PR G teRmEe SR rufeR) As a resul,
eshbhg ahd thalYiAite, 2 r@Bekt Byt dTpReEMEntTRIRE Gk Bfcaduatteed to
assi st features at the candidate |ocation and the

peark pranatly dor arbicrary enndiguratipneisiveny diffiovy. imagditigh.adi ent
R R IR S U

| ocat i[go0d] HercBowRESd BdedbERtarhethb@sRappardtikefor placing assist
I mage-gradi ent magni tudes. 2 [0008] In a variation on
tfpdteree frvo iagke Hiyout wishayy thearplolpme deseriked abdicdat e

| ocation in the |ayout by identifying the |ocation of

a constructive interference node in the aerial-inage
that is closest to the qEyMARYON point. [0009] In a
variation on this enbodi nent, the system updates the 5
candi da0e7]| Gu=e¢rbodilgntod e pricsept invientdern prowmidesea system that

i 340 S e o TR S B ion

|sQ968h re@¥ds@MMBut of an integrated circuit. Next, the system selects an

evaluation point in the layout. The system then chooses a candidate location in
the layout for placing an assist feature. Next, the system determines the final
location in the layout to place an assist feature by, iteratively, (a) selecting
perturbation locations for placing representative assist features in the proximity of
the candidate location, (b) computing aerial-images using an image intensity
model, the layout, and by placing representative assist features at the candidate
location and the perturbation locations, (c) calculating image-gradient magnitudes
at the evaluation point based on the aerial-images, and (d) updating the candidate

location for the assist feature based on the image-gradient magnitudes.
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[0010] In a further variation on this enbodi nent, the
system conputes the location for the assist feature
by (a) constructing an interpolating polynomal 10
usi ng the set of inage-gradi ent magni tudes; and (b)
conmputing the location for the assist feature using
the interpolating polynomal. [0011] In a variation on
this [ . e [ f r .
sub- r SRR TS Rhrad AR ol Bia, e S Buhsen p capicate
ascatisd irf Baldoat by Redlyindnaé ReatiedRdéoefrbctive ihtference
present invention provides a system 15 that places an
a9dg wxthe agrialimagnthat is glasest to theravalyatiprepeint- on, t he
syste i a. | t . of .an in [ [Lrcuit.
ot O00BT 36 ¥ ion BYRL enfboglrli P SR SpBleb it
lcanytidiite lobaROIBYE t@fptiRh locivhi fbt ©i8 akHgFbdtoRSucH that the
constructive and destructive interference nodes using
frandmage-geadiantaigae eyaleationmpingaghiceesa loralan
%g&é -image at the evaluation point, wherein the
aerral-imge is calculated using 20 an inmge
I Nt engo010] MR d Fhrthdr ReriAtednH thisasmehdaim et ke Bgsté computes the
representative assist feature at a candi date | ocation
iloratipe fardhoagsist fFahue by (a)ichesteting an piterpelstingpolysemninl
feature in.the | ayout based,on t | ocat j.on f t.he
o5e it PO e Ot RO ] B pEPRMIEY i JeseliOF for e
[2649sk 32athr@ Bingahé AkérpSlatie paliorsiahodi ment, the system
identifies locations 25 of constructive and
dest r 1@QN dn i yedaticy anibis avehpelimenyt, tetasyistifedturg can be a
I catiﬁp.for.aﬁ tassist feature.such.tﬁag t he
FRGATSP IS SPsistACAHRE P8 4 SHR B ST YN RIS ¢ he
eval u ?001 ARt cAHBHBYES oPfthe YedentEi i ERIPH ProddéLddhAtem
In a further variation on this enbodi nent, the system
daat plagenasassishieatupe it 4 layiodto Dusimgapsiation fihesystem bce(vay a

hoosi pert %Pationghg ions in.the |layout: (h).
ieyoate o Al R LI PR e B o pbitt i the
Wyt eMieSsyafent then iRKBLSPToL /DR OF BénsBASHFL LA destructive
aérial -i mages that are conputed using an inage
interference nodes using the magnitude of an image-intensity gradient of an
aerial-image at the evaluation point, wherein the aerial-image is calculated using
an image intensity model, the layout, and by placing an representative assist
feature at a candidate location in the layout. Finally, the system places the assist
feature in the layout based on the locations of the constructive and destructive
interference nodes.

[0013] In a variation on this embodiment, the system identifies locations
of constructive and destructive interference nodes by determining a location for an

assist feature such that the magnitude of an image-intensity gradient at the

evaluation point achieves a local extremum.
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5 intensity nodel, the [ayout, and by pl acing
representative assist features at the perturbation

| ocations; (c) constructing an interpolating

pol ynom al using the magnitudes of the

I mage-intensity gradients at the eval uation point; and
(d) conputing the location for the assist feature

usi ng I |

e e At bt S Ao MR i e, EEs{sem detepmmines
\figg Tooatfonsfo fp adsft tdagurel B () Rhedkihd papfuriseion dscafibnih the

| ntegrated circuit in accordance with an enbodi nent of

laoup (Rsedqulatingdhe megnitudep of mageiiniensity gradjents at ths

%@?ﬁﬁtﬁor{ fogﬁt%agecp&f'&%g? %?éeg the a0 (S]ﬂ %Qecﬂjsufggan image

Cl rcul ayout~ 1 n accor nce

éﬂﬁbﬂ&iﬁyﬁﬁéﬂel ahe tdysutparebRnplacih rdplﬂe/seﬂﬁatlodﬂass[s()ﬂahﬂﬂ:ed:it@le 3
illustrates assist feature placenment using

m&ﬁétbaﬁ@re@ca%wh@a SPRSGIICHnG Hribirerlpiing RalyTpraial using the
i &'&Q)tf ¢4 rl?%%rg fl%gsiggra&gﬁég Qtltthg gvalu:{t%%g%}lllt%e(djﬁ

IIUU rates | an aer

aonpudanthe lvédtion dor Rerbaiht faanire afing ke iptesstiting polynomial.
invention. 20 [00191 FIG 4B illustrates how an assi st

feature can inprove lithographic perfor rrance in

accordance w i

i nventi on. F&@S? E:é&?gﬁﬁﬁ Iﬁg?g 0 of t he

aer i al[00r®)gEGY1 dlliserates KYE@cmststE@S in aﬁ@eﬁgﬁ apd Eabfichtion 6f an
one-di nensi onal feat'ure in accordance with an

antsgratedeicuis in aqopedapeewith @n embedimeshof ths presentipvention.

6A t that illustrat th

o bl 00Tty ¥ ¢ iEARE beed Rarlye plBBRANTRLS PR ag e
SRt edtedRMcuR layoleinic eS8 MceivIHEH dribodithehttF2Rd prlebdat 6B
illustrates the process of iteratively finding the

ligveatipen of the constructive and destructive

o S A O AR TR At

inidtREddI6HY: in accordance with an embodiment of the present invention.

[0018] FIG. 4A illustrates interference nodes in an aerial image in
accordance with an embodiment of the present invention.

[0019] FIG. 4B illustrates how an assist feature can improve lithographic
performance in accordance with an embodiment of the present invention.

[0020] FIG. 5 illustrates a plot of the aerial image gradient magnitude
against pitch for a one-dimensional feature in accordance with an embodiment of
the present invention.

[0021] FIG. 6A presents a flowchart that illustrates the process of placing

assist features in accordance with an embodiment of the present invention.
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[0023] FIG 7 presents a plot of the placenent
convergence over tinme in 5 accordance with an

enbodi ment of the present invention. DETAILED

DESCRI PTION Integrated Circuit Design and Fabrication
10 [0024] FIG 1 illustrates various steps in the
design and fabrication of an integrated circuit in
accor ‘i@ﬁ‘fz‘i F\ﬂ']ihe s gqﬁe{ﬁ%es? f {t%?m%l? ?gﬂfnlg the locat1on of

i nvent on. process

(e msttfiive abldXestrickie pit@rfireiceindaes wsing the gtddiad rrlh%hiﬁ@le
an integrated circuit, which is designed using

R aQaoFdaare WES@S?P@mbOAH?Wf thepresepfanvesiotnar e (st ep

110).
ok QDA S SRGEN SR el Elepld ol
tabecrdgite walh drcahbaiimenitefithe preébnt investi@gi ng, and
assenbly (step 160). The process eventually cul nm nates
with the production of chips (step 170). [0025] The
EDA sof tware desi | i ncl udes a
nunber of sub- st@%giﬁﬁﬁln)]eﬁg,scgpﬁg?nﬁde& gn (step
112), logic design and function verification 20 (step
114) synLheS|s and deS| n.for test (step 116), design
pgrated CiseuihDey abrieationr i fi cation (step 120),

22%/?& ?Jll ']93 ggﬂ‘%%seg Q’a‘&g&sﬁ s(rt; aPI]S %\%/ the. c%&%ha%éﬁ% zab?ﬁ?non of an
IRe}ratddasehistin momhemwﬁnaﬁtemb()amt 326k préves: iimaition.

data preparation (step 130). [00261 Assist feature
pihgPEpReRY Stahwith I@é’r?ﬂhl&é éiea (ﬁtfpm D hNexb Sl profest i9e3 is

SPQ%& ﬁgﬁgtan ?ﬁtggral]ea% IC }ﬁél?gpde?igﬂ&f%'%é E e%?&;ﬁr ?)emgn

acenen

REaeation (BJM}SWTW& €steli DIQ')) Bnés theslirciig dbdige s Adli2dd, it is
Assi st features are a powerful resolution enhancement

ttansdraud (gep (48T Aftes tapergyt.dhe prgcess goestrgiehifabrieation (e
| 1%8;, %%gliagpnrg? REd gslsgr%bﬁl (stiefg’ (ﬂSU?Bt eﬂle process eventually culminates
with the production of chips (step 170).

[0025] The EDA software design step 110, in turn, includes a number of
sub-steps, namely, system design (step 112), logic design and function verification
(step 114), synthesis and design for test (step 116), design planning (step 118),
netlist verification (step 120), physical implementation (step 122), analysis and
extraction (step 124), physical verification (step 126), resolution enhancement
(step 128), and mask data preparation (step 130).

[0026] Assist feature placement can take place during the resolution

enhancement step 128. For example, assist feature placement can be implemented

in the Proteus® product from Synopsys, Inc.
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features during sem conductor manufacturing. In
particul ar, sub-resolution assist 5 features (SRAFS)
have been especially effective when applied to gate
structures and ot her one-dinensional features. (For
the sake of clarity, the present invention has been
described in the context of sub-resolution assist

f etV FesurRUt, it Will be apparent to one skilled in

%%"a'rl—r‘ﬁa‘t the present invention can be readily

appl i 40027 AAsish &atitbals 2wl Bbolhat erlREceniaif fechfique
super-resol ution assist features. In the 10 renai nder

dRET) forjimprosing a@ﬁpﬁsmtfpmance ﬁnda isefosehrepsrsies of laole@d

th efe .
R SEla PRl o LEPESGNE F6hBlrl B b-psotuion s
Iszitu!mts (SRABs)dnsE dter @pbdidley éffe%ﬁeﬁﬁ/ﬁén ied t @ﬁt’é's&ﬁctﬁfcs
|ntegrated circuit Iayout in accordance with an

R SR et dprensitwahicayiens (Forrfhesrleod clansy, gopreyent inyestion
ﬁ% @éﬁddheg&ﬁ?eﬂﬁﬁt te% f"ﬁlb' J&qugtrlfﬂ{e Esg taﬁl%s i%gy? %IVIH be

con alns co

Agppirstt theat skitled hﬁthe AEMhatithe progsct 1rﬁ/|§ﬂd1érﬁml Hb&e&ﬁi%p?hed
| ayout caontai ns conplex features. For exanple

ttﬁ etheg kings ekassishfaarusesy 08h apsupriycsnbeipry assigl fgatarasndn the

1?18 d’f ﬁ%@gﬁng%ghgggqnggﬁp (%fl?rw"ilsre%tarsc @g&e{e{%ﬁ ~Assist

rfedttmeplvﬁll réfoe® aZéﬁbWeﬁdluthﬂMéblﬁgfeQﬂuE&ﬁeS i s anot her
anpl e of a conplex |ayout. [0030] Present nethods
f or pI (80381 F1Gs 3 iildustrries einiss Seatiive placement fons eqrtlon of an

f eat C IS
Rl e LSl ool ion SEL R B B bressitcs ng
paveativhers. [0031] FIG 3 |Ilustrat es assist feature
pl acenent using a rul e-based 25 nethodology in

accor d8W R Linesr202rand 206 a@repat ofcn ltlthgrapndecs@mt layout Note
598 o PR %P A3 801 AR 086
%ﬁﬂé@(ﬂgﬁﬁ wiesnSd liﬂfoﬁt @BhtIR coMplexIeatuirk 2F6MBRMPIANuE §PaRd
complex feature 206, we may need to place two assist features 208 and 210 that
are staggered, instead of just one assist feature. A léyout that has multiple lines
with varying pitches is another example of a complex layout.

[0030] Present methods for placing assist features use a rule-based
methodology where the assist feature placement is dictated by combinations of
feature width and spacing parameters.

[0031] FIG. 3 illustrates assist feature placement using a rule-based
methodology in accordance with an embodiment of the present invention.

[0032] Lines 302, 304, 306, and 308 are part of an integrated circuit

layout. In a rule-based approach, assist feature (AF) 318 placement can depend on

6
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a variety of factors which are organized in the form

of a rule table. For exanple, the AF distance 320 can

be a determ ned based on a rule table that includes a

variety of factors, such as, the critical dinension

(CD) 3 10, space 312, length 314, and gap 316. 5

[ 00331 Unfortunately, for |arge and corrpl ex Iayouts

t

l?mgTyd?ﬁél\%/%lr eoverarekb‘ﬁ%a?l:;gne o qﬁ;\e i‘on o g@g?as °§teﬂf?’%‘ple

plhaAE riEstdnce 328 wam be a deefrhinedl biseploacaadk thblakhdt 'ih@l’lidé@%
%t mi. sur enen ohnts,on .wafers _and test reticles.

(V863 P Eaptersiyck oy the eraticahdimegsion €Y 31 Qrspeesed 12nlength 314,

QRElggRB1Qroxi mty 10 correction (OPQ nodel s can al so

be used for placing AFs. In one enbodi nent of the

pr eserd003XjVarbrtamtelyfor BiREs mddeplex laphaggrduleable can
etermne opti I | ocation for an assist feature
C?’E‘a 6’@6"’%& ks A BBy aMPreasisr Shasierivehien of asist feature
PIRBEEAL HBifes id2 dIFAEEE b é] 5@5@ ot AR L&%&%ea@?r%&%ﬁt points on

Sstudi es have shown pt1mal  assi

Wadere aeditest @tickes.s at the const ructive interference
nodes {)(? % dark field contact reticle. Conversely, -
opt i maPO3AE orupalslyntherdgta gatheredhfor psedin@ptiealipeoximitycur s

%Brr&lth%nq lﬁ‘fédeYsecan faﬁB%refﬁéffbgglsaEﬁl eAFszoln[o%O%r(sn ﬁ,gllérb%nt of

4A | Iustra es Interference no an aerl aI

|thna pragsnoinvantian, \thd QP@mn@&ieh ainh@ived ¢ détbening ﬁfe&jﬁihmal
nventlon [0037] Line 402 and 404 are cross-sections
6?03{1% Ny aﬁé’éSlFtrfe%tHrq 38y edged by docusiwindew andisefacal lingyyidth
bﬁgﬁﬁﬁ%ty curve 406 illustrates the variation of the
Intensity of the aerial image. Specifically,
curve 406 illustrates constructive 25 interference
nodes 412 and 414, and destructive interference node
rfe i magi ng threshold 408 determ nes the

featu r[ﬁﬁsii L e SHdléSq‘ng siwn ttﬁgt AA@lmal assist feature placement

occurs at the constructive interference nodes for a dark field contact reticle.
Conversely, optimal AF placement for a clear field reticle occurs at the destructive
interference node.

[0036] FIG. 4A illustrates interference nodes in an aerial 'image in
accordance with an embodiment of the present invention.

[0037] Line 402 and 404 are cross-sections of two lines in an integrated
circuit layout. Image intensity curve 406 illustrates the variation of the image
intensity of the aerial image. Specifically, curve 406 illustrates constructive
interference nodes 412 and 414, and destructive interference node 410. Note that
imaging threshold 408 determines the features that will image on the wafer.

(Recall that in a dark field reticle, a feature images on the wafer if the

7
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(Recall that in a dark field reticle, a feature inmages
on the wafer if the 7 corresponding inage intensity is
bel ow the inmaging threshold. On the other hand, in a
clear field reticle, a feature imges on the wafer if
the corresponding image intensity is above the
inaging threshold.) [0038] FIG 4B illustrates how an

%ﬂ% anc 181\5%1 ﬂtérpsﬂgbsa@déﬂng tl?e 1 ergI eﬂ%nﬁoel | %n the other hand,

accor

iin\weidar 6iBld Q6182 feAfurdihtages o tRGAH AT tHef@rﬂ:@;dedh&i‘gt imbge
interference node, which causes the destructive

i inteasityeis aheve the daaging thresheise cl oser to the i magi ng

thres Th ses, t ope of rial
[ nageh@hgslfﬂ%oélgopr%a%?%ﬁ)pg’sanxﬁg B§Pr°VﬁB El
Ipetmgmphn acq@meﬁmé REhGR. endHdirBerit B8 thet gresedf i%%ﬂtﬂﬁl in

0 and 4B are for illustration purposes

E nly dﬁ@-’fﬁﬂoAE&tw iseiplpeedtat the destruptive pmtarif@\fmm nagke, whgch cawses
qh% aé/ﬁ?xld[:tl%p i{rxpegfé%ncmgge H;tt |T§T§$eecqg§eﬁ Ti%ll Irrl?lgglﬂ.g gérras%%llchgo&

an aerl

| TR Whusch Fick gldsm: difth¢ aehll irpae. 415% bEEdHArper, theeBy
enbodi ment of the present invention, an aerial inmage

g eng lithearapbicasniotnansel Notsithe thidrawingsliin Fiagh 3, 4A,

N NV Il i

Wﬁ@;@dl&y&ft?tlcw for the optiml placenent of AFs.
Unfortunately, presentli/ there are no known o
t echni[§0Y Nofe that tien angiat ineage gerabe oalcwpted weing an aerial image

L RERa R PY83h f e R Gl AP hetOrB i g

metdithert @Yﬁ[&pr@ﬁbmﬂﬁﬁéntﬁm @ hértdl ith AR08 adieht @A Yelc¥mputed
nodel to | ocate opti mal g@acemsnts in a

dsingAncactiahimagy mtalpﬂltor ml thelayoult andrthe AdT locatinns.

o L G 53008, Ao g Bl S g e
\dpeinRd pRiserh &R0 r)ﬁ@t UFordihatdly, phéseRtly BRELare no known
techniques for finding the location of these interference nodes in a
computationally rapid and accurate manner.

[0042] One embodiment of the present invention uses an aerial image
intensity model to locate optimal AF placements in a computationally rapid and
accurate manner. This eliminates creating and maintaining a set of AF placement
rules. In fact, the intensity model can be viewed as implementing an infinite space
rule table.

[0043] In addition, in situations with complex geometries, this
embodiment of the present invention can directly find optimal AF placement

locations, thereby eliminating the need to create and support sophisticated and

8
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rule table. 25 [0043] In addition, in situations with
conpl ex geonetries, this enbodi nent of the present
invention can directly find optimal AF placenent

| ocations, thereby elimnating the need to create and
support sophisticated and 8 unwieldy rules table. As a
result, the present invention can substantially reduce

e 4 e
St RRIRPRERS A feBlt B Ol ARG R roguce
Rh&timb netdssay tatieslap AF bhsedfcofrB&iondayalts.i mage gr adi ent

magni t ude agai nst pitch for a one-di nensional feature
i n accordance with an enbodi ment of the present

| VR t M achitfodr AOSa1aRidoa! | mage gradi ent can be
I'ewmg%—g'o—mm-cﬁ-y—?—crcaié

the interference nodes.
The gr{@044]rRIGe dilligrates prpdet@ftiecheial indhga pedderd Rthgditude
magni tuyde. 10 When pitch is varied in a .
ARG m@g\sf%% ane-dimapsioppldesinyeip peqordanee Madran epefodiment of

$ﬁ9ﬁ&§§uﬁﬁkhﬁoﬂhe aerial imge angle remains constant.

e present rnvention exploits this property to

i dent i[Dg45]HEhesderiahigegt ghddicak ta1 R leterdgdias rapldBiloads ikl
i.mage relatjve_to pitch. [00461 Note that the |ocal
SRIerIEReRCE Rdere The gtadimboan herepmessntel asanaagisond a magnityde.

e 404055, PUER A I AR 08 1 e,
oharsdes wdiile\tke a02th] tesderanglel re@aind t6rist it e THE pRRBER SnAnbon

identified usingbthe,na ni tude of an image-intensit
GrBleits Hhis propsiy Heidenfifyithasfongestanterferames nades pi acaatial n

tlmé‘%f@{uagt{fe&gﬁﬁ%j on the | ocations of these

con and destructive interference nodes. 20
Pr oceq004%] NRbtaehad theAAB&dl SkirérB@ inhe plot shown in FIG. 5 correspond

to the interference nodes in the aerial image. In one embodiment of the present
invention, the locations of constructive and destructive interference nodes are
identified using the magnitude of an image-intensity gradient of an aerial-image.
Next, AFs are placed in the layout based on the locations of these constructive and

destructive interference nodes.

Process of Placing Assist Features

[0047] FIG. 6A presents a flowchart that illustrates the process of placing
assist features in accordance with an embodiment of the present invention.

[0048] The process begins by receiving a layout of an integrated circuit
(step 602).
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[00471 FIG 6A presents a flowhart that illustrates
the process of placing assist features in accordance
with an enbodi nent of the present invention. [00481
The process begins by receiving a | ayout of an
integrated circuit 25 (step 602). 9 [0049] Next, the
system determ nes whether all iterations have been
conpl ( Not e. e slemuyses

iter aﬁpg‘gb]pﬁ%xggtggg’?&e%%‘f et “n%pg”l&ﬁ%'erraeuS eraf)?ré av? R%en
adgipidted GaipLODEY.. (NtO GRD1hel dysteieusey st Reraihed SHoBdse &5 détbidtine
the iterations are conplete, the 5 system pl aces the
é’élgqr%fol?lé%?ttb?é%m(té'?aélﬂesbG) (Recal | that the system

pl aceg ¢l ive

interf e gg{hr?o&gtgﬁ#%?&%ﬂ té}gaﬁ ﬂ?e 1?r ré‘ta‘r%foén %\lﬁtg thF
tsbﬁemqﬂmb tHeCdskiviEfehtitaa(tep 606)E (ROchEShitGhe syt blaﬁéﬂsﬁﬁst
reticle. [0051][ On the other hand, if the system
deatwicnphibs destaictive interfeengeinodes fr a cl%ﬁe@dﬁ&wl@@@d attthe

t I res have been
RERFREESRGTor R IRk Brs ARCHN RREL S CFom
det er oSy Omeie dtherdanP|icthedyftmdettemalek tias MeSiterations are
features, it goes back to step 604 to determni ne

méﬁmple& the sv@p@tqhsﬂss wigsler gl asist deatpres have bgeggomipleted
351131? ¥byse. the system pl aces the next assist feature

t 15 conputing the gradi ent magni tudes (step
610) [DOSKI AT tHel spstefbil et drinibeds it QtScohpﬂeth praemg alfassist

iteratively finding the | ocation of the constructive
afﬁ%iu@é,slt g%thavlé tq sierpPioctetasminsauketherialigtarstiong have eeen

ét in accordance with an enbodi nent of the
pre en |nvent| on. [0055] Line 650 is part of a |ayout
of an [008FH I ALEHsE ithicsistem PlRSes WS assid) f6AMR By eHstt he
gradi ent magni tude by first sel ecting an eval uation
pomputigg thej gradiprt magnitudes (step 610).

[0054] FIG. 6B illustrates the process of iteratively finding the location of

the constructive and destructive interference nodes using the gradient magnitude
in accordance with an embodiment of the present invention.

[0055] Line 650 is part of a layout of an integrated circuit. The system
computes the gradient magnitude by first selecting an evaluation point 652 in the
layout. The system then chooses a candidate location in the layout for placing a
representative assist feature 658. (Note that the term ““assist feature” can broadly
refer to any feature that is used for improving lithography performance. For
example, in a clear field reticle, a piece of chrome can serve as an assist feature.
Conversely, in a dark field reticle, a space can serve as an assist feature.)

[0056] Next, the system determines the (final) location for placing the

assist feature 658 by iteratively performing the following steps.
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| ayout. The systemthen chooses a candi date | ocation
in the layout for placing a representative assi st
feature 658. (Note that the term "assist feature" can
broadly refer to any feature that is used for

i mproving |ithography performance. For exanple, in a
clear field reticle, a piece of chronme can serve as an
assl St 6?§t P Esysm ﬁﬁpye%’c?sei get of ﬂ)cgtmqﬁqg Fﬂe I‘Oglml y of the
reticl A0 CaR SErve as an 5e ot f

[cﬁiﬁ&ﬁ]atel‘lbodtlonl Mo@&ﬁl@d’ﬂuﬁeﬁt@f Iﬁhﬂﬁ’ésdnhﬁlvéﬁﬂld‘tfs,lkﬁe system
ocation for acing the assist feature 658 by
%F%W@é?iﬁtlﬁé% Yaging 960 ped 'O A@Z-st eps. 10 [ 0057]

The sy i‘lﬁer ﬁ&teﬁﬁﬂggﬁ :E%gﬁgz%?eﬁle E:nil%ﬁéésotﬁﬁleg h e

prOX| oca
emtmsitymnﬂelpﬂhe heuprad dietset @M@éﬁtioﬁm that WereSob&tlin the
sel ect.s tmo | ocati ons, nanel in" 660 and "out" 662.

[RreuBYityridhe sandideie Vestiosorip anibembpilimaeat gfdhe presgdnvention
Utﬁé Q}%%Qﬁ'f' rgf??tgs tlécf‘eiq&%ﬁpﬁﬁg S; rméjﬁ!'st aérﬂ? hrhgéle 1§ltct)m n{édtvxb

set ns chosen In I oxi

tiopresautalivd @t fepositt@ied @b thelcanditste €sHI0M) mmoms& e second
present invention the system conputes three aerial
i a75genage pecomrued WEh paePrPseRE Ve SFamsioned atihe fing location

F 64" Exﬁiel!ﬂ% ?&E&’ %rﬁ'l:nﬂag%' 15 é&ﬂ tge&igvllﬁl@er éﬁg&tggﬁe%lﬁ ?ésdtlgne)d at

| ocati on ri € 1S €O

vihé Howt” teepti®s660.at i ve AF positioned at the "in"
|l ocation 10 660; and the third aerial imge is
corrput[QQ %Nﬁitathﬂébﬁt@géﬁlcakates@ spiofimepe pradient magnitudss at

thEYal 5{91 at o?xﬂ b§§e% aorl tglg 5¢ of ﬁ?rtlad d)éléggjst Sﬁ{?)ﬁgm aﬁ'h%%? gﬁt?le

Asredeht iﬂ&éﬁfbn@ ﬂletsl?ﬁem&ivamﬁtea eHel ditectitiBd @fadidnfs fP8ach of the
enbodi nent of the present invention, the system

dheee garid dmages alongethe normag! 6@4 aad elqmg thedanw@hl @6 ditrstioss.

t r th nd al on %

RS 53 L 5 P D00, LS

dhdig@thdéb’h’ﬂth@é@ﬂlaﬁﬁh%oin@@@”pm e thr ee | rmge gr adi ent

magni tudes at the eval uation point 652.

[0060] It will be apparent to one skilled in the art that a variety of

techniques can be used to compute the gradient magnitude at the evaluation point.
For example, in one embodiment of the present invention, the system can directly
compute the gradient magnitude at the evaluation point without using the two step
approach, namely, first computing the aerial image and then computing the
gradient magnitude. Furthermore, in another embodiment of the present
invention, the system computes the aerial image intensity for only a set of points,
instead of computing the image intensity across the whole aerial image.

[0061] Furthermore, it will also be apparent to one skilled in the art that

the term “gradient magnitude” can broadly refer to the rate at which the image
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[0060] It will be apparent to one skilled in the art
that a variety of techniques can be used to conpute
the gradi ent magnitude at the evaluation point. 20
For exanple, in one enbodi nent of the present
i nvention, the systemcan directly conpute the
gradi ent magni tude at the evaluation point w thout

I [
‘fﬁéeﬂsq%/ c'i&%lée‘é%ﬁi fe a%eg?gﬁ i gtﬁxg%npﬁkt%ﬂg t1¥? ﬁxrah{eﬁ{ mggﬂﬁt&‘e cB¥be
rsagaiatadoieom e Muge it Bsityl uRin@raotahiety @ﬂwﬂemmal fofrmulae.
present invention, the system conputes the aerial

i mage (0962 r@}ﬂtSyStP@rth@thaéeséléq cangidgtsi lncationdar thest ead

S RSB G TRE O DM SR e o

amahewstehoupﬂwesské bdrﬂﬁialterﬂobit&)n&fytcohfpatmg tldecation for the
gradi ent magni tude" can broadly refer to the rate at
\xﬁprewnfqﬁléfe .aﬁ%@}éeqqreu suelathat the magaitudssofigniimage-gradiqnt aighe
magni t ude can be
Cgﬁ%f%%ﬁfﬁgl%vte%g??c%ég}el eénsity using a variety of

mat herfe063]dBpetiically,ds oné &ﬁB«?dlmEhﬁofSthép&B&rtt herntipgahes
the candi date | ocation for the Er esentative assi st

fsysteniEstroasigucinan derpelating pqlmgeta WeiRg @ﬁtsetrﬁefgmafz@raeélent
'}m@ltuéest mkt 'ﬂ{]a] sarg fht on #R%at{nﬁﬁ)cﬁé?o% ﬁ?ﬂﬁ’:’ rg?feger{trﬂﬁ/%t

ut I ng e representative assi S

ffeaﬁmnenﬁguhh1ﬁt&@blat1hgpa@gmhtamde of an i mage-gradi ent
at the evaluation polint achieves a |ocal extrenum
[ 0063110854 chrecsmwﬁcalbh t}mfasfémty@mmtth@kocw@ Pfracloeait

}/gﬁl‘%hﬂg}{ ﬂ{r% 2 pa Oqsl.1¥1§rg iyﬂérlnlnag ?s?.%)t 5&@: gg?cn ifically, the three

lrﬁaﬁ@x‘e@ rg?dih@ﬂtvalulg) al@@rw{ﬂ:hlﬂﬁﬁ' respetive 1b&ionY aitel¥ed to
conputes the | ocation for the representative assi st

faorputecthe decalminimajof meaxion using thedollgwimgi two eqpgEBs]

Mor e speC|f| cal | system conputes the |ocation of
a local 2e ‘éﬁb@%/ﬁﬁf thac it ltl? Té? lﬁ’aa{“gti ¢ pol ynomi al

(step 61 ) eC| fically, the thr ee neasured gradi ent
val ues, {ﬁj s\ t2h°t heir respective |ocations are used

t\>\9here GradMag is the gradient magnitude, Loc is the location of the AF, q, b, ¢
are unknown coefficients, and Loc,s is the location of the local extremum. The
system first uses Equation (a) to solve for the unknown coefficients a, b, and c.
Next, the system uses Equation (b) to determine the location of the local
extremum, Locys (step 614).

[0065] It will be apparent to one skilled in the art that a number of

techniques can be used to find the location of the local extremum. For example, a
Newton search can be used to locate the local extremum, which may increase the

speed of the search, while maintaining or improving convergence properties.
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15 conpute the local m nima or maxi ma using the
followng two equations: a. Gadvag = a * Loc2 + b *
Loc + ¢, and b. Locaf = za where GradMag is the

gradi ent magnitude, Loc is the location of the AF, a,
b, ¢ are unknown coefficients, and Locaf is the

| ocation of the local extremum The 20 systemfirst

[ t ' .
v MR O Sl 1 By, s
Hhelqiddoatic(shpwihdn Bghstioh (B3 it RemiobatdpeesenfativbAH 6383k g, a
extremum Locaf (step 614). [0065] It w ||l be apparent
tTEPISPRata e Presq of shiopte) &y moyadde the logatinarofdhe localdxiemuas

d N j cal . :
G20 QY R L Ve G Blof HE 6 gty
tmntirg.ml%widg”m itdﬂ@t&lﬁ @\?\;]c.falemm thistth@imerTay integeRasEnddes

ed, of the search, il e mai ntajning or inprovin
i‘%ﬁ&é Belfed mpingpemnior saximymy sdewid imthepatiean.| Aééntlon%
. N ; '

CHHERNED Aes bap: P TE, liS R 8] sty SHEB e
rseqrck fiathicabivag {18 the Patieng Notethat thp sRp eivtaice ¢en Pé fRdily
of chrone) is noved to_the |gcation _of the |ocal

etTBiRehas geauitipleeys e @t infesterenss pede, fapd therguaengigisolving
S¥h R U ust 'R Al a68 bin u%y%ﬁeﬁtsexgctqgfg}t‘ef%gg node
using an Iterati've approach. Tn thrs franner,  an
ilo¢atiohéd.ence node, which is a | ocal m nimum or

maxi mu is found in the pattern. Additional )
i nt erflﬁb@m thoelear fzehdhcase iHustratediin FlGied, shameonsumetivie, by

. . (i .
SRS RRL U A BRRE D B oY LA Wi
detesferenoetodes the optihial plaerdéntlibitibh Fstthé it MFSE&MOEbe easily
node, and the quadratic solvi ng@_lo routi ne can be used

tigentifisd dtom Bicreriplimagh aradians e fapiore fernlasing BeffistohEche
?ﬁ?tﬁcgp%tgfcgigé ?rﬁgrif%rgléeg% g},i}se fogagtre]@tearnﬁ lél%eeflv fie". Slla(cjedc £FH3LS of the

first constructive interference node distance from the evaluation point,

[0068] FIG. 7 presents a plot of the placement convergence over time in
accordance with an embodiment of the present invention.

[0069] As shown in FIG. 7, the line-length (or one-dimensional) AFs,
which are far away from corner features, converge to a placement solution in 4
iterations or less. On the other hand, the line-end (or two-dimensional) AFs,
which are dominated by corner features, converge to a placement solution in 7
iterations, or less. |

[0070] Note that the present invention can optimally place AFs, thereby
maximizing depth of focus and minimizing CD uniformity. Furthermore, the

present invention converges to a final solution in a limited number of iterations.
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interference nodes are straightforward to | ocate.
However, the first destructive interference node, the
opti mal placenment |ocation for the first AF, cannot be
easily 15 identified fromthe aerial inmage gradient.
Therefore, for placing the first AF, the first
constructive interference node is |ocated, and the AF
| ¢ il . .

| FoRoPEE 371 taipbathe bkhe skilleSi GRARDAMT Kiblicaion of

[ QasRp1 ddnfio] thepryatbesised wlitiprofe thécorvepRacente.
convergence over tinme in  accordance with an .
e‘??‘HHHPF%Wt neyf tha heressphinventipsrfan ggtermme thpaimaAF

j - I ne - di i onal )
Ao iorquidly (0 | A B el pEo i R
converge to a placenent solution in 4 iterations or
| ess. On the other hand, the |ine-end (or
t wo- di mensi onal ) AFs, GANGLYSEONoni nat ed by corner

f oat ’ . Luti :
| or ot CORUC P RGBSR B RS inthis Wl brbeons
| invemiondrave beenqpresereed| onlypfoaparpdes  ofilestratiyn afthddsoiigtidig
depth of focus and mnimzing CDO uniformty.
Fﬁbﬁtﬂ?é? Pejriatendedeto beexbaystive pktedimis thequeseal Haentian tg the
i LUts c e . ) . _

o7l R0, ol A o YTRRY by | EF G 99 g Bpaen

aotpradtisionérs ekitipd in thataito A dditionallpshé asdvecittdsate ik Aeor y
can be used to inprove the convergence rate. o
Patended tedirait thrpresank mventin. prhesepne ofifheprere invention is

' t [ AF placenment nore quickly than
aru &erbgg%ee%gg@%tdst ps'acemsnt techni que. 5 CONCLUSI ON

[ 007110012} Farexgmbleyitoeitbeiaphiremo ohe skitledin @B b thit the
the present invention have been presented only for

REFS5B 88 SR or QN e piagiet WHHoRIBS PropERiBhConIeTHiey (QPE).
@ecif{&ﬁﬂq{? gn% gmggdiﬁféﬂ?gfsthé ¥xeesgr{t iﬁ\%n{ibﬁ?tfle b@% DR
| 10 0] e :

ven
feature placement can be performed in a loop until the pattern converges.

[0073] Moreover, it will also be apparent to one skilled in the art that the
present invention can be extended to determine the size of the AF in addition to its .
location. In general, AF performance can be improved by increasing the AF size,
but once the AF becomes too large, it will start imaging on the wafer. (Note that
the definition of “too large” can be pattern dependent within a layout.)

[0074] Additionally, it will also be apparent to one skilled in the art that
the present invention can be applied directly to a polygon or it can be applied to a
segment, which can be defined as an arbitrary portion of a polygon. Furthermore,
in one embodiment of the present invention, the present invention can be used to

place AFs using multiple evaluation points on a polygon.
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10 forms disclosed. Accordingly, many nodifications
and variations will be apparent to practitioners
skilled in the art. Additionally, the above discl osure
is not intended to limt the present invention. The
scope of the present invention is defined by the
appended clains. [00721 For exanple, it wll be
appar 1667%]01—‘18’81%1’&51]6 ihgqlafarhtﬁlgt‘are% aﬂlgtcg&% %ésgﬁlt)edjiﬁ this detailed
prese I'nvention can be i ntegrat
pdesotiptiohyare typically st@l’ed((ﬁ:’&omﬁnacneﬁdabaﬂ étm;age fe@fign, which
enbodi nent of the present invention, the OPC and
J8ay g anyrtypg of devine s anasim ¢hat chestpreraoge Ardior dataforgisp by a
t e | [
APighye R AR, TR InCRRNSH IR pp LR o) BoERR and il
mtmmdevum emth adisiadrives, exgreid egbef QDS Q&cﬁﬁpﬁcn&xséd) end
égz gl naddltLQnt0|ts 20 | ocati on.
éé s &gligtt ﬁcﬁw e&lﬁﬁéél&zt&hwséo Flw&%)owocommteﬁév%a@rlﬂ@
{
V\%f'% Sthdrot%ﬁffd rrlgé tﬁﬁ@%ﬁ‘ssyﬁ; H?@ﬂ?ﬁo leﬁﬁ‘BH ﬂﬁﬁre\bﬁve upon
deffiicin itei signatsf ard trmdulaasrdgj eFoxcamripdae ﬂm&arsmlsﬂ;enﬂﬁeldi’nm may
within a | ayout 0074 Adcgltlonally, it wll also be
appiadeneo X‘Bﬁ’é“ nebgerk; srcnife the Interfels  the present
i nvention can be applied directly to a polygon or it
can be applied to a 25 segnent, which can be defined
as an arbitrary portion of a polygon. Furthernore, in
one enbodi nent of the present invention, the present
i nvention can be used to place AFs using nultiple
eval uation points on a polygon. 14 [0075] Furthernore,
the data structures and code described in this
detailed description are typically stored on a
conput er -readabl e storage nedium which nmybe any
type of device or nmediumthat can store code and/ or
data for use by a conputer system This includes, but
is not limted to, magnetic and optical 5 storage
devi ces such as disk drives, magnetic tape, CDs
(conpact discs) and DVDs (digital versatile discs or
digital video discs), and conputer instruction

15



signals enbodied in a transm ssion nmedium (wth or

W thout a carrier wave upon which the signals are
nodul ated). For exanple, the transm ssion nedi um may
i ncl ude a conmuni cati ons network, such as the
Internet. 15 What Is Cainmed Is: | . A nethod for

pl aci ng an assist feature in a |ayout, conprising:

r%(;”'e .ﬁehﬂl,out of an integrated circuit; selecting
a'n—evaé-u%'-rm'r—ﬁoi nt in the layout; identifying

| ocations of constructive and destructive interference
nodes _ using the magnj tude of an image-intensity

gr adi eht of A @ethed foaplacingga assistiipaturedy allaveut. sampoising;
wher ei : Lak = ' | ated using an inmage
I nt ensr?%%l/%ﬁﬁggé{oﬁ ?{1@3@2@%&3@?@%&1@, by pl aci ng one or
nor e repeisga eddlvgioapditin fhediyengs in the |ayout;

and ' placing an assist feature in the | ayout based on
t he | de&tipRE lemationsof copplsyctive end desietivreiarpeqrico aodes

[ [ .- : | L.ein
e RRAT AR e MR IE P b &l Al Ve
| avaiafien poiag wihets tHeriéthVmige ¢hedsilaied asie@ad irdadedntensity
location in the |ayout for placing a representative
dBededthe kaypyts and byjlaeing pne gr meteepisaeNtYfverssist featgrasie the
qgfou‘ij-eﬁfdr uctive interference nodes by, iteratively,
selecting perturbation |ocations for placing

r epr eseading v sssish sttt if thaldyoasbdsed b thelb&xions by thef

the candi date | ocation; conputing aerial -imges using
£onpticize prd desbiuetvavptrsference padgsayout , and by pl aci ng
representative assist features at the

2. The method of claim 1, wherein identifying locations of
constructive and destructive interference nodes involves:
choosing a candidate location in the layout for placing a representative
assist feature;
identifying locations of constructive and destructive interference nodes by,
iteratively,
selecting perturbation locations for placing representative
assist features in the proximity of the candidate location;
computing aerial-images using an image intensity model,
the layout, and by placing representative assist features at the
candidate location and the perturbation locations;
calculating image-gradient magnitudes at the evaluation

point based on the aerial-images; and

16



candi date | ocation and the perturbation | ocations;

cal cul ating i nmage-gradi ent magni tudes at the

eval uation point based on the aerial-imges; and 16
updating the candi date | ocati on based on the

i mage- gradi ent magni tudes. 3. The nethod of claim 2,
wherei n choosing the candidate |location in the |ayout
i nvol ves identi fyi At ctive

i nterference nod%ﬂclﬁg‘néthﬁeéag@ra%ﬂg?&aﬁé%gast%ﬁgﬁttﬁé; cl osest
to the evalinedge@nadiaitmiagntudekhe met hod of claim 2,
wherei n updating the candi date | ocation involves
conmputing a location for placing a representative

assi st3 f eat HiEn3HGh of Balm 2t Qﬁer@ﬁ%ﬂogﬂgg th%fcaﬁ&]id%te {Jllocation in

i mage- gradi ent’ at the evallation polnt-achi eve
| the Hyouteinyoleauidentifyinpthe hoettiaofof conktmiativéd intedfereatamnode in

C uting the location for pJaging, K the representative
{82 hetaipdag at Siiseitia i avEhadgmpeine. of ¢ he

I mage-gradi ent at the evaluation point achieves the

| ocal extrenmum i nvol ves: constructing an interpol ating
pol ynohi al Tis mgthbl ef clahg @; wherdinamdatimpideichndiéste levation
conputing the | qcatjon far placing the representative
A8u}lees qobapuiing assavign Toralasing & FesBrestiRye psis) fafhrapuchghat
T b L L B d ifyi . ti. QRS
ARt Gl i Bracn b LOS o0
iextreliwes determ ning a location for a representative

assi st feature such that the nmagnitude of an
i mge-intensity gradient at the evaluation point

oD o169 .2, DRI EHTS LA R 1ot g
the representative assist feature such that the magnitude of the image-gradient at
the evaluation point achieves the local extremum involves:

constructing an interpolating polynomial using the image-gradient
magnitudes; and
computing the location for placing the representative assist feature using

the interpolating polynomial.

6. The method of claim 1, wherein identifying locations of
constructive and destructive interference nodes involves determining a location
for a representative assist feature such that the magnitude of an image-intensity

gradient at the evaluation point achieves a local extremum.

7. The method of claim 6, wherein determining the location for the

representative assist feature involves:

17



representative assist feature involves: 17 choosing
perturbation locations in the [ayout; calculating the
magni tudes of inmage-intensity gradients at the

eval uati on point based on aerial-inmges that are -
conmputed using an imge intensity nodel, the |ayout,
and by placing representative assist features at the
pertur s ' " [ g an interpolating
pol ynonoatifperhB6aio0amciPREE HbLER

| mage-calkeubatiag the wagdivded of intagelintomsitytgraterttia: the eadligion
for representative assist feature using, the

h
ipﬁf‘lé&’ﬁ%dé’cni 4G abonasss Hahire compifd USEIEHBAMBES Bttensity model,
Vﬁﬂ@fag?lﬂf égiteo ating rdprébhiaive Qégisgfeaﬁlresseﬂ t?ﬁersfe%@étga{tfg?g

assi re or-a super-reso I'on assi
docafiongnput er - r eadabl e st orage nedi um storing

instructions that when executed by a conputer cause

the cSRPUTUCHNE 80 Jurmpelepng Priynestl RERS fledpgnytudemof the
Efﬁﬁ%é-hltérﬁﬁggfa%ién%- gphayout, the nethod conpri sing:

recel vi ng ayout of an integrated circuit;
sel ectcomputng thedbemion o?mrf the representatiteadsy galagire using the
i.dentifying, | ocations of constructive an estructive
i”ﬁtFE’P:‘aé%grP Y1RB¥Rls  using the magnitude of an
i mge-intensity gradient of an aerial-inage at the
eval uati on point, wherein the aerial-imge is
cal cul8t ed Tieimethadof ¢taige1, wheeainithe/assizofbature tdithe a
| ayout, and h | acing one or npre representative
3y Tr%SPh’ft‘é’Btaé%ésfg?tHret%@ supgrotssRlutionepsist atusgy an assi st
feature in the | ayout based on the |ocations of the
constructive and destructive interference nodes.

9. A computer-readable storage medium storing instructions that

when executed by a computer cause the computer to perform a method for placing
an assist feature in a layout, the method comprising:

receiving a layout of an integrated circuit;

selecting an evaluation point in the layout;

identifying locations of constructive and destructive interference nodes
using the magnitude of an image-intensity gradient of an aerial-image at the
evaluation point, wherein the aerial-image is calculated using an image intensity
model, the layout, and by placing one or more representative assist features in the
layout; and

placing an assist feature in the layout based on the locations of the

constructive and destructive interference nodes.
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18 10. The conputer-readabl e storage nmedi um of claim
9, wherein identifying |ocations of constructive and
destructive interference nodes involves: choosing a
candi date location in the layout for placing a
representative assist feature; identifying |ocations
of constructive and destructive interference nodes by,

i teratjovel YrheS@nffutdrgaddlelstirgd mOftu ocﬁ%ﬁalifﬁﬁ gﬁh%lfein

pl aci ng representative assist features In

pdentifying yocafionshel coastdictiat end desatittive inteofepemté nodes involves:
aeri al i nrages us,. n i.mage, intensjty nodel, the .

| ayout®Pogs B)?"ﬁd‘%’g? ﬁ’ﬁaﬁl‘gb’?‘ég%ﬁ‘ﬁ’ﬁ?ti fJQ%glﬁg@g S{CRIESPNIAtNE
alssiktatufeandi date | ocation and the perturbation

| ocati ons; cal cul ati ng i mage-gradi ent magni tudes at

t he evidénidyinghocationsef doastadtive andédesiractivd intenfegpmee nadis by,

u%g ti t he candi date | ocati on based on the
il 338'-6 radi ent magnitudes. 11. The conputer-readabl e

storage medi um of1deliRd ?%hrmbati’&ﬁ%@itiﬁns Fd?gga%?r%grﬁ%fléggr}t%tbve

candi date | ocation in e layout 1 nvolv
t he | ocat i cssieff featuresom tterpraximity df thessahdidatedecatiode i n

the aerial-image that, is claosest tp the evaluation
point. 12. The CORMAMIEE2FHAldRBess Usingradmage Hitensitymodel,

claim10, whersbi, hfiflg rAFeL AN ARt FARRE Rhe
i nvol ves conpufing a [focation“for placing a
r epr esent atdaudidatsdostioh end theeegturblatidi ffcatidrs; magni t ude
of an image-gradient at .the evaluatiaqon point achi eves
a | ocal egt r gw,ﬁaﬁfgatmg 1mage-grad1%nt magrﬁtudlgs at the evaluation
point based on the aerial-images; and
updating the candidate location based on the

image-gradient magnitudes.

11.  The computer-readable storage medium of claim 10, wherein
choosing the candidate location in the layout involves identifying the location of a
constructive interference node in the aerial-image that is closest to the evaluation

point.

12, The computer-readable storage medium of claim 10, wherein
updating the candidate location involves computing a location for placing a
representative assist feature such that the magnitude of an image-gradient at the

evaluation point achieves a local extremum.
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13. The conputer-readabl e storage nmedi um of claim 12,
wherein conputing the location for placing the
representative assist feature such that the rmagnitude
of the imge-gradient at the eval uation point achieves
the I ocal extremuminvolves: constructing an

i nterpol ating polynonial usi ng the image-gradi ent
magni tyydes; 0 I t he
ropr eodt ar e BB e QAL Rl P 1

pohpnting the.lodefion Toweplacing tHe@epre onetaivt @ssidt éage sﬁﬁﬂ!huﬂﬂhe
of claim9, wherein the assist feature can be a

AgniEdoPiihe sRegsssdient a dhq gy lustion peinh ashieves ghaioran

azfbsbm iheaby.e. 15. An apparatus for placing an
assi st feature in a |ayout, conprising: a receiving

mech arcloﬁmumng ag integolating polghomial ubiay e inde-gradient
inte @q§§e circuit; a selecting mechani smconfigured
{PRBPdes; anth eval uation point in .the layout: an

d I [
of corStPlanE e AR ST el ol R
ulsé igprpdietimpppiytamial.of an i mage-intensity gradi ent of

an aerial-image at the evaluation point, wherein the
aerial-imge is calculated using an image intensity

nodel ,j 4t he 'ﬂ'h%%gﬂg)ute"ilq @ o?&éer}gecﬁﬁﬁ cf%‘; la{gigxtrf whe:ael%1 the

representati ve assi st ur es 1 n

pabsasilferguncmah bn |asnb¢mtut@uraeﬂsttfeat@ﬂeaﬁa s@pera@sdlstion assist

feature in the | ayout based on the |ocations of the
d8MEr ucti ve and destructive interference nodes. 20
16. The apparatus of claim 15, wherein the identifying
mechani smis

15.  An apparatus for placing an assist feature in a layout, comprising:

a receiving mechanism configured to receive a layout of an integrated .
circuit;

a selecting mechanism configured to select an evaluation point in the
layout;

an identifying mechanism configured to identify locations of constructive
and destructive interference nodes using the magnitude of an image-intensity
gradient of an aerial-image at the evaluation point, wherein the aerial-image is
calculated using an image intensity model, the layout, and by placing one or more
representative assist features in the layout; and

a placing mechanism configured to place an assist feature in the layout

based on the locations of the constructive and destructive interference nodes.
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configured to: choose a candidate |location in the

| ayout for placing a representative assist feature;
and identify | ocations of constructive and destructive
interference nodes by, iteratively, selecting
perturbation |ocations for placing representative
assist features in the proximty of the candi date

i ondity RAPAAR B PR ARy B hniom s

repfigaedtat i ve assist features at the candidate

| ocation and the perturbation |ocations; calculating

i mage-geaws asrndidateripeaiiondn the loyput &rallasing dreprosentative assist
hased. Qpy t he aerial -images; and updating the candidate
I'ocat?on based on the inmge-gradi ent nmagnitudes. 17.
The appattdy Ucatibnsod fabnstaftiveviat ddstrusthe inefetenty hodes by,
mechanismis configured to identify the |location of a
dissdtveliet i ve interference node in the aerial-image

that is closest stefécﬁgfpﬁ%lﬁ‘té{%# 1?%%@8}. ﬁ;rﬁl%c%%r-ggg%sentative

apparatus of clarm erel i"den

mechani sm issistcfomtted i @@ groxiaAFVStiee GanliRRaL looion®r
placing a representative assist feature such that the
magni t ude of an GORHYENE AeliRl dAESes UsiEANdUZE Py pardel,

achi eves a : - im
sohieves & agh B8 b e Lle PRI R
to conput e daheidaredadation ahy thedbriafhatibh Uhtiogs; an
i nterpol ati ng pol ynom al, using the inmge-gradi ent
calculating image-gradient magnitudes at the evaluation
point based on the aerial-images; and
updating the candidate location based on the

image-gradient magnitudes.

17.  The apparatus of claim 16, wherein the identifying mechanism is
configured to identify the location of a constructive interference node in the

aerial-image that is closest to the evaluation point.

18.  The apparatus of claim 16, wherein the identifying mechanism is
configured to compute a location for placing a representative assist feature such
that the magnitude of an image-gradient at the evaluation point achieves a local

extremum.

19.  The apparatus of claim 18, wherein the identifying mechanism is

configured to compute the location by,
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magni t udes; and conputing the location for placing the
representative assist feature using the interpolating
pol ynom al . 20. The apparatus of claim 15, wherein the
assi st feature can be a sub-resolution assist feature
or a super-resolution assist feature. 22

constructing an interpolating polynomial using the image-gradient

magnitudes; and

computing the location for placing the representative assist feature using

the interpolating polynomial.

20.  The apparatus of claim 15, wherein the assist feature can be a

sub-resolution assist feature or a super-resolution assist feature.
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