METHODS FOR ENHANCING PHOTOLITHOGRAPHY PATTERNING FIELD OF THE INVENTION
100011 The present invention relates generally to photolithography processes and in particular,
photolithography processes that reduce fluctuations in critical dimensions of features imaged.
BACKGROUND OF THE INVENTION [0002] The process of fabricating semiconductor devices

requires the trangiet lOPYIORPESSANHO VRN P HATIANIA B SYOSPAE WASeEReNGREconductor

devices are to he foimed. 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 toblEbero’ PHatdNEERcbOtdining patterns to be transferred is
illuminated by light from a radiation source and an optical system in the exposure tool simultaneously

projects all g3 joTte prestapatieentantottietghatenesisyAfter ghetelphosmplpropesssthe phdtdresist
is immersed in a developer so that the exposed parts of the photoresist remain or dissolve depending
on the polaptyrtafule, piiotolégbisgapby. fivecdese!tpingedroee Ssdeavena phatitiesistipatieriothaifis
substantially similar to the mask pattern on the surface of the substrate, [0003| An exposure tool used
in a photolitfragragshynpgedess 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 pr(lgjection lens. The radiation source, aperture and
condenser lens lima the BACKGROUND OF THE INVENTION

[0002] The process of fabricating semiconductor devices requires the transfer of patterns
present on a photomask onto a substrate where the semiconductor devices 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 equipment which is used to illuminate the phototnask. Lightwaves from
the radiation source pass through openings in the aperture where it is thereafter collected by the
condenser lens to form an illumination beam that is projected onto the photomask. When the
illumination beam passes through the photomask, it is attenuated by the photomask. The attenuated
illumination BEHRISHRERAFEIhRIUGS GRPNEErAREIIS NSNS Aath ity BERts Srhrigaaded
through the gro'ection lens which form the optical portion of the exposure equipment. The projection is
used to flicub#EwHREK fattetioRtdiAabSNERE RAT IHHASHeepeBIES R dith APRHHF ¥ FHH thiSsame

critical dimension on a photomask can be patterned ontoa photoresist differently resulting in
photoresist $hiERfiECQIFFiGHbICReGRdansiERS IO Mgt PRiIBatMHRI IR bR BPdorits
pitch graph obtained by measuring the linewidth dimension of various phototesist structures formed
from a serieglﬁfﬂh?éoé‘?ﬂ:‘f%pngeﬁaafér‘r@’é‘n‘f‘&tmo%ﬁ’i’éﬁasﬁé}lﬁ?@giﬁ}lﬁé’lﬁfﬁﬁgﬁflﬁa‘\'}ésaf‘%ﬁ‘fﬁ‘i%
linewidth critical dimension of 45 nattomet ) on the phototnask but are spaced from an adjacent line at
varying pitchestiheReeRasihitchs dbinpried 4 biainAkomBeaR FRESREHETEREMHIE BRRIGHASY, the
structures are exposed wijth the numerical aperture of the projection lens set at 1.12 and using an off
axis illuminafAVapattdRe HARNE HFARANAr TRy %ﬁéﬁ%m&&nmw@ﬁaﬁ cBhETRACET A8,
aft, /am = 0.95/0.77. 100051 Although the iines have a common linewidth dimension of 45 nrn on the

'hem -task, (PRIEASRAEHICAh U ERPREBH iFtHRAFor AR PEYIRERPRIFRhSoPS St nasLs B Mha

200ritri pitch range. if the fluctuation in critical dimension is greater than the limit tolerated by device
requirementRAELANAEF R Eange 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 pitVAABY A BB IB0BEL KPR AL HGBR EG g AE Bt AP lom

is to selectively bias the CDs of the features on the photoi ask. For example, the dimenaLOé}%of

affected feafifbRERHIBRELQRIGA RIBIoGeIRh Lot eheR i S th AR SIE- LTRSS W RistSresist

are critical dimensions. Figure 1 is a critical dimension (CD) versus pitch graph obtained by
measuring the linewidth dimension of various photoresist structures formed from a series of
line and space patterns on a photomask. The lines in the pattern have a common linewidth
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 problems with the biasing approach is that it is highly

dependent on process parameters such as photoresist thickness, developer and exposure tools used.
[0007] Another method of mitigating the forbidden pitch problem is by adding scattering bar proximate
the line features on a photomask. However, in tight pitch situation (for instance, in Figure 1 the 190 to

220 nm pitcfy RN Khs P ARSHS T ML I PIRCeRsa S SrakioHnd bR b ARRRT 1B yigwOfhe

succeeding discussion,photolithography processes that mitigate the forbidden pitch effect are

desirable. SUMMARY il dNMYEMSIINL 40031 Lht preSeR MGG 'Slalesarneidlelcan

photolithography process and methods for manufacturing semiconductor devices that utilize these

photolithograply GG eI 10% 5 IRE ARRERhOKIMIAYSRHABN ISP viflepiamethad for

fabricating a semiconductor device comprising: providing a substrate prepared with a photoresist layer;

providing a phaiania sk RMPIRIEY AL 2NYARA D RMIGH G@tﬂ@ﬁe%f&‘s‘ﬂ?gﬁﬁﬁf‘oﬁéﬁti§@ﬁa§%i9”d

pitch range; providing a composite aperture comprising aand a second off-axis illumination aperture

pattern, the it offRyis duHiBation, BRSIPES.RAGY havingsa sefkiurtiondhakimayespihe Hocess
window of the first pitch range and the second off-axis illumination aperture pattern having a
configuratiogxmwpgggl\gqggge process window for a second pitch range; exposing the photoresist

layer on the substrate with radiation from a
[0007] Another method of mitigating the forbidden pitch problem is by adding scattering bar

proximate the line features on a photomask. However, in tight pitch situation (for instance, in
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



radiation source through the composite aperture and the photomask, and developing the photoresist
layer to pattern the pliotoresist layer. [0011] The first and second off axis illumination aperture patterns,
for example, can belong to armularor dipole illu filiation mode. Other types of off axis illumination are
also useful. A composite aperture in accordance with the prevent invention advantageously reduces or
minimizes féAdiatien 511@?%%&1@1pthﬁ/i@nﬁgomum@l@eﬁﬁraﬁgdllmﬁimaﬂmlﬁp@%rg@W%Mre
pattern having a configuration that improves the process window for a plurality of pitches. [0012]
Certain embdWiipEsta! dhipfclarRatifa ssishlaysets in addition to or place of those mentioned
above. The aspects will become apparent to those skilled in the art from a reading of the following
detailed des&43tbd WBrrtarenserend e arice HyHBaReE0PEA Y EFEWINES CHRIE, SES PSS ON
OF THE DRAWINGS [0013] In the drawings, like reference numbers generally refer to the same parts
throughout fReXBIFRRERE WisRke MldeinaEay gy s Qrech Senssdselirnyito bemiabmprgsitsmess iy
generally being placed upon illustrating the principles of the invention. in the following description,
embodiments 6PRRROFHFRRIRTEIE IThSGEEEHISEIVE] Wisy e HpIEniRR ASYEASRORS tha SRS of
which: 100141Figure 1 shows a critical dimension versus pitch graph for a series of line and space
patterns wha}QW§Spﬁtfb%¢éear@1§;lb@£@stu§,vngraﬁlémogmléln%vﬁf&%ﬁv@mwﬁam% RYPAREHhation

pattern; [0015]Figure 2 shows a series of known offaxis illumination apertures;, _
with aperture pattern having a configuration that improves the process window for a plurality

of pitches.

[0012] Certain embodiments of the invention have other aspects in addition to or in place 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]Figure 3a shows a conventional annular illumination aperture; embodiment of the invention; [00
NIFigure 4a is a table showing the optimal ai" and a", values for a line and space pattern having a
target linewiddi CI) 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 Figyrerda; [Q8201Eigurensds & amleshaning ihersRabimaas B thieughRehaHvEs.for

two single annular apertures and. for a double annular aperture in accordance with one embodiment of
the inventiogbodiment 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]Figure oa shows the diffraction order at the pupil plane at a pitch of I Oran when a conventional
annular aperture with off-axis illumination aperture configuration optimized for a single 130 ran pitch is
used: [0022iFigure oh 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; [00231Figures 7a -7c show the

pitch aerial I8 inteddgyrpidisiapdlpicklsrtisOniphotobihegsrhy oerasfor WA BReedanssr Hbkrture

and a conventional annular aperture optimized for a single 130 nm pitch ; 100241Figures 8a-Sc show
annular illurdingmbAdBE LS e tEepeNiH EEE¥IRIANCce with embodiments 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
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[0025]Figure 9a shows a conventional x-dipole illumination aperture pattern; [00261Figure 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; apgh AR MR IMATH A RELHESRIHIERHMN P RIRLIAY Pf HGAMENT 6things

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] Generally, the present inventionphotolithography 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 photamask from a number
of different angles depending on the arrangement of the open or openings on the aperture of an
exposure todiktitapenued doffipeides ardepeniis thapditnbies @rtenssitulesf pilstnpepursulied in
illuminating beam will be projected substanti along the optical axis, that is, the axis orthogonal to the
condenser lgigsifinenphptndasihhfSergpecdidtiviesinatidh dedrn aivitin vaader inlanen SOHMABOSILIESH the
other hand, if the aperture is centrally obstructed and has one or more openings located off-center, the
illumination 4#sehin ¥fanted pitsected degerdscsignoticarabktbvwragefiing foriaal isen crticahdsmsiords,
at an angle to the optical axis. This type of illumination is referred to as "Off axisillumination” (GAD.
OAl is oftervasieticastepre sbpdieonaantrinee Frerreshfiqiicthsr Gittehdirsetasd HiRbyeesyiseeahse
tilting the illumination beam allows more first or higher diffraction order to be captured in the objective
pupil plane.iisl sz bebFigvswh whrrsdhe QHERBeHESEHINEE EpepPIBFRIFALE. T3 mpyaiky
shows eight known OAI apertures where the openings are sized, positioned and/or shaped differently.
The variationgnifirattoRiRy dreeationtie abwriié BpEMinbonie Y mamiiehciante s makipbififes
shown in Figure 2 will provide eight different beam patterns. Some of the off axis illumination patterns
shown in Figlirstodvareryths taebsider rifsk 18RESAL mode but result in different illumination patterns
being produced after light from a radiation source passes through the aperture due to way in which
the openingl83&]aapitfedsimst éBfam?JI&%txlﬂ}ﬁﬁf@ﬁn&hy-cf%g}édéﬁe?ﬁﬁlé pHRe i BUtiEyetbRyY to
the dipole type of OA1 mod.e but different illumination patterns are generated because the openings in
the x-dipolehardngrietbgatinge el aetior el e shemer o frritdissdibre hanofe g MRS
direction. The type of OAT aperture pattern used in an exposure process may be varied between mask
levels depefiiity otPEsEISE of bt ATTHEYSE Pi@esTer RARTBIESIENMRING A BRI ApHTIES
patterns are typically used for line and space patterning whereas quadrupole and quagsar aperture
patterns areBREH appReasiBaRHP LA mRg Bre patities e SAPFFOPLCTRLET ABRINEEHS
openings and trenches are involved. It is to be appreciated that the present invention is not limited to
being used 1A E8RjAAEAGI WHHRHREM $03%6Fture 5 erpRiERliens I-"%Lﬁ@ JEREFHEG 14T ReAPPfed to

OAT apertures where the o eninqs are differently pasitioned, shaped and/or oriented.
patterns are selected such that they are beneficial for different pitches or pitch range. In one

embodiment, at least two of the OAI aperture patterns have different sigma cj, and Gou
values.

[0036] A theoretical analysis to illustrate the concepts of the invention is provided below. It
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 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., eirmiit designers will have less flexibility in their design because
they have to avoid using structures th% JgaJJ Mmt?f égrbidden p(lti§h ranee. 10034 The inventors
have discovered that hen OA settings aré 3pti tzéd 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.

AL the optimigeg) pleh. i zet,anch st et dliffiection ase.lapwied RKGAMGh RNasgalty about

the center of tfié pupil plang in the projection lens resulting in improvement in image contrast an

dentn of fodiie BlabARUMASHPULIANEY < AHER AL JRIBNG, BN leadte) lhmeealianyoiers for

other pitches being distributed unevenly about the center of pupil plane. Where the uneven

distribution of diffraction, eder inthe, pupiliplans fol a-particyl Bichiasesulingddnsiningas gatical

path difference between each order at the wafer plane, the image contrast at this affected pitch will

degrade S%@ﬁ@ﬂ*ﬂé S RUE NG %g')ggiﬂtﬁa% critical dimensionvarainFrometheAeRIan \als. For

example, in the critical dimension (C ersus through pitch cu of Figure 1 where the OAT aperture

settings are,opfimizad,ip iR 3RSt sieficantGh fustiatiends absarved inthe dof iezAPnm

pitch range thus making the affected range the forbidden pitch range. 100351 In one aspect of the

present invention. the, fathidden pisch.ffas idnhy-naying, @4k Aettings1baiarc optimized for a range

of pitches rather than for one specific pitch. Specifically, his is achieved by exposing a photoresist
using a composite exposure aperture comprising multiple OAIL aperture patterns. Each OAI aperture
pattern is analogous to one off-axis illumination source. The configurations for the respective OAT

aperture patterns are, _selected h é,%h y &Ze_n ficial far differgnt. pitches or pitch range.
embodiment, at Ieas%zﬁgbﬂ?gﬁﬁii}a@ I(jr’eggg rné?sh%végéﬁerent gf;a%la (Yin arg%l)tctima values.
[0036] A theoretical analysis t6 ifliistrate the concepts of the invention is provided below. It is to be

appreciated that the analysis is just a possible postulation and is not intended to be limiting on the
present invention.

2
1(x, ) =|E(x, )|
In the Equation 2, there are several components:

(1) P(f,g) is the pupil function, where

1, f+g?«l
P(f,g) =
Cfuk) {0. Vfi+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 imaging, the image can be calculated by summing the images arising
from individual source points. Partial coherent imaging is described in, for example, Ycung 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 plepisidaedrgydimeapismpliling axhspece sHessEA iméwbxﬂﬂgzpitﬂ}w,-@mﬁfy%ﬁﬁéﬁmage
frirmed due to a source point located at the illumination plane. Denoting the coordinates of the
illumination segiaEnpiheansshiVibakcas Pryy ursred and. g are spatial frequencies in x and y
direction rionnalized. to the numerical. aperture (NIA) of the pupil. The electric field Eir,y) at the image
plane is the inverse Fourier transform or the product of pupil function, optical transfer function of the
lens system and the mask function. Image intensity can he obtained by the squared value of the

electric field. E(ay) =g).11(.1 g)dij,; D —:EL | ugtion 214here are several
i 0/) PO PTELInAR S ten 240

components: .P(g) is the pupil function; where =

From the above expression, it can be seen that the diffraction orders are located at spatial

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 i

S

g =-8g,
[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
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(b)g) is the optical transfer function of the lens system (iii)Aly:1;rg-gs) is the mask function. It can be
obtained by Fourier transtbmi the complex valued transmission function of the mask in the spatial
coordinates. For simplicity, the magnification factor is assumed to be I. In fact, the magnification
factor is 0.25 for a conventional lithography system. [00381 imaging of one dimensional line and space

mask structpfe acﬁ&%%?%lﬂrﬁﬂl%ﬁgé D3onal e A9F SBREC A MECHAH G W diPed: ARd MR Refhe

H‘g g
-frequency spectrum of the mask M(f,g) can he expressed as:

of the pole, o, can be determined 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
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1M (fg)=M=smyf From the above expression, it can be seen that the diffraction orders are
located at spatial frequencies: f = nA , for any g since it isdimensional 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
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can sum each source point in partial coherent illumination to get the image For partial coherent
imaging, there would be a shill in the diffraction order. Thus the diffraction orders resulted from a
source point located at ( g) = (6,0 is located at [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 diffraclion alderRRUlediaiiRorayast Benmetrsally a bRt tbeniiRdRilagewsastdhbave

infinite depth of focus because the path difference is independent of image plane. Consider a case

when the sgyrce pawi ﬁﬂgﬁgﬁg%@t the x axis with spatial frequency (f'0), the condition for infinite
depth of focus Is such For a simple illumination such as a circular dipole along the horizontal

direction, thgeentes ehiheRgiRen CARDEHRISFENALSH @Riulate the patterning of a one dimensional
line and space pattern with pitch values ranging from 130 nm to 500 nm and a target
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 tihumnation should he
determined according to fs taking into the consideration of the shapes of dividual illumination. Thu can
be taken as starting point fitir ilumination optimization. 100421 As observed from the above derivation,
the optimal dipole aperture configuration condition is dependent on pitch and it is obvious that -for
different pitchs/anies aHullastindl el vatentesulartiagsactoWAd0e Mdhe theblmansiedtr isnerageafit is
possible that for larger pitch, there would be three-beam interference (when second order diffraction is
collected) ahdZHENER the depth of foals is limited. 100431 Consequently, an optimal setting for
particular pitch might he the worst for ome other pitch. This has caused the forbidden pitch
phenomenoH 088k exfieh deteaisainsibes apmbsr sdUPe pompivatiseptitalifoerdidual pitchazdcan.
be supplied to illuminate the mask, an improvement on through pitch critical dimension control should
he expectedseiiéot: betbramagecadntrastl§001g idtrhdsenl bakedneatiomisdeoatimoniycised timt not
patterning line and space structures, It has the advantage of b circularly symmetric and therefore not
dependant dinthedaxientateonf ofittiece xp bsurevapelfuyahé iiogvenfignalahnoiss apd itnagSOehwwik. a
single annular ring is shown in Figure 3a. A parameter commonly used to define the configuration of
an annular dpertiérenpisgtiinmearetbigsnadugsitorandisigmal autfgursviiteerid satdrsha tkbtkigopaivalue of
the inner circumference 310 and refers to the sioaa value of the outer circumference 320. Sigma value
(a) also refepeagtic@seadpasiiahcahiarensedrctorisedefined bya 1atie plitherawoeicataparivreis,the

illuminator portion of the exposure tool (NAH) to the numerical

this may not be possible because the resulting annular ring required may be too wide or too
many rings are required thus leading to excessive background noise which causes poor image
contrast and hence 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 illumination, the
NAIll of the illuminator portion and hence sienna 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.
100451 in one embodiment of the present invention as shown in Figure 3b, a modified annular

illumination apgerture 350 with two concentric annular openings (360, 380) is used t he forbidden
Dt probIaSH PN P L HS e AR s e AP eI R, At 0 st ang e
outer circumference of the inner annular ri 0 has a sigma value of cj, Meanwhile the inner,
circumfere%‘g Sgﬁtﬁ% bsuigpﬁ’raﬁélép rfﬁﬁ ‘:fg af{é@ﬁa%%ﬂ o REFRS 5913%%“&?&?&&%@?\%&6& the
outer annular,ring 380 has a sigma value of cvout2. The au, and aout values of the inner and outer
ular ringe 0S5 e SHUCKH I ribFo UL (1S o BE08 i on Be VMR Bl LB Fhtch

range of line and space pattern for on a photomask, wherein the photomask will be expgsed using
the moiicd AL, GBI SEE [CRART PHE e i FMHEH S N Mg MgE AL g 46D ma
be obtained using a simulation software such as Iithoeruise(r?# ASMIL. In one embodiment,the
simulation SBHIPARE ABAURY pYOGHIRIAB I RE AR aptifnara ﬁ%{?/ gr?értﬁ%cgoﬂﬁgfﬂ'éﬁ’ (i1 % and
co"i values) based on the criteria of providing the widest process window for the respective pitch.
Parameters*&ifadle musssiesthg hrocaes NirboWhFAaiE BhE PFHSERBRETEBnE®r RioteEdrimaye
fidelity parameters such as depth of focus (DOR exposure latitude which is the maximum exposure

dose variatitPpBifaigit sl e Lakim AR NI Hsae AN afALIEIdA WhthinsReesie Tim¥eelhd

image contrast parameters such as normalized image log slope which is a measurement of the slope
at the edgeE}f“é‘fesist profile. in one embodiment, the process window may be defined by a weighted

combination of two or more image fidelity_f)ara_meters: . . . .
[0052] While a double annular illumination is sufficient to provide optimal settings for the

example being evaluated in Figure 4, it is to be appreciated that the number of annular
illumination rings in the present invention is not limited to two. A larger number 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 embodiment, the software may simulate the patterningone dimensional line and space
pattern with pitch values ranging horn 130 urn to 500 nm. and a target linewidth critical dimension of
45 tn . During the simulation, the other exposure conditions such as but not limited to NA,m; of the
projection lens, type of lithography system and photomask design are kept constant. The simulation
software thERTERM9BE LY g Atk iarags GRITEeushapiste fshiy i9recd ihe e aom aa s i hen one
embodiment, the simulation is performed based. on an immersion lithography system, attenuated
phase shill SERaHEPs HHERiEeR REteMaWHRTifvol fthe R Gideidh Idhs daygal fol) fop all the
Alternatively, other exposure conditions may also be used during the simulation. [0048] Figure 4a is a
table showigyriee ¥eddiigrof the above-described simulation. The optimal (tin and a",,r values tor 45 urn
line with pitch values ranging between 130 to 500 ran is shown in the table and also plotted in the
corresponditdg Ithpt Elljisteatsld. s BianisistanthvitoEeiation 3 adinelas seaige At she trie aelaran s ults
show optimal partial coherence or sigma (cti" and ctorii values) is pitch dependant. In general, larger
pitch sizes Hguaheimi $beirtelobintd frenreitehereesreani Yakezpertlite) i%e. anthd segRCAhilEhsptimal
source points for denser pitches are located towards the outer edge of the exposure aperture thus
correspondimiteaiakgdrasarialat AR dutel it is aomod RSP Hess phitndthata gefddheiviioes are
derived, they are then divided into two or more sets based on how the values are distributed. For the
example illutratdbaiRiguram & Brecaw sttt liffanchitehand is gmved oi5thepsiterhamdecbeisd)
studied can be broadly grouped into two sets of values. Each set of values corresponding to the
settings for GREOSHHHETRAMGARVRO TR RA5R dircpreieh Bt stenHigrathd feduntinniaabrepadeieror
example, the inner annular and the outer annular rings (360,380) in the double annular aperture of
Figure 3h. Thosottiakeplurneninnigngie Fumisk cof OATCERARP NPt Méwderiltve derulichidehiestt,: and
ch-},2/cout,r values for each annular ring is chosen based on considerations such as but not limited to
range of pitpiteb (b3bamwdvalzdisy anbmizlg|Ibadketionndtiogsdenrilinadshsnsrieasy. nationeeéabodiment,
the a values for each annular ring are selected such that all the optimal points for each pitch of interest
covered. Hdooksnemtid irepitsh rAngerefutitarested Hide thig Mayitabirbegpossiblenbdithaséothendssulting
annular ring required may be too wide or too many rings are required thus leading to excessive
backgrounddissigaigrichrcdis espdarlmagé donpeyeetivhhisngesmaldridgrderdion. Pheigidieanthe
effect of background noise has to be considered when selecting the c values for the annular aperture
componentsipited iristadidiencembeivasmoas sdeetueaysaséonsimagrkaécar orbEmbodintéienihere a
wide pitch range is being patterned, only points around a critical pitch value or lower pitch values are
included. Theldg@@iting 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 a vdRS%Retepithes FigyodsHbsetitlindi Rutideeditiodhent [onhopbitrnhaitdraatoend
the optimal value for most pitches are selected. 100511 In one embodiment, the annular aperture
pattern settipigslcblesensbdssrnonthe diffrariitoncisisuleoBEFTgNES 1 die CXPUBIT. 68 8fis ATbrethe
0.70/0.95. As observed from Figure 4, optimal a values for patterning 45nm lines spaced at a tightest
pitch of 130phniameskrisiaonted0iziog 198 cPhesations] thio glo mnentorahgratidd © b pPovidingdacarmular
illumination ring with settings that are optimized for a single pitch of 230mn will result in sigma values
that do not 60i&P 86 apioy daeHidiptictiahvaliesliggbirednfet théapypil phge ofiitches dstoigddont goints
falling within the dotted rectangles. In accordance with one

wafer or substrate plane, it affects the final image quality that will be obtained. Therefore,

the diffraction order distribution at 150nm pitch is an example to illustrate how a diffraction
order distribution at a pitch with significant CD fluctuation would look like.

[0056] The diffraction order distribution in Figure 6a comprises an annular ring 610 which
represents the zero order diffraction distribution and two partial annular curves 620 which
correspond to the portion of the first order diffraction 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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embodiment of the present invention, an inner annular illumination ring with etin,i/rrout"t = 0.45/0.68 is
provided in the modified double annular aperture to encompass the pitches which are not
accommodated by the single annular ring in a conventional illumination pattern optimized -for the 130
am pitch. The modified double annular apeiture also includes an till- annular mination ring with

"VLTL12 g1 0. F0R S5 hich areregU DI OREL YRR [on DS AR IR Bl Tl the

present invention can be viewed as supplying additional oft axis illumination sources in addition to

what is provided for,a sinale pitgh, 109521 Whileia.doubls annular Jismipationis suffidsntie pravide

optimal settings for the example being evaluated in F-Oture 4, it is to be appreciated that the number of

annular illunginatignyfings An fhe presentdnyantion 15,895 lIMiEEIR N0 AJIS BUMRRAONIAgS 8 also

possible depending on the size of pitch range being patterned and if the values’in the pitch range are
clustered or.spaggd apart. Additionally, the annular rings in a modified annular aperture according -to
the present invention also be of the same or different thickness. [00531 The impact ofmodified double

annular iluTyissPRPRIEIL derived fiac e shaue dascribesk imkiauee. can pe talyaIetiige

observing its photoresist linewidth critical dimension (CD) through pitch performance, In Figure 5, the

CD through Riieh perorRaRssfesthe moglifisddonbleeanular illymination isplotiediogethes with the

results for two exposure processes using the same exposure conditions but a single annular aperture

pattern. CU%&?%?%E&Q%B%}:’E&%&&? @8"alimags &b sgratpiighRetiRviRgef the feubleanpar

iIIuminatiqn with au,.0.45/ 8 and c_7/ GO0.2 :0.70/Q,95. Curve 540 repregents the aerial image CD .
through pitefyaehayian for 3 Gaayeiang! @upulaewidinalies hat e erisvalipple0am aichdhat is,

= 0.70/0.95. Then12,irr0"L2 values are identical to corresponds to the aerial image CD through pitch

behavior of iag.inQ&(; SRR NBL I BEHOHBIS Ay afe Ui n}rgtiﬁ{hg@tk%mr\aéaerqsgr R48(H3e The

target CD for all the curves is 45 mn. 100541 As illustrated in Figure 5, the conventional annular ring

540 shows gy large.f RhilvaiHALion inibe 13042 AWAMRIGH HRoge eHivalRaLier 3 %af the darget
CD. The minimum CD occurs at 200nm pitch and is around 8.75% less than the target CD of 45nin

while the mgyNERED\ASRYIR 0% HANLPIEIADS LA Ealhdmate: HATARJTRED: O

45tun The inventors have discovered that sipificant CD fluctuation is observed when the partial

coherence $gitings QN AR c3Q- s FAIRSRRNECRPEZCHMaluRSHREIN e g tast RN (13Rimhanly
and optimal illumination settings for other pitches being patterned are not taken into account. As a
result, in the,15ym to 200 pitch range, uneven diffraction order distribution on the pupil plane of this

projection lens is not trivial leading to significant optical path difference between rays which causes low
image contig@isand CRAMAHRUOR R SR [¥GRion, the image contrast at the 150nm pitch can be

improved by adding an additional inner annular ring to the single annular aperture 540 with
Gin/Gout = 0.70/0.95. In one embodiment, a double annular illumination pattern with an inner
ring Gin,1/Gout = 0.45/0.68 and outer annular ring with Giy2/Gou2 = 0.70/0.95 is provided.
The additional inner annular ring compensates for background noise generated by 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
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[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 diffraction
order distribution at the pupil plane ill be reconstnieted at the wafer or substrate plane, it affects the
final image BRAITSPIAERIBE BeiinEtsr THEFafSRN tatimiaRmidRTorRRNSHBRISAr 1S G Pitch is
an example to illustrate how a diffraction order distribution at a pitch with sip-tit:cant CD fluctuation
would look Fke!/200661 G e/ tfactidhorder arstrsiar KBS dEheobrsRa bl AUl i 610
which represents the zero order diffraction distribution and two partial annular curves 620 which
corresponddenpieértic dfapd fiet ibasesrriffielcaBRME NS YR idMsbethPBoueh #rurispard vliBeted
by the pupil. For a point A located on the zero order, the corresponding -first order point is located at
A'. This me@agipmefhdreifrdetidibrabes sl dsyambririaalRpastibatas erdesiedths Benpapdf plisil
plane which leads to an optical path difference between the rays emitted from A and A.' respectively.
The path diffétepre eeiosedredfiastion (R EE .OMtrd2) 00SHRmMiEiBiod B0 YRE ARG RPFEYBSorder
diffraction (610, 620) overlap to provide overlapping portions 630. in general, the inventors have
discovered %8t the greater the extent of overlap between the first and zero order diffraction, the better
the image contrast. This is because portions of the first order diffraction that are not overlapping with
the zero ord@POA Hékenmh she kg sraRsiseahlidisgrmmigantideconttrsing & 1HE exlipsne as
illustrated in Figure 6a, there is large portion of first order diffraction 620 that is not overlapping with
the zero ordBfigried e BYinlto ERpsHRA R Id SGPREBEOPRINE Bt adt HtanBriserden slithadtion
result, the CD deviation from the target value of 45nun is significant at iSitian [00581 In accordance
with the invEHEBRVHE (84ge0dnithbiStraebs B phicel ean-BESHAprBitdasicatsdisgapsrtiadhal
inner annular ring to the single annular aperture 540 with r)inkrout= 0.70/0.95. In one embodiment, a
double anndi&Fr AN AEROBEABFIANR dh figEie iy ctlhifahrestsdmaao Bty atter ot Mfhg
with ttrircia,ut2 = 0.70/0.95 is provided. The additional inner annular ring compensates for background
noise geneRREer syRreniel kdbs doterRtcE20 R Attt piphineRiciy BefieaH gifeTelit Miffaction
orders. As a result, better image contrast and reduced forbidden pitch (i.e. CD fluctuation) effect is
achieved. THEPEREACTBALS N BRAABL R %rﬂr%@@?%%ﬁfé‘ﬁiﬁ@sdééﬁ&‘@& aEg ARt
annular illumination pattern is shown in Figure 6h. The exposure settings are as before with NAp,j=

1.12. [0059 Y CRigtsBBSheveo s st i Batra s s{leids Asriierdiar aiidsRtiSRdiStHBEtion

for the outer annular ring with ai":2/a0",:z = 0.70/0.95 while the inner annular ring
20 in Figure 5 which corresponds to the CD versus through pitch plot for the case when a

substrate is exposed using the double annular aperture pattern. For curve 520, there is
relatively uniform CD through pitch behavior with maximum deviation from target CD of
45nm being only 2.8% of the target CD and the range of CD fluctuation through pitch is only
3 %.

[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 annular
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 diffraction (660, 662, 670, 672) overlap to provide

overlapping Ggiipn 630 R0 ARAHEbE AR SYRRelinal A RGIRA ST AL ANt ar e s St

collected, as indicated by the presence of non-overlapping portions of the first order diffraction

distribution (840, 64 2 LS. 801 A LLGNLRLNPBroveT AR hes fiRstearad grRdretitiifage

diffrat,tioa distribution shown in Figure 6a. This boosts image contrast and allows much better CD

control at thﬁtéé&{ynf}gw&%mﬁeaﬁﬁjﬁﬁib@f AP AN TSNS AR rps In-aprdtaprayed igpage

contrast and CD control at other pitches the diffraction order distribution of which are not shown. As a

result, the f ﬂﬂg%d%}ﬂé%@ﬁ&%ﬁt{%%&ﬁﬁﬂi@lﬁﬁhﬁﬁm FMRuEn 7 iR AU 2 Ivhiapaeresprnds to

the CD versus through pitch plot for the case when a subsfrate is exposed using the double annular

aperture pagiepy. | g%%‘f@n@?é%iﬁ?sr %rla?Jﬁﬂﬁﬂ%ﬁ'l}%HiE%E‘ﬁhﬁEtﬂ%%l‘%@iiﬁ&ﬂﬁﬂﬁfﬂp[i%tﬁkﬁ‘%ﬁwm

deviation _from target CD of 45nrn being only 2.8% of the target CD and the range of CD fluctuation
through pitchis. ORIYi3vikd 0963 1-ASIPr GiyE S0 hich.corRRandipRisiegle Annulapapsiiyee

pattern exposure process with aim and cYout, settings identical to the inner annular ring of the

modified double 3pRHIAY, hater sl abinant amednuh G dluctaation campaisd ia %Mep@%%ég; 45

double annular illumination. mm deviation being at 180 urn which is 6.13% above the target

um. Therefore i1 CNIraghiadaih Sinole BRMURLAPSIHIUES KR4 RAQLSN VAR higkye Suihgsmpgdified

double annular aperture 520 shows relatively uniform CD through pitch behavior. 100621 The

performancgaf the. madified Arkbig aAnuHan i MinatioR PRI 2N ARR O iRlRevRd em. Piteh

aerial image intensity plots. Figures 7a-7c show the pitch aerial image intensity plots for the modified

double annulapjtluminatian RALEN GR ESERREES SalftifeorRSHRD He coanvenipaaliganyiasie

illumination pattern optimized for 130nrn pitch. The aerial image intensity plots are obtained by

measuring the,felatiye Mgy fAIdiNERE SPACERRTE M IAYGE HCARIloYRu AN emandn

200run respectively. A steeper slope corresponds to better image contrast and is therefore preferred.

As observed from.FIQUuigs, (e (reibs darbigsannular illumination pattern has relatively poorer image
contrast for compared to the conventional annular illumination pattern all three pitches illustrated. This

is inline wittghgsphee paIARSHB I R el HILonUepIRNRL 130 ApeREMIZAL ThaiaanAulRr

aperture has much poorer CD control compared to the double annular aperture in accordance with the

present INVghliBAden pitch region and produce a relatively uniform CD through pitch performance by
using a modified OAI aperture pattern with two more OAI components or patterns arranged
to provide optimized illumination settings for a range of values. The above example with
double annular rings is for the purpose of illustrating an embodiment of the present invention
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 from the above example, it is possible to improve image contrast in the forbidden
pitch region and produce a relatively unifonn CD through pitch performance by using a modified OA1l
aperture pattern with two more OAT components or patterns arranged to provide optimized
illumination settings for a ranee of values. The above example with double annular imp is for the
purpose of MEASHAMSPERE MEEHNRH BretR G % i AVE ok A Sk A8t He ten&ir fRe B itting.
Modifications may be made to the illumination pattern while applying the concepts of the invention. For
example, thefntinRBEFBr AHHURITRIGSSs h ot iRtifedaeefve sl GRS Ted 10 B AmEAE A pitch
range to be optimized or if the pitch range to he optimized are spaced apart. The various rinds may
also have ditSPRIREHIBRREER S HEIBFR ﬁ&%ﬁw"fﬁ&%ﬁeﬂlfja‘?@@’mh@‘?i NG Rt BT ia@¥itiized
values for. 100641 Some OAT apertures in accordance with embodiments of the present invention are
shown in FiufddslystistibEiess 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 being thicker

thangure SBUPSShithracar s WG fostrantrphog Brebatitin hanbgm sl igeQml RATE S

alle pitches. Figure Sc¢ shows an jllumination patt.rn with three rings which cquld gle applied when the

pitch range GRS i IHFRERFSRuRASE dS IFOBEFHh aliBole ALBHRAILR diasn HE rHBYKHIAENH B the

invention, modified OAI apetture usjng dipole illumination mode is provided. Dipole illumination has he
advantage ShaTHa s&%%%%‘a%%%wé’ fie 1 ZERSCBH AL A TS BRSNS Péfl?i{%vely
less CD through pitch -1l ctuation compared to annuylar illumjnation mode. In addition, hetter image
contrast car a0 A EHRARRE TP RIS SRPATE e ﬁ AL E5 1B SRR e

cpace paroHEBHEVISGAD By 08 A EIFUIGRT oFINE BrdLG ABCAMTEGeRS B it is
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of dipoles an hﬁnce twqbset%gf G-11, and es™, values. The outer set of dipoles is optimized for

dense pitch ﬂléb} ﬂg} RUERPERBGS is configured to give better contrast for wider pitch. The additional

inner dlpolelm)&? ﬁ(g)tgllgl%% S o%&llg gllé(rpdggl&{goqlﬁa&tl%roqecggg erse%\e/l%rérarp ggrlgprising one set of dipole

openings located opposite each other along the x-axis. For line and space patterns having
lines spaced at varying pitch, the optimum cin and cout settings vary depending on pitch.
As a result, it is difficult to avoid situations where optimum Gy, and G,y settings for a pitch
causes poor image contrast for another pitch. Consequently, the forbidden pitch effect can
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 i, and o, 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
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between the zero and first order diffraction distribution, thereby improving image contrast. In
alternative embodiments, then-, can be more than two sets of dipoles and the sets of dipoles need not
he aligned along the same axis as in Figure 9h hut are oriented at an angle with respect to the other
set or sets. 100681 As with the previous example for annular illumination, the illumination settings for a

modified doyfieQipeiR may Rearives Ry UsinacaSihdationisaftmareosUEhRSVIOGHISSLHYAWL to

calculate optimal settings of gt",t, and o-""t,2 for all pitches of interest. The simulation. software can be

programmedht@idesive, ORHBaHRAS, ARGHULR Genfigr atiaNH{® JeRibRNFAEHNEIHE SitBasaeherihe
criteria of providing the widest process "dm fOr the respective pitch. Parameters suitable in assessing

process wingQy inglude.huhadeanpllimied iR ane asmenaafiitmagsdidglity Ratameiess suste asigiepth
of focus (DOF), exposure latitude which is the maximum exposure dose variation permissible while still

maintainingliggeefitic e immensienMihin 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

embodimenfy§ia8|PracRsS B G inayRemsisetined Mmnalvaiaiied.combnatinmehivwenalemags forage
fidelity parameters. 10069l In one embodiment, the software simulates the patterning of a one

dimensionahiing ar &Rate PRBRIMWtha derartlipewighh &RialitoRiRamdpichaalieskapging:from
130mn to 50Cinn. During the simulation, the other exposure conditions such as but not limited to NAp"j

of the projegoRdens «bypa Qi dbeprari Sy #8d photonstask design a1 kentieanstanintthar,

simulation software then derives optimal ain and o-""; values characterizing the dipole configurations

for each pitefy,d @iﬁﬁﬁﬁ@b@&ﬁ%{g,cﬁ%ﬂwﬁ;maéd%rwwmﬂ APAR ipumersioshihadashy

system, attenuated phase shift mask with'6% attenuation factor and NAproj of the projection lens

equal to 11§% é'&fif%h'%% OINRL PERQRULE &&“&%@%ﬁgyo@laﬂlg%%%%gﬁ &%?&Hgs HRRaLiRR-0070]
imal cit, and a

Alter the op ,11 values are derived, they are then divided into two or more sets based on
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GhL2/qout,2 ipoles. As seen from Figure 10, the conventional dipole

lumination gy 10301 [eIafuelY 'aroe R ygwan piteh fstietion patiqyialy LAl dnges

between 15 00nm. The di een the maximum and minimum obtained is around
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deviation to 4.2% of the target CD, e ear escribed annular illuminatio iment, CD
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pupil plane Ing to signifi

and depth o(gifg‘%%l[g%@]iﬁxg%q%@ﬁg, Bﬁg&@&?@e of the modified double dipole aperture
y

(represented b

[0069] In one embodiment, the software simulates the patterning of a one dimensional line
and space pattern with a target linewidth CD of 45nm and pitch values ranging from 130nm
to 500nm. During the simulation, the other exposure conditions such as but not limited to
NA,j of the projection lens, type of lithography system and photomask design are kept
constant. The simulation software then derives optimal o;, and G, 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 perform ice, The range of CD fluctuation is much
less with the difference between the in ximum and minimum CD equal to around 3.5% of the target CD
(at the 150mn to 160mn pitch). Additionally, the maximum CD deviation at 150nin is only 1.4% of the
target CD. Therefore, it is evident that an improvement in CD through pitch uniformity is achieved

when the mEMIARH ABeb bR IE 8l G iadsBadiRivRs akpAStRE T HiemmsFohemaRiFE BRIy Tpitch

unifonnity for the modified double dipole aperture may be attributed in part to some portion of the
more sets based on how the values are distributed. In one embodiment, a double annular

illumination 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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additional inner dipole compensating liar background noise generated by increasing the overlap
between the zero and first diffraction orders. [0731 Although a double dipole configuration is used in
the above example, the invention also contemplates multiple dipole sets that are more than two. The
number of dipole sets depending on the pitch range to be patterned and if the values of the desired

pitches arc closehnar widghasmrAdoAdeiionaly dhe HPARFYy MR AISA Pohe

! _ i%ﬁ%ﬁﬁa %‘?&C% i _
different. Adjustment in the thickness can be done according to the pattern density to allow maximum
benefit fro%@ﬁdﬂ%@i@%ﬂ%e[%Z%Lﬁz?ifl%{r&?ﬂi-ﬁ&%ﬁool‘:dgf’sr.e I, therein is shown a flow chart 1100 of a

photolithography process 1100 in accordance with an embodiment of the present invention.The

photolithoggphy prasess el R QYising.8 SRS IR RaRated with A AhotRiesist lavenindlask

1102. In one embodiment, the photoresist layer is applied onto the substrate by spin coating. A

photomask mme&%ﬂ&g@gﬂ@lﬁﬁﬁ@é%gﬁ&@ RallamhadngAJ esheelive firatandseerdipiab senee is

then provided in a block 1104. The photoinask is disposed over the substrate and may he positioned

by aligning uithfRSPEStIR SartANAIGNman! fRAlRS ORdhE HDSURIS Brone emkadipenbsthsfirst

and second patterns comprise line and space patterns. in another embodiment, the first and second

patterns copgeise arsﬁfmp?%?iﬂgﬁitmﬁy%fﬁ%ﬂ%g?g%lg%@ﬁ BItLLE coIpRIRING aififsteand a
| -axiIs Hiu

second off-axis aperture pattern is provided. mination aperture pattern having a

ConfigUraﬂOﬂaﬁl?sttﬁ'i%ﬁfq}{%ﬁé*Pﬁi&&&é‘s%séaw&d@%@&@a@rﬁiﬁgRHQBJ%E&%@@JQ%%%M%Eum

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

pitch range it {sdps.ApREGRIRIed 1hghthe 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 optimgge 4neaaw i oReiviSIiered thaaienes Ay Nexiw anieck dd88a i rhatgsistjayer

is exposed to a radiation source to form dri image of the first and second pattern on the photoresist
layer. Radigfignthe ragiaftion seusRiaassesithronghiniseargace sheirompesiie apedkisand the.

photo:mask, where it is modulated before reaching the photoresist layer. The dose used in the

exposure pr ﬁmmysg!m'@ggtimﬁﬂ&eﬁ;emma@@maﬁwfwa?e&wﬁ thistoiessief theer in
photoresist layer thus pattérn transfer from the photomask is completed in a single exposure step.
Nextin a blegkck 1102. In one embodiment, the photoresist layer is applied onto the substrate by spin
coating. A photomask comprising a first and a second pattern having a respective first and
second pitch range is then provided in a block 1104. The photomask is disposed over the
substrate and may be positioned by aligning it with respect to certain alignment features 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

23



110, the photoresist layer is developed thus patterning the photoresist layer. The photoresist may be
developed using either wet or dry development. [0075] The present invention provides modified off
axis illumination patterns to address the forbidden pitch effect which is a common problem in the
application of off axis illumination. The inventors have discovered that this problem can be attributed to
different pitHe&sHsiing affershpyftimanhriehsrsiehite dr KadiatiradinayhoedisdenBwEsh the
aperture pattern comprises a single OAI component whose configuration is based on the optimal value
for a particuPdFistdh I ARIBRIS St SRBERO LS ABEEYFC IRnthEhp R pianle rthsie ﬁ%é%éaa%ﬂﬁs@mg
OAT aperture patterns_that are optimized for just one particular pitch, additional OAlI components are
be added tobgﬁaepéﬂ%ﬁ@%&%?nr%@fag%smysoe peitferiPrestitfion dha (RGEE: FEeReSs, WAKrER
each of the respective OAI patterns corresponding to a component have a configuration that improves
the processﬁ}&fﬁﬂtﬁﬁtcﬁ’acf’é‘éﬁéefﬂ}epﬁﬂﬁ“a TNPBEDItEHEE FREToEAKACEIANE BIA PRURTBHNeECSHESe and
dimensions - thereof would, vary depending on the pitches of interest and type of feature being printed.
Further, altHSUgRHEBECHBBHBFRIRTMEkS P aaRPIE tHd hAREIHIN FBOTHE St spid faaditskne
present invention is also applicable to the patterning of openings such as contact holes. Accordin

ention is alsbldPpiteBie i SiRkleesA s flarsinaad thut eatarna S RN TR AT g d A8 RRSIRSSsHY

qguasar illumination. Finally, although the OAT aperture patterns in the illustrated apertures belong the

same illumiftbRSAGUEORSE 151B CHPEh SESLAE A TRACHS BNt invention also encompass s apertures

where the OA|l components belong to different illumjpation modes. [0Q76l The described embodiments
of the inventi8}at gfﬁgﬁ%18Vmaqmmqumé&ﬁﬁgﬁfmfﬁglm@wé?ﬂiBﬁt,t?mg 18 ALdtRRadPsood
that revisior#s n :audit-és iS.is may he made to meth Fs and systems descrjbed herein while still
providing art IREARBRSHEARS WithRY (R & SEBPROGRIPIHM e AR AL A SHRAICHBI8REBrth

herein or shown jn the accompanying figures are to be jnterpreted in. an.illustrative and non_limitin
seas What Tshgl éjﬂﬁ%‘&(fés éﬁﬁ%ﬁ@s/cogfergg that this proﬂ)lempcan %e attgbutec} to gi&erent pitches g

requiring different optimal partial coherence or sigma o settings. As a result, when the
aperture pattern comprises a single OAI component whose configuration is based on the
optimal value for a particular pitch, the forbidden pitch effect may occur. In the present
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

24



1. 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 first and
second off-axis illumination (OAl) components, the first and second OAIl components having respective

first and segond OML pPIUre.Ratern. ihe; frshpliaxindlusinAgR aRETIYES BRTSIHIAYINGA OAL

configuration that reduces forbidden pitch effect of the first pitch range and the second off-axis

illumination Apestue RPLESAIRVING2APNfigH RN BRJdgduces forbidden pitch of the second pitch

range; exposing the photoresist layer on the substrate with radiation from a radiation source

through the GeRaPOsiE ARSTWER athienpaqlonragk:anchtiexelaPina e RBAIPIRSISlIaYEE IO RARLE™

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

iluminationapeftye; patierhs helangio heseme affiais Muminatiansneded RodlkMmeadAse
claimed in claim 2, wherein the first off-axis illumination aperture pattern comprises openings that are
of a differenf fRicknessia ArRejResRSIACAIRE Wilkithe Aecand YiRxisluminatian ararurapattern.

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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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. aperture patterns 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 peitteris bliomgsiso 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 op@bMidsssociated 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 ilunsthatioio efabrivad mpdtesmicemhgsotadavieéncenanisiyaple, quasar or quadrupole
illumination mode. 9. The method as claimed in claim 1, wherein the process window is defined by at
least one of deppnovidowys sebsiestanerdatitadeyitna phugedistritygat or weighted combinations thereof.
10. The method as claimed in claim 1, wherein during photoresist exposure, radiation from the
exposure sourceie\gdifigie phtioraastecartpiadipb askr st wmpesecting paticenthavkng asesptiot yEhfitsiresist
layer, wherein the first and second pattern is transferred onto the photoresist layer in a single exposure
step. and second pitch range;
providing a composite aperture comprising first and second off-axis illumination (OAI)

components, the first and second OAI components having respective first and second OAI

aperture pattern, the first off-axis illumination aperture pattern having a configuration that

reduces forbidden pitch effect of the first pitch range and the second off-axis illumination

aperture pattern having a configuration that reduces forbidden pitch of the 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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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. 14. A method for fabricating a semiconductor device comprising:
providing a substrate prepared with a photoresist layer; providing a photomask comprising first and
second patterns having a respective first and second pitch range; providing an aperture comprising
first and second illumination components having respective first and second illumination aperture
pattern, vihereinTthe rfiesh ahassstaiomd ilhuohinatiy mapasituteefateand belomd) dff-thdssdlonaiiktivination
mode, the first illumination aperture pattern further having a configuration that reduces the forbidden
pitch effegpetireditstirpicnerangeaahat theasglzonithillespertioraaparthee pattern having a configuration
that reduces the forbidden pitch effect of the second pitch range;

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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exposing the photoresist layer on the substrate with radiation from a radiation source through the
aperture and the photomask; and developing the photoresist layer to pattern the photoresist layer. 15.
The method as claimed in claim 14, wherein the first illumination aperture pattern comprises openings
that are of a different thickness from openings associated with the second illumination aperture
pattern. 16, TheThethothes slalaiarddicdiimlb, weesinrbitiknesd sddtvedipanenmatmamppisstlire pattern

openings is denoted by difference between partial coherence values of an inner and outer
circumfergmiepatdifeanpenings. 17. The method as claimed in claim 14, wherein at least one of the
first and second illumination aperture pattern belongs to an annular, dipole, quasar or quadrupole
illumination mode.

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.

14. A method for fabricating a semiconductor device comprising:

providing a substrate prepared with a photoresist layer;

providing a photomask comprising first and second patterns having a respective first and
second pitch range;

providing an aperture comprising first and second illumination components having
respective first and second illumination aperture pattern, wherein the first and second
illumination aperture patterns belong to the same illumination mode, the first illumination
aperture pattern further having a configuration that reduces the forbidden pitch effect of the first
pitch range and the second illumination aperture pattern having a configuration that reduces the
forbidden pitch effect of the second pitch range;

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

developing the photoresist layer to pattern the photoresist layer.
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15.  The method as claimed in claim 14, wherein the first illumination aperture pattern
comprises openings that are of a different thickness from openings associated with the second

illumination aperture pattern.

16.  The method as claimed in claim 15, wherein thickness of the illumination aperture
pattern openings is denoted by difference between partial coherence values of an inner and

outer circumference of the openings.

17. The method as claimed in claim 14, wherein at least one of the first and second

illumination aperture pattern belongs to an annular, dipole, quasar or quadrupole illumination

mode.
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