METHODS FOR ENHANCI NG PHOTOLI THOGRAPHY PATTERNI NG FI ELD OF THE | NVENTI ON
100011 The present invention relates generally to photolithography
processes and in particular, photolithography processes that reduce
fluctuations in critical dinensions of features inmged. BACKGROUND OF THE

| NVENTI ON 2] _Th rocess of fabricating sem conductor devices requires
the tr anst eMBTHADSIOR IV Badie I B G Rl SRS Ehp BN S Gher e « he
sem conductor devices are to he foinmed. One nethod of transferring patterns
i s through photolithography. In a typical photolithography process, a |ayer
of photoresist, a photosensitive material that changes its chem cal
conposition as a result of | iFgRkD @& EEINEVENEIQNposited on a substrate.
The photoresist is then selectively exposed in, an exposure tool where a
phot omas k0Bt Fienipragegatnvennien telaes tgeaersiiertoedhotslithopuphy apredesss langd hin
froma radiation source and an optical systemin the exposure tool
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After the exposure process, the photoresist is imrersed in a devel oper so

t hat thefgﬁggggqmﬁg[ts of the photoresist remain or dissolve depending on
the polarity of the photoresist used. The devel opi ng process | eaves a

phot oresi st pattern that is substantially simlar to the mask pattern on
the surface of the substrate, [0003] An exposure tool used in a

phot ol i t hogr aphy process éX@kﬁﬁhbM%ﬁ?@ﬁ*ﬁ?ﬁ%@K%%ﬁﬁ@ﬂjati0” i ght source, an
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aperture, a condenser lens, a projection a stage where the
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process, the photonmask is placed between the condenser and projection |ens.
The radi #r¢s6nt YbaPbetomaple pRigricsuRSEate JHteen thersemispndpgtagndeviees are to be formed.

One method of transferring patterns is through photolithography. In a typical
photolithography process, a layer of photoresist, a photosensitive material that changes its
chemical composition as a result of light exposure, is deposited on a substrate. The
photoresist is then selectively exposed in an exposure tool where a photomask containing
patterns to be transferred is illuminated by light from a radiation source and an optical system
in the exposure tool simultaneously projects all parts of the mask pattern onto the photoresist.
After the exposure process, the photoresist is immersed in a developer so that the exposed
parts of the photoresist remain or dissolve depending on the polarity of the photoresist used.
The developing process leaves a photoresist pattern that is substantially similar to the mask
pattern on the surface of the substrate.

[0003] An exposure tool used in a photolithography process typically consists of a radiation
light source, an aperture, a condenser lens, a projection lens and a stage where the substrate is
placed. The condenser and projection lens are typically optical systems comprising a
plurality of lenses. During an exposure process, the photomask is placed between the

condenser and projection lens. The radiation source, aperture and condenser lens form the



inator portion of the exposure equipnent which is used to illumnate the
phot ot nask. Lightwaves fromthe radiati on source pass through openings in
the aperture where it is thereafter collected by the condenser |lens to form

an illumnation beamthat is projected onto the photomask. When the
i |'Ium nat ilemifeanmp@ass es thd expgbret figigrhattonesk is idedits iHimenuathedHoyorhdse.
phot omask. The attenuated illum nation beam energi ng through the photonask
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which formthe optical portion of the exposure equipnent. The projection is
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versus pitch graph obtai ned by neasuring the |linew dth di nension of various
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phot onmask. The lines in the pattern have a comon linewidth critica
di mensi onkmefwnd8s natimagie Heaonatdé shetseddntsdughuthe girejestoac duhs fwlninh dorm the
adj acent line at varying pitches where each pitch is conposed of a |ine and
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nunerical aperture of the projection lens set at 1.12 and using an off axis

iIIuninat%ﬂgmp&gghgﬁ&mgﬁying an annul ar ring opening characterized by
partial coherence factors, aft, /am= 0.95/0.77. 100051 Although the iines
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range is referred to as the forbidden pitch. Forbidden pitches are
undesi r abtréticak dintgnsions.t iFegure di wemetitdeal fdimensicat () perewsepitah graph obigined by
designer from being able to use the affected pitch range in his design.
100061 A kesseringehididetwadithmditiegadn nfjvarestghioturebike strugruies fiorpredfr@mai ssritof
sel ectively bias the CDs of the features on the photoi ask. For exanple,
the di menghons ac@piitetLoh b HRbIGLRSK CaMe DRIeS GRAIHR battBnAave QWdnsRot Natwiihe

final iiidth dinmensions fornmed in the photoresist are

critical dimension of 45 nanometers (nm) on the photomask but are spaced from an adjacent
line at varying pitches where each pitch is composed of a line and a space. In the example of
Figure 1, the structures are exposed with the numerical aperture of the projection lens set at
1.12 and using an off axis illumination aperture having an annular ring opening characterized
by partial coherence factors, Giy /Gout = 0.95/0.77.

[0005] Although the lines have a common linewidth dimension of 45 nm on the photomask,
there is significant fluctuation in the photoresist critical dimension within the 150 nm to
200nm pitch range. If the fluctuation in critical dimension is greater than the limit tolerated
by device requirements the affected pitch range is referred to as the forbidden pitch.

Forbidden pitches are undesirable as the critical dimension fluctuation prevents a circuit

designer from being able to use the affected pitch range in his design.



he desired range. However, one of the problens with the biasing approach is
that it is highly dependent on process paraneters such as photoresi st

t hi ckness, devel oper and exposure tools used. [0007] Another nethod of
mtigating the forbidden pitch problen1is by adding scattering bar
proximate the line features on a photo However ntig pitc
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space is too snmall for placenment, of scattering bars. 100081 In view of the
succeedi rfgDslpsdhgdeitores phcblnfl)phqtm%ﬂl@d?w epamplss Beglimbiadions afiagtted tfeaures can
forbi dden pitch effect are desirable. SUMVARY OF THE | NVENTI ON 100091 The
present itewvenlddop selavesogeaahaliingl tinewiddt dlnmdnkiogs dpfyedpinobe phomnskisiaidods
for manufacturing sem conductor devices that utilize these photolithography
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substrat g, ol 9pgg % dé’Mt é&ha%rg&% ra?a érs ch! ns 3)@18%&98‘5‘?% Qs%t %@V%lggér% d and
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second pitch range; oviding a conp03|te aperture conprising aand a second
of f - axi s FPPIHY ﬁ%% daperture pattern, the first off-axis illum nation
aperture pattern having a confikturation that inproves the process w ndow
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Figure 1 the 190 to 220 nm pitch range), the space is too small for placement of scattering
bars.

[0008] In view of the succeeding discussion, photolithography processes that mitigate the

forbidden pitch effect are desirable.

SUMMARY OF THE INVENTION

[0009] The present invention relates generally to photolithography process and methods for
manufacturing semiconductor devices that utilize these photolithography processes.

[0010] In one aspect of the invention, there is provided a method for fabricating a
semiconductor device comprising: providing a substrate prepared with a photoresist layer;
providing a photomask comprising a first and a second pattern having a respective first and
second pitch range; providing a composite aperture comprising a first and a second off-axis
illumination aperture pattern, the first off-axis illumination aperture pattern having a
configuration that improves the process window of the first pitch range and the second off-
axis illumination aperture pattern having a configuration that improves the process window

for a second pitch range; exposing the photoresist layer on the substrate with radiation from a



radi ati on source through the conposite aperture and the photomask, and
devel opi ng the photoresist layer to pattern the pliotoresist |ayer. [0011]
The first and second off axis illum nation aperture patterns, for exanple,
can belong to arnmularor dipole illu filiation node. Qther types of off

axis ill uingbh GBuRke ahAugh MS Qbokllposife GRS Iahe BOPhbldhiskNaRE eevdlGaE th t h
the prevent invention advantageously reduces or mnim zes forbidden pitch
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plurality, .t ches. [0012 rt.ai.n_enhodi nents of the.inventjon have
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wi |l becone apparent to those skilled in the agrt from.a readi ng (if th

fol | owi nglod@pliar egdweleciipinagionpess: t Qlentyres ﬂf el pEisdiiuminagon gee also usetul.
acconpanyi ng draw ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS [0013] In the

dr awi ngs, Aldokwositd epashice imapdvedancgeritr tiel yreyeat érvengon hévantageopdy reduces or

t hroughout the different views. Also, the drawings are not necessarily to
scal e, enphasizs ifodidke geheefddd bybgionling andiible pdhiatik lilkehinatibmgoinpenents
principles of the invention. in the follow ng description, enbodi nents of
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dr awi ngs of i ch: 100141Figure 1 shows a critical dinmension versus pitch
gr aph forofapit%ﬁéé es of line and space patterns wherein the patterns are
exposed usi'ng an exposure having conventional annular illumnation pattern;

[0015] Fi gMI(’)fZ]ZCgr?a?r\lA%m%o i%én%soﬁLe 5<nr\]/%n ionoflgv%xoltﬁerlefsplae%p; irrllz%ltdldl%r(])n%g o Ery f)l%(ssé of
those mentioned above. The aspects will become apparent to those skilled in the art from a

reading of the following detailed description when taken with reference to the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] In the drawings, like reference numbers generally refer to the same parts throughout
the different views. Also, the drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the invention. In the following
description, embodiments of the invention will now be described, by way of example with
reference to the drawings of which:
[0014] Figure 1 shows a critical dimension versus pitch graph for a series of line and
space patterns wherein the patterns are exposed using an exposure having conventional
annular illumination pattern;
[0015] Figure 2 shows a series of known off-axis illumination apertures;

[0016] Figure 3a shows a conventional annular illumination aperture;



[ 0016] Fi gure 3a shows a conventional annular illum nation aperture;
enbodi nent of the invention; [00 NIFigure 4a is a table showing the optim

ai" and a"", values for a line and space pattern having a target |inew ddi
Cl) of 45nm wherein the patterns are exposed using an exposure aperture

e UGG BSOS SESTH BRUA e Pl RS [SSHEh o
a graph show ng the aenal inmage CD through pitch curves for two single
annul ar &#pBeduney offg.inyeiion; doubl e annul ar aperture in accordance with one
enbodi rent of the invention;
[0018] Figure 4a is a table showing the optimal i, and o,y values for a line and space
pattern having a target linewidth CD of 45nm, wherein the patterns are exposed using an
exposure aperture having the double annular aperture pattern of Figure 3b;
[0019] Figure 4b is a graph plotted based on the values shown in Figure 4a;
[0020] Figure 5 is a graph showing the aerial image CD through pitch curves for two
single annular apertures and for a double annular aperture in accordance with one
embodiment of the invention;
[0021] Figure 6a shows the diffraction order at the pupil plane at a pitch of 150nm when
a conventional annular aperture with off-axis illumination aperture configuration optimized
for a single 130 nm pitch is used;
[0022] Figure 6b shows the diffraction order at the pupil plane at a pitch of 150nm for a
double annular aperture pattern corresponding to the curve 520 in Figure 5;
[0023] Figures 7a-7c show the pitch aerial image intensity plots at a pitch of 150nm,
190nm and 200nm for a double annular aperture and a conventional annular aperture
optimized for a single 130 nm pitch ;
[0024] Figures 8a-8c show annular illumination aperture patterns in accordance with
embodiments of the invention;
[0025] Figure 9a shows a conventional x-dipole illumination aperture pattern;
[0026] Figure 9b shows a double dipole illumination aperture pattern in accordance with
another embodiment of the invention;
[0027] Figure 10 is a graph showing the aerial image CD through pitch curves for a

conventional dipole illumination aperture and a double dipole aperture pattern in accordance

with one embodiment of the invention; and



[ 0021] Fi gure oa shows the diffraction order at the pupil plane at a pitch
of I Oran when a conventional annular aperture with off-axis illum nation
aperture configuration optim zed for a single 130 ran pitch is used:

[ 0022i Fi gure oh shows the diffraction order at the pupil plane at a pitch

of 150nmpezgja daybie 13Nl fyw SREf b4 phdtekith8EApEP bfReROND0RY atridiRe GHitve
520 in Figure 5; [0023]Figures 7a -7c show the pitch aerial inmage intensity

plots at a Dk to%ﬁ%%r@sen@%%ﬁﬁ&nd 200ni n for a doubl e annul ar aperture

and a conventional annul-ar aperture optimzed for a single 130 nmpitch ;
100241Fi gures 8a-Sc show annul ar illum nation aperture patterns in
accordance wth enbodi nents of the invention.;

DESCRIPTION OF THE INVENTION
[0029] Generally, the present invention relates to photolithography processes that reduce
variability in critical dimensions of photoresist structures caused by differences in proximity
to other features.
{0030] During an exposure process, the illumination beam can be projected onto a
photomask from a number of different angles depending on the arrangement of the opening
or openings on the aperture of an exposure tool. If aperture comprises an opening that is
situated at the center of the aperture, the illuminating beam will be projected substantially
along the optical axis, that is, the axis orthogonal to the condenser lens and photomask. This
type of illumination is known as “On-axis illumination”.
[0031] On the other hand, if the aperture is centrally obstructed and has one or more
openings located off-center, the illumination beam is tilted projected onto the photomask
away from normal incidence, in other words, at an angle to the optical axis. This type of
illumination is referred to as “Off axis illumination” (OAI). OAl is often used as a resolution
enhancement technique for optical projection lithography because tilting the illumination
beam allows more first or higher diffraction order to be captured in the objective pupil plane.
This has been known to lead to a better depth of focus performance.
[0032] Figure 2 shows eight known OAI apertures where the openings are sized, positioned
and/or shaped differently. The variation in the configuration of the aperture openings means
that the eight exposure apertures shown in Figure 2 will provide eight different illumination
beam patterns. Some of the off axis illumination patterns shown in Figure 2 belong to the
same type of OAI mode but result in different illumination patterns being produced after

6



[ 0025] Fi gure 9a shows a conventional x-dipole illumnation aperture
pattern; [00261Fi gure 9b shows a double dipole illumnation aperture
pattern in accordance with another enbodi nent of the invention;
[0027] Figure 10 is a graph showi ng the aerial imge CD through pitch curves
for a conventional dipole illum nation aperture and a double dipole
aper t ur e light flerna raigtesoioteisarsyistthrosgle tennsaivpedie ©f Wehe RS0 epeningid
an enbodi ment of the present invention DESCRI PTION OF THE NvENTI ON
are arranged. For example, the x-dipole and y-dipole aperture patterns both belong to the
dipole type of OAI mode but different illumination patterns are generated because the
openings in the x-dipole are oriented in the x direction while the openings in the y-dipole are
oriented in the y direction. The type of OAI aperture pattern used in an exposure process
may be varied between mask levels depending on the type of pattern being imaged. For
example, annular and dipole aperture patterns are typically used for line and space patterning
whereas quadrupole and quasar aperture patterns are often applied when the patterning of
openings such as contact holes, interconnect openings and trenches are involved. It is to be
appreciated that the present invention is not limited to being used in conjunction with the
OALI aperture patterns shown in Figure 2 but may also be applied to OAI apertures where the
openings are differently positioned, shaped and/or oriented.
[0033] While OAI techniques can be used to improve the print quality of dense features, it
often also has the drawback of exhibiting the earlier described forbidden pitch effect. This is
undesirable because if the forbidden pitch effect is not reduced, the pitch range that can be
patterned in a single exposure process will be limited. As a result, circuit designers will have
less flexibility in their design because they have to avoid using structures that fall within the
forbidden pitch range.
[0034] The inventors have discovered that when OALI settings are optimized to a single pitch
value such that the process window at this pitch is a maximum, there is a greater likelihood
for the forbidden pitch effect to occur. At the optimized pitch, the zero and first order
diffraction are distributed evenly or symmetrically about the center of the pupil plane in the
projection lens, resulting in improvement in image contrast and depth of focus at the

optimized pitch. However, such a OAI setting can lead to the diffraction orders for other

pitches being distributed unevenly about the center of the pupil plane. Where the uneven
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[ 0029] Cenerally, the present inventionphotolithography processes that
reduce variability in critical dinensions of photoresist structures caused
by differences in proximty to other features. [0030] During an exposure
process, the illum nation beam can be projected onto a photanmask from a

nunber ofg;diblRieBt dRAtEsH GRRENE tRY aBilt 18n idran AR ar Oitch NgasOREM el in
openi ngs on the aperture of an exposure tool. If aperture conprises an

openi ng that - si : . il r i Lo i eam
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ort hogonal t.o e condenser, | ens an hot gmask. .This.type of .illum nation
5" Known 55 ebReS SHiFRARN siveiar seBticReny T orHes » manieent coti STARL" <
centrally obstructed and has one or nore openings |ocated off-center, the
i || umi natvesatioreEam the desige dalye.of et eeEmntin e tpabligmasivn ARy VeisBhiEY Shal
i nci dence, in other words, at an angle to the optical axis. This type of
i |1 umi natgich cusver &f Eigned] wdicasthe AL apartird bettingraare optimigdDo Al 3 wm gltckn
used as a resol ution enhancenent technique for optical projection
l'ithogr arsk%ﬁii@waw fluctdatiog it bBsdridduti et i 3ntdeadnnalpitosamger @ inisking the
hi gher diffraction order to be captured in the objective pupil plane. This
has been J¢ Qéé’ﬁrélfgelﬁﬁ‘@ rgfadgncﬁgﬁtﬁﬁgéjept h of focus performance. [0032]
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Figure 2 shows elght known apertures where the openings are sized,
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but result in different illum nation patterns being produced after I|ight

from a r adicht i mecidieally ehisas sekicvask by gkpasie apbetorasist HEIBS AEORIPSItH SHPASEFS t he
openi ngs are arranged. For exanple, the x-dipole and y-dipole aperture

patt er ns dpettlirebehpriginizantlhieledd pbhertuyppateinsOAlachdiA agedtiredpattesr Branalogous
illumnation patterns are generated because the openings in the x-dipole

are orienpeshei s¥f-akiBEINmEHABR SRR WNITIR d0MEOREBINBS the rtdirciive DRAl et
oriented in the y direction. The type of T aperture pattern used in an
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pattern ged. For exanp annular an e aperture patterns are
typically used for |jne and ac atterni ng wher eas quadrupol e and .quasar
aperture eﬁlﬁ{ng}ilﬁg, r €3 W@nogﬁkﬂ 6 ,ABGHEY Pl a{“’tv&‘?‘}?ﬁb‘m FlEgKein ¢ Such

as contact holes, interconnect openings and trenches are involved. It is to
be appreciahteed that the present invention is not limted to being used in
conjunction with the OM aperture patterns shown in Figure 2 but may al so he
appl i ed t[00ZATA aperdtichleamalyierte illingracpbaicogspare thie fnfvemtenmt ik propoddd heboved [t
shaped and/or oriented.
is to be appreciated that the analysis is just a possible postulation and is not intended to be
limiting on the present invention.
[0037] For partially coherent imaging, the image can be calculated by summing the images
arising from individual source points. Partial coherent imaging is described in, for example,
Yeung et al., “Extension of Hopkins theory of partially coherent imaging to include thin film
interference effects”, Proceedings of SPIE Vol. 1927, 452-463, which is herein incorporated

by reference for all purposes. At the image plane, the image intensity I(x,y) can be expressed

as the following:



[ 0033] While OAl techniques can be used to inprove the print quality of
dense features, it often also has the drawback of exhibiting the earlier
descri bed forbidden pitch effect. This is undesirabl e because if the
forbidden pitch effect is not reduced, the pitch range that can be
patterned in a single exposure progess wll be limted. As a result.,
eirmit designers will have (&89 ¥ DekiiWity in @heir design because they
have to avoid using structures that fall within the forbidden pitch ranee.
10034 The inventors have discovered that hen OA settings are optimzed to
a singl e gty thaimezesioahed bad tat heopeopaasloshadawttatilitimistiph tptdmei Bedoting
maxi mum there is a greater likelihood for the forbidden pitch effect to

occur. Athd Bor@RbicRiAae Riltfihatibd @t 2RF Shtdde fHupS tplaedar (ﬁ%‘%fﬁHe?&!fiaﬁﬂ BB
di stributed evenly or symmetrically about the center of the pupil plane in

t he proj ' I [ & ' b0, LR PNy - h of
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di ffraction orders for h itches bei di stribut ed _unevenl y about .t he
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order in the pupil plane for a particular pitch has resulted in _
siplitl emducbpg purall fupglion, @pfiead tapgier hactieenl dgdensowsiem ad thegagk figictighane,
the image contrast at this affected pitch will degrade significantly thus
causi ng dmsggimitdnisitanin loe obtaimad bdithresysaed vaheicdtheoredtriofrelidhe desi gn val ue.
For exanple, in the critical dinension (CD) versus through pitch cu of
Figure 1 where the OAT aperture settings are optimzed to the 130rimpitch
siwuficant CD fluctuation is observed in the 150 to 200nm pitch range thus

maki ng the affected ran t or hi n pitch r ..»,100351 | n one aspect
of the present '&ﬁéhfiogﬁ({ﬂgfkéigmggghﬂpgFé%y%??gggﬂ%s inby(ﬂhving QA
settings that arc optifiizzeéd for a range of pitches rather than for one
specific pitch. Specifically, his is achieved by exposing a photoresist
usi ng a conposite exposure aperture conprising nultiple OAIL aperture
patterns. Each QAl aperture pattern is anal ogous to one off-axis

illum nation source. The configur&tigqﬁéfor the respective OAT aperture
patterns are sel ected such that t ar (ﬁéﬂkficial for different pitches
or pitch range. enbodinment, at |east two of the QAl aperture patterns have

di f f er entln SiegWauativh D, @Bk £ béRral 2bm@snert)036] A theoretical analysis to
illustrate the concepts of the invention is provided below. It is to be

appreciakgd tharofibe, iyShstidS wihest @ possible postulation and is not
i nt ended ‘Yo be T¥mti g on the present invention.

1, +f+g?<1
P(f,g)=
V8=t g 1

(ii)  H(fg) is the optical transfer function of the lens system

(iii)  M(f-f;,g-gs) is the mask function. It can be obtained by Fourier transform the complex

valued transmission function of the mask in the spatial coordinates.

For simplicity, the magnification factor is assumed to be 1. In fact, the magnification

factor is 0.25 for a conventional lithography system.

[0038] Imaging of one dimensional line and space mask structure



[ 00371 For partially coherent inmaging, the inage can be cal cul ated by
summ ng the inmages arising fromindividual source points. Partial coherent
imaging is described in, for exanple, Ycung et al., "Extension of Hopkins
theory of partially coherent imaging to include thin filminterference

ef f ect s",CdisRIze 8 dho 8im@isionll leVald. spd@%tucido b witht Cindi itch @l dienfrequency
i ncorporated by reference for all purposes. At the inage plane, the inmage

intensity, 16 EAR PRI SSSE dRegfellowing:  1(x,y) -( /Ay) is the
i mge frf?neﬁﬂ%ge to a so§¥§e p%f%ﬁn%ocated at the illum nation plane.
Denoting the coordinates of the illumnation at the entrance pupil plane as
(lg) where f and. g are spatial frequencies in x and y direction
rionnalized. to the nunerical. aperturle (NI'A) of the .ﬁ”pi |. The electric
field Eir,y) at the inmag e | hel i. 3 ri @' {ransformor the
product of pupil functio%{eégﬁiégﬁfﬁrq@%ﬁéﬁhi2£§groqpnﬂithe | ens system and
the mask function. Inage intensity can he obtained by the squared val ue of
the el ectyi i . =0).. 11( i : = '

equat i on 120 b8y Buftbicile dnd s@hithle hpRisreblo e A, 16¢ted i

wher e .
frequencies:

ni . .. . .
= “NA’ for any g since it is a one dimensional structure
D

[0039] The above analysis is for the case of coherent source point. As mentioned above, we
can sum each source point in partial coherent illumination to get the image. For partial
coherent imaging, there would be a shift in the diffraction order. Thus the diffraction orders

resulted from a source point located at (f,g) = (f,,g;) is located at

, ni
f = NA Sy
g =-g,

[0040] The mask function is then applied to Equation 2 for calculation of image intensity. To
resolve a pattern, the pupil must capture at least two diffraction orders. If the diffraction
order collected is located symmetrically about the pupil plane, the image would have infinite
depth of focus because the path difference is independent of image plane. Consider a case
when the source point is located at the x axis with spatial frequency (f;,0), the condition for
infinite depth of focus is such that:

A

S =5 ona

10



(b)g) is the optical

transfer function of the lens system (iii)Avy:1;rg-gs)

is the mask function. It can be obtained by Fourier transtbm the conpl ex
val ued transm ssion function of the mask in the spatial coordinates.

simplicity, the magnification factor is assuned to be |I. In fact, the
magni fication factor is 0.25 for a conventional Iithograpp% system [00381

i magi ng

dfor gnemglenitlgsiientigh suflhas astcelpadivolpstngthedwrigpreta

palehe geriae

di rensional |ine and space structure of line width 1 and pitch p, the
- f requenaf thppaltraimanbe dbermash ab{ f, g) can he expressed as:

o, =f. —7/1

[0041] In other cases, the partial coherence setting of the illumination should be determined
according to f; taking into the consideration of the shapes of individual illumination. Thus, f;
can be taken as starting point for illumination optimization.

[0042] As observed from the above derivation, the optimal dipole aperture configuration
condition is dependent on pitch and it is obvious that for different pitch values, the optimal
value varies. In the case where more than one pitch is imaged, it is possible that for larger
pitch, there would be three-beam interference (when second order diffraction is collected)
and hence the depth of focus is limited.

[0043] Consequently, an optimal setting for particular pitch might be the worst for some
other pitch. This has caused the forbidden pitch phenomenon. Based on the discussion
above, if source points that is optimal for individual pitches can be supplied to illuminate the
mask, an improvement on through pitch critical dimension control should be expected due to
better image contrast.

[0044] Annular illumination is commonly used for patterning line and space structures. It has
the advantage of being circularly symmetric and therefore not dependant on the orientation of
the exposure aperture. A conventional annular aperture 300 with a single annular ring is
shown in Figure 3a. A parameter commonly used to define the configuration of an annular
aperture pattern are sigma _in (oj,) and sigma_out (co,) Where c;, refers to the sigma value of
the inner circumference 310 and o, refers to the sigma value of the outer circumference
320. Sigma value (o) also referred to as a partial coherence factor is defined by a ratio of the

numerical aperture of the illuminator portion of the exposure tool (NA;;) to the numerical

11
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1 M(f g =M=smy f From t he above expression, it can be seen that the
diffraction orders are |located at spatial frequencies: f = nA , for any ¢
since it isdinmensional structure pNA [0039] The above analysis is for the
case of coherent source point. As ined above, we
aperture of the projection lens (NAyrwj) in the exposure tool. Therefore, the value of & is
dependent on the NA,,; of the projection lens in an exposure tool. For an annular
illumination, the NA;; of the illuminator portion and hence sigma value is also correlated
with the radius of the respective inner and outer circumference (310, 320) that define the
boundaries of the annular ring 330.
[0045] In one embodiment of the present invention as shown in Figure 3b, a modified
annular illumination aperture 350 with two concentric annular openings (360, 380) is used to
mitigate the forbidden pitch problem. The inner circumference of the inner annular ring 360
has a sigma value of oj,; and the outer circumference of the inner annular ring 360 has a
sigma value of o4y ;. Meanwhile the inner circumference of the outer annular ring 380 has a
sigma value of oj,» and the outer circumference of the outer annular ring 380 has a sigma
value of ooy 2. The i and G4y values of the inner and outer annular rings (360, 380) are
chosen to improve the process window of a respective first and second pitch range of a line
and space pattern formed on a photomask, wherein the photomask will be exposed using the
modified annular aperture 350.
[0046] The design for the modified annular aperture in Figure 3b may be obtained using a
simulation software such as lithocruiser by ASML. In one embodiment, the simulation
software can be programmed to derive optimal annular aperture configurations (i.e. oi, and
Oout Values) based on the criteria of providing the widest process window for the respective
pitch. Parameters suitable in assessing process window include but are not limited to one or
more of image fidelity parameters such as depth of focus (DOF), exposure latitude which is
the maximum exposure dose variation permissible while still maintaining line critical

dimension within acceptable limits, and image contrast parameters such as normalized image

log slope which is a measurement of the slope at the edge of a resist profile. In one

12



can sum each source point in partial coherent illumnation to get the inage

For partial coherent imaging, there would be a shill in the diffraction
order. Thus the diffraction orders resulted froma source point |ocated at
( 9 (6,0 is located at [0040] The nmask function is then applied to

Equatron 2 f r cal cul ation of image intensity. To r solve a tern, the
pupi | nu&tmbe ’Eﬁ‘?ﬁ‘rté he process Jinglgw an}mer%itniegﬁygrv&eéglge FPmpiatt ?#W&d{%‘?{e

order collected is located symmetrically about the pupil pt [age would have
i nfiniteidegs hdadity prewstebecause the path difference is independent of image
pl ane. Consider a case when the source point is |located at the x axis with
spati al foeq)énoye Ehbodimdnhethe aaflivhieoma eimilatithe petaeipihofof ofeodiusensionduch
t hat : For a sinple illumnation such as a circul ar dipole along the
hor i zont ghe dinheglak®PattéhewlRPiRh RlludshBinBRigefro@- 13(Cam ke 506tk Mnaed tagét
linewidth critical dimension of 45 nm. During the simulation, the other exposure conditions
such as but not limited to NA,.; of the projection lens, type of lithography system and
photomask design are kept constant. The simulation software then derives optimal o, and
Gou values characterizing the annular ring for each pitch. In one embodiment, the simulation
is performed based on an immersion lithography system, attenuated phase shift mask with
6% attenuation factor and NA,; of the projection lens equal to 1.12. Alternatively, other
exposure conditions may also be used during the simulation.
[0048] Figure 4a is a table showing the results of the above-described simulation. The
optimal o;, and o, values for a 45 nm line with pitch values ranging between 130 to 500 nm
is shown in the table and also plotted in the corresponding graph Figure 4b. As consistent
with Equation 3 discussed earlier in the text, the results show that optimal partial coherence
or sigma (Gi, and o,y values) is pitch dependant. In general, larger pitch sizes have optimal
source points nearer the center of the aperture, i.e. small o setting while optimal source
points for denser pitches are located towards the outer edge of the exposure aperture thus
corresponding to a larger partial coherence setting.
[0049] After the optimal oy, and o,y values are derived, they are then divided into two or
more sets based on how the values are distributed. For the example illustrated in Figure 4a
and 4b, the optimal o, and o,y values for the pitch range being studied can be broadly

grouped into two sets of values. Each set of values corresponding to the settings for one of

the annular illumination ring components in the modified illumination pattern. For example,
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0. 2p. M4 (3) [0041] in other cases, the partial coherence setting of the

ti humati on should he determ ned according to fs taking into the

consi deration of the shapes of dividual illumnation. Thu can be taken as
starting point fitir illumnation optim zation. 100421 As observed fromthe

above derfh¢dhhdanntibe @ptthdwltediapAhier ARLS (35063309 M itlg AGIH1O And@ R hdr@fe bE
dependent on pitch and it is obvious that -for different pitch values, the

opti mal v{ail ¥aries. In the ease where nore than one pitch is inmaged, it
is possib that for larger pitch, there would be three-beaminterference

wh iffractjon i ted) and h he depth pof f
o i ¢ Gl000l0hHSh o ek Ryiar oL BT R noBETs At ey MBFURL BirePrpl fh

m ght he the worst for onme other pitch. This has caused the forbidden pitch
phenonmenodin/Basedaloes fdiecadh somgsi ong apohesen dmsedc en ponsideatidrat suck asptit rmat
for individual pitches can. be supplied to illum nate the mask, an

| mpr ovenelhiteNtd Fhgs 8h pRtkesho Geicbl&all belitheAsh Obhck@Btfidhoishand nhiee @xpaat ed
due to better image contrast. [00441 Atmtar 11 Lnmation is commonly used

tb tt i i d . t )
(br Pt USh RS ey B0CLBRRGR,E FWE Sk 05, LU RN ABECh Moy
exposure a erture.

A.conyenti onal annu aperture 300 with single .
annul ar RIS SRBAISR AL P}tﬁrﬁf*té‘r%&?Vf’AerZ];‘aWEYeér Heomish POERRITIECT VHE: 1 he
configuration of an annul ar aperture Fattern are sigmain (rsi") and sigm
out (au) Hhsenannot hepessble becehw B gerlting anaulst ringeequined masy be tpef wideme 0810
and refers to the sioaa value of the outer circunference 320. Sigma val ue
(a) al so medferingschrt ccqaired tiparitddalg toahesssive dadlagdord riossedetiicinealisbypeorimbgo of
the nunerical aperture of the illumnator portion of the exposure tool
(NAH) to dn@astuiEriesaé image degradation. Therefore, the effect of background noise has to be

considered when selecting the o values for the annular aperture components/patterns and
how many annular aperture patterns to include. In one embodiment where a wide pitch range
is being patterned, only points around a critical pitch value or lower pitch values are
included. The remaining pitches can be compensated by other compensation methods such
as scatter bar or other optical proximity correction techniques. Alternatively, values that are
an average of the optimal ¢ value for the pitches may be chosen. In a further embodiment,
only points that are around the optimal value for most pitches are selected.

[0051] In one embodiment, the annular aperture pattern settings chosen based on the
simulation results of Figure 4 are oip1/Cout1 = 0.45/0.68 and Gin2/Cou2 = 0.70/0.95. As
observed from Figure 4, optimal ¢ values for patterning 45nm lines spaced at a tightest pitch
of 130 nm are Gin/Goy = 0.70/0.95. Therefore, the conventional method of providing an
annular illumination ring with settings that are optimized for a single pitch of 130nm will

result in sigma values that do not cover or approach optimal values required for a large range

of pitches denoted by points falling within the dotted rectangles. In accordance with one
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dependent on the NAproj of the projection lens in an exposure tool. For an
annular illumnation, the NAill of the illum nator portion and hence sienna
value is also correlated with the radius of the respective inner and outer
circunference (310, 320) that define the boundaries of the annular ring
330. 100451 in one enbodi nent of the present invention as shown in Figure
3b, a nodinfiodtmarinl the prréseuminmentionn aapendruarauBs0llwininatiomoing omicte Bt G, =
annul ar openi ngs (360, 380) is used to he forbi dden pitch problem
The i nnero £4/0 68Nk 65r6¥ia6d @f thhrenddMQT da | AAhulat RPerdRO thascamphenia piethee of
@Qu, and the outer circunference of the inner annular ring 360 has a sigm
val ue of g i i LIG . : e

380 has. & ariyiEe MO acCrb B ATy BTSHILSRIRE e LR QBRI .
ring 380 has a signmm, value of cvout 2. The , ,and .aout val ues of the inner
and-out erP MR $E thesBl) s e o thedroikd AoHIR AP Skt thendE gty of
a espeetive first and second pitch range of |ine and space pattern formed
on a photaonasé, anguéar éllpmiraEop oL o dole2 I9é (XPB8e avitieh Aty edvevabendite itiee
annul ar aperture 350. [0046] The design for the nodified annul ar

apert ur efdpginia¢ vdkes ey the 130 hai pech. UBhddgfode, Shepra@tntoimveaidinvadre bs uddwals as
lithoeruiser by ASML. In one enbodi nent,the sinulation software can be
progr amr%qp§19ir@ea{dunﬁm9paff@§is_iﬁﬁ}ﬁfﬂa%n SRRELULSdGRIBhH I WHat isPRSvilléd for adldgle and
co"i values) "based on the criteria of providing the w dest process w ndow
for the r@cgective pitch. Parameters suitable in assessing process w ndow

i ncl ude BUt"e not limited to one or nore of image fidelity paraneters such

Vari ati orOpSHVE3r BIOU FEUEE TNl 3 RGP RePEriOF RS RS B e -

Wi thin acceptable limts, and i mge contrast paranmeters such as nornalized

i mge | ogxempfsebeing cvalugted ineliguicetetitis 6 heheppseoped dhattthe nagtpsr of aanplesi st

profile. in one enbodinent, the process wi ndow may be defined by a

wei ght ed itombianat iriegs of thiewoesent imoerionnm@et fimded itd ywpaAdaeensmber of rings is
also possible depending on the size of pitch range being patterned and if the values in the
pitch range are clustered or spaced apart. Additionally, the annular rings in a modified
annular aperture according to the present invention may also be of the same or different
thickness.
[0053] The impact of the modified double annular illumination pattern derived from the
above described simulation can be evaluated by observing its photoresist linewidth critical
dimension (CD) through pitch performance. In Figure 5, the CD through pitch performance
for the modified double annular illumination is plotted together with the results for two
exposure processes using the same exposure conditions but a single annular aperture pattern.
Curve 520 in Figure 5 is the aerial image CD through pitch behavior of the double annular
illumination with Giy 1/Gou,1 = 0.45/0.68 and Gin 2/Gou2 = 0.70/0.95. Curve 540 represents the
aerial image CD through pitch behavior for a conventional annular with ¢ values that are

optimal for 130 nm pitch that is, Giy2/CGou2 = 0.70/0.95. Thecin2/Cou2 values are identical to

the settings  for the outer annular ring in the double annular aperture. Curve 560
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[0047] In one enbodi nent, the software may sinulate the patterningone

di nensi onal line and space pattern with pitch values ranging horn 130 urn
to 500 nm and a target linewidth critical dinension of 45 tn . During the
sinmul ation, the other exposure conditions such as but not limted to NAm
of the projregionds td eftsacriay pRagf CDI thRgh alol eliStiend e iphwtanwakridgsh gie ar e
kept constant. The simulation software then derives opti mal rtia and ao",
val ues Chak B!l DA ANBUER WHeRSo, B, SAC B8 68 The 408 @HHeALITRY .
the sinulation Is pertorne . on an I nmersi on |thogra y system
attenuatedr‘Fhas shill mask W|th 6% attenuation factor and Nfitwoi of the
proj ecti GHTYSEAS 28%al to 1.12. Alternatively, other exposure conditions nay
al so be used during the sinulation. [0048! Figure 4a is a table shovvln t he
resul ts dPOIHAnBBPEasdsor Fisaee i tha se0vsA ionphengpler wile Y44 hagrid aglarger C
values tor 45 urn line with pitch values rangi ng between 130 to 500 ran is
shown i n ftueeatiablie theid Salte 200hmt picch fange lRquivelent spdhdi Yegofgthaphrget Gir.eIkkb.
As consistent with Equation 3 discussed earlier in the text, the results
show opt imm@arcDalcceoRenenss mich $hdiRalothd ‘8. 7306 163t @ani thy 8rg@QDioT 45hinCh
dependant. In general, larger pitch sizes have optinmal source points nearer

the cent gfyiRfit E\ﬁxﬁ{?@rﬁt Scctrs Gt the TBbAm $ich 2R isMibl: e@gﬁ% reSRM @€ thghit S

for denser pitc are cat ed towards the outer e e exposure
aperture u orr ondi.ng .t o | ar kL C sett 491
Ater  na BT ARG FRPRVENER Hefs Bpulsed o ighR caniﬁffﬁ%&ua igPdS b e
into two or nore sets based on howthe val ues are di strlbuted For th
exanpl e ith¢ gatiehcelkerstrerseiiies Ta 28t odtsorresnond ge j apaimicgdnvalpes ©r the tkghteﬁres
for the pitch range being studied can be broadly grouped into two sets of
val ues. Hkaich (E¥nngfonlhaindesptoeal ilbspaaiomgpttirgstitveothet giichesbding pateenadfart het
annular illumnation ring conponents in the nodified illum nation pattern.

For exanmhi@n infdh&cbimer Aaanedud; idté f3vanoit mogl fadbe, indgén (38%tRBVrdém
t he doubl e annul ar aperture of Figure 3h. 100501 After determ ning the

nunber ofy d | t ] r
val ues forléagglg annuﬁgﬁ)ﬁ?@ﬁﬂgﬁsoghog%lﬁ%gﬁz Q%ngcﬁst%g?a%dg%s}osu Hﬂ*géntbut
not limte |tches t 0 be cover b round noi se
ond | moePCeHbeE g RS Suls e SREY 5% ereBplsh Mg KL AHERHPSH g
are selected such that all the opti rral points for each pitch of interest
covered. SMVBYE:, if the pitch range of interest is wide, this may not be
possi bl e because the resulting annular ring required nay be too wide or too
many ri nd80%h Raeferogrtedigiragal Buddifferction exdrsiistubutivactog tisuhtdmoipgeh whiteh
causes poor image contrast and hence inmage degradation. Therefore, the

ef fect ofpupdgitgreoiynntionni Skhehdfrdctioh@rdud rRairdgioads whem esgiset progest vehege !l ues
for the annul ar aperture conmponents/patterns and how many annul ar aperture

patterns o'nfh?( g%ﬁnntla&‘ uSiRE (ARl %gl; tean}i;lut\%ﬁﬁg Qg&ﬁf} ¢53096H 8, 88

patterne nts arotnd a criti cal ower p| t ch vaI ues

are incl pitch n be co at ed.

conpensarth G038 modte BiEH Do et s bR ECRRET PR Fibe {S’F%‘}&“?h"te? at the
correction techniques. Alter natlvel%( val ues that are_an average of the
optimal avafel @resutaétrat@ plang; i aklests eg T1pdl ia1ge grality thal il isedbtapeddiTheisiore.onl v
points that are around the opti nal val ue for nost pitches are sel ected.
100511 | nhoddfrastivodirderrdistribitgonaatnii0am rafsbris em exaaple ¢o dlustateihogsa ditsdion
based on the simulation results of Figure 4 are - 0.45/0.68 and ais,2 el =
0. 70/ 0. 9%rdAsiistisioned a fpitoinwhthgudnefichnt QDtﬂtmﬂdlati@n\vaJulltBB)of((Dike.pat terni ng 45nm
i nes spaced at a tightest pitch of 130 nmare cri ni ao" 0. 70/ 0. 95.

Ther ef or qgo4d)erHeaiMesiibRddder rﬁ‘ﬁtﬁﬂﬁloﬂflnm@ﬂﬂe(@a%nﬂﬂs@éﬂ'ﬂpLtﬁ{uldrl ﬂtr%ﬂif@%%
ring with settings that are optimzed for a single pitch of 130m will

equired %696”? té?'g%?% kR oHeSiinbeed 'y TR PRk ST bt e

dotted rectan | n accor danc . . .
corresp n to the portion o %e t%st order (ﬁ?f‘reactlon from a neighboring source that is also

collected by the pupil. For a point A located on the zero order, the corresponding first order
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enbodi nent of the present invention, an inner annular illumnation ring
wth etin,i/rrout"t = 0.45/0.68 is provided in the nodified double annul ar
aperture to enconpass the pitches which are not accommodated by the single
annular ring in a conventional illumnation pattern optim zed -for the 130
ampitch. The nodified double annul ar apeiture also includes an tijill-

annul ar FOHYLS Bsated g Awi t hhis means thet the dafiragtigppleosargap apmgiisalbydistlugst to
the optinmal values for the 130 mM pitch. Therefine, the present invention
can be visewed ths ceutppbiypugl pldde wihormalladsf to axogical pathidifitrenre bueaedeirays
addition to what is provided for a single pitch. 100521 Wile a double
annul ar idnlitted Mk 00 ah8 SUkdspedtBRty. t aher guth deffeehédrBhussetdepmgsidnom ihege
exanpl e being evaluated in F-Oture 4, it is to be appreciated that the
nunber of . gpnyl ar illumnation rings in the present invention is not
limted to two. A larger nunber of rings is al so possible depending on the

size of pj r e being patterned and,if .the val iRt he pitch range
are cl usﬁgége\i] IB?ﬁ aced aﬁlisl.é aﬂgd%ef(f 8ﬁ%ﬁrl gfff@?cﬁlgna n§1 grao)r onr/]%rgap i %r:? grovt

nodi fi ed annul ar aperture according -to, the pr esen&_ [ nver&ti on_al so be of
the same WFIgRTREPEHIONS KPEK nBs generdo g1 inyRaiorsniyaet diseayseRds thal theogsptsr the
annul ar illumnation pattern derived fromthe above described sinmnulation
can be ewatahvédviriapdisseean g firstsandhesro pedsr sliffiarthenitia better ithe wadgedionssasi on
(CD) through pitch performance, In Figure 5, the CD through pitch

per f or mandes fsosechine podidbfsi ethe dubl @dantiffration lthatrird adt ererlagpipg otithethe zero
together with the results for two exposure processes using the sane

exposur e £eRdiyiil Meohhatk SbRH S0AB muh@rdegﬁarﬁggﬁﬁag@t:&ﬁfdat. Qo Vifle 2X@miple
Figure 5 is the aerial inmage CD through prtch behavior of the double

annul ar i i | QN t Q . . C =0k 7 , 5. d 40
repr esentdslh#%]ééa:yr ?}ﬁu \Ml: négggﬁleéﬁ 1% ﬁ?@g(ﬁo pl)‘lgygﬁ %5%%?%@'&6%9%9?%%%% il%glg
annular with values that are optiml for 130.ampitch. that.is, = 0.70/0, 95.
Then1a. i AhereEpuh Fubaa et GUR MR oo PiBRR dSERat RenaBiaes FonRbat oo
t hrough pitch behavior of the inner annular ring in the double annul ar

i |1 um natthehSham ritch. viet eeseit, the G deyigigsiromKbe tagefetlucfagnmgis [signHecant
curves is 45 M. 100541 As illustrated in Figure 5, the conventi onal

annul ar ratm§0md0 shows a. large CD fluctuation in the 150 to 200ran pitch
range equivalent to 15.5 % of the target CD. The m ni mum CD occurs at 200nm

pitch ang%bss]qhmerdanaé%@ﬂheﬁ@ fnkaiticnhehd anged c6adrRt 243 NS0MIh [Btchh@n be
maxi num occurs at the i90nmpitch and is around 6. 75% nore than the

t ar get t i ehd : i ég% ok i .
fluct uaﬂ? I&%P?V;éﬁgé'}g;ﬁ\t}%dé ﬂ%‘?ﬁ%ﬁz“g‘%ﬁ?ﬁl co {Ogtﬁgtgh%& ?I}Iﬁg!g% agtaﬂ&rgn 0(%18}%
correspond to optjm zed values for the tightest pitch (130i only and
opt 1 a1 1B S el ST mitne AOE RRLaB b e ke el vl 8 e
taken into account. As a result, in the 150nmto 200 pitch range, uneven

di f f r act irorg ohdesu., diFsA43/D68i o @nert irmupupidg pithne, 86.uhF 9. Y0P 2ast porvidedns
is not trivial leading to significant optical path difference between rays

whi ch cauggsaddi@ydalragRr eeniliashg 386 p&ddafel Ust HalkisRind oSl ghneAR@Eby the first

order outer ring 620 by increasing the overlap between different diffraction orders. As a
result, better image contrast and reduced forbidden pitch (i.e. CD fluctuation) effect is
achieved. The diffraction order distribution 650 for 150nm pitch lines exposed using the
modified annular illumination pattern is shown in Figure 6b. The exposure settings are as
before with NAy;=1.12.

[0059] In Figure 6b, the outer annular ring 660 represents the zero order diffraction

distribution for the outer annular ring with Gin2/Gour2 = 0.70/0.95 while the inner annular ring
17



[ 0055] Referring to Figure 6a, the diffraction order distribution for the
150nm pitch at the pupil plane is shown. The diffraction order corresponds
to an exposure process where the photomask is printed using the
conventional single annular ring aperture 540 with cirli:5"ut = 0.70/0.95.
As the didebr@ptdseits aki¢leerodorsitr diffthétvn distribbBopdpd thepinageannuldr g 660 with
reconstnieted at the wafer or substrate plane, it affects the final inmage

quality thatsw IL desebkai npgd tJ@%ﬁﬁfaPraﬁnulap@ut@b{ E et @ a?ﬁﬁea{rmu}a{rcurve.

distribution at 150rimpitch is an exanple to illustrate how a di action

order dis r|b tio it.ch wit i t:cant uc tion wou Iook
ke, To0sna 8”878 end R oyt Gl RO ooy i Esitishih S5

ai IL ar ring 610 which represents the zero order diffraction dlstrlbutlon
and two mqrapf frshordsr délingtos dzonaignbonries FewspBrbistdllesied pyihe Bpilof Thane
first order diffraction froma neighboring source that is also collected by
t he pupi lfirstrord zergoidet difradoat @400002, 1080.2&120 overdigr to rirbreide overdapporipartjons
-first order point is located at A'. This neans that the diffraction
orders arggoasymmetrically distributed around the center of pupil plane
which [ eads to an optical path difference between the rays emtted fromA

and A" r[@ﬁﬂﬁ%l'th’cﬁig}i thel B&n PAhReRichf &FeNGBn RUS ST tiesnROARs AstINCJIRAE, as
cont r ast in Figure 6a, the first and zero order diffraction (610

620) over; L(?i@at&g lﬁﬁt{é d;?e]reé) \ﬁgé | -%er?%Ptrmnr% %0%?’0913 tﬂg nt%{s?'drdérhﬁ fh‘nslyt?o ors

have dlscovere rea he e over
his is be ause

and zero grder, . di the better th ntrast

por t | ons RrIpHe (o7besT) Fopii 4t s st Ohap 2P S1aROR doaeiss SPRGAR R tiene
zero order will becone background noi se thus degradi ng i mage contrast. For
t he exanpliractipn distrahuéignishomngaridges,bat hdies beosfsaimpge sontrasingfalippe gRuGhr der
diffraction 620 that is not overlapping with the zero order thus leading to
si gni f i castterd€Rreadati anhé h50mmgecte diteradsitioatof tth énrbb @nmulan g dko redsitsain an
result, the CD deviation fromthe target value of 45nun is significant at

i Sitian [ &%dhﬁhag@ ESHtASNGERl @DtdAntrbleatiothee BittIRR, thé BEfrAADA G@&tdidtibutadn éthe
150turt pitch can be inproved by adding an additional inner annular ring to

the single,af il R SARGLIAL & 1848 WelebkoiddeR HON ETe i QAR el ichf¥om curve

enbodi nent, oubl e annu um nation pattern with an inner ring

ct,,,,, and o [.cia,u

0. 701 0, 98 D47 il &V&%ﬁgﬂs&&@ﬁ TP ELTR e iRy &t athep
background noi se generated b the & irst_order outer rlqg 620 b% |ncrea5|ng
the over ISEPSURER WeEHPAEFY f”élrnén e floubleattiull eHBiesPatisn . Fasqirye St there ismage
contrast and reduced forbidden pitch (i.e. CD fluctuation) effect is

achi eved reffheclivhtfoes (G thiongle pitelt Selaviurt wish 680N fiordeyBtioarrqm tagel CResf
exposed using the nodified annular illumnation pattern is shown in Figure
6h. The etSposheity sy iggsfl dicaargst OPfand ehanvdatife NAPD) fruclualidn tHroG@PFitdhns bhigur e
6b, the outer annular ring 660 represents the zero order diffraction
distributsign for the outer annular ring with ai":2/a0",:z = 0.70/0.95 while
the inner annular ring

[0061] As for curve 560 which corresponds to a single annular aperture pattern exposure
process with 6,1 and ooy 1 settings identical to the inner annular ring of the modified double
annular, there is still a significant amount of CD fluctuation compared to curve 520 for the
double annular illumination. The maximum deviation being at 180 nm which is 6.13% above
the target CD of 45 nm. Therefore, in contrast to both single annular apertures (540, 560)
shown in Figure 5, the modified double annular aperture 520 shows relatively uniform CD

through pitch behavior.
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662 represents the zero order diffraction distribution for the inner
annular ring 66ith = 0.45/0.68. The two partial annular curves
(the outer partial annialin denoted by 670 and the inner partial annul ar
curve denoted by 672), correspond to the portion of first order diffraction
of a neighbouring source that is collected by the pupil. The first and zero
order di 9962 {lhsnprEamangesot theymoddied) dawpis paplarqillgppiatige RS sppalsg be
portions 680. [00601 Although the non synmetrical diffraction order of the
out er ri mfsdrged froi pitl deeigk mahgeastensithi platse Fipyres fie-7prsbe@ribe pigsh aerial image
non- over | appi ng portions of the first order diffraction distribution (670,
672) in hhtgwli® plts fdrethexh@hfiedidonole-fvialak apuhastice patasedemrosopaxieds sddidt he
diffrat,tioa distribution shown in Figure 6a. This boosts image contrast

and al | oyg,e sRehd %n\@Bi&?ﬂ‘taﬁf?l!lla@f]lumﬁatgoﬁ%gt@npé)ﬁtﬁﬂizea_ s 2ddint }LiwgDthean

inner annular ring also results 1in an inproved i mage contrast and
control at_.gt.her pitches,the diffraction or. djist.ci I - Whi e
ot showserAdnier BUGFT S Gedria0 B ptve R
fromcurve 520 jn Figure 5 ich corresponds to the CD versus through pitch
pl ot for Pﬁﬁ@néa]%"é”%é‘npgc%mﬂ?%% ilggfé"ﬁp%‘%‘i&()ﬁ%‘?lnﬁesi’ﬁ“élvﬁg'u eStﬁ?ﬂ?BI%‘?IPe
aperture pattern. For curve 520, there is relativegé uni fonn CD t hrough

pi t ch belvawkwonds thbetetiimags dentiast poth i therpferamgeferrad dfs ABAFgd BRI diB¥esy
2.8%of the target CD and the range of CD fluctuation through pitch is only
3 "IL [ 00611, Aefduubbuamenl a6 Dluntinatiore pattes fondsldioely poorgt énagmuab@rast for
aperture pattern exposure process wth aimand cYout,i settings identical

to the inpghpaRANBIRE coivedtifal bhgulpomiubiifdicdqiabb® Antbapitchehaneuh@dstTbid a
i ficant annéht of CD fluctuation conmpared to curve 520 for doubl e annul ar

i I'lum nat.j an. dgvi ation.: hei-ng.: i i 1334 : - get
D of 45 hAnF GG EhbAAR BB e b ank Sl 116 e BN LB Sl
560) shown in Figure. 5 the nodified doupl e annul ar. aperture 520 shows.

7ol bt velgnifr FHTEAR FGEgioptct i t5aHEL PoRSTod b ats BSMLE bR G RERCE by
the nodified double annular illum nation pattern can al so be observed from
pi t ch aerdcerdanegyeth thedrseRlinG08. Fi gures 7a-7c show the pitch aeria
imge intensity plots for the nodified double annular illum nation pattern
(r epr eserj0@aB]ass salent framelsd aweresusntphe itonwssibleonaimpaaveulnaagei dohtrast nathon
pattern optim zed for 130nrn pitch. The aerial image intensity plots are
obt ai ned fhypidRASMIdhNgglbhand §lradiceer taMtBRS) tidifdrar CDI theowadpisagefopahier s
having a pitch of 150nm 190tnn and 200run respectively. A steeper sl ope

; ! . ;
corres po’hglr?lg n?g{&%tf%e@?é%uﬁ?ﬁ%&%ﬁ hxg A d ﬁo{er@A?fcﬁllﬁ}g]ol&rr@g & ﬁﬁféms%ranﬁgls

observed annul ar 11 nation pattern

rel ativel oar,er j.mage .contrast for c ared to the conventional nnul,ar
T1 i nat't RO BAE PRIRAR iNpRalon selings N (0gp 9F a1t Pl SRRmATWUEL |
observations in Figure 5 where the cqQnventional 130, an optj m zed single
annul ar ai@ébkmuhagn&wﬁorp%pémoeﬁogéhlﬁmng&&rﬁ%b%nﬁw qifke Brssmt SVERRRH ar

aperture in accordance with the present invention. . o
and is not to be construed as limiting. Modifications may be made to the illumination pattern

while applying the concepts of the invention. For example, the number of annular rings is
not limited to two but may be varied to accommodate the pitch range to be optimized or if
the pitch range to be optimized are spaced apart. The various rings may also have different
thicknesses depending on the pitch range the ring is intended to provide optimized values for.
[0064] Some OAI apertures in accordance with embodiments of the present invention are
shown in Figure 8, Figure 8a is a configuration for the double annular illumination that could

be used if there is greater range to be optimized at the wider pitches therefore resulting in the
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100631 As evident fromthe above exanple, it is possible to inprove inmage
contrast in the forbidden pitch region and produce a relatively unifonn CD
t hrough pitch performance by using a nodified OAL aperture pattern with two
nmor e OAT conponents or patterns arranged to provide optimzed illum nation
set ti ngs ihwer ringrtangethidker dlati @se outéreorebBisarestangl aethivkthowderudin e foa tiriaagingnp
is for the purpose of illustrating an enbodi nent of th.e present invention
and is nQjf § GaherCost dongtises o isfater NGngdVRAT frhARE | BRAITRYFiREreMBERKL @S thhe
illum nation pattern while applying the concepts of the invention. For

examl e, HRuUTRGL 0 ABNMI AT 1050l RuPhe LLA S HI MRAMI IS Bbcrn

varied to acconmno e pitch=range m zed or

to he opt.im.zed, a ced apart. The various rinds may al so have different
t hi cknesé%g"lquibgﬁhfbr‘(’ggdgn the pitch range the ring is intended to provide
optim zed val ues for. 100641 Sonme OAT apertures in accordance wth

enbodi merdP86fintageordpnraseatith pyoeand; @pbosimend e inyemiqppenedifipg Qalearsguies
configuration for the double annular illum nation that could be used if

t here i s wirgatigoler dhgenttorbencdptis preeidedt Dhelenvildeningidrc hes thehedweintage of
resulting in the being thicker thangure Sb has a thicker outer ring for

t he i magidlighifiting @bdstrebach@butd i icagoth @liaaindraré angosaf tosexdilierepitivelies .
Figure Sc shows an illumnation patt.rn with three rings which could be

appl i ed wagrp faﬁma%ﬁ gfﬂcﬁ AR9EatRh BniAlddabAnhSlalMIMRiNathShédd uh SebitidD YRR, 1 n
accordance wth a Second enbodi ment of the i1nvention, nodified OAl "apetture
using di Fir(%llaee icI htlfz?sit QJaltlia?Sr(]) genglghii \§e pf‘o(%vtiea ege' t%. grleeorilelnk "t’éﬁ Daj ier?(ﬂcu & toh?ne
advant age GF° SPTHnatt eesst ve'bat groun duet 8 28 0th of a8r afid are
supposed to exhibit relatively |ess ) through pjtch -11 ctuatjon conpared
Lo annul AFERAGROEAS SHololer e’fqmé&oqcapai% logided & N {RG &R XIes EXFFIRTS o
be achieved -for features that are orientated perpendicular to the

ori ent at iiBrgoFontret Wi hiok end Fwce pxitarps éireciedddlpes be[yowas el vagw g theraeceding s
provi des excellent inmage contrast fbr |ine and space patterns directed

al ong t hedyamstagessdip&de illiinatdn ishetteprappbed duyimdha phiagesg ofidemdedinel dndrspaat | on
is often applied during the patterning of dense |line and space patterns. -N

ver t hel esattainkZ eNdRaheldisD MheLinvehters RatizOhas Higole Abfifitionf toMifhes fioabidden
pitch problem [0066] Figure 9a shows a conventional dipole aperture

pattern { S t of dipole openings |ocated opposite each ot her
al ong th?@%‘%ﬁgmﬁg?&@ﬁe and space patterns having |lines spaced at

varying i .he timumam n and aout, settings . .vary dependin n.pitch.
P R e S T e A e R g S
for a pitch causes poor image contrast for another pitch. Consequently, the
f or bi dderPPsTingh lospied qppesile qchiathaalens tgenaxiyr Far hae ang spassi RIS NavVNg0671
A nodi fied dipole aperture pattern in accordanceh anot her enbodi nment

i nvent i odines spdvednat ivaryigypiteh, 9 oftheumoeinfand cati pettiegsapey tdependiag dbe mpitch.
consists of two sets of dipoles and hence two sets of G 11, and es"",

val ues. T, QULRT it §§Hif§§julfjio°8},o?§ siitt)@ati%{?é W&%ﬂ)tiﬁrﬁfm densg R, ts&!ﬁngﬁfdr_rléﬂlgfchset

of dipoles I1s configured to give better contrast for wder pit

g\c/lgir i[ gggﬁc:a@sieg %%Er ‘1jrlnggoe| ceonitrgstt E)? arr{}))t(fllien]f i)l%&l %c%gcleq%e}ltllyll, L{H‘é ?(?rtbi(f?ign %?ttcﬁ %E‘f%ctcéa%ases
still exist even for dipole illumination.
[0067] A modified dipole aperture pattern in accordance with another embodiment of the
invention is shown in Figure 9b. The modified dipole aperture pattern consists of two sets of
dipoles and hence two sets of cj, and o,y values. The outer set of dipoles is optimized for

dense pitch while the inner set of dipoles is configured to give better contrast for wider pitch.

The additional inner dipole in the modified dipole illumination pattern increases overlapping
20



between the zero and first order diffraction distribution, thereby

i nproving imge contrast. In alternative enbodi nents, then-, can be nore
than two sets of dipoles and the sets of dipoles need not he aligned al ong
the sane axis as in Figure 9h hut are oriented at an angle with respect to
t he ot her, set or sets. 0681 As. with the previous exanpl e.for annul ar

1 ot nateBEens e 7619 it A ool il as SReT o hotterp s a THBU S B Bote ity be
derived by using a simulation software such as lithocruiser by AW to

cal cul at dngpeingaye gabedingstsofiergtean e mgig thyntwp sptsfo dinglgs aplaheess ¢ffdipoles
interest. The sinulation. software can be programmed to derive optim

di pol e apeed woebeahpngualahg dre {engaxieian iarkdgwe 'Yutbw alteiesyntbdsedn angle hveth
criteria of providing the wi dest process "dmfOr the respective pitch.

Par anet ergspedi toald theNse@ 888881 Ng process w ndow include but are not limted
to one or nore of inmage fidelity paraneters such as depth of focus (DOF),

exposure [b?(ggr;;&gg,ithl& ARub RE, | :éica %ﬁqwﬁlﬂ&i%y Alun@hit ﬁg{ﬁ $5i ple

while stil intaining l'ine cr nsion wthin accepta mts,

and i nmage_cont r ast .aneters such normal i zed inege. | og sl.ope.which is a
measur endhtotrd ARAPIE RIE iy heedcgd o Ping sepER v pctpclitioertiter
enbodi nent, the process w ndow may be defined by a weighted conbination of
two or noBeAPMege deicdts eptirpalrsaieee PECin 1.0DE69 Pok.n 2Bt Eoendob dil iitplics of fgerest.
software sinmulates the patterning of a one dinensional |ine and space

patt er n Whehsi@utasiog b itivareenh depr&Raninedlibnicnvanptigilt dipolalpuesrera@nfigungtiénr om
130mm to 50C nn. During the sinulation, the other exposure conditions such
as but n e t "1 ' ' 3 [

Syst em and Zphat e T R o R B Ry AL hnaal AR
then derives opti.mal ain and o-"":.values characterizing t.h i pole. .

cont i gur dPTSALTS bR SRR O BB med men Wiides BFF Bef Bf Roflgmited
performed based on an_ i mrersion |ithogaphy system_ attenuated phase shift
nmask wi t HO 695 of feneaf inaeeer dalisy PHAMCNNpYUST ssfdepthefdpasdBXQDncyraseredfifire t o
1.10. Alternatively, other exposure conditions may al so be used during the
si nul at i omhich [i§0FOmaAimem thsopt dosl variation gredmatibld whaleussl araentdigrrigy bag
they are then divided into two or nore sets based on how the val ues are

di stri butggical nlieesi@rbomihine atceptbitoUlphies, amilliddagt | ddnfiamatphtindi@y Heh as
ufficient to cover the distribution of the optimal settings for a tine 45m
tine wit I b ]gghg i @ur 04¢S :

si mul at eg1 (%lg%{ﬁk‘lhrdoﬁ%%ﬁg:a? ch ngP’ P%Pﬁig%gfeﬂe? %@gﬁ%o@v%ﬁts?%%ea?t %?\é%i gh)\e/fﬁat fleSlSt

di pol e aperture configuration of alrs/(70"1 =.0.45/ 8 _apt.im r..l.30nm
ot Foh andraitiofh FROGR RO Ridbr 8% Mg SR dipe B s ped EPhgyte
etintetout,i = 0.35[0,5§§I,r the i nner dipoles and GhL2/qout,2 = 0..58/0.70
for the JUtWP ogisse gage BePAIRRETSFi gure 10, the conventional dipole
illum nation curve 1010 has relatively larger CD through pitch fluctuation
parti cul dPP§Oldn quietemmbadamens thsetofimare di50ilates HeMatterige ot ohe danewsidet leen

t he maxi mum and m ni nrum CD obtained is around 8.3% (from 150 to 170nm

pi t ch) ofantihpadcapayetn ERhwhiatget tihevidax Chusi LChnoaalipischatalddsGaagmifioah 1 ¥ddh a
deviation to 4.2%of the target CD, As with the earlier described annul ar

i1l um nati, o oBuABRRthe SRuldidat HRLMBE alpobille cdR@tibAs ARAN BiARGE 1iFRKd he
expl ai ned by uneven diffraction order distribution on the pupil plane

| eadi ng t,@,Si gni.fi tical t i twee ¢ uses

| ow i mage Aoy ant PRk RR IR B st b o BRBDT AR AR H ARG BRUREE,

t he nodifi ed doubl e di pol e agertu e representh by .
constant. The simulation software then derives optimal o, and G4, values characterizing the
dipole configurations for each pitch. In one embodiment, the simulation is performed based
on an immersion lithography system, attenuated phase shift mask with 6% attenuation tactor

and NA,; of the projection lens equal to 1.10. Alternatively, other exposure conditions may

also be used during the simulation.
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curve 1020) has significantly better CD through pitch performice, The
range of CD fluctuation is much less with the difference between the in

xi mum and m ni mum CD equal to around 3.5% of the target CD (at the 150mm to
160m pitch). Additionally, the maxi mum CD deviation at 150nin is only 1.4%
of the tangre] Lder heaypeihei &, aid 6§, eNudeirt dehiadd, alreyl arp rthared®idedi iAtoOWo or
through pitch uniformty is achieved when the nodified double dipole ation

e 5, HEIPGCRREs T, LITCHETRI0L U UG, Wi (o

portion Olilurtnrill%tion may be sufficient to cover the distribution of the optimal settings for a line 45nm
line with pitch between 130nm to 500nm.
[0071] Figure 10 shows the simulated CD through pitch performance for a conventional
dipole with dipole aperture configuration of Giy/Gou = 0.45/0.68 optimized for 130nm pitch
and a modified double dipole with dipole aperture configuration of Gi 1/Gou,1 = 0.35/0.53 for
the inner dipoles and i 2/Gouc2 = 0..58/0.70 for the outer dipoles. As seen from Figure 10,
the conventional dipole illumination curve 1010 has relatively larger CD through pitch
fluctuation particularly at pitch ranges between 150 to 200nm. The difference between the
maximum and minimum CD obtained is around 8.3% (from 150 to 170nm pitch) of the
target CD while the maximum CD occurs at 150 nm pitch with a deviation equal to 4.2% of
the target CD. As with the earlier described annular illumination embodiment, CD
fluctuation at the 150 to 200nm range may be explained by uneven diffraction order
distribution on the pupil plane leading to significant optical path difference between rays
which causes low image contrast and depth of focus.
[0072] By contrast, performance of the modified double dipole aperture (represented by
curve 1020) has significantly better CD through pitch performance. The range of CD
fluctuation is much less with the difference between the maximum and minimum CD equal
to around 3.5% of the target CD (at the 150nm to 160nm pitch). Additionally, the maximum
CD deviation at 150nm is only 1.4% of the target CD. Therefore, it is evident that an
improvement in CD through pitch uniformity is achieved when the modified double dipole
illumination is used during exposure. The improvement in CD through pitch uniformity for

the modified double dipole aperture may be attributed in part to some portion of the
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addi tional inner dipole conpensating |iar background noi se generated by

i ncreasing the overlap between the zero and first diffraction orders. [0731
Al t hough a doubl e di pole configuration is used in the above exanple, the
invention also contenplates nultiple dipole sets that are nore than two.
The nunber of dipole sets depending on the pitch range to be patterned and
if the vaddiwngk innge dirale cempsnyating donbaclsrawrd yose gmesisd Bprpggasing the
Additionally, the thickness of each dipole set :may also be different.

Adj ust memtverlap bé¢tweethihckaesamddant Gfrattine oatsenrding to the pattern density to
al I ow maxi num benefit fromthis nodification. [0074] Referring now to

Fi gure [ I[p013)1exigidughs shdtndipolel nfigharibn 18l 0&doh the photeodxatiphy tiaphivepic@cess
1100 in accordance with an enbodi nent of the present invention. The

phot ol i t Merﬁlsl_gfe@mm@emgﬁé s QNAtdirBGn Gre SHRSEFAL SHPLERBELHS Wipblt s
photoresist layer in block 1102. In one enbodi nent, the photoresist |ayer

is applied onto the,substrate by spj i A 0 risi
first andfjege%&el%r? e%%tpf grl e evlion%e gatpeéﬁlgeg‘g%ﬂtlﬂpgfeth’fei‘%s etse{)ﬁﬁés(ed%%n %L?(%h%% a?eanee
is then provjded in a block 1104. The photoi nask is di sposed over the

subst r at EIRK SHayioRE et Aéailé'anﬂw fie ikngsiod cah %P&@éﬁ@&?y 80 B tlifen
alignment features on the substrate, in one enbodinment, the first and
second patdjestmentionipe itkieknesh earabridesaaseordana torthe paitein daestitydp alapyonffEwm

the first and second patterns conprise a series of openings. In block 1106,

a conpositeachipesh wiiie nwaifpgatishng a first and a second off-axis aperture
pattern is provided. The first off-axis illumnation aperture pattern
having a G[OG'M]' Igéféﬁidg%v& fdatti gh A OMREeih RESHBHAGESSW \Shi€ OV f 4 PrevtdlithsEraphhyt Ch
ranee and the second off axis ilfumination aperture pattern having a

confl gur bl ¢ iy [HPLOYERED CwRAOGRS EmBbAIARN TAAF o SRERRM iRILfiBn! ANgRe 1t

is to be "appreciate € nuhber o -axis il nati on aperture
ited to t\ivo

tt i t | : ith.th I mb d t i ned
Pased on RGPl aecs e R EounE £k Bae RERRCs W2 8 SRR TR Bel y

clustered the pitches are. Next in a block 1108, the photoresist |ayer is
exposed ttogk tH: alni ene apbadiment theophpieresist laugyas agpliadnentp jthe subsiate Scwiy
pattern on the photoresist |ayer. Radiationthe radiati on source passes

t hr ough ivaseguénpetohaeskcompositga dpe randracsseamu] paienp hatiog raskpectnrefiest and i s
nodul at ed before reaching the photoresist |ayer. The dose used in the

eXposur e REAREFIScHMBYighes Sih fprevieat it ® bause uot e HaGRaskhianggobél bhe the
entire thickness of the photoresist |ayer thus pattern transfer fromthe

phot omas kb s £0Rd Gl§he fbsRiohkd B S1iEXRITHIAnTEER t {EEktalnaBnlAE Keatures on

the substrate. In one embodiment, the first and second patterns comprise line and space
patterns. In another embodiment, the first and second patterns comprise a series of openings.
In block 1106, a composite aperture comprising a first and a second off-axis illumination
aperture pattern is provided. The first off-axis illumination aperture pattern having a
configuration that improves the process window of the first pitch range and the second off-
axis illumination aperture pattern having a configuration that improves the process window
for a second pitch range. It is to be appreciated that the number of off-axis illumination
aperture patterns is not limited to two with the actual number needed determined based on
factors such as the range of pitch being optimized and how closely clustered the pitches are.

Next in a block 1108, the photoresist layer is exposed to a radiation source to form an image
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110, the photoresist layer is devel oped thus patterning the photoresist

| ayer. The photoresist may be devel oped using either wet or dry

devel opnment. [0075] The present invention provides nodified off axis
illumnation patterns to address the forbidden pitch effect which is a
comon pr@ithe firdtrant kecondplatteat o0 theqfhoedrési@Xayeri Radiatioa tfioanthe Thdiatiory enires s
have di scovered that this problemcan be attributed to different pitches

requi ri ngydidsiiRiotbh ilPRIGLBRIe tRAEShAbsie ABEHEBGRd He sHoWIRasR, WREE NG oDt
result when the aperture pattern conprises a single QAl conponent whose

configurati ' . | el I f t I t.ch
Forbi ddert BboiigfAgdfe MolRiGRMGE THE &S 186y B MEE AU pRlck ol B
havi ng OAT .aperture patterns that are optimzed for just one particular
B et 0 g R R R U A A AL
to inprove pattern resolution at a range of pitches, wherein each of the
respect i vieatiem trygfar drams theophosypaskds semplsted ie grielepposarester. Aot igartdeskon
that inproves the process wi ndow of a respective plurality of pitches The
| ocati on 0l1@i the PATtoceimd tayenissieveloppkthanpatthirmeg sheqpiwtoredistéayeof T phatonesisty
depending on the pitches of interest and type of feature being printed.

Furt her, mhy boughidpee udigeithiadeerapdis®vpmenel ate to the patterning of
line and space patterns, the present invention is also applicable to the

pat t er ni Ngo94| PREHLAGS iﬁ}éﬂ?%r%ﬁromg %d(ljfgésﬂ (2[3 gﬁﬁgg%g{aﬂﬁﬁ?h{t&ﬂs {osaaﬁﬁ‘ech the

applicable to other OAT i nation o Imted to

quadr upol g ;an uasar.illumnation. Finally, although th T.aperture

ot ter ne r e HRAGEE LY AT S04+ Erel rhentgr e BB Hloh BF ot i PERHEGe, 1
is to be _appreciated that the present invention also enconp S apertures
wher e t hel RSAIMVEBRFb AR Sl%58Y SR the iy et S eraHBPGH tﬁoﬁ@renf GOFRFS The
descri bed enbodi nents of the invention are illustrative of the invention
rat her t haquitingidiffergnt betithalvpmtialoeghetdnce or tsggrhe ousetengst odd a trault,r ehesittons
andr:audit-is is is may he nade to nethods and systens described herein

Whi | St i dpkrtBHeONt@inh o Priidve BingR O onfrnbik Whisal CoriReraB60RE bledl P the
included clainb Ail matters hitherto set forth herein or shown in the

?ic %Q[TF%SYAQJ&%}SJI iv%ﬁg?%{ ga[ E?Iﬁ?l#gtgp%t@%,%fé{gﬁk}gqeﬂ BitctRBrrbde s} 6@tV emAMd pRnt
invention, instead of having OAI aperture patterns that are optimized for just one particular
pitch, additional OAI components are be added to an aperture pattern so as to improve
pattern resolution at a range of pitches, wherein each of the respective OAI patterns
corresponding to a component have a configuration that improves the process window of a
respective plurality of pitches . The location of the OAI components, shape and dimensions
thereof would vary depending on the pitches of interest and type of feature being printed.
Further, although the described embodiments relate to the patterning of line and space
patterns, the present invention is also applicable to the patterning of openings such as contact
holes. Accordingly, the invention is also applicable to other OAI illumination modes such as

but not limited to quadrupole and quasar illumination. Finally, although the OAI aperture

patterns in the illustrated apertures belong to the same illumination mode, it is to be
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1, A nethod for fabricating a sem conductor device conprising: providing a
substrate prepared with a photoresist |ayer; provi di ng a phot on-task
conprising a first and a second pattern having a respective first and
second pitch range; provi ding a conposite aperture conprising a first
and a second off-axis illumnation aperture pattern, the first offh-a i SI

i |1 uni naPsciapsdr thit e thsadresent HAVANHED a 268 n PRGUINRETES n PRI ST st th)A
process wi ndow of the first pitch range and the second of f-axis

i |1 um natpmpoapes belprs foatifferent iNamimagioa newlesi gur ati on that inproves the
process wi ndow for a second pitch range; exposing the photoresist [ayer on
the subsfo@ieg Thd BescabédtmbodiorRnsouft e itveatigh atdglusoapesatt the apentiomn eatherd

t he phot ornask; and devel opi ng the photoresist |ayer to pattern the photo
resi st | ayelimitég ofif MBLARA. a8isGb Bk MRHerkidod kidit MvisioNh@idehHdifiBatfdnk Stayased
second off -axis illumnation aperture patterns belong to the saxis

T um natrrlla ARUL rrqgthods and systems described herein while still providing an invention that falls
within the scope of the included claims. All matters hitherto set forth herein or shown in the

accompanying figures are to be interpreted in an illustrative and non limiting sense.
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3. The nmethod as clainmed in claim2, wherein the first off-axis

illum nation aperture pattern conprises openings that are of a different

t hi ckness from openi ngs associated with the second off-axis illumnation
aperture pattern, ethod as clainmed in claim3, wherein thickness of
e of f - axiWhad ik yhimned ison aperture pattern openings is denoted by difference
bet ween partial coherence values of an inner and outer circunference of the
openi ngs. 5. The nethod as clai med gpagl& m 2, wherein first and second.
off axis illum nation aperture pattern are oriented at an angle with

respect t B t i in claim2, wherein at

I eagt onel'o?‘q@%ggé?ﬁ% brzli% nggggﬁ?fog&?q@fgeg&cl%lclgﬁ%lnﬁlagi on aperture pattern
bel ongs to an apnul ar, dj pol e, guasar_or quadrupole illum nation node. 7.
The net hod B’é""&‘ﬂ’égf‘ré\ﬁbsitrﬁte&r’éﬁ’ar‘i‘?‘g‘f’%ﬁﬁ&tﬂl?&oé? HEET i rst of foaxis i11umination
aperture patte conprises open as that _are of a different thickness from
openi ngs asBViditgd nptamaskeosweising 2ofirst asd 8 spand matenn kavingpe respewivedirster n.
8. The method as clained in claiml, wherein at |east one of the first and
second ofdhdazéamdipifichhmanest i on aperture pattern belongs to an. annul ar,

di pol e, quasar or quadrupole illumnation node. 9. The nethod as cl ai ned

in claiml, pwReties A cbifodicApetsre WoMPEvink % Hefdnd@tbefdhdadff-haasitundingi@f depth

of focus, exposure |atitude, and i nage contrast or wei ghted. conbinations

thereof . gperture pattern, the first off-axis illumination aperture pattern having a configuration that
improves the process window of the first pitch range and the second off-axis illumination

aperture pattern having a configuration that improves the process window for a second pitch

range;

exposing the photoresist layer on the substrate with radiation from a radiation source
through the composite aperture and the photomask; and

developing the photoresist layer to pattern the photoresist layer.

2. The method as claimed in claim 1, wherein the first and second off-axis illumination

aperture patterns belong to the same off-axis illumination mode.

3. The method as claimed in claim 2, wherein the first off-axis illumination aperture pattern
comprises openings that are of a different thickness from openings associated with the

second off-axis illumination aperture pattern.

4. The method as claimed in claim 3, wherein thickness of the off-axis illumination aperture
pattern openings is denoted by difference between partial coherence values of an inner and

outer circumference of the openings.
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10. The nmethod as clained in claim1, wherein during photoresist exposure,
radi ation fromthe exposure source is sufficient to cause a total phase
change in the entire thickness of the photoresist |ayer, wherein the first
and second pattern is transferred onto the photoresist layer in a single
exposure step. 11. The method as clained in claim1, wherein the first
and second patterns conprise |line and space features. 12. The nethod as
claimed in claiml1l. wherein the first and seco.nd patterns conprise
openings. 13 The nethod as claimed in claim1, wherein flu, scm conductor
device conprises an integrated circuit.

5. The method as claimed in claim 2, wherein first and second off-axis illumination aperture

pattern are oriented at an angle with respect to each other.

6. The method as claimed in claim 2, wherein at least one of the first and second off-axis
illumination aperture pattern belongs to an annular, dipole, quasar or quadrupole illumination

mode.

7. The method as claimed in claim 1, wherein the first off-axis illumination aperture pattern
comprises openings that are of a different thickness from openings associated with the

second off-axis illumination aperture pattern.

8. The method as claimed in claim 1, wherein at least one of the first and second off-axis
illumination aperture pattern belongs to an annular, dipole, quasar or quadrupole illumination

mode.

9. The method as claimed in claim 1, wherein the process window is defined by at least one

of depth of focus, exposure latitude, and image contrast or weighted combinations thereof.

10. The method as claimed in claim 1, wherein during photoresist exposure, radiation from
the exposure source is sufficient to cause a total phase change in the entire thickness of the
photoresist layer, wherein the first and second pattern is transferred onto the photoresist layer

in a single exposure step.
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11. The method as claimed in claim 1, wherein the first and second patterns comprise line

and space features.

12. The method as claimed in claim 1, wherein the first and second patterns comprise

openings.

13. The method as claimed in claim 1, wherein the semiconductor device comprises an

integrated circuit.
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