|  OPTI CAL PROXIM TY CORRECTI ON USI NG CHAMFERS AND ROUNDI NG AT CORNERS
Claimof Priority [0001] This application clains priority fromU. S
provi si onal application nunmber 601560,615, entitled "OPTI CAL PROXIM TY
CORRECTI ON USI NG CHAMFERS AND ROUNDI NG AT CORNERS, " filed April 9, 2004,
the disclosure of which is incorporated C herein by reference in its
entirety. Field of the Invention [0002] The present invention relates to
phot ol i t hography, and in particular optical proximty techniqgues correction
usi ng chanfers and roundi ng at corners. q_kground [ 0003] Lithographic
apparatus can be used, for exanple,.in the manufacture of integrated
circuits (1GCs). In such a case, the mask used in manufacture may contain a
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(generally < 1), the speed V at which the substrate 2

Field of the Invention

[0002] The present invention relates to photolithography, and in particular optical proximity

techniques correction using chamfers and rounding at comers.

Background

[0003] Lithographic apparatus can be used, for example, in the manufacture of integrated
circuits (ICs). In such a case, the mask used in manufacture may contain a circuit pattern
corresponding to an individual layer of the IC, and this patt;m can be imaged onto a target
exposure field (e.g. comprising one or more dies) on a substrate (silicon wafer) that has been
C | coated with a layer of radiation-sensitive material (resist). In general, a single wafer will
contain a whole network of adjacent target exposure fields that are successively irradiated via
the projection system, one at a time. In one type of lithographic projection apparatus, each
target exposure field is irradiated by exposing the entire mask pattern onto the target
exposure field in one go; such an apparatus is commonly referred to as a wafer stepper. In an
alternative apparatus —commonly referred to as a step-and-scan apparatus — each target
exposure field is irradiated by progressively scanning the mask pattern under the projection
beam in a given reference direction {the "scanning” direction) while synchronously scanning
the substrate table parallel or anti-parallel to this direction. Since, in general, the projection
system will have a magnification factor M (generally < 1), the speed V at which the substrate



table is scanned will be a factor Mtines that at which the mask table is
scanned. More information with regard to |ithographic devices as descri bed
herein can be gl eaned, for exanple, fromUS 6, 046, 792, incorporated herein
by reference. [0004] In a manufacturing process using a |ithographic
projection apparatus, a mask pattern is inmaged onto a substrate that is at
| east partially covered by a | ayer of radiation-sensitive nmaterial
(resist). Prior to this inmaging step, the substrate may undergo vari ous
procedures, such as primng, resist coating and a soft bake. After
exposure, the substrate may be subjected2to other procedures, such as a
post - exposure bake (PEB), devel opnent, a hard bake and
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sawing, whence the individual devices can be mounted on a carrier, connected to pins, ete.
[0005] For the sake of simplicity, the projection system may hereinafter be referred to as the
"lens;" however, this term should be broadly interpreted as encompassing various types of
projection systems, including refractive optics, reflective optics, and catadioptric systems, for
( example. The radiation system may also include components operating according to any of
these design types for directing, shaping or controlling the projection beam of radiation, and
such components may also be referred to below, collectively or singularly, as a “lens”.
Further, the lithographic apparatus may be of a type having two or more substrate tables
(and/or two or more mask tables). In such “multiple-stage” devices the additional tables may
be used in parallel, or preparatory steps may be carried out on one or more tables while one
or more other tables are being used for exposures. Twin stage lithographic apparatus are
described, for example, in US 5,969,441 and WO 98/40791, incorporated herein by

reference.



reference. 3 [0006] The photolithographic masks referred to above conprise
geonetric patterns corresponding to the circuit conponents to be integrated
onto a silicon wafer. The patterns used to create such nasks are generated
utilizing CAD (conputer-aided design) prograns, this process often being
referred to as EDA (el ectronic design automation). Mst CAD prograns foll ow
a set of predeterm ned design rules in order to create functional masks.
These rul es are set by processing and design limtations. For exanple,
design rules define the space tolerance hetween circuit devices (such as
gates, capacitors, etc.) or interconnect Fines, so as to ensure that t he
circuit devices aor lines do not interact with one another in an
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the original circuit design on the wafer (via the mask). However, because of the increasingly
microscopic size of lithographic features and high resolution systems, the resulting features
printed on the substrate tend to have some rippling, i.e., edges that are supposed to be straight
are not straight. This rippling is related to “ringing” in filter theory, and is a natural side
effect of efforts to accentuate the high spatial frequencies needed to image small features.
Others factors that may cause rippling are known by those of ordinary skill in the art, Fig. 1

C illustrates features printed on a substrate suffering from the problem of rippling.

[0008] In the current state of the art, model-based OPC corrects for mismatch between a
target image and predicted image using the following steps. (1) A target layer is divided into
a plurality of sections. (2) A predicted image is evaluated at one “evaluation point”
(typically at the center) of each section of the plurality of sections. (3) Based on respective
evaluations, features to be printed are modified in accordance with the respective evaluation
at the center of the corresponding section to minimize the mismatch between the target and
predicted image. In low k1 systems with the occurrence of rippling, or in systems where

rippling is more prevalent, the conventional model based OPC methods accentuate rippling,
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at the center of the corresponding section to mnimze the m snmatch between

the target and predicted image. In low ki systens with the occurrence of
rippling, or in systens where rippling is nore prevalent, the conventional
nodel based OPC net hods accentuate rippling, 4 as shown generally by Fig.

1, in cases where the evaluation points happen by chance not to be placed
in ideally representative |locations within their respective sections. [0009]
More particularly, Fig. 2 illustrates a target inmage 20 superinposed on a
predicted imge 22, which has rippling. The target inage 20 is divided into
a plurality of sections 24, and the images 22, 24 are eval uated at

eval uation points 26 for each section 24. 4Each evaluation point 26 is

| ocated at the center of the respective section 24. Based on these
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[0010] Fig. 4 illustrates the new predicted image 40 based on the modified mask 30. By
comparison with the predicted image 22, in the given example conventional model based
OPC accentuates rippling of the new predicted image 40, which increases the likelihood of
breaking or bridging depending on surrounding structure.
[0011] Improved results can in principle be obtained by choosing a “better” evaluation point,
and some limited strategies exist in this regard. In particular, the evaluation points of sections

( at or near corners may be moved back away from that corer to avoid over-correction. These
methods are helpful, but are difficult to apply except in simple cases due to the complexity of
the interaction between surrounding contextual features and the ripples observed on a
particular edge of interest.
[0012] Moreover, model based OPC uses either an aerial model or a calibrated model. A
calibrated model must consider mask properties, characteristics of the tools to create the
mask, resist properties, etc. Because of this, there are many disadvantages to using a
calibrated model. They include extensive calibration, including building a mask and
exposing wafers, and factoring in arbitrary imaging properties that cannot be attributed to the

mask, semiconductor, or any associated property. The main disadvantage is that in order to
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[ 0012] Mbreover, nodel based OPC uses either an aerial nodel or a calibrated

nodel . A calibrated nodel nust consider mask properties, characteristics of
the tools to create the - mask, resist properties, etc. Because of this,
there are nmany di sadvantages to using a calibrated nodel. They include
extensive calibration, including building a mask and exposing wafers, and
factoring in arbitrary imging properties that cannot be attributed to the
mask, sem conductor, or any associ ated property. The main di sadvantage is
that in order to 5 calibrate a nodel, a reasonable nmask nust al ready exist.
Thus, industry often uses the aerial nodel for nodel based OPC, because it
i s expedient and does not rely on existind tools. However, aerial nodels do
not factor in product and manufacturing inperfections, as in the case of
usi ng a cal céditetted maltgla ref®hdldE mbkle mmstaieadeexisto Thas,dndatreciian wees thoserial
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a design to be forned on a substrate. The steps include “approxi mating
roundi ng of c&e of using a ealibrated medelof an i nage of the design; generating a

repr esent at | ' I (0)4 undi ng. of, .t he at
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to i mage thendipsdigred hdsgctoappiokindiepabkfeninpédfa@tonaand perform ng Opti cal
Proximty Correction (OPC) further to the initial representation of the
mask. [0015!5 OPC i ncludes the steps of generating an i mage of the design
further to 3Ri tial representation of the mask; eval uating deviation
bet ween the representation of the design further to the approximte

r ?(g Sli ng a tn o ﬁbﬁm@#nﬁd&r@wﬂwﬁtﬁ ithryahanie npfed peobleyand prpvidp e nokelanetbad ?n
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deviation nﬁeesggsn ng‘tggregoi &3%p§r%§%£t? irc%n%ing of the at least one commner; generating an initial
representation of a mask utilized to image the design based on the representation; and
performing Optical Proximity Correction (OPC) further to the initial representation of the
mask.

[0015] OPC includes the steps of generating an image of the design further to the initial
representation of the mask; evaluating deviation between the representation of the design
further to the approximate rounding and the image; and determining whether a result of the
evaluation of Step satisfies predefined constraints. In the event the result does not satisfy
predefined constraints, a next representation of the mask may be generated in accordance
with the results and OPC is repeated until the deviation meets predefined constraints.

[0016] Determination of approximate rounding may be based on a derivation of predefined
rule, which may be used to define dimensions of a serif. Furthermore, rounding may be
approximated by selecting a size of a cutout from a chamfer and chamfering the at least one
corner to approximate rounding in accordance with the size of the cutout.

[0017] When the chamfered corner is adjacent to another comer, further adjustments may be
necessary, such as reducing the size of at least one of the first chamfer and the second

chamfer so that the first chamfer and the second chamfer do not intersect. Altematively, the



[ 0016] Determ nation of approximate roundi ng may be based on a derivation of
predefined rule, which may be used to define dinensions of a serif.
Furthernore, rounding nay be approxinated by selecting a size of a cutout
froma chanfer and chanfering the at | east one corner to approxinate
roundi ng in accordance with the size of the cutout. [0017] Wen the
chanfered corner is adjacent to another corner, further adjustnents may be
necessary, such as reducing the size of at |east one of the first chanfer
and the second chanfer so that the first chanfer and the second chanfer do
not intersect. Alternatively, the 6 size%f the first chanfer and the
second chanfer may be reduced proportionally so that the first chanfer and
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production or operation of the examples. The objects and advantages of the present

teachings may be realized and attained by practice or use of the methodologies,

instrumentalities and combinations particularly pointed out in the appended claims.

Brief Description of the Drawings

[0021] The drawing figures depict one or more implementations in accordance with the
present teachings, by way of example only, not by way of limitation. In the figures, like
- reference numerals refer to the same or similar elements.

( | [0022] Fig. 1 illustrates exemplary features printed on a substrate suffering from rippling.
[0023] Fig. 2 illustrates an exemplary target image and corresponding predicted image
suffering from rippling.

[0024] Fig. 3 illustrates the target and predicted images of Fig. 2 and an exemplary modified
mask based on the evaluation of the images of Fig, 2.

[0025] Fig. 4 illustrates an exemplary predicted image based on the modified mask of Fig. 3.
[0026] Fig. 5A illustrates an ideal feature to be printed, and Fig. 5B illustrates the
corresponding actual feature to be printed.



[0022] Fig. 1 illustrates exenplary features printed on a substrate
suffering fromrippling. [0023] Fig. 2 illustrates an exenplary target

i mage and correspondi ng predicted inage suffering fromrippling. [0024]

Fig. 3 illustrates the target and predicted i mages of Fig. 2 and an
exenplary nodi fied mnmask based on the evaluation of the imges of Fig. 2.
[0025] Fig. 4 illustrates an exenplary predicted i rage based on the nodified
mask of Fig. 3. [0026] Fig. SAillustrates an ideal feature to be printed,

and Fig. 5B illustrates the corresponding actual feature to be printed. 7
[0027] Fig. 6Aillustrates the overlap portion of a negative serif relative
to a feature, and Fig. 6B illustrates the overlap portion of a positive
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[0033] Fig. 12 illustrates a target image, modified by chamfering to simulate rounding, and a
farget image modified in step to apply rounding.

[0034] Fig. 13 illustrates a flowchart generally applying rounding during the corresponding
step of Fig. 11.

[0035] Fig. 14 illustrates a corner, which has been rounded, at the wafer level,

[0036] Fig. 15 schematically depicts a lithographic projection apparatus suitable for use with

a mask designed with the aid of the current invention.

Description

[0037] Described in related U.S. patent application number 60/557,833 (the “*833” patent
(" application), entitled “Apparatus, Method and Program Product for Suppressing Waviness of
Features to be printed using Photolithographic Systems,” filed on March 30, 2004, are novel
concepts for overcoming inconsistencies in a predicted image, by adjusting a mask
accordingly. This application is incorporated herein by reference in its entirety.
[0038] The inventors have further devised novel concepts for reducing rippling of a predicted
image and other negative affects by compensating the target image for known printing
manufacture limitations. With regard to one such limitation, there has yet been devised a
way to print comers beyond a predetermined sharpness. For instance, Fig, 5A illustrates an

ideal feature 50, and Fig. SB illustrates the actual feature 52 printed or a predicted image of



[0037] Described in related U.S. patent application nunber 60/557,833 (the
"' 833" patent application), entitled "Apparatus, Mthod and Program Product
for Suppressing Wavi ness of Features to be printed using Photolithographic
Systens,"” filed on March 30, 2004, are novel concepts for overcom ng

I nconsi stencies in a predicted i mage, by adjusting a mask accordingly. This
application is incorporated herein by reference in its entirety. [0038] The
i nventors have further devised novel concepts for reducing rippling of a
predi cted imge and other negative affects by conpensating the target inmage
for known printing manufacture linmitatiods. Wth regard to one such
limtation, there has yet been devised a way to print corners beyond a
predet er m néekt Saturgp2s sTheFdeali festhen 8@ haFig idéalcothbus4 bitaasinfinite sikheglesd, dat ur e

50, and Fig, 5B illustrates th ctual feature 52 pripnted or a_predicted

i mage of 8 DPFRNS %’Ja'f‘m“éacﬁ‘ﬂ?“gﬁ?@ H%é@&"ﬁ lymitatignss ﬂ?(ﬁ%ﬁ%"félﬁeqld’éﬁler ég wepragtically an
i nfinite sharpmasaplebut because of manufacturing and physical [imtations,

t he shape of i1deal coner 54 is practically unachievable. [0039] Described
in the ' 833[€(3p1 Desaribed imthe 183% eppligeion archewel appraavhgsefos bmpenshiing foo wemer

rounding in_the.tarqget,. i e in nod .rhese. incl uded applyin
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Al ternati vekyalusioas tikeh @Bariiyl &c6meeaF i coradtd AREMALSEEIAevaluBGSTE poifBYnelng
elimnated entjrel Because conmers w |l always have sonme rounding, the

adj ust ment F%EHOGF‘B%/ ke sompy Mmay be sliminaggrantirely, o Baeause corners svill abvans have some
adj ent X Wil . .
arget | MRgRaREC fe ngg @%Pltanéé fhif 1ﬁtgeac?(§)1§1?,gl w#@g@&%@ e ARAL N8 "the

novel appro e target I nage Ing at each
cogfer. Conetagetithageakcvaimghuf f er sonme rounding during the printing process,

and "br 1 doi PP 48 % TRt BV eRio i hargove) rasct s bonodfy B iact oaes &
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ue to corner rounding can be selectively ignored, the present Tnvention

al ters the pentipgprpcess andPRChucatmpnts oxi mfrodusetundesitablevesuith [ eingimghe'necking”,

roundi ng, aglgd Ibrlll%&n%p)palsiaer%su%gf &t%m%ttikg rtgjéor;['egt for Ri® Fn%%'ﬁai}lg {'osun mg.i ij/l(xaegeas the

'833 application teaches methods by which mismatches due to corner rounding can be

selectively ignored, the present invention alters the target in a way that approximates the

inevitable corner rounding, and then applies OPC to attempt to reproduce this modified

target.
[0041] There has been much development of rule-based OPC using serifs. U.S. Patent Nos.
5,663,893, 5,707,765 and 6,670,081 provide exemplary descriptions of OPC using serifs.
- These patents are incorporated herein by reference in their entirety.

( | [0042] Generally serifs are sub-lithographic square shaped features positioned on comers of

a circuit feature. They serve to “sharpen” the corners in the final transferred design on a

wafer, for improving the correspondence between the actual circuit design and the final

transferred circuit pattern on the photoresist layer. It is known that “positive” serifs at

convex vertices adjust exposure energy of the mask at the vertex to prevent loss of the

comer. “Negative” serifs at concave vertices remove a portion of the mask pattern at the

concave vertex so as to attempt to maintain an accurate representation of the concave vertex

in the final pattem. Based on the rules developed for optimizing serifs, there is a general

understanding of the limitations of the “sharpness of a corner.”



|
target. [0041] There has been nuch devel opnent of rul e-based OPC using
serifs. U S Patent Nos. 5,663,893, 5,6 707,765 and 6,670,081 provide
exenpl ary descriptions of OPC using serifs. These patents are incorporated
herein by reference in their entirety. C. [0042] Cenerally serifs are
sub-1ithographic square shaped features positioned on corners of a circuit
feature. They serve to "sharpen"” the coners in the final transferred design
on a wafer, for inproving the correspondence between the actual circuit
design and the final transferred circuit pattern on the photoresist |ayer.
It is known that "positive" serifs at convex vertices adjust exposure
energy of the mask at the vertex to prevefit | oss of the coner. "Negative"
serifs at concave vertices renove a portion of the mask pattern at the

concave ver [0g43}Se t@sicAl ORC LsiAp kerifs, dath Bgdiof adfiverGRHT floth pEMRSARILREARR) Rf
the concave yertex in the final pattern, Based on the rul es devel oped for
opti m zi ng ¥bystable refative do peeryotenedesof 2 ghige seifsaas tyallaw thecovierall dimensignsofof
the "sharp g ot VDI ' j edge
of a given SErr s ABEed, he wOl il skl vE Modiicd HIRARASED) (evef2ly
every ot herseaflgdsahe &8Jipatent seplaihs,sbhesanddifiaakibosof deeifoarergakvémeld by pradefinedf

the serif to be I fied. 1., each serif c be dj fied i ndependently
of every ot TS, wgg‘g‘i e S%@Q&@le)bgfe‘ﬁf’r gk icaioface ¥ s‘be deste PSR IASSof
serifs are gouatdaedihy wanadrinn@g sdot! Bfes Witlivaly & Socoflafed Gﬂ'«hdfﬁf‘fbﬂaﬁﬂci{-&lnt he

user in accordance with the feature pattern to 'be generated. It is wel
known that dnsigh featines (I cburge these mlscway dlambe ofithersori fof saridn of Gxedodiinensiaissi gn

features. cQur.se, t rules may al so be of the sort for serifs of fixed
di rrensionsq“gr?gg"s‘%%‘%‘.wﬁg&?ﬁs?'eshol d(s). ( [0044] Figs. 6A and 6B illustrates a

paftern to [0044)Figd A bisd 6B iflesttaiss. a phtenp s bé peiifedaRthg @HfENThe Pesifidnst 4hd
serifs have_been exaggerated for purposes of i1llustration and expl anat.i on.
Each serif HBISnupns\iRe Feils paye besh exagegraind fop perprsss o ilhestretion and prdangtien.i on
o) STt S SR EUAGE WIS PSSR Ml T MRS b
over | aps t herfdhtaverfpathetbackgoundefsheefehtap: ip did overlag pomion §Hig) 6A), whereas the
portion of a positive serif that overlaps the actual feature is the overlap portion (Fig. 6B).
The overlap of the serif can be defined as “short overlap” Os and “long overlap” O
Similarly, extensions can be defined as a “short extension” Eg and a “long extension” Ep.
Using any rule-based approach for sizing and positioning serifs, each serif for a given corner
can be defined.
[0045] The inventors have found that the optimal chamfer, i.e. comer cutoff, can be derived
in the same way as optimal serif dimensions. The optimal chamfering rules may differ from
C the ideal rules for serif correction, but the rules will be similar in form. Referring back to
Fig. 5B, it is assumed that the rounding of corner 56 has been minimized using serifs, as
described above, and what remains is the residual corner rounding that cannot be eliminated.
By chamfering corner 54’ to approximate or simulate this expected rounding before OPC, as
seen in Fig. 5B, the subsequent OPC treatment will not be led to compromise the correction
of nearby areas in an attempt to eliminate corner rounding.
[0046] As shown in Fig. 5B comer rounding takes the form of a smooth curve. Such a shape
is difficult or impossible for conventional EDA software to handle. The corner may be
approximated with a sequence of straight edges, in a "polygonal" approximation. A

compromise may be found between the simplicity of such a polygon and the precision with



The overlap of the serif can be defined as "short overlap” Os and "l ong
overlap" OL. Simlarly, extensions can be defined as a "short extension" Es
and a "long extension" EL. Using any rul e-based approach for sizing and
positioning serifs, each serif for a given corner can be defined. [0045]
The inventors have found that the optimal chanfer, i.e. corner cutoff, can
be derived in the sanme way as optimal serif dinmensions. The opti mal
chanfering rules may differ from C the ideal rules for serif correction

but the rules will be simlar in form Referring back to Fig. 5B, it is
assuned that the rounding of corner 56 hat® been i ni i zed using serifs, as
descri bed above, and what remains is the residual corner rounding that
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The val ues s and E i ch are necessary t
rounding found in such cases. To restrict the angle to 45 degrees, as in the preferred

embodiment of this invention, the two legs of the triangle must have the same length, and the
shorter length, Osg, is chosen.
[0048] Corners that are connected by two relatively long lines, such that the comer rounding
(and the chamfering that approximates it) of one comer does not interfere with that of an
adjacent corner, will have both Og and Op equal to some nominal chamfer amount.
However, when lines between adjacent comers are relatively short, such as at an end of a
( line, sometimes referred to as a "U" edge, chamfering of one corner may interfere with the
chamfering of an adjacent corner. This concept is illustrated by Fig. 7A.
[0049] Typically, rules for serifs distinguish between placing a serif on a convex corner and
a concave corner. Taking the convex rules as an example, consider a "nominal" serif size
rule {corresponding to a chamfer size rule) of 40nm. However, on short "U edges", as seen
in Fig. 7B, the chamfer may be reduced so as to cut only one quarter of the line end. Of
course, these rules may be modified so that the chamfer may cut any fraction of the line

below one-half of the line end, for maintaining a “true” U edge.



define a serif, are ignored when creating this chanfer. G and O., normally
differ in length because of differences in the |lengths of the two original
target edges, with the overlap shorter along the shorter edge, This

approxi mates the asymetrical curve of the actual corner rounding found in
such cases, To restrict the angle to 45 degrees, as in the preferred

enbodi nent of this invention, the two |l egs of the triangle nust have the
sanme length, and the shorter length, OGs, is chosen. [0048] Corners that are
connected by two relatively long lines, E h that the coner rounding (and
the chanfering that approximates it) of o] corner does not interfere with

that of an ac%l acent coner, wll have both Gs and Q, equal to sonme nom nal
chanfer ampU¥iS0] Thiswegkr be \aseamplisheds wigh \ibe n'Padidic &pasitissmeerif adjesmv@nmrnlv)a y
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"U edges", as seen in Fi he chant may be reduced so as to cut only
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de endent opdipsimenidRdhe, 4nm meaingl cheyafer sige, yislding ag2Onpyehamies Wémchdﬁaaarnérlm

h coul d pge1ii0amand the parallel overlap adjustnent could vary
I inearly from Onm at an edge length of 160nmto -20nm at an edge | ength of
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only, and may not be best for the given pattern. In addition, serifs 802 and chamfers 804 are

illustrated in the same image to simply demonstrate the concepts discussed above for
determining chamfer 804 dimensions.

[0052] Figs. 9 illustrates simulated results from corrections performed using median
evaluation, described in patent application number "833, and in accordance with the novel
concepts discussed herein. Fig. 10 illustrates simulated results from corrections performed
using median evaluation, described in patent application number "833 only. In Fig. 9, the
target image is designated by 900 (dashed line), the corrected mask pattern by 902 (diagonal
hatching), and the predicted printing results by 904 (horizontal hatching). In Fig. 10, the
target image is designated by 1000 (dashed line), the corrected mask paitern by 1002
(diagonal hatching) and the predicted printing resuits by 1004 (horizontal hatching).

[0053] Areas A-E designated in each figure have been chosen for comparing the effects of
bridging, necking (or pinching), rippling, line smoothing, and average line width. Bridging
has been reduced, as best seen by referring to A and B in Fig. 9 as compared to the same in
Fig. 10. Rippling has been reduced, as best seen by referring to C in Fig. 9 as compared to

the same in Fig. 10. Average line width and line smoothing is better, as best seen by



adjustnent to the 40nm nom nal chanfer size, yielding a 20nm chanfer, which
Is again 1/4 of the line wwdth, [0051] Fig. 8 illustrates a target inage
800 (dashed line), serifs 802 (diagonal hatching), and the rel ated
chanfered 804 resulting at each coner of the feature to be printed. Serif
802 and chanfer 804 di nensions have been exaggerated for illustration and
expl anation purposes only, and may not be best for the given pattern. In
addition, serifs 802 and chanfers 804 are illustrated in the same inmage to
sinply denonstrate the concepts di scussed above for determ ning chanfer 804
di mensions. [0052] Figs. 9 illustrates sihilated results fromcorrections
performed using nedian evaluation, described in patent application nunber

' 833, and i mefaringrto &ramd Ihint Figt has comypabed to trecsapiedn Higs tisNeckifghmiteen fedgeed 10
illustrates_sjmul ated results_f.ram corrections perfor, si ng nmedi an

eval uat i on, aﬁ_égsgﬁeﬂ_ Hr?tﬁrrg‘&tt%ﬁtmE}ﬁpﬁiaﬁﬁ?mﬁf’ﬁ?ﬁ@ﬁ'ﬁ"e?am@g%g%ﬁﬁy. In Fig. 9, the
target Irr{ag@oosaa 6oen goagiethe A¥orSHbht{clas hadiflel Bayet il fof b6k tiH%?&im@ﬁ&éti@r n
by 902 (diagonal hatching), and the predicted printing results by 904
(hori zont al atgapd wpprgkimatienithe tarpet image is still gencthelesg anj idead agpregeatation.b Plergn0
(dashed lin . Rk . 1002 (di agonal hatching) and
t he predict g%jnsbérelpn i ng e?%ﬁzﬁcg%%ﬁ;s g%%,h@ rbg?%ont al hatching). [0053] Areas
Q— Eddesi gna((mlfsl The ackdel OBQr loop dvecrostitg thbabeve intiges ngzafollows:t (1§ defifiembask of
ridgi ng, necking (or pinching), ripplin |.i ne snoot hi ng,, and average |ine
wi dth. Bri d@?ﬂﬁ@*ﬁgfﬁé@ mpq%@&{xe E%B%e@i cajegdpte waseeﬁﬂswﬁilmjgﬁ or raﬁg)»éﬂ n
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flerring tq. C in Fig. 9 .ed.to th i.n Fig, Necki
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i mage for approximating rounding is a good approximtion, the target inmge
is still noRehhel ess an i deal representation. Please consider the further

enhancement f()(ﬁl@f A hR8M cBfduRWtion function and/or target image modification function may be
incorporated in the model OPC loop to factor in mask rounding that will inevitably occur
with practically all lithographic printing of features having comers. Fig. 11 illustrates a
exemplary flow chart of the model OPC loop incorporating both of these concepts. In Step
1100, an initial target image is defined, such as the target image 800 illustrated by Fig. 8. In
Step 1101, the initial estimation of the mask is chosen to be equal to the target, defined prior
to Step 1101. Steps A and B may be incorporated following Step 1100, in which an ideal
- target is chosen, i.e., a target having sharp comers, and approximate rounding or chamfers is
( | applied to respective comers of the target image, respectively. This way a more realistically
achievable target is generated. This step of approximating rounding of the target accounts for
the a priori knowledge that the projection system acts as a low pass filter, and hence will
never be able to image sharp corners.
[0057] In Step 1102, rounding may be applied to the initial estimation of the mask to factor
in the actual rounding of corners of features on an actnal mask (Step 1102). The rounding is
typically due to mask manufacturing constraints. Such manufacturing constraints are well
known to those of ordinary skill in the art. In Step 1104, an image is generated based on the
mask Tepresentation generated in Step 1102, and in Step 1106, deviation between the image



[ 0055] The nodel OPC | oop for creating the above inmages is as follows: (1)
define mask representation corresponding to the target, (2) calcul ate inmage
(aerial inmage or in resist), (3) determ ne deviation between inmge and
target, (4) nodify mask, (5) repeat until inmage is satisfactory. By

nodi fying the target image for chanfered corners, this nodel OPC | oop, as

di scussed above, indeed generates a superior image. However, the nodel OPC
can be nodified further to take into consideration actual corner rounding,
on the target, mask or both. [0056] A mask construction function and/or
target inmage nodification function may bel3incorporated in the nodel OPC

|l oop to factor in mask rounding that will inevitably occur wth practically

al | 1ithogr gemeratedpand the)gepeéschiatién i€ elotnindd CBis8EIdh plddefinddlcodsirbints| af @s a
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rounding to the mask representation, a better representation of imperfections of comers, can
be approximated. Furthermore, the actual rounding of the mask representation complements
the target image to which approximate rounding has been applied. In other words, the actual
rounding of the mask representation can be said to round the chamfered comers of the target
image.
[0059] Fig. 12 also illustrates yet another concept in which each comer is rounded at the
( _ predetermined radius, r. As discussed herein, effects of rounding is known, and can be
approximated generally for most types of printing. For instance, the inventors have found
that for a typical mask making process radii in the range of 40-80nm, measured at the
reticule, can be expected. Of course, radii of different magnitudes can be chosen depending
on complexity of the mask feature and mask making process or mask-writer system
parameters.
[0060] Fig. 13 illustrates a flowchart generally applying rouhding during Step 1102 of Fig.
11. Generally, each corner is examined, as in Step 1300, and rounding of a predetermined
radius is applied, in step 1302. In step 1304, a modified mask representation (See 1202, Fig.
12) is generated, and OPC is conducted based on this image. Fig. 14 further illustrates this



constraints and judgi ng whether an inage is satisfactory is well known
within the lithography art. If the imge is acceptable, the process is
ended (Step 1110) and a mask may be generated based on the representation
of the mask used to generate the inage of Step 1104. Alternatively, if the
I mage i s unsatisfactory, the representation of the mask may be nodified in
accordance with wel |l -known OPC techniques (Step 1112). Steps 1102 - 1108 are
repeated until the image is satisfactory. [0058] Fig. 12 denonstrates the
simlarity between the target nodification of Step B (Fig. 11) and

modi fication of the mask representation ($tep 1102). Mre particularly, Fig.
12 illustrates a target image 1200, nodified by chanfering to sinulate
roundi ng, anoch@ptrask cobepr BEONtvaticto hasl BO¢h mowdided eld0d nat ttep whidddletel baaiRhlty

roundi ng. Target 1200 has been enl arge lLightly relative to target inage
1202 for iIFﬂ'g?sP_ﬁT 6ﬂWeéf@%ﬁﬁﬂ?ﬁﬁﬁ%%%g%‘gawa@ppl ying rounding to the
mask repr esesjeay h‘éEbrdﬁigE?tetitﬁEr bEBbAS ARt Ab#iGRaRin bITRRT (afkh [iRASe ¥ apAiTRInSate CAN

be approxi mated. Furthérnore, the actual rounding of the mask repfesentation
conpl ement s roundingtas myastifi¢ation of the repriessmtatiop b iermask te siomudite goundingoiveno mask

applied. I'n_other words. the actual oundi.ng..of. the sk representation can

be said to I6uh c?‘ﬁggg?{}fﬁ?lg%éaayc%ﬁ%&iéo?ﬁqulﬁ%thfg’lnﬁperflasrﬂ?nage. I0[0059] Fig. 12
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Cc predeterm ned radius, r. As discussed herein, effects of rounding is
known, and @#ipskdesigned vath thepidof hararmsnt ipvension rhetappgrptus compysesnt i ng.  For

I nstance, the inyv 2 ' I LQcess
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O (course, paticalanfaselithé mdiaribn sypstem tlsclesmyprises beadthioagourdepandi ng  on

par et er 5. [ 00607 PRIl (eeF DB M POBEh D agarsialdey fa g pgmask
roundi ng dupAge Staaetidid) endPlonfibed tokfirst Jgt@m%ﬁﬁghﬂean@ﬁﬁ Bc&%ta%oé;iﬁgﬁggmened,

as in Step 1300, and roundi ngﬂ‘of a pre ermned radius is applied, in step
1302. | n st osk dh respectbeliténdd; mask representation (See 1202, Fig. 12) is

generated. and CPG .5, GORAUPLRH (RARENe Ubid) WP phdVRRE will Ssutbifad HolFor
holding a substrate W (e.g. a resist-coated silicon wafer), and connected to second
positioning means for accurately positioning the substrate with respect to item PL;
- a projection system (“lens”) PL (e.g. a refractive, catoptric or catadioptric optical
system) for imaging an irradiated portion of the mask MA onto a target portion C (e.g.
comprising one or more dies) of the substrate W.
[0063] As depicted herein, the apparatus is of a transmissive type (i.e., has a transmissive
- mask). However, in general, it may also be of a reflective type, for example with a reflective
( mask. Alternatively, the apparatus may employ another kind of patterning means as an
altemative to the use of a mask; examples include a programmable mirror array or LCD
matrix.
[0064] The source LA (e.g. a mercury lamp or excimer laser) produces a beam of radiation.
This beam is fed into an illumination system (illuminator) IL, either directly or after having
traversed conditioning means, such as a beam expander Ex, for example. The illuminator IL
may comprise adjusting means AM for setting the outer and/or inner radial extent

(commonly referred to as c-outer and o-inner, respectively) of the intensity distribution in

the beam. In addition, it will generally comprise various other components, such as an



14 concept. A corner 1400, which has been rounded 1404, at the wafer |evel
basically corresponds to the size of the chanfer 1402 of the target i nage.

[ 0061] Accordingly, either or both the nodification of the target inmage to
approximate rounding or nodification of the representation of the mask to
simul ate roundi ng due to mask manufacturing constraints nmay be used to
optimze the final mask. (0062] Fig. 15 schematically depicts a |ithographic
proj ection apparatus suitable for use with a mask designed with the aid of

the current invention. The apparatus conprises: - a radiation system Ex, IL,
for supplying a projection beam PB of raditation. In this particular case,
the radi ation systemal so conprises a radiation source LA, - a first object
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MA onto a tapgrigahé taaianGn (beargl -that GOpROdICES BEingN&l Dito tHerappstars (e.gf with e aid
substrate W [0063) . As depicted hereln, the apparatus is of a transm ssive

type (i.e. OHa@walqéléﬁqghsgw% thig dalter sqquame iy oftenrthe easevdien the somsge bt dpame
of a refl eCteké{ﬁlext }%Q&' Obadeti Wik Ry ﬁaesixllgz.ofﬁev&meﬁ?ﬁ}%entﬁlnt é{cﬂﬁ]&sés\éé‘é Yt
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he use drfastdmﬂasﬂdheﬁmaemhes | ncl ude a pr ogr ammbl e mrror array or LCD
Saheliﬁ; of r i 1B Sesrm B stiienly Pufoqait e AP Y el & ayfpesk 1
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means, such as a beam expander f or exanple. The i ?yum nat or
the beam PB onto a target portlon C of the substrate W. With the aid of the second
positioning means (and interferometric measuring means IF), the substrate table WT can be
moved accurately, e.g. 50 as to position different target portions C in the path of the beam
PB. Similarly, the first positioning means can be used to accurately position the mask MA
with respect to the path of the beam PB, e.g., after mechanical retrieval of the mask MA from
a mask library, or during a scan. In general, movement of the object tables MT, WT will be
realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module
(fine positioning), which are not explicitly depicted in Fig. 15. However, in the case of a
- wafer stepper (as opposed to a step-and-scan tool) the mask table MT may just be connected
( to a short-stroke actuator, or may be fixed.
[0067] The depicted tool can be used in two different modes:
- In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e., a single “flash™) onto a target portion C. The substrate table
WT is then shifted in the x and/or y directions so that a different target portion C can be
irradiated by the beam PB;
- In scan mode, essentially the same scenario applies, except that a given target

portion C is not exposed in a single “flash.” Instead, the mask table MT is movable in a

given direction (the so-called “scan direction”, e.g., the y direction) with a speed v, so that



may conprise adjusting neans AMfor setting the outer and/or inner radial
extent (commonly referred to as a-outer and a-inner, respectively) of the
intensity distribution in the beam In addition, it will generally conprise
vari ous other conmponents, such as an 15 integrator IN and a condenser CO.
In this way, the beam PB i npinging on the mask MA has a desired uniformty
and intensity distribution in its cross-section. [0065] It should be noted
with regard to Fig. 15 that the source LA may be within the housing of the
| i t hographic projection apparatus (as is often the case when the source LA
is a nmercury lanp, for exanple), but thaéit may al so be renpote fromthe

| it hographic projection apparatus, the radiation beamthat it produces
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connected to short-stroke actuator, or nmay be fixed. [0067] The depicted

tool can be n@s@al (aithemeplid o7 & plasmaith Jrigh-enangys elegtrons de ordando peadice ahotenr
I's kept ess %lnatjhlsyraﬁée{it]ﬁ&g@sre%nos? ﬂﬁte?ﬁlsea% Eﬂs%r;ﬁﬁ% l§!vithin this range, illumination may

be produced by reflective mirrors with a multi-stack of Molybdenum and Silicon. The muiti-

stack mirror has a 40 layer pairs of Molybdenum and Silicon where the thickness of each
layer is a quarter wavelength. Even smaller wavelengths may be produced with X-ray
lithography. Typically, a synchrotron is used to produce an X-ray wavelength. Since most
material is absorptive at x-ray wavelengths, a thin piece of absorbing material defines where
features would print (positive resist) or not print (negative resist).
- [0069] While the concepts disclosed herein may be used for imaging on a substrate such as a
( silicon wafer, it shall be understood that the disclosed concepts may be used with any type of
lithographic imaging systems, e.g., those used for imaging on substrates other than silicon
wafers.
[0070] The concepts disclosed herein may be used as a simulator, i.e., as a computer program
product capable of being implemented on a computer system. Software functionalities of the
computer system involve programming, including executable code, which may be used to
implement the above-described imaging model. The software code is executable by the
general-purpose computer. In operation, the code and possibly the associated data records

are stored within a general-purpose computer platform. At other times, however, the



il mage is projected in one go (i.e., a single "flash") onto a target portion
C. The substrate table W is then shifted in the it and/or y directions so

that a different target portion C can be irradiated by the beamPB; - In
scan node, essentially the same scenario applies, except that a given target
portion Cis not exposed in a single "flash." Instead, the mask table Ml is

novable in a given direction (the so-called "scan direction", e.g, they
direction) with a speed v, so that 16 the projection beamPB is caused to
scan over a nmask image; concurrently, the substrate table W is

si mul t aneously noved in the sane or opposilfe direction at a speed V= M/, in
which Ms the magnification of the lens PL (typically, M= 1/4 or 1/5). In

thi s manner sofwirlndy Mecttired 2B bRr lodhtkis aR@oF ir@kspbrt&Pidr MadMPiaREHe aphrbpytd
havi ng to conprom se on resolution. [0068] The concepts disclosed herein my
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copper wire and fiber optics, including the wires that comprise a bus within a computer
system. Carrier-wave transmission media can take the form of electric or electromagnetic
signals, or acoustic or light waves such as those generated during radio frequency (RF) and
infrared (IR) data communications. Common forms of computer-readable media therefore
include, for example: a floppy disk, a flexible disk, hard disk, magnetic tape, any other
magnetic medium, a CD-ROM, DVD, any other optical medium, less commonly-used media

(—- such as punch cards, paper tape, any other physical medium with patterns of holes, a RAM, a
PROM and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave
transporting data or instructions, cables or links transporting such a carrier wave, or any other
medium from which a computer can read programming code and/or data. Many of these
forms of computer readable media may be involved in carrying one or more sequences of one
or more instructions to a processor for execution.
[0072] While the foregoing has described what are considered to be the best mode and/or
other examples, it is understood that various modifications may be made therein and that the
subject matter disclosed herein may be implemented in various forms and examples, and that

the teachings may be applied in numerous applications, only some of which have been



silicon wafer, it shall be understood that the disclosed concepts may be

used with any type of lithographic inmaging systens, e.g., those used for
i mgi ng on substrates other than silicon wafers. [0070] The concepts
di scl osed herein may be used as a sinulator, i.e., as a conputer program

product capabl e of being inplenented on a conputer system Software
functionalities of the conputer systeminvol ve programm ng, including
execut abl e code, which nay be used to inplenment the above-described i maging
nodel , The software code is executable by the general-purpose conputer. In
operation, the code and possibly the assot§ated data records are stored
within a general - purpose conputer platform At other tinmes, however, the 17

sof t ware mayeRfibed Réreik. alk iOiMeHded Byahé GlbowandltRImS f0AE18RO aﬁ)eﬁlné @1! aia;ﬂitdﬁdf@
into the appropriate ener al - pur pose conmputer systenms. Hence,

enbodi nent s medificatiensang iyaxjetians fhst (all within ghe Wp@%@f@%@ﬁ%ﬁnbﬁeéemw% in the
formof one or nore nodul es of code carried by at | east one

machi ne-r eadabl e medi um Execution of such code by a processor of the
conput er system enables the platformto inplenent the catal og and/ or

sof tware downl oadi ng functions, in essentially the manner performed in the
enbodi nents di scussed and illustrated herein. [0071] As used herein, terns
such as conputer or machi ne "readabl e nmedi uni refer to any nedi umthat
participates in providing instructions to a processor for execution. Such a
medi um may take many forns, including but not [imted to, non-volatile
media, volatile media, and transm ssion nmedia. Non-volatile nedia include,
for exanple, optical or magnetic disks, such as any of the storage devices
[ ny conputer(s) operating as one of the server platform discussed
abdve. Vol atile nedia include dynam c nenory, such as main nenory of such a
conputer platform Physical transm ssion nedia include coaxial cables;

copper wire and fiber optics, including the wires that conprise a bus within
a conputer system Carrier-wave transni ssion nedia can take the form of

el ectric or electromagnetic signals, or acoustic or |ight waves such as

t hose generated during radio frequency (RF) and infrared (IR data
comuni cati ons. Common forms of conputer-readable nedia therefore



include, for exanple: a floppy disk, a flexible disk, hard disk, magnetic
tape, any other nagnetic nedium a CD-ROM DVD, any other optical nmedium
| ess commonl y-used nmedia such as punch cards, paper tape, any other
physical nediumw th patterns of holes, a RAM a PROM and EPROM a

FLASH EPROM any ot her nenory chip or cartridge, a carrier wave
transporting data or instructions, cables or links transporting such a ’
carrier wave, or any other nmediumfrom which a conputer can read
progranmm ng code and/or data. Many of these fornms of conputer readable
media may be involved in carrying one or nore sequences of one or nore
instructions to a processor for execution. [0072] Wile the foregoing has
descri bed what are considered to be the best nbode and/or other exanples, it
i s under st oddlhdt isaflaimad [sous nndifications nay be nade therein and that the

subject matter disclosed h be enen n_var forns .and
egalrrpl es, and that ¢h&¢ hé’ |°RB§"%% Blgsngupf?l l?e "F'Fl ﬂﬁ\réﬁ‘?hﬁ'ga%eaﬁﬁppﬁﬂf‘?ons,
only sone oftheemlafhave been 18 described herein. It is intended by the
vari ati ons that fall Bt APRREHEE eaaE R of AR ebgheet 2 imngelhe 1o
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predefined rdesign soaegE®i ng a sub-1ithographic assrst feature that if
positioned on the at |east one corner vvoul d v% rpen the corner in
the final transferred® de Bﬁss’ﬁ SEat PRERAE | on of
t he design &umﬁhgbfmaﬁmhﬂoapﬂmﬁxinate roundrng of the at Ieast one corner;
((:Ig)si ge}neratr ng an |n|(t| al re egasneurlrli g]tép%rmgt&logoga%ﬁséjamg%qmg‘g&n&ge t he
based on the representation; and
{(d) performing Optical Proximity Correction (OPC) further to the initial

representation of the mask.

2..  The method of optimizing the design, according to claim 1, wherein step-(d)
further comprises the steps of:
(¢)  generating an image of the design further to the initial representation of
the mask;
@ evaluating deviation between the representation generated in Step (b) and
the image generated in Step (¢);
(g) determining whether a result of the evaluation of Step (I) satisfies
predefined constraints; | |
| (h)  in the event the result does not satisfy predefined constraints, generating a
next representation of the mask in accordance with the results; and
(i) repeating Steps (t) (k) until the deviation meets predefined constraints.

3. The method, according to claim 1, further comprising the steps of:



based on the representation; and (d) performng Optical Proximty Correction
(OPC) further to the initial representation of the nask. 2. The net hod of
optim zing the design, according to claim1, wherein step-(d) further
conprises the steps of (e) generating an image of the design fiuther to the
initial representation of the mask, (f) evaluating deviation between the
representation generated in Step (b) and the inmage .generated in Step (e);
(g) determ ning whether a result of the evaluation of Step (1) satisfies
predefined constraints; (h) in the event he result does not satisfy
predefined constraints, generating a next representation of the mask in
accordance with the results; and (i) repeating Steps (1) - (h) until the
devi ation neets predefi{ed é@ﬁ@%’ﬂ&i%@@f“‘@“ﬁ%@ freftamer, basednrihe Apraximat ai m
1, further conpuh@hdgnd he steps of 20 (1) selecting a size of a cutout from
a chanfer based on the approximte rounding; and (ii) chanfering the at

| east one comer to appr ORichemisringthe o least ong camedtp appreximaigjreypding d agcordanse t he
cutout. 4. ThewiiRthReig ofikCafodi Ng to claim 3, wherein the predefined rules
define dinmensions of a serif. 5. The nethod, according to claim3, further
conprising the step of selecting a shape of the cutout fromthe chanfer. 6.

The nethod, accordif)g t ne nfktid S acohfa@ipCioNcidin b€ Ahbrein Ve ARede8SedOfuidsh& b ape
of the cutout are equal. 7. The method, according to cl'aim3, wherein the

size of the cufligynsionsghy eHE

5. The method, according to claim 3, further comprising the step of selecting a
shape of the cutout from the chamfer. | '

6. The method, according to claim 5, wherein at least two angles of the shape of
the cutout are equal.

7. The method, according to claim 3, wherein the size of the cutout from the
chamfer is based on the chamfer forming angles in increments of 2 predetermined size. |

8. The method, according to claim 7, wherein the predetermined size is 45
degrees.

9. The method, according to claim 1, further comprising the step of chamfering
the at least one comer of the design to approximate the rounding.

10. The method, according to claim 1, wherein the approximate of the rounding
corresponds to minimal rounding based on a set of predetermined processing factors.

11. The method, dccording to any one of claims 3 and 9, wherein the chamfer
corresponds to a first chamfer corresponding to a first comer of the design, further comprising
the steps of:



chanfer is based on the chanfer formng angles in increments of a
predeterm ned size. 8. The nethod, according to claim?7, wherein the
predeterm ned size is 45 degrees. 9. The nethod, according to claim1,
further conprising the step of chanfering the at |east one comer of the
design to approximate the rounding. 10. The nmethod, according to claiml,
wherein the approxi mate of the rounding corresponds to m ninmal rounding
based on a set of predeterm ned processing fidors. 11. The method, according
to any one of clains 3 and 9, wherein2lhe chanfer corresponds to a first
chanfer corresponding to a first comer of the design, further conprising

the steps of 21 (i} detgfihRindh @zeSbZfsRbndPoutfif GO £5OM ¢ ag:‘?é{}f?s gecond

chanfer for a second coner adjacent to the first corner; an reduci ng
the size ofecend qorskadiasens tiaghe fisscoper, @rd chanf er and the second chanfer so

that the f1rst chamig a@Shchiine G0N {0t 4R MR chlulfef hAPEE sechfy The

nmet hod, according to any one of clalns rernt ant er

cor r espondehamér sp that thefirst ehamfes pnddlrseesndehamfen do napinterseétr st coner of the design,
further conprising the steps of (i) determning a size of a second cutout
froma second chanfer for a second conmer adjacent to the first coner; and
(ii) reducing th® Hiezmethed, tapording tot anyhenef efr claimg 3t fred Sewhanein dbea plfagfer
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predef i ned thadtepsof concern serif selection, finther conprising the step of

sel ecting the size th ef o serif
sel ected using theaé)_rede é}.ﬁggﬁgr%Fggﬁﬁqi%%igﬁﬁgzﬁddﬂgf%gﬁélﬁ%n@{ f?g at he
desi gn, accenoud engner adjadentitprthg first epmeriand conpri ses t he

(ii)  reducing the size of the first chamfer and the second chamfer

proportionally so that the first chamfer and the second chamfer do not intersect.

13. The method, according to claim of claim 3, wherem the predefined rules
concern serif selection, further comprising the step of:
selecting the size of the chamfer based on the overlap values of a serif selected using
the predefined rules. N .

14,  The method of optimizing the design, according to claim 2, further comprises the
steps of:
(i) determining rounding of comers of the initial representation of the mask
based on mask manufacturing constraints; and
(ii) generating a modified mask representation based on the initial
representation in which comer rounding is applied.

15.  The method of optimizing the design, according to claim 14, wherein rounding
at each corner has a predetermined radius.



steps of (i) determ ning rounding of conmers of the initial representation of
the mask based on mask manufacturing constraints; and (ii) generating a
nodi fied mask representation based on the initial representation in which
comer rounding is applied 15. The nethod of optim zing the design, according
to claim 14, wherein rounding at each comer has a predeterm ned radius. zz
16. A conputer program product, conprising executable code transportable by
at | east one machi ne readabl e nedi um__wherei n execution of the code by at

| east one programrabl e conputer caués the at |east one pr ogr ammabl e
conputer to performa sequence of steps as in any one clains 1-15 for

optim zing the design to be fabricated on the substrate.

16. A computer program product, comprising executable code transportable by at least
one machine readable medium, wherein execution of the code by at least one programmable
computer causes the at least one programmable computer to perform a sequence of steps as in

any one claims 1-15 for optimizing the design to be fabricated on the substrate.



