17 JAN 2007 1 A METHOD FOR PERFORM NG TRANSM SSI ON TUNI NG OF A MASK PATTERN
TO | MPROVE PROCESS LATI TUDE Field of the Invention The present invention
relates to a photolithographic nethod for tuning the transmttance of
features in a target nmask pattern to be formed on a surface of a ISubyst ¥(gt e
SO as to optimze the overall process latitude and m nim ze probl ens
associ ated with "forbidden D pitches" wthin the target pattern. C ai m of
Priority The present invention clains priority fromU. S. provisional
application nunber 60/517,082, and entitled "Transm ssion Tuni ng For

For bi dden Pitch,"” filed Novenber 5, 2008. Background Lithographic
apparatus can be used, for exanple, in the manufacture of integrated
circuits (I1Cs). In such a case, the mask nmay contain a circuit pattern
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radi ati on-sensitive material (resist). In general, a single wafer wll
contain adﬁ‘mﬂo‘?t nftvvéotrik of adjacent target portions that are successively
irradi ated Via th% rf:)rgj%ll:tion system one at a tinme. In one type of
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J Ootransmlttance of features in a target mask pattern to be formed on a surface of a substrate so

as to optimize the overall process latitude and minimize problems associated with “forbidden

j} . pitches” within the target pattern.

Claim of Priority
The present invention claims priority from U.S. provisional application number
60/517,082, and entitled “Transmission Tuning For Forbidden Pitch,” filed November 5,

2003.

Background
Lithégraphic apparatus can be used, for example, in the manufacture of integrated
circuits (ICs). In such a case, the mask may contain a circuit pattern corresponding to an
individual layer of the IC, and this pattern can be imaged onto a target portion (e.g.,
| comprising one or more dies) on a substrate (silicon wafer) that has been coated with a layer
of radiation-sensitive material (resist). In general, a single wafer will contaiﬁ a whole
network of adjacent target portions that are successively irradiated via the projection system,
one at a time. In one type of lithographic projection apparatus, each target portion is

irradiated by exposing the entire mask pattern onto the target portion in one go; such an



apparatus is commonly referred to as a wafer stepper. In an alternative
apparatus - conmonly referred to as a step-and-scan apparatus - each target
portion is irradiated by progressively scanning the mask pattern u ﬂ%ﬁszﬁ
projection beamin a given reference direction (the "scanning” directio
whi | e synchronously scanning the substrate table parallel or anti-parallel
to this direction; since, in general, the projection systemw /|| have a
magni fi cation factor M (generally < 1), the speed V at which the substrate
table is scanned wll be a factor Mtinmes that at which the nmask table is
scanned. More infornation W th regard t'o Iithographic devi ces as descri bed

herein can be eaned e, 792 ncorporat d herein
by refer erfebee 3 R TG 15 b SOTTPBEE 11y Ho BBV, FPOFGE Ton
appar at us, mask pattern is imaged onto a substrate that is at |east
partially 99 refyrrl 1oagfet Stsp-andieaR IRPALEEST Fach dRRaPRIHPRIIS [FAdiies By
Prior to this inmaging step, the substrate may undergo various procedures,
such as priagrassivelesdaneing dhe imegk patlera wiskr theameejection dearaxipos given refseence
substrate may be subjected to other procedures, such as a post-exposure
bake ( PEB)diredgae{tioptseamingd divactibnh sibdle sptiromeady sanming thaspetedte tblegfardllek
imged features. This array of procedures is used as a basis to pattern an
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undergo various processes such as etching, ion-inplantation (doping),
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finish off an individual layer. several layers are required, then the
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In a manufacturing process using a lithographic projection apparatus, a mask pettern
is imaged onto a substrate that is at least partially covered by a layer of radiation-sensitive
.material (resist). Prior to this imaging step, the substrate may undergo various procedures,
such as priming, resist coating and a soft bake. After exposure, the substrate may be
subjected to other procedures, such as a post-exposure bake (PEB), deve'lopmeﬁt, a hard bake |
and measurement/inspection of the imaged features. Thi_s array of procedures is used as a
) basis to pattern an individual layer of a device, e.g., an IC. Such a patremed layer may then
undergo various processes such.as ectching, ion-implantation (doping), metallization,
oxidation, chemo-mechanical polishing, etc., all intended to finish off an individual layer. If
several layers are required, then the whole procedure, or a variant thereof, will have to be
repeated for each new layer. Eventually, an array of devices will be present on the substrate
(wafer). These devices are then separated from one another by a technique such as dicing or

sawing, whence the individual devices can be mounted on a carrier, connected to pins, etc.



Further information regarding such processes can be obtained, for exanple,
fromthe book "Mcrochip Fabrication: A Practical Guide to Sem conduct or
Processing”, Third Edition, by Peter van Zant, McGaw Hill Publishipg é@Y
1997, 1SBN 0-07-067250-4, incorporated herein by reference. For the 5 %y
simplicity, the projection systemmay hereinafter be referred to as the

"l ens"; however, this termshould be broadly interpreted as enconpassing
various types of projection systens, including refractive optics,
reflective optics, and catadioptric systens, for exanple. The radiation
system may al so incl ude conponents operating according to any of these

design types for directin sha controllin eprol ction bea .
radi ati on, F I inf B’E‘F‘f’m@B ing § EF‘)&‘?S% 438 qeéfbéﬁ"‘g@d feroexagnpf?wfmebmemvm y
or S|ngularly, as a "lens” Further, the |ithographic apparat us nay be of a
type havi ngMicigshisy Fabpication, PsPragiicel Galsleds Sepigeasuston Rigcessinglp Tairdeisitiana by es) .
In such "nultiple stage" devices the additional tables may be used in

paral | el , Betemprvapdaatt MyGrewepsl Pablithings &or, | 987 0 I8B M-0h86 150 riecarpdrhited
while one or nore other tables are being used for exposures. Twin stage

| i t hogr aphhazeiappa¢fadense. are descri bed, for exanple, in US 5,969,441 and WO
98/ 40791, incorporated herein by reference. The photolithographi c nasks
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conponents to be integrated onto a silicon wafer. The patterns used to
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stem may e components operating according to any of
these design types for directing, shapiﬁg or controlling the projection beam of radiation, and
such components may also be referred to below, collectively or singularly, as a “lens”.
Further, the lithographic apparatus may be of a type having two or more substrate tables ~
(and/or two or more mask tables). In such “multiple stage” devices the additional tables may
be used in barallel, or preparatory steps may be carried out on one or more tables while one |
or more other tables are being used for exposurés. Twin stage lithographic apparatus are
described, for example, in US 5,969,441 and WO 98/40791, incorporated herein by

) reference.

The phofolithographic masks referred to above comprise geometric patterﬁs
corresponding to the circuit components to be integrated onto a silicon wafer. The patterns
used to create such masks are generated utilizing CAD (computer-aided design) programs,
this process often being referred to as EDA (electronic design automation)." Most CAD

programs follow a set of predetermined design rules in order to create functional masks.

These rules are set by processing and design limitations. For example, design rules define



t he space tol erance between circuit devices (such as gates, capacitors,

etc.) or interconnect lines, so as. to ensure that the circuit devices or
lines do not interact with one another in an undesirable way. The design
rule limtations are typically referred to as "critical dinmensions'17 [EDNIT7 A.
critical dinension of a circuit can be defined as the smallest wdth of a
line or the smallest space between two |lines. Thus, the CD determ nes the
overall size and density of +the designed circuit. O course, one of the
goals in integrated circuit fabrication %é to faithfully reproduce the
original circuit design on the wafer (via the mask). Another goal is to use
as nmuch of the sem conductor wafer real estate as possible. Even another
goal is tdhepspacaitolerancs befveent Fiswit ¢aviree hwah Gt ZBRY PO ElCofor dpteicRaRst on a
waf er. Even yet another goal is to i-ncrease Depth of Focus (DOF) and
Exposur e Latestwds to Bhjure Haheheesircuit cleviceanridinel ido oty indgragt, withponecatothsr dxami t y

ef fects caused by the interaction between the features of interest with the
nei ghbor i nmdstirsbletwiye Thecosigs rufeitimitates agetypically refired tg by &onitid ddmedsiong! such
structural interactions not only affect the critical dinension, but also

i mpact t hqCexpAasdtitRal d@inehdicteoPl cirfift EMedeBinehLihe QRIS WHIHAORAWR RN
that at the so- called "forbidden pitches" (i.e., pitches that exhibit poor
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For pitches that "are | arge enough to ‘all ow Insertion of assls

features, . .fering bars, the exposure |atitude can be inproved..
However , a@gg&’t‘@ﬁggﬁ@'i bi ti ng poor inmaging performnce where there i s not

enough space f i nserti such assi st features, .the thro itch process
anitude s i 58 sy ot in B5)s B Bttt St Reniation b iy e S
JAK 2007 5 Accordingly, there is exists a need for conpensating Qqr

i npr ovi ng theergipelcisdit degign Qe wafer (via the mask). Another goal is to use as much of the

semiconductor wafer real estate as possible. Even another goal is to optimize illumination
and enhance the contrast of an image on a wafer. Even yet another goal is to increase Depth
of Focus (DOF) and Expoéure Latitude (EL).

However, for low k; lithography, optical proximity effects caused by the interaction |
between the features of interest with the neighboring structure becomes much more severe.
At a given NA setting, such structural interactions not only affeét the critical dim-enéion, but
also impact the exposure latitude of the feature. Previous studies have shown that at the so-

) called “forbidden pitches” (i.e., pitches that exhibit poor image contrast for the given
process), the exposure latitude is very poor. For pitches that are large enough to allow for
insertion of assist features, such as scattering bars, the exposure latitude can be irnprovéd.
However, at pitches exhibiting poor imaging performance where there is not enoqgh space
for inserting such assist features, the through pitch process latitude is limited by such

“forbidden pitches” as the name suggests.



at forbidden pitches which are in a range that does not allow for assi st
features to be included in the nask design. Sunmary |In view of the
foregoing, the present invention relates to a process/nethod for nodifying
a target mask pattern such that it is no |onger necessary to avoidytidy zZhng
"forbidden pitches” within the actual nmask design. The present |nvent|on
provides a nethod for nodifying the nmask design such that the exposure

| atitude at the forbidden pitches is increased such that the overal

process latitude through pitch is optinifed. Mre specifically, the present
invention relates to a nethod of generating a mask for use in a

phot ol i t hogr aphy proc The nethod i ncl udes the steps of determnin

target mask paf{qceﬂ(iﬂai herg sexisty 3 B 9 compepsing eglmnsowaeg F%%S%ﬁﬂm ‘h
illumnation systemto be utilized to inmage the nask; identifying a

critical pitdeshidden pitehes nbichargiara paga thatrdogntot apwifint assisgfeatuessith beiichided on
settings of the illum nation systemfor imaging the critical pitch;

i denti fyi nig tlee thasklsiesigen pitch within the target pattern; and nodifying the
transmttance of the -features having a pitch equal to or. substantially
equal to the forbidden pitch such that the exposure latitude of the
features equal to or substantially equal to the forbidden pitch is

i ncreased. gylhfafy €sent invention provides significant advantages over the
prior art processes. Mst inportantly, the present invention elimnates the

need to avoid uhi{iLgi H9mef fb"r%oﬂ% ?}F]eBke%&R ﬁﬂohme&tés?_@ 5%9%%3%%&1@}0@“ ern,

t her eby providi'ng an Increas overa process i tude
f th t | ndeed t t t
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“Fum nat i
S%orbl den pltches within the actual mask design. The present invention provides a method

for modifying the rnask design such that the exposure latitude at the forbidden pitches is
increased such that the overall process latitude through pitch is optimized.

More specifically, .‘the present invention relates to a method of generating a mask for
use in a photolithography process. The method includes the steps of determining a target
mask pettem having a plurality of features to be imaged and an illumination system to be
utilized to image the mask; identifying a critical pitch within the target pattern and
optimizing the illumination settings of the illumination system for imaging the critical pitch;

) _ identifying a forbidden pitch within the target pattern; and modifying the transmittance of the
feafures having a pitch equal to or substantially equal to the forbidden pitch such that the
exposure latitude of the features equal to or substantially equal to the forbidden pitch is
increased. {

The present invention provides significant advantages over the prior art processes.
Most importantly, the present invention eliminates the need to avoid utilizing “forbidden

pitches” within the target mask pattern, thereby providing an increase in the overall process:



and settings, thereby inproving the overall process |atitude of the inmaging
process. The foregoi ng and ot her features, aspects, and advantages of the
present invention wll beconme nore apparent fromthe foll ow ng detail ed
description of the present invention when taken in conjunction wth7tH 2007
acconpanyi ng drawi ngs. Brief Description of the Drawings Fig. 1 illustrates
an exenplary line:space pattern and the correspondi ng anplitude response.
Figs. 2(a) - 2Q illustrate how the diffraction orders captured by the
projection pupil vary in accordance with varying transmn ssion percentages
for the mask features. Fig. 3 illustratds the resulting aerial inmage
intensity for 80nmlines at a pitch of 220nmfor 0.8 NA KrF, QUASARTM ao"t
= 0.92, a,latitude of fhe ippging systwon. ddugleed sthe meghodspfjhei presest invention prersie? fal i zed
power captured by the pupil for the 0O's and +/- 1st diffraction orders in

t he gi ven aptismzs the irkaging perfrmiandelss theafoddddengpitthdsJopihetgiveariHuminatisk system
transmttance for various defocus conditions for the given exanple. Fig.
5(a) il usindasteifgsathefedy ifprovingdiee e@biarbcelafitide GPihe ARekinYprdtéssPSM for a
mask design having a target CD of80nm Fig. 5(b) illustrates how application

of a negative bi@sfofe@ofnBenl QA Baule dsPéits, BXATRVSies BF the et GRRnlisPr OVe
i magi ng. 17 JAN 2007 7 Fig. 6(a) illustrates the projection pupil

359 1 et snan Rl AR o L e BRabe FsPhnfaPi R b BT

Ov' and +/_ \i*l'llentt e'nfir]; E(%(_]:Ltlﬂcggn with the accompanying drawings.

Brief Deseription of the Drawings

Fig. 1 illustrat.es an exemplary line:space pattern and the corresponding amplitude
response.

Figs. 2(a) - 2(j) illustrate how the diffraction orders captured by the projection
pupil vary in accordance with varying transmission percentages for the mask features.

Fig. 3 illué.trates the resulting aerial image inteﬁsity for 80nm lines at a pitch of
220nm for 0.8 NA K1F, QUASAR™, 6y = 0.92, 6, = 0.72 and 8 = 30 degrees.

Fig. 4(a) illustrates the normalized power captured by the lpupil for the 0™ and +/-

:} 1% diffraction orders in the given example.

Fig. 4(b) illustrates the NILS plot versus mask transmittance for various defocus
conditions for the given example.

Fig. 5(a) illustrates an aerial image comparison for CPL and 6% Ati-PSM for a
mask design having a target CD of 80nm.

Fig. 5(b) illustrates how application of a negative bias to the features in the

example of Fig. 4(a) can improve imaging.



orders for the exanple of Fig. 6(a). Figs. 7(a) and 7(b) illustrate the .
effect of varying the transm ssion percentage of the mask features on
exposure |l atitude (EL) versus depth of focus (DOF). Fig. 8 iIIustraﬁksAnm$7
sinmul ated i mrage MEEF as a function of reticle CD at 1X for a target CD o
90nm at a 220nm pitch for the given exanple. Fig. 9 illustrates the behavior
of the sinulated CD through size as a function of mask intensity

transm ssion for the given exanple. Fig. 10 is a flowhart setting forth an
exenpl ary nmethod of practicing the present invention. Fig. 11 is a plot
illustrating NILS through pitch for the given exanple. Figs. 12(a) and 12(b)

illustrate th : ] rLtical
pi toh and t he. S80S GPhA e pRYERoh [ 2RA Tl IREE 0 IR fgdioTutily o)

illustrat 9Oltgggéngé£§%wheofég{h§}£uaﬁg a‘é‘%%stns%ﬂa%é’s pl ot and the overl apped

process wn ectl r the grven exanple. Fig. 14 is a plot
illustrating NLLS rough pitch r an exenpl hi glh NA, a4 tem Figs.
15(a) and 15( b}'& I%sﬁlr“gfaégst&’@ tBIagteneggy Nf‘lﬂtg‘pefi?ﬁxo\éﬁlbengtr sﬁtﬁﬁ%‘%’f”& t he
130nmcritical pitch and the 200nm for bi dden pitch, respectively, for the
gi ven exaffsless fonthe pxamploofFiggé@).gs. 16(a) and 16(b) illustrate the exposure
| ati tude versus defocus plot and the overl apped process w ndow, :
respectively, Figs. T(apang by ilbwstatplthe effécy of varyng)the tramswysion percentage of
exenpl ary nmethods of adjusting the transmttance of nmask features.

the mask features on exposure latitude (EL) versus depth of focus (DOF).

j Fig. 8 illustrates the simulated image MEEF as a function of reticle CD at 1X for
-~ a target CD of 90nm at a 220nm pitch for the given example.
Fig. 9 illustrates the behavior of the simulated CD through size as a function of
mask intensity transmission for the given‘ example.
Fig. 10 is a flowchart seﬁing forth an exemplary method of practicing the present
invention. |
Fig. 11 is a plot illustrating NILS through pitch for the given example.
Figs. 12(a) and 12(b) illustrate the plot of NILS through transmittance for the
240nm critical pitch and the 390nm forbidden pitch, respectively.
_\) ‘ Figs. 13(a) and 13(b) illustraie the exposure laiitude versus defocus plot and the
overlapped process window, respectively, for the given example.
Fig. 14 is a plot illustrating NILS through pitch for an exemplary high NA, ArF
system.
Figs. 15(a) and 15(b) illustrate the plot of NILS through transmittance for the

130nm critical pitch and the 200nm forbidden pitch, respectively, for the given example.



Fig. 18(a) is a plot illustrating NILS through pitch for the given exanple.
Fig. 18(b) illustrates the exposure |atitude versus defocus plot for the
exanple of Fig. 18(a). Figs. 19(a)-19(f) illustrate experinmental r?§th§M7
confirmng the inprovenent in process |atitude obtainable by the present
invention. Fig. 20(a) illustrates the exposure-dose |latitude for 450nm pitch
Wi thout utilizing scattering bars. Fig. 20(b) illustrates the exposure-dose
| atitude for the same process, with the mask nodified to include 50nm
center scattering bars. Fig. 21 illustrages a plot of MEEF through pitch for
various mask transmttance. Fig. 22 is a flowhart which sets forth an

exenpl ary proc _f i t.4, 0 rocess..of the present . .iny ion into
an actual desi S!ﬁgsbrlgéagf‘gé 13 ﬁ@@.dl‘n‘-ﬁgfa%."qg%e %]érr?;[ﬂltgg‘f V?Sléfe%e?%ctug p}ftﬁnﬁ E%egr aphi c
proj ection_apparatus suifable for , use ith a mask designed with the aid of
the currentV Rﬂ?ﬁtpi_“%ﬁfﬁ‘s ‘I'ﬂé‘gﬁ'f"i TEEPeE ¥=if?ﬁm41%ﬁ“’6‘ APy awi ngs Prior to _
di scussing the details regarding the nethod of present invention for tuning
the transnissi digbfl 7¢he Wg@ullv%rat%@@pm mgthepnakadinstiog dhe Eawmiiasedof n t he
target pattern so as 17 JAN 2007 9 optim ze the process latitude for the

gi ven maskmaskdegugsess, an overview of the various technical principles

i nvol ved with the nethod of the present invention is discussed. As is known,
t he transm ssi diigVi8(a)és oplotrikiktriting NILB shrouglepitchtftiethp giver atamgee.of | i ght the
mask feature allows to pass to the substrate being i maged) influences the

primary diffractizors(byoiidsrasesttha@bxpbRtrerafiig: vdisusaRfdcat plobBaehd B by at the
substrate. Traditionally, the percentage )

Fig. 18(a).

Figs. 19(a)-19(f) illustrate e);perimental results confirming the iniprovement in
process latitude_obtainable by the present invention.

Fig. 20(a) illustrates the exposure-dose latitude for 450nm pitch without utilizing
scattering bars. |

Fig. 20(b) illustrates the exposure-dose latimde for the same process, with the
mask modified to include 50nm center scattering bars.

Fig. 21 illustrates a plot of MEEF through pitch for various mask transmittance.

Fig. 22 is a flowchart which sets forth an exemplary process for integrating the
j process of the present invention into an actual design process flow.
Fig. 25 schematically depicts a lithographic projection apparatus suifable for use

with a mask designed with the aid of the current invention.

Detailed Description Of The Drawings
Prior to discussing the details regarding the method of present invention for tuning

the transmission of the mask features for various pitches contained in the target pattern so as



val ue associated with, for exanple, an attenuated phase shift mask (Att-PSM
refers to the intensity transmttance of the attenuating |ayer. For
coherent illumnnation, the intensity transmttance function T(x) is 7 elppgy
to the anplitude transmttance function t(x) for the electric field and can .
be expressed as a conplex value: t(x) =T (x) exp( 10 (x)) (1) where 0 (x)
is the phase shift introduced by the attenuated materials for Att-PSM or by
the quartz etch step for CPL. When the phase-shifter introduces a
180- degree phase shift with respect to t@e mask background, the anplitude
transmttance function is equal to the negative square root of the

intensity transm,ttance nctipn,, t(x) T (X) For exanple, referring to
Fg 1 SR MR atess oot 7 b, bt Tt o maiess o Gyetviesk OF WOt e
wi dth "w', p(%ai]chwé@ an anpljtude transmttance "t(x)",.and 180-degree
phase shiFEhniqahBrineldgs ipyely 4 therinethad oithpiseeng iypriands digeussed forth in
equation (2): x- Pm(x) =1 rect (x) O comb (x) 1 rect ( 2) O comb (x), p =
s +w pSp pBsisknpwndhy trangsiission valueofspaskdeatings ki e..dhelpercentagené lightthe. 17
JAN 2007 10 From Fourier optics, the electric field transmtted by the mask
fornms a dimaskifbattieahloive to piss tpthei subptabniesingimaghd)i isflpenoerotht panaty diffrackien mask
spectrum The field for a point source is given by equation (3) and the
intensity drfergithe® detbymite|thataefdl ifndge inkn¥ily & the §uB6fratd.FTEAditiohal(y3 the detoehtage

E(x)E (x) (4)
value associated with, for example, an attenuated phase shift mask (Att-PSM) refers to the
intensity transmittance of the attenuating layer. For coherent illumination, the intensity

transmittance function T(x) is related to the amplitude transmittance function t(x) for the

electric field and can be'expressed as a complex value:

t(x) = /T (x) -exp( jo(x)) ()
where ¢ (x) is the phase shift introduced by the attenuated materials for Att-PSM or by the

~ quartz etch step for CPL. |
When the phase-shiftef introduces a 180-degree phase shift with respect to the mask
background, the amplitude transmittance function is equal to the negative square root of the
intensity transmittance function, ¢(x) = —\[1—"@ .
For example, referring to Fig. 1, considering an infinite grating on a clear field mask
with a line width “w”, a pitch “p”, an amplitude transmittance “t(x)”, and 180-degree phase
shift, the mask transmission m(x) can be expressed as set forth in equation (2):

x—_£

2
5

m{x} = 1—rect (i) ® comb (ic—) - «/Fl—rect { )} & comb (—x—), p=s+w
p &) r P P

where p = pitch, s = space width, and w = line width.



where t(x) is the anplitude transm ttance function and F (t(x)) is the mask
spectrumthat directly contributes to the electric field. Fis the Fourjer
transform operator, F - is the inverse transformoperator, P is thd Tpefi 1007
function, fx is the pupil frequency coordinate, Eis the electric field,
and | is the intensity at the i mage pl ane. Taking the Fourier transform of
equation (2), the result is: F{mx)}_ (ss SSA)]-[bs Y( ww) *exP®kP)]}*19(k-
p) (5) psin(=n..,l =sin( &h ordecn = 0, k =0=>F(k)=1(s-WFT)= 1[p-tit(1+Tf]
(6) P p 9 lorder n=1, k =1 =>F, (k) =11 gn )+ I1Tsin )]=1sinr)(1+ ) (7) P
7r p p p Equation (6) indicates that the Oth order anplitude decreases as

t he mask i ntensj nspi-ttance jn es. . thon (/) 1ndiecates.that the
1" order anpli tilzjlf?}eél llxéndérgéé eS %E efeﬁ{enccfrf‘f%gﬁ: Smlg?%%f élllepn?aéﬁé?ﬁ “t% gtgg'ilthoél r'eases.
ot V¥ e e o e SR R B S R 0AE S S
2007 11 inpact on the image quality. It is noted that for 100% transm ssi on
and a 1:1 EivaebY equsHar &) apdthedntensity ipgiKernbyiequatiohiddnent i s not present. A
conmpari son of mask spectra for bright intensity binary mask (BIM, CPL nask,

6% Att-PSM mask, and & ¢ernali bg(phegéshilft mask (Al t-PSM3is summari zed
in Table 1. Mask type Oth Order Ist Order Comrent BIM (bright 1 _ w 1 sin(

) rw) L is the line vvidtIPx):pE&x%Etd}? field) P.Z P pitch @

where t(x) is the amplitude transmittance function and F (t(x)) is the mask spectrum that
—) directly contributes to the electric field. ¥ is the Fourier transform operator, F ~ is the inverse .
transform operator, P is the pupil function, f is the pupil frequency coordinate, E is the
electric field, and I is the intensity at the image plane. Taking the Fourier transform of

equation (2), the result is:

F{m(x)}%{[(swﬂb%@*expeﬂk,p)]}*ga(k, e

7k S 7w
psin@) =nik, =sin@)
Othordern=0k =0=F(k) =}15(S—MA/T)=~—1—[p—W(1+~/J_')] (6)
, p
) - tlordern=Lk =—1— :>Fl(kx)=l[sin£)+ﬁsin@)}=lsinﬂ)(l+m )
P 72 P P T P

Equation (6) indicates that the 0™ order amplitude decreases as the mask intensity
transmittance increases. Equation (7) indicates that the 1% order amplitude increases as the
mask intensity transmittance increases. As such, it is clear that modifying the mask

transmission changes the amplitude of the diffraction orders, thereby having a significant



Oth order present from1:1 .CPL 2 w2 ny No O order for 1:1 line sin (1 - P
) rr -sin(-) space ratio 6% Art- (1 1.24 w) 1.24 sin "-"'" Lower O order and
hi gher PSMp )r ( p) 1st order comparing with BIMA t-PSMe J 0 2! &ilf¥ 2007 w
When (p=in, No Oth order <cos( 2 2P) for all pitch TABLE 1 As is clear from
Tabl e 1, by varying the transm ssion percentage of the nmask features, it is
possible to vary/control the anplitude of the diffraction orders captured by
the projection pupil of the inmaging system As such, because the anplitude
of the captured diffraction orders eff?fts i mage quality, it is possible to
adj ust/inprove i mage qual [ ty by control Ftng the transm ssion percentage of
the mask features, f j) illustrate how the diffraction orders
capt ur ed Bwpﬂﬂ@nﬁh%}@%ﬁel Iy pIF is HQF% thay for 400% ritpsamissiRn apd gdr ) fipgyto space
transm ssi on per cent ages for the mask features, and in particular, the

si mul at|orratnfeihﬁﬂsordftrcanwpmﬁéIqunprdSﬂbm ng an KrF, 0.8 NA exposure tool Wwith
QUASARTM i | l um nation with 60 0.92, 6i 0.72, and pole angle O 30
degrees. Mre Wcohipdri2GOFf mask @Bﬁm ot bﬁéﬂtmteﬁtg:bma%( mhsk (BIB) CPLL hiaslt 1684 e
plots of anplitude versus diffraction order that represent Fourier

transf or mMA@PSRIMEXCARI MehatiBS Khdse SHiftmeasR (A RPSRBNT SR i 20881 pi t ch

Mask type 0th Order 1** Order Comment
BIM (bright LA B sin( Z¥51 L is the line width, p is the
field) _ P z P pitch
) ' {th order present from 1:1
L 2 ™ ord 1 0
CPL - 2w ) 2 sin(™) No 0 or::ier for 1:1 line
T space ratlo
6% Att- a_ 24w 124 5 oy | Lower 0" order and higher
PSM P 1* order comparing with
\ BIM
. - - -
Alt-PSM €™ cog( 4 ) —2—sin( i) When ¢=n, No 0" order
5 z 2P for all pitch
TABLE 1

As is clear from Table 1, by varying the transmission percentage of the mask features, it is

possible to vary/control the amplitude of the diffraction orders captured by the projection

pupil of the imaging system. As such, because the amplitude of the captured difiraction
-orders effect-s image quality, it is possible to adjust/improve image quality by controlling the
transmission percentage of the mask features.

Figs. 2(a) — 2(j) illustrate how the diffraction orders captured by the projection pupil
vary in accordance with varying transmission percentages for the mask features, and in
particular, the simulation results. of a process utilizing an KrF, 0.8 NA exposure tool with

QUASAR™ illumination with o, = 0.92, o; = 0.72, and pole angle 8 = 30 degrees. More



for mask transm ssion values of 0% 6% 25% 35% and 100% respectively.
Figs. 2(f)-2(j) show the 2-dinensional overlap of the diffraction orders
captured by the projection pupil for the same |ine/space pattern wilt’hiA3b4007
6% 25% 35% and 100% transm ssion, respectively. As noted, equations (6)
and (7) predict that as the mask transm ssion increases, the anplitude of
the 1s’ orders increase and the 0 h order decreases. The simulation results
set forth in Figs. 2(a)-2(j) confirmthis conclusion. Assun ng

vector-unpol arized light is utilized in_fhe foregoing exanple, Fig. 3

Il lustrates the correspondi ng aerial i e intensity at the inmage plane for

each transm ssion value illustrated in Figs. 2(a)-20). Fig. 3 also

i 11 ust r at sgecifigallyy¥Figsi 2lehg g illystateuplets ?ﬁgwmgu%p verses diffipdionseignthay esul t s
in the highest normalized i mage | og slope (NILS), and therefore the best

i mage contrefassent Hhvgier transdfarmsoff atlkaemplas waskdedtareiofan 86nmtlive ay 320noupitch
transm ssions are sunmarized in Table 2. As indicated, 35% nmask

transm ssifemméskstankfiskion vhlaed e {016 s6% N3G 35vahndel 0004, réspediieBd RifaR(fveghods
for conputing NILS are well known by those skilled in the D art, and

R 1075 W ¥ e o 07 A s 7 i S
for the same line/space pattern with 0%, 6%, 25%, 35% and 100% transmission,
respectively. As noted, equations (6) and (7) predict that as the mask transmission

} increases, the amplitude of the +1% orders increase and the 0™ order decreases. The
simulation results set forth in Figs. 2(a)-2(j) confirm this conclusion.

Assuming vector-unpolarized light is utilized in the foregoing example, Fig. 3
illustrates the corresponding aerial image intensity at the image plane for each transmission
‘value illustrated in Figs. 2(a)-2(j). Fig. 3 also illustrates that utilizing mask features having a
35% transmission, results in the highest normalized image log slope (NILS), and therefore
the best image contrast. VThe results of the NILS calculation for the various transmissions are

summarized in Table 2. As indicated, 35% mask transmission results in the highest NILS

value. It is noted that methods for computing NILS are well known by those skilled in the

) art, and therefore are not further discussed herein,
Intensity - : NILS
Transmission

Bin 0.67

6% 0.91

25% 1.14

35% 1.2

100%. 1.15

TABLE 2



Figs. 2(a)-2(j) also illustrate that as an attenpt is nade to resolve
smal l er pitches, not all of the 1st diffraction orders are captured by the
projection pupil, and therefore, not all of the first order |ightl7 AN 2007
contributes to inmage formation. Cearly, varying the mask transm ssion
percentage alters the ratio between Oth and 1St diffraction order

anplitudes, and therefore, inpacts the interference between the two
diffraction orders. In order to properly account for the portion of the
+1't order that generates the naxinun1ii%erference, the energy transmtted
by the diffraction orders needs to be cafculated. Fig. 4a shows that for 35%
transm ssion, the _sum.of the |st order captured in the projection pupil is
equal to the t &g 2@ 20halsoinsiEriethat as g gtichmt Is madafgdesobvePrpdlenpitihse diot hat
this situation, where the +1't order captured in the projection pupil is
equal to taleofithy 4T diffraction cddens erechepturedryvihe gsojedtion pwpil, 4vdl therefoe, innt athef t y
distribution in the projection pupil, which results in the optinal

t ransm ssithenfishdrdentigiet coatitluiteassd ithage fohmatipiny eCleqly, ehryarpdhe haskitraadmission
settings. It is noted that calculations set forth in Fig. 4(a) are based on
the sane exaRihee alerd itsC HESAbARAVE" Gid ¢ JiffQAMNl braesadplitddddl hed tRfeforz20NM
with the sane illum nation settings as utilized in conjunction with Fig. 3).

In an eff Qfnbad ch\éﬁﬁt.blff reh A etwln! the AP aitBsioh SR, S5 &@&it@g&ogﬁlgf%{ecg%mtgglh "

transm ssion 1s the est transm ssion for the foregoing

lines at 220nm prtch.at _th ecifie il lum nati.on settin n_addi ti onal
S ot ac i oG EUBTLBH 8 k8 oder el Bt pieipiny Bt it <y B iled
unpol ari zed sinul ation setting. As noted above, NILSis directly related to
itage corWribgdiffrachgn prisrsfiegpsio herralopfated, Fighda shawsthat fae35%dgastbisson48¢ |

whi ch directly translates into inproved exposure latitude. Fig. 4b

i |1 ust r at eumt dfethe gdliotder ofiptited indiat piofeetivn pupiliisatquehto thikédtek of thg 0f'corfierg.  4b,
the resul'ts confirmthat 35% transm ssion for the nask features provides 17

JAN 2007 Hdkhéhet hasob&smt ddbrimhddninar etis fsacdion, Aheh®ane1*f Sdeagiuedl ih RBe
defocus conditions under test, the ‘

projection pupil is equal to the total of the o™ order, provides the most balanced intensity

distribution in the projection pupil, which results in the optimal transmission and image |
contrast for the given pitch and illumination settings. It is noted that calculations set forth in
Fig. 4(a) are based on the same example as discussed above (i.e., 80nm lines at a pitch of
220nm, with the same illumination settings as utilized in conjunction with Fig. 3).
In an effort to verify that utilizing mask features having a 35% transmission is the
) best transmission for the foregoing example of 80nm lines at a 220nm pitch at the specified
illumination setting, an additional simulation was performed utilizing Prolith v7.1 using the
vector unpolarized simulation setting. As noted above, NILS is directly related to image
contrast, and the highér the NILS, the better the image contrast, which directly translates into
improved exposure latitude. Fig. 4b illustrates the resuits of the additional simulation,

Refetring to Fig. 4b, the results confirm that 35% transmission for the mask features provides



maxi mum NI LS occurred at 35%transm ssion. Fig. 5(a) illustrates a

conpari son of the resulting aerial imge between CPL and 6% Att-PSM for
80nm CD and 220nm pitch lines on the mask. As shown, CPL (100% 7 IAN
transm ssion) provides a lower mninmnumintensity. Fig. 5(b) illust ra1 est %@17
for the CPL mask, negatively biasing the mask Iine width to 75nm further

i nproves the i mge sharpness and produces a higher NILS. The negative bias
operates to increase the Ot' order producing better contrast for dense CPL
features. It has been shown above that by varying the transm ssion
percentage of the nmask features, it isl%ossi ble to optimze the resulting

i mage contrast for _a given |line:space pattern for a given illum nation
condi t i on.theoighsseNILS threughdpas. posbown.dor eachpf theidefcus eonditinme vrder ftest.ithaude by
controlling the transm ssion percentage of the nask features. In order to

i 'l ustrat endxtimemNILREocpired af 85%3raaxpission.e matri ces (FEMs) were conputed for
the following six transm ssion percentages: 0% 6% 25% 35% and 100% The

same KrF 0.8 NEi@rig) iMSAR al dolipatistt 6fRe ¢R0KinE ia0Re imGgd Bétwhe EPL iafd bhee
foregoing exanple were utilized again. The illTum nation was optim zed for

240nm pi t G4 pSHI $O¥Bhnk TTIF d Bk pRAF 1RBCBn BYThAYK, Uls! iBhAg C.@’L?’g%g"é

transm ssion, the sane optimzed +1° to Oth order ratio is obtal ne

o, |2y 8 Bl TR G o

transm ssi on percenta _ _ osure
ot i ces PUPkCHRBRBNA B9ginE i mapkiie st s Hivush Eorots HSRBEERGIPIoR )
illustrates the corresponding process w ndows. Upon review,ng Figs. 7(a) and
7¢p), it i2ad prodyegq azlné?er NIES o/ fenigatiYeabiagoperatesain dperease dhe §r Sdpredugyes
opti mal exposure-dose |atitude. Mre
better contrast for dense CPL features.
It has been shown above that by varying the transmission percentage of the mask
features, it is possible to optimize the resulting image contrast for a given line:space pattern
for a given illumination condition. ‘However, it is also possible to optimize the process
latitude by controllingv the transmission percentage of the mask features, In order to
illustrate this principle, focus-exposure matrices (FEMs) were computed for the following
six transmission percentages: 0%, 6%, 25%, 35%, and 100%. The same KrF 0.8 NA and
QUASAR™ illumination conditions as set forth in the foregoing example were utilized
) again. The illumination was optimized for 240nm pitch, as shown in Fig. 6(a), and once
again, utilizing a 35% transmission, the same optimized +1% to 0% order ratio is obtained as
shown in Fig. 6(b).
Figs. 7(a) and 7(b) illustrate the effect of varying the transmission percentage of the
. mask features on exposure latitude (EL) versus depth of focus (DOF). In particular, Fig. 7(a)

illustrates the FEM matrices for the 0%, 6%, 25%, 35%, and 100% transmissions, and Fig.

7(b) illustrates the corresponding process windows. Upon reviewing Figs. 7(a) and 7(b), it is



specifically, referring to Fig. 7(a), for a 90nm printed CD on the wafer,
the 35% transm ssion results in a 0.6 mcron DOF at 16% exposure-|atitude.
Fig. 7(b) illustrates that as the transm ssion percentage increases, the

m nimumintensity becomes |ower (see also, Fig. 3). As such, for tihejsga
target CD, increased dose is required. The trend of increasing dose wt
increasing transmssion is clearly shown in Fig. 7(b). It is noted that 0%
transmssion (i.e., C) exhibits the highest mninumintensity |evel. As
such, in order to achieve the sane printed CD, the 0% transm ssion case
needs to utilize the highest printing threshold and the | owest exposure
energy. Next, it is described how transnission tuning of the nask features
can be utilized to fect the mask error factor (MEF). Mask error factor
(MEF) or t%&%sfhateﬁ?% CEaRPTRIRIEPrePiP vides dhe r OROVIAE FyXRosUrgrdpsen deftade- t ndarat i o
of the change in resist feature size to the change in mask feature size ,
scal ed by spRefipallynrefireing foofigot(a) e aY0nospringed 6B1on thewafes, the $&h tspsmisEipr= 0CD
(8) 8 ReticleCDI Mwhere Mis the exposure tool reduction factor.

Li t hogr aphgsylis does §.6v ani¢rab| RQF st db¥asxfoeaedatituie nFig by dtustrates that res the dt h,
mask tone, optical proximty correction (OPC), resist contrast and resist

t hi ckness, ragmigion tparenth &€ inefedsesadhle niditRuna MntbREAe Hecsthest IB&eMaBE afsacFigl 3). AS
expl ai ned above, for a given CD (i.e., line width) and pitch, changing the
mask  trangdhisl O (B8 shh i [dD, iReskkd IORIR rBYlAtel! YiheARnHNE ihdBAGCRRE r ast
changes, the printed contour al'so changes. In'turn, this inpacts the MEEF.
Fig. 8ill j - eq..l 0%, . i on of
et cle coray aing WandhiEoRlsaa Rt in HIL 7000 s SRl i, BB Bt 0
?.:35: I | Lg%g?;'ﬂ%&}gﬁﬁ% ttl{eq'ﬂghe%ts mlsn?rtnu;nourl’}eQSi{yqe\tre?.eA%)égc , %neorglerst%ua% i%ge %Q%Xn%e

printed CD, the 0% transmission case needs to utilize the highest printing threshold and the

lowest exposure energy.

| Next, it is described how transmission tuning of the mask features can be utilized to
affect the mask error factor (MEF). Mask error factor (MEF) or the mask error enhancement
factor (MEEF) is defined as the ratio of the change in resist feature size to the change in

mask feature size scaled by the magnification of the exposure tool, and is given by:

MEEF = oCD (8
OReticleCD/ M

L

where M is the exposure tool reduction factor. Lithography process variables such as focus,
lens aberrations, line width, mask tone, optical proximity correction (OPC), resist contrast
and resist thickness, among other factoré, all have an impact on the MEEF factor.

As explained above, for a given CD (i.e., line width) and pitch, changing th_e mask
transmission or bias will impact image quality. As the image contrast changes, the printed

contour also changes. In turn, this impacts the MEEF. Fig, 8 illustrates the simulated image



NA = 0.8; sigma out = 0.92; sigma in = 0.72, and angle = 30 degrees QUASAR
illumnation). Typically, the higher the image contrast, the | ower the MEEF.
Referring to Fig. 8, it is shown that an 80nm CPL (100%transm ssignJAN 2007
n- phase) feature has better imge contrast than the correspondi ng 6%
Att-PSM feature. Under the sane conditions, the MEEF for CPL (100%

transm ssion) is 2 for a printed resist CD of 80vm while for 6% the MEEF is
greater than 10. As the mask transm ssion increases above 25% a negative
bias is required to achieve the | owest EF. The feature CD correspondi ng
to the m ni rum MEEF decreases as trans ssion is increased. For a 90nm
printed CD target on the wafer requires_a 15nm negative bias to

provi de t HYEEB®8 gtfungtiopn Ofﬁﬁtl%gﬁ atj ltX fos adargety CIP 104 O0NERE 22201y piich yhlizing
function of feature bias and mask transm ssion, which is understandabl e as
bot h f eatthe samhé diimimadionwmsttings smsetriferdi mrthe hmmgﬂe tiseussedt alwvef(i.O, usirgna Kil"
diffraction order anplitudes and the energy captured by the pupil,

Transmi ssidA +unB;ngigmbseut ef (292 Ssigthe ifres 10.12D apdr drigiec & 30lidzgnred QUASAREEri ty.
Fig. 9 .illustrates the behavior of the sinulated CD through size as a

function Qfluﬂﬁ}%{ioﬁ)nt"ﬁﬁﬁall%l thb agheMtRSinfaBe Wbrttase iRDlokle &feamEFetRefaﬁﬁ%a@ t he
exanpl e set forth above he target CD1s 90nm on the wafer with a 220nm

pitch. Fi g /gt , %, il 15 WROWAHES ad BEm 'L, &@5%35%151{1%5105 @Ehe?s okt ﬁels'b%&ﬂg‘“ﬁ 'li_

(i.e., 100¢ ansm ssi on, n-phase) formthe nas ures Ist

o oot cb AR g Ll R BREP e B e 'S%‘Iﬁgﬁea S SRR o
Gryen oxar LA t%ﬁﬁ%ﬁ# tegryacmin bryef St mla i e ey 5 g7

1# Referring again to Fig. 9, for target CDs in theorange between 75nm and
95nm a t r SHEHRISEIHH)- s dha Iys%wsmeﬂ%oarlwwée%ahowe 2p¥s @ neggrvgbiasdp seAubed | t

is noted that the tEercent age
to achieve the lowest MEEF. The feature CD corresponding to the minimum MEEF

decreases as transmission is increaeed. For a 90nm printed CD target on the wafer, CPL
requires a 15nm negative bias to provide the lowest MEEF._ As such, it is clear that MEEF is
a strong function of feature bias and mask transmission, which is understandable as both
feature bias and mask transmission change the ratio of 0% and +1% diffraction order
aniplitudes and the energy captured by the pupil.
Transmission tuning also effects the mask CD (critical dimension) linearity. Fig. 9
) illustrates the behavior of the simulated CD through size as a function of mask intensity
transmission utilizing the same settings as the example set forth above, the target CD is 90nm
on the wafer with a 220nm pitch. Fig. 9 illustrates that for CDs smaller than 70nm, utilizing
CPL (i.e., 100% transmission, n-phase) to form the mask features is the best approach, as
CPL exhibits the best resolution and linear behavior. As the target CD approaches 80nm or
more, the light begins to leak through tﬁe Mo phase-edges forming the target line in Zone 1,

and as a result, in the given example CPL is not suitable for a CD larger than 80nm.



transm ssion of a given feature can be controlled by halftoning the feature.
This entails, for exanple, formng a line feature by applying a pluralit

of chrone patches which are spaced apart from one another, but wheh/ |JW%@@&I
produce the target line. The transm ssion percentage can be vari ed by
controlling the size of the chrone patches and the space between chrone
patches. The foregoi ng "hal ftoning" technique is described in detail in USP
Application Set. No. 10/659,715 filed on Septenber 11, 2003, which is
incorporated by reference herein in |ts entirety. Returning to Fig. 9, for
target CDs larger than 95nm 0% transmi ldsion features (e.g., solid chrone
features) provide the best [inear behavior. It is noted that the region
cont ai ni ngReferrigsegai Figa?, far erechERb insthe range ibetvieen g Sroend PHum srassnission s
referred to as Zone 1, the region containing target CDs that are capabl e of
utilizing frrai1f356’51|tug40% sprodfies thedbisp lasarZbeteavidr. altdist ied elyitothe qendeatiagé ng
target CDs that utilizes 0O%transmssionis referred to as Zone 3. It is

vel | knownrdnb@issias okt gdRacia®erel @BE comilieddy Halfoning thy febireC Thiscatsiedioby t he
9 interaction between the features of interest and the neighboring

struct Ur eSeBeeR lind RaBurS BY %é}ﬁ{rmé‘ta ;ﬁurgh & c%n%eﬁaitéﬂég whidiCite QRck g2l

i nteractions ﬁoi only effect the nS|on but al so I npact the

xposure | BRI HSE S LSS CR Shen  ralltd Ss}e&qhor«gggg g(netsgflﬁf,ch%ﬁe Rsmission

or processes an f égl ons exi st

RRTEG N e R T s Bt HeaBroGeL can

be |rrprove(i!l However, at the forbidden pitch where there is |nsuff|C| ent
space for SRR PPIHeS helhgs Kregoinee lﬂ%ﬁ@ang frshpigpe, iy leprribed ipr drsak dn 19SHN
'?2 7 18 latitude is |limted 7y the "forbidden pitch" as the nanme suggests,
due to theApiicatianh8¢r. pYa. di0/658,716 Hded oo skaptembey dit 2003, wiielk i sspporates gbul d
Si rrply design the mask such that no features

reference herein in its entirety. Returning to-Fig. 9, for target CDs larger than 95nm, 0%

transmission features (e.g., solid chrome features) provide the best linear behavior. It is
noted that the region containing target CDs that are capable of utilizing 100% transmission is
referred to as Zone 1, the region containing target CDs that are capable of utilizing halftoning
is referred to as Zone 2, and the region containing target CDs that utilizes 0% transmission is

referred to as Zone 3.

It is well known that as k; becomes lower, optical proximity effects caused by the

) interaction between the features of interest and the neighboring structures becomes much
more severe. At a given NA setting, such optical interactions not only effect the critical

dimension, but also impact the exposure latitude of the feature.. It has been shown (see, USP

No. 6,792,591) that for processes and designs, “forbidden pitch” regions exist‘ in which the

exposure latitude is very poor. For such forbidden pitéhes that are large enough to insert

assist features,. the exposure latitude can be improved. However, at the forbidden pitch

where there is insufficient space for inserting the assist features, the through pitch process



fall within the forbidden pitch region. In other words, no forbidden pitch
was utilized in the mask design, which significantly degraded overall
process latitude. In the present invention, the transmi ssion tuningi7 AN 7007
techni que detailed above is utilized to optim ze the imging performance of
features within the forbidden pitch region so as to inprove the overall
process latitude. Indeed, as is shown bel ow, the transm ssion tuning of the
present invention is utilized to "rime" the features within the forbidden
pitch region so as to inprove the imging performance of features within
t he forbidden pitch, thereby elimnati nglst he need to avoid the forbidden
pitch region in_the mask design, and the associ ated degradation in process
| atitude. ltitude iniinised bte “fqrglriéwum&h” @ thermamgssuggesisy degitotthe fast Birhpiar ot
limted to a specific pitch, but also includes a range around the specific
pi t ch i denthe fpresdntaigvenitionf mask detegnerspivowd sinfidy slesign thel haskesuchities noi fedturest he
forbi dden pitch range could have the transm ssion tuning of the present
i nventi on fafplitked tHelferbédden piitble ragiing €in @khek Mdrdsp hd fetBRide pitehhwasoutllided i the
dependent on the given process and illum nation setting being utilized, and
can be defhagkdieRien, Whigh dRaifRAGTy distdded obdiSl brRbRIaRIASE CRShE YreSerR Mvehifsh,  he
NI LS plot through pitch as explained in further detail below or as another
exanpl e, . ASca: or i to /g ven pit.ch. Fi.g 10 is a
cap l?ﬁlsﬁﬁ?%mﬁ Rﬁ{én% ?ééﬁ%l%ﬁ@che{aﬁ@?ﬁagg@@qy utiized U6 cgﬁl[n}%g@ F}hé: 1913@1@

flowmchart setting tort exe ary nme of practicin resen

invention. The first. step in.the.proge (Step 100) is to.determ ne/obfain a
arget  masieregmeteEds RhERen QiR REFRER Dl Tiebor s BT i Fe T By o
performthe given process. The next step in the, process.(Step 110) is to
Pene 1y oorafist FainfieofiaRd, 4 5 phonrutelst: e rispsigR (TpE SANCIBo0L SeEBR, o o
the illum patjon condi tions for printing the target pattern. Typically, the
critical Igjutidiged & regpothesieawreshwithipsthe ferbiddeniniteh regior so asHg] impeavepthe ch)
contained in the target pattern. :
imaging performance of features within the forbidden pitch, thereby eliminating the need to

avoid the forbidden pitch region in the mask design, and the associated degradation in
~ process latitude. It is noted that “forbidden pitch™ as referred to herein is.not limited to a
specific pitch, but also includes a range around the specific pitch identified as the forbidden
pitch. As such, all features within the forbidden pitch range could have the transmission
tuning of the present invention applied thereto. The range of the forbidden pitch would be
dependent on the given process and illumination setting being utilized, and can be defined by
. j the designer during the tuning process by examining the NILS plot through pitch as
explained in further detail below, or as another example, can be set as a predefined range
about a given pitch.
Fig. 10 is a flowchart setting forth an exemplary method of practicing the present
invention. The first step in the process (Step 100) is to determine/obtain a target mask

paitern and the illumination system that will be utilized to perform the given process. The

next step in the process (Step 110) is to identify a critical pitch in the target pattern and



However, it is also possible to utilize another pitch as the critical pitch,
for exanple, if a mpjority of the features in the target pattern arﬁ.gﬂtgfﬂ
pitch other than the densest pitch, the designer may decide to opti1 i et (b

illum nation conditions at the majority pitch. Once the optimal illum nation
settings are determned for the critical pitch, the next step (Step 120) is
to determine the NILS through pitch utilizing the illumnation settings

defined in Step 110, in the sane manner as di scussed above. As noted above,
by determining NLS through pitch, it is possible to determ ne the
"forbidden pitches" for the given il | unf’nat i on process, which is the next
step.in the process (Step 130). Referring to Fig. 11, and as_discussed
further bePRIRize phe Biumangtion copditingy for grifing mheotagget pritesn, Typically.t basttied at
~exhibit lower imaging quality (i.e., forbidden pitch) are easily identified
as those ppitchimegrespoads toghe most denesspitchil (1.6, sadllest pitch) fangpinedilin the targst ptem.t hat
in the given exanple, 390m corresponds to a forbidden pitch, and the area
around t heH3@even ii al3o (posdble td-Autilidd angthanqitcl as ald eitdqad piicH, doit beanipde, if dden
pitch region as these pitches al so exhibit reduced i maging performance as

can be seemafdyitFolthe ¥aturbs i HeCbrgdRi@m MB R adidh Yofled ShannBe MbhsSst! fitcalGB
pitch plot, the designer can, for exanple, determ ne how | arge the forbidden

pitch regi @é&@%ﬁl@%&ﬂ% g@éﬁi@%ftﬁ{ iﬁhﬁﬂﬁﬁ@l‘?céfﬁdﬁﬁcﬁs%{thg g}rgfpc of the NILS

pl ot about t ereby determning t es within the

k [ h Y =Te .t h 1SS I.ha.
A ternati vel y, i e sBBRt MhERy sabete AR Ie LR e bt peten

pitch that woul d deened to.be, i ded in the forbidden pitch region. It
P nfur  hor SHOLUEP o0 P dorermirece pSLS Biouif gk fzdierhe T, SRS
t'wri ng process of the (;jw_esent invention to 17 JAN 2007 20 optim ze the

i magi ng pefdtBedindter 410.fp the raws manpeng discuspbabaya: disaetedmbetre by detpmings
itch region. :

P gN]LS through pitch, it is possible to determine the “forbidden pitches” for the given

illumination process, which is the next step in the process (Step 130). Referring to Fig, 11,
and as discussed further below, by reviewing the NILS plot through pitch, the pitches that
exhibit lower imaging quality (i.e., forbidden pitch) are easily identified as those pitches
having the lowest NILS value. In Fig. 11, it is seen that in the given example, 390m
corresponds to a forbidden pitch, and the area around the 390nm pitch (e.g., +/- 10um) would
correspond to the forbidden pitch region as these pitches also exhibit reduced imaging
. ) performanée as can be seen by Fig. 11. As noted above, upon analyzing the NILS through
pitch plot, the designer can, for example, determine how large the forbidden pitch region
should be by identifying the width of the trough of the NILS plot about the forbidden pitch,
thereby determining the pitches within the mask design that will be subjected to the
transmission tuning. Alternatively, it is possible to predefine the range about each forbidden
pitch that would be deemed to be inciuded in the forbidden pitch region. It is further noted

that it is also possible to utilize the transmission tuning process of the present invention to



Once the forbidden pitches are identified, the next step (Step 140) in the
process is to determ ne/conpute the NILS through transmttance (i.e., %
transmssion) for the critical pitch and for each of the forbidden pVt8Nall
~in the event that nore than one forbidden pitch is identified in Step 130.
It is noted that it is also possible to conpute the NILS through
transmttance for additional pitches not identified as forbidden pitches, in
the event the designer desires to optimze additional pitches within the
target design. It is further noted thaé the sane illum nation conditions as
determned in Step 110 are utilized in Bnputing the N LS plots of Step 120
and Step 140. By caonputing the NILS through transmttance for the critical
pitch and qnﬁ@’l%ﬁhsma@ﬁg peiferaspes; of fepturgsdaying ditchesquisids phibe doshirdden preh
optimal transmttance (i.e., %transm ssion) should be for the critical

pi tch and egienf or bi dden pitch(es) to produce the best imaging results (Step
150). Indeed, as described above, the highest NILS value corresponds to the
opti mal transmmssitenforditddngitchéseate ideatifidd) eheaeki staw (Stepp ) iis te@odesy istthre
critical pitch and the forbidden pitch(es) can be different from one

anot her. QugemiRfofplic Bk mnﬂmngal edhsRataen (R0es; Ravmibes!) fofemd bhdaqd for
both the critical pitch and the r bi dden pltch the final step in the

process (SRR ar@®r ehélé @%rbl%mﬂ{dﬁ@ch%&%ﬁ% gnt'tl‘fht{rrLb? e [12h 96E fHEREG bRk it he

critical pitch and at en pitc to [ ransm ssi on
ercenta t. f X t here
re art f ordsitedh Sﬁd&%@ i %’n%t B R B PP sggmﬁu%é‘tb%ﬁr% $gutllen -
iven feature 0 Iftonln e fe I . 1S notedthat
?raz. us NS ieite SR ol Pt o ﬁf?eeiﬂﬁedms TahiGisnpicchss f%rtgf@(??’% B ocess
preferably conducted by sipmulators, such as for exanple, ASM
MaskTool s, eﬁlg{md@ﬂmsst@ropglgfi@q,\md@%h R]éqj@s within the target design. It is further noted

that the same illumination conditions as determined in Step 110 are utilized in computing the
NILS plots of Step 120 and Step 140.

By computing the NILS through transmittance for the critical pitch and the forbidden
pitch(es), it is réadily discernable what the optimal transmittance (i.e., % transmission)
shoul& be for the critical pitch and the forbidden pitch(es) to produce the best imaging results
(Step 150). Indeed, as described above, the highest NILS value corrésponds to the optimal
transmission. It is noted that the optimal transmission for the critical pitch and the forbidden

) pitch(es) can be different from one another.
Once the optimal transmission percentages have been identified for both the critical
pitch and the forbidden pifch, the final step in the process (Step 160) is to adjust the features
-in the target design at the critical pitch and at the forbidden pitch(es) to the transmission
percentages identified in Step 150. As explained in more detail below, there are ditferent
techniques for adjusting the transmission percentage of a given feature, for example,

halftoning the feature. It is also noted that various NILS computations set forth in the



An exanpl e of the foregoing nethod is now described. The illum nation
settings utilized in the exanple are for a KrF systemw th 0.8 NA QUASARTM
illumination, bout = 0.92, 6;:n = 0.68, and 0 = 30 degrees. The targetAMak
conprises 80nmlines at a 240nm pitch. In this exanple, the critical pitch
is 240nm The next step is to generate a plot of N LS through pitch
utilizing the foregoing illum nation settings and target mask. Fig. 11
illustrates the result of the NILS plot. It is noted that in the given
exanpl-e the NILS is plotted through pitch for four different mask
transmissions, which are 0% 6% 35% and! 100% However, it is al so possible
to select a single transm ssion and plot NILS through pitch for the single
t ransm ssiforegoiog i pdesess fage preferiibdy ioddietedo by cimulRefs rsucngs tfor Ekgmple,1 ASML can
be seen that there is a forbidden pitch at approximately 390nm as there is
a sharp drMgkiTools ethobliuisSr softviige pRkaggach transmttance at this pitch. As
such, 390nmis the weakest pitch (i.e., forbidden pitch) in terns of

exposure |atituygeexdmpds of Bl foregdiith héthbd ié hbwsdesédiRdl hene BRMlidatiof seifAgs Next

step in the process, which is to conpute the NILS through transmttance for:
the criti oY Lo 4 ] idde i ' . 390nm . It
is prefer ;iﬁl%éq %Cﬂé%%%%n?%e taﬁeeﬁ)ﬁlﬁl@{%?tgﬁg‘ﬁh?p?n@gﬁ ptuéﬁi%aﬂmoﬁm\t}lglﬁgftlgg’s&“‘f ocus
settings. erri to Fi.g. .12(a it.is shown that .the best. transpjttance
ot each adFTh i O, fnd ok p0kRebs, o Tt okt sk, Opp o R s A5 g dni
transm ssign (i..e., the highest NILS value corresponds, to the best inage
cont r ast ) .PUgRf dn this gxample; the crisiegd)pitch is 24Qngp T he maxt SR ispfesgenerate A plof of ance
at each defocus setting for the 390nm forbidden pitch is 100% transm ssion.
It is nothedStthepugh pitck upbbgiag Whe faregoing illumination sejings ded treget maskt i g When
cofmputing NILS through 17 JAN 2007 22 transmittance for the forbidden
pi t ch. Hovibustuates e wmesinltiofithe NILIS tplqal dt dehoted shat dh tthegiven texample phs Nib$ds t o
confirmthat a given transmittance is optinmal over a given defocus range.
plotted through pitch for four different mask transmissions, which are 0%, 6%, 35% and

100%. However, it is also possible to select a single transmission and plot NILS through
pitch for the single transmission to identify the forbidden pitch. Referring to Fig, 11, it can
be seen that there is a forbidden pitch at approximately 390um, as there is a sharp drop in the
NILS value for each transmittance at this pitch. As such, 390nm is the weakest pitch (i.e.,
forbidden pitch) in terms of exposure latitude.
.Figs. 12(a) and 12(b) illustrate the results of the next step in the process, which is to
) _ compute the NILS through transmittance for the critical pitch (i.e., 240nm) and the forbidden
pitch (i.e., 390nm). It is preferable to compute the NILS through transmittance for various
focus settings. Refetring to Fig. 12(a), it is shown that the best transmittance at each defocus
setting for the 240nm feature is approximately 35% transmission (i.e., the highest NILS value
cotresponds to the best image contrast). Referring to Fig. 12(b} it is shown that the best
transmittance at each defocus setting for the 390nm forbidden pitch is 100% transmission. It

is noted that it is possible to utilize a single defocus setting when computing NILS through



As the final step in the process, the features contained in the target
pattern at a pitch of 240nmare nodified to have a transmttance of 35%
while the features contained in the target pattern at a pitch of 39DnAl4iE
nodified to have a transmttance of 100% The nodified nmask is then
utilized to image the actual wafer. Figs. 13(a) and 13(b) are exposure

| ati tude plots, which illustrate that the foregoing process of the present

i nvention operates to inprove the overall exposure |atitude of the .process.
Fig. 13(a) is a exposure latitude versus_focus plot which confirnms that 100%
transm ssi on provides the best ED | atité8e for the 390nm feat ures. Fi g.

13(b) shows the overl apped process w ndow for 240nm pitch with 35%

LT ansmi SotGRSTIEneeHer YBOtarhi RN ch HOWeNo0 hy(yidiaine 5iipie, defycup sepiees! i
optim zing the transm ssion for the 390nm forbidden pitch, it is

denonst r atpessiblb &t confiim 4hatna PN @hO¢mitpedsiomina overedgvérsdedadus eanglal e. This KrF
exanple illustrates that transm ssion tuning can be used to overcone the
forbi dden pitcias the Ghhlesap iAShé plodeksihe \Featurkd Conbifdd inGhe irgdt gﬁtlﬂérﬁl deapptt ch.is
a strong function of NA. For a high NA ArF system the forbidden pitch

shifts 10 of 290mh a8 mBlied WA Ea irdfinfitthe %@_3??0?%% Qhe fe%ﬁn?és\’éoﬂﬂ\i&ﬁ% $he

features, such as scattering bars. Fig. 14 illustrates the sinmulated NI LS

th h o . - : . . . . - 3
(vin'2 b oter Bl & Ogiehdebontf i odRPLS nive MEAhIAR:: GF 2hso™ B

havi itical pi.tch of..1 As. sh iLn Fig. 14, i i to th

K F oxanpreodbEmed b g Bz e Mot nE e rel o Soonmto 260mm pitoh
range. Currently, such pjtch ranges are too small_to allow for_ insertion of

assi st 17 JAN Furs713(ena9d bih) ats expouns fafituds plednetiph ilbishpigrbst the forpening on

ortder to inprove the inmage quality. However, applyin? the present invention
to this casecess of the pressst biventian ppanias s imprevedigaeverdl exposure latitude of the

process. Fig. 13(a) is a exposure latitude versus focus plot which confirms that 100%
transmission provides the best ED latitude for the 390nm features. Fig. 13(b) shows the
overlapped process window for 240nm pitch with 35% transmission and the 390nm pitch
with 100% transmission. By properly optimizing the transmission for the 390nm forbidden
pitch, it is demonstrated that a 0.4um DOF @10% exposure létitude is achievable. This KfF
example illustrates that transmission tuning can be used to overcome the forbidden pitch
7_ problem. |
. ) ' As noted above, the position of forbidden pitch is a strong function of NA. For ahigh
NA ArF system, the forﬁidden pitch shifts to a smaller pitch where there is no space for
applying assist features, such as scattering bars. Fig. 14 illustrates the simulated NILS
though pitch using a 0.85NA ArF with x dipole illumination, oo = 0.92, 6 = 0.68, and 8 =
30 degrees, and utilizing a binary intensity mask having a critical pitch of 130nm. As shown
in Fig: 14, in comparison to the KrF example, the forbidden pitch range shifts to 200nm to

250nm pitch range. Currently, such pitch ranges are too small to allow for insertion of assist



effects of the forbidden pitch. Specifically, as stated, Fig. 14 illustrates
the NILS through pitch for the foregoing illumnation conditions, and as
shown, the forbidden pitch is in the 200-250nm range. Figs. 15(a) 1andiNLa(p)
illustrates the NILS plots through transmttance for the 130nm pitch (which
in the given exanple is the critical pitch) and the 200nm pitch,
respectively, for various defocus settings. Referring to Fig. 15(a), it is
shown that the optimal transmittance for the 130nmpitch is 10% (i.e., the
hi ghest NI LS value). Referring to Fig. (b), it is shown that the optima
transm ttance for the 200nm pitch is 20%°(i.e., the highest NILS value). In
order to verify the inprovenent in process |latitude, three FEMs using Binary
mask, 10%fe%9fﬂ§atﬁd3}ﬂﬁ%?redﬁ%‘i tos higher diffragitont pider yo ipwpraver the waaeaqt@ﬁw at or
with the dose optimzed for resolving the 130nm pitch. The result of the

si nul at i orHoweventapplyingithepresent fd(eation tondiis(daye, iths possilde eamiriminen the gegative ( a)
and (b), the 20%transm ssion of the features having a 200nm pitch produces
t he best effeosof thedefbidies p(télD) | atitude. More specifically, by setting the
transm ssion of the features of the target pattern having a pitch of 200nm

at 20% it is pesstdlye at QataNiFRY 8 431lsthlesUhe NIOE 1@Hh5h %ﬁt{éﬁ(@cﬂsﬂdé Foregdihg ude.
For the binary mask, only 0.18um at 10% exposure is attai nable. As such, a

|
16% DOF i mmmﬂmaom%gﬁaﬁd%'shm, thOforbidié é@&rﬁg‘ilp'ﬂ&r-%o%mﬁhir ng%'t lﬁ%si. he

transm ssion tuning method of the present invention. Transm ssio ng of
the 1 or | oviok) DS IS MR Do PR RES rdholn B e gt DGR
Forth i n (REDEORERAmBIe S 5y criigel Fosh Sty s 2I0HE BikdodePraent 4o i en
éggpared to the original line in the target pattern. I n other words,.-the
ori gi nal |defeugseiipgsy eReferingdo dig. Haa, & 10ghoMmathatihe optimal sangmittagee fthene) |
I30nm pitch is 10% (i.e., the highesf NILS value). Referring to Fig. 15(b), it is shown that
the optimal transmittance for the 200nm pitch is 20% (i.e., the highest NILS value).
In order to verify the improvemént in process latitude, three FEMs using Binary
mask, 10%, 20% and 40% transmissions, respectively, were run via a simulator with the dose
optimized for resolving the 130nm pitch. The result of the simulation is set forth Figs. 16(a)
and (b). As is clear from Figs. 16(a) and (b), the 20% transmission of the features having a
200nm pitch produces the best exposure—defocus (ED) latitude. More speciﬁcally, by
) setting the transmission of the features of the target pattern'having a pitch of 200nm at 20%,
it is possible to achieve a 0.21 um DOF @ 10 % exposure latitude. For the binary mask, only
- 0.18um at 10% exposure is attainable. As such, a 16% DOF improvement can be realized for
the 200nm pitch by utilizing the transmission tuning method of the present invention.
Transmission tuning of the features can be implemented in a number of different

ways. In each of the following examples, the main principle is that the original target

feature, for example, a line, is modified such that the actual line set forth in the mask exhibits



whereas the nodified Iines having increased transmttance are nodified to
allow nore light to pass therethrough. Fig. 17(a) illustrates a first

met hod of transmission tuning referred to as the "stripe" nmethod. THi $AN 2007
met hod entails renoving the chronme in the center portion of a line as shown
in Fig. 17(a). Fig. 17(b) illustrates a second nmet hod where the edges of a
chrome 1line are etched to produce a center chronme patch on the top of a
mesa structure. Athird nethod, referred to as the "hal ftoning" method and
illustrated in Fig. 17(c), entails etching the chrome |line such that chrone
and phase regions alternate like a "zebrd" pattern. It is noted that the
“hal ftoni ng" nethod has the highest wite m salignnment tolerance. A nunber
of experi rf@ringreaged Eapunistomhwien eompased torthe Rrginalkineyiartbo targei ppitesse di other

| atitude obtained by practicing the present invention, the results of which
are set f orarls,3b¢ oviginal tin¢ heubk herpleemedatd hafe & 086 drepasissies (aer ell pdwdme)ned
with an ASM. PAS 5500/1100 ArF scanner with 0.75 NA, dipole (35 opening

angl e, a; nAkrdas theambdiBied Thehal il UASARSEN trankhinahdodre arod{fal opgioivngonighe, a;
,-0.65, at=0.89). The targeted print CD was 70nm For all experinents,

waf ers weryg Pﬁ@aﬁ@&hwugﬁ; R201718) iﬂﬁst{é@élmat et &R%@mis@%}é%@%f&féﬂeﬁ Ro aOPD

262. The wafers were cCoated on a TEL ACT track. CD netrol ogy was done usi ng
a KLA-84 ¢ y t i i j i i . .
transm ss?gér? tﬁni r?g& %%eﬁﬁwﬁhg{igangﬁt o&ﬂg&%%@@g@%ﬂfﬁg%gﬁo@%oﬁ%gﬁ%
pitch. Three S-.of ;.$t tu re used: re,phase lines ebra |ines,
and pure C rsgé?@)ﬁ E‘ésﬁ% iu]glﬁ' @gg} Q@lﬁ%%%feads%%‘%f’é’ﬁ%%gﬁ%eaﬁa egg/%s nglﬁaﬁ%cfﬁlessi on,
respectively. Fi 8(b) .illustrates the exposure-dose conmparison for the 17
Jﬁg 2007 1% %Pﬁ%hifétq P%?H%% 3 et hgams pﬁtﬁffpﬁéﬁ%me?ﬁs FrMRsa SUpRiuSH Firda

t-he | argest exposure latitude is achieved for zebra lines. Fig. 18(a)
depicts a rg@thq;{,) sefaged toseg the Shalfipnigg®, method png dlustrated in Fig. 17(c), entails etching

the chrome line such that chrome and phase regions alternate like a “zebra” pattern. It is
noted that the “halftoning” method has the highest write misalignment tolerance.

A number of experiments were performed to confirm the improvement in process
latitude obtained by practicing theﬁ present invention, the results of which are set forth below.
In the example, all of the exposures were performed with an ASML PAS 5500/1100 ArF
scanner with 0.75 NA, dipole (35° opening angle, 6y7=0.65, 6¢=0.89) and QUASAR™
illumination (30° opening angle, 6i=0.65, 60,~=0.89). The targeted print CD was 70nm. For

) all experiments, wafers were coa.ted. with 150 nm of ARX1091 Son ARC29, developed with
OPD 262. The wafers were coated on a TEL ACT track. CD metrology was done using a
KLA-8450R SEM.

As noted, X-dipole illumination was used in the transmission tuning experiments, and
the targeted CD was 70nm at 160nm pitch. Three types of structures were used: pure phase
lings, zebra lines,' and pure chrome lines, which corresponded to 100%, 40% and 0%

transmission, respectively.  Fig. 18(b) illustrates the exposure-dose comparison for the



transm ssion as a function of defocus. Referring to Fig. 18(a), it is
expected that the optimal transm ssion would be in the range of 30%to 40%
The experinental results of Fig. 18(b) confirmthat for dipole
illumnation, zebra lines (halftone lines) yield the best exposure 17 SAN 2007
| ati tude, followed by pure phase lines. The pure chrone |ines had the worst
performance. Thus, the experinental results agree with the NILS sinulation.
In order to further verify the theory and sinmulation results through

mul tiple pitches, the sanme transm ssion tuning experinents for nultiple
pitches were tested using QUASAR il lugknation, (30 opening angle, 6;
,,=0.65, c0 t=0.89). The target CD was nmat a 220nm pitch. To validate

t he transmjssi t unRi th itc itches 3 60nm and 4 \\er e
ol ect e 10w flepte LRI MPELER ot by o 16 e BRAPR0RS RANES it he
simul ated resu il lLustrating,_ N hy ough transm ttance f vari Qus focus
settings f& ‘eY?#e%‘?Zé?Wﬁ‘ lmﬁ%On%ﬂ:lgnhg@% W%i ?cﬂ@gfétqde?ﬁ&&tqfvﬁhﬁ VEi ge??uriQ( b),
19(d) and 19(f) correspond to the experinmental results for the 220nm 330nm
and 360nmtpmsmisEen as a fgwten gbgfocusy Reterdpeta FigcHi(ply it irpxpected thef theoptimal
transm ssion tuning result for the 70nmtarget CD at a 220nm dense pitch.
The 4X CD tesmsmission avould e fnothe cimzemd|38%sto(40% . Tha @8perimentad mésults ofFigal 8(bhase),
zebra and chrone features was 280nm 280nm and 320nm respectively. The
zebra | i neonfisn tieaufor dipeid illueninditly tzelsradinies Thadftoman ting) odkld ahle bhe d@ssure
exposure |l atitude. Chroneless was the second best, and chronme was the

| owest . Filgtitudd) (fall ovdiOW plifdeptakdTHhat §He Eudi(;&m&h@uﬁbs hid eéSworSS p&itpBnce he
Q

optimal transm ssion was approxi nmately whi ch mat ches the experinental

resul tS_auiig, eblpesifieftal 431 ap A% hORTES @ARERAI On tuning for a 330nm
piych 17 JAN 2007 Peh8 W t hout aggégi st tPeatures. The simulated NILS in Fig.

19(c) predicts Iltl %?c{er 1‘(9 %%F g?ﬁ?l tfie ﬁeoﬂ% a}%ﬁ%ﬂ&ﬂﬁ&@f g%suﬁg(&?&féﬁ%n&lﬁbfetp%ﬁest or

330nm pi tch. The eXperinen esul'ts

the same transmission tuning experiments for multiple pitches were tested using QUASAR™
illumination, (30° opening angle, 6;7=0.65, 6,w=0.89). The target CD was 70nm at a 22_0nm
pitch. To validate the transmission tuning though pitch, pitches 330nm, 360nm and 450nm
were selected for confirmation. Figs. 19(a), 19(c) and 19(e) correspond to the simulated
result illusirating NILS through transmittance for various focus settings for the 220nm,
330nm and 360nm pitches, respectively. Figs. 19(b), 19(d) and 19(f) correspond to the
experimental results for the 220nm, 330nm and 360nm pitches, respectively. More
) specifically, Fig. 19(b) is the transmission tuning result for the 70nm target CD at a 220nm
dense pitch. The 4X CD on the reticle for chromeless (i.e., 100% transmission, n-phase),
zebra and chrome features was 280nm, 280nm and 320nm, respectively. The zebra line was
equivalent to ~40% transmission and produced the best exposure 1atitude. Chromeless was
the second best, and chrome was the lowest. Fig. 19(a) shows the simulated NILS through
focus. As shown, the optimal transmission was approximately 50%, which matches the

experimental results quite well. Fig. 19(d) shows the transmission tuning for a 330nm pitch



confirmthat chronel ess has the highest exposure latitude foll owed by zebra
(40% transm ssion). Chrone has the worst exposure latitude. Fig. 16(f) is
the transmission tuning result for a 360nm pitch, which is the f orl @i Hdkeif0]
pitch, wthout scattering bars, the 4X reticle CDis 320nmfor chronel ess,
zebra and chrone features. The chroneless |ine has the best exposure

| atitude foll owed by the zebra and finally chrome. This experinental result
also matches the sinmulated NILS result in Fig. 19(e). It is noted that
transm ssi on tuning can be achi eved intgrnally by varying the anount of
chrome on the feature itself as di scusséf above, or externally by utilizing

assist features. _Figs. 20(a) and 20(b) illustrate the experinental results
of t r ansnivethoyhagsishforgres,  Tersimulatgd 1 Figu hf(phpredistst that WX¥OMm shmemeloss
Specifically, Fig. 20(a) illustrates the exposure- dose l|latitude for 450nm

pitch wit labees the ibkst zixposuse datitwiei foy 386ms pitahi | EheFéxperiRafthl) resulisuist Figt €3(d) he
exposure-dose latitude for the sane process, wth the mask nodified to

i ncl ude S5@onfigenhar chivarldseriagtheahighedRedgosira dlatindEi BlloRed &y, zebrai 810%hown
that the chroneless line provides the best exposure latitude, the zebra

(40% t r angfin&hisgtn). ChrdntChaReRORErsP&Flosurd Malitedd, OFR. 1 §(f) iB ehe¥PinShnissioh Rurfihg -
20(b), the exposure latitude trend i's the sane, however, the DOF is better.
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27 i mage contrast wil rovide better image quality, which produces higher

|
NILS Wi th W%%Fthwlaﬁgﬁlhsﬁﬁﬁmﬁgt Hewith a 50nm chrome scattering bar,
t he correspondi ng MEF

It is noted that transmission tuning can be achieved internally by varying the amount
of chrome on the feature itself aﬁ discussed above, or externally by utilizing assist features.
Figs. 20(a) and 20tb) illustrate the experimental results of fransmission tuning for ArF,
QUASAR™ {llumination for 450nm pitch. Specifically, Fig. 20(a) illustrates the exposure-
dose latitude for 450nm pitch without utilizing scattering bars, while Fig. 20(b) illustrates the
exposure-dose latitude for the same process, with the mask modified to include 50nm center
scattering bars. Referring to Fig, 20(a), it is shown that the chromeless line provides the best

) exposure latitude, the zebra (40% transmission) is the second best, and chrome is the worst.
In Fig. 20(b), the exposure latitude trend is the same, however, the DOF is better.

As mentioned previously, MEF (of MEEF) directly impacts the reticle CD tolerance
and CD control on the wafer, Fig. 21 illustrates experimental results utilizing the same
conditions as utilized in conjunction with Figs. 18(a) and 18(b). Referring to Fig. 21, it is
shown that the chromeless line has the lowest MEF for pitches in the range of 220nm to

360nm. Zebra has a slightly higher MEF and chrome the highest. As is known, higher



increases significantly due to the scattering bar insertion in a very dense
pitch region. At larger pitches, the scattering bar is placed further anay
fromthe main feature edges, and therefore it is |less effective.

in Fig. 21, the scattering bar insertion does not increase MEF for the
450nm pi tch. However, by tuning the transm ssion in accordance with the

nmet hod of the present invention, it is possible to control the MEF of the
CPL reticle. In other words, the present invention provides a neans for
optim zing the process |atitude for pitczg ranges that are to dense too
acconmodate the insertion of scattering®™ars. Fig. 22 is a flowhart which
set forth an exenpl ar rocess for integrating.the process _of th resent
i nventi on 8% Cﬁlﬁpaé’bl"'ﬁéﬁr% Bttep F‘Bﬁgé’s@%LWoW?“ebh@"fW‘ieé ﬁ“é’?é]p\mi‘% "f‘ﬁ’efg’ﬁ‘f%c ess
(Step 210) is read/obtain the design data regarding the target pattern, for
exanpl e, R dBeraa SaAnmB epitchnwitiney POrgm tchromesy prgttering, bandhe cemresponding REEF
process (Step 220) is to apply scattering bar OPC treatnent to the design.
Thi s st ep ingregres bignitisantiyudie tonthe stdteriop bac misertiod ineneey dénse Ipich sagiint eAt ng
bars are taken into account while identifying the zones and features that
require tlagos pitces,ohe tstattefig bah& placdd fikther awayt fIEmPhoeRas fabire kdgadhnd S
identify and separate the features into two classes, where the first class

corr espondferbford RidBss@eRIPlry features that wll be inplenented in chrone
(see, Fig. 9, Zone 3), and the second class which include those features

that can be i ”Hisegﬁfz&gneﬂ} tPiér iyt H@gﬁ?ﬁrg‘g tﬁ%gﬁ%rﬁén gﬂ%@ﬁ& iﬁ@x‘eﬁsteoﬂi]iﬁlgfoﬁtﬁgé

Fig. 9, Zone 1 o S hote one eatures that w
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features do.noleel (0 S UL ECLedl o Wife LE AERE Sk IR PE955S ©f
| present invention provides a means for optimizing the process latitude for pitch ranges that
are to dense too accommodate the insertion of scattering bars.
Fig. 22 is a flowchart which set forth an exemplary process for integrating the process
of the present invention into an actual design process flow. The first step in the process (Step
210) is read/obtain the design data regarding the target pattern, for example, such data can be -
in GDSII data format. The next step in the process (Step 220) is to apply scattering bar OPC

treatment to the design. This step is performed such that the optical infiuence of the

@

scattering bars are taken into account while identifying the zones and features that require
transmission tuning. The next step in the process (Step 230) is identify and separate the
features into two classes, where the first class corresponds to large geometry features that
will be implemented in chrome (see, Fig. 9, Zone 3), and the second class which include
those features that can be implemented by either phase-edges or chrome halftoning (see, Fig.

9, Zone 1 or 2). It is noted that the Zone 3 features that will be implemented in chrome are

typically not critical features, nor do they typically limit the process latitude, and therefore



Once the Zone 1 and Zone 2 features have been identified, these features are
subjected to the transm ssion tuning process (Step 240) described aboye,
depicted in flowhart formin Fig. 10. In accordance with the transﬁ¥§ngﬁ7
tuni ng process of the present. invention, the forbidden pitches are
identified and the mask features are adjusted as necessary to inprove the
process latitude. Once this process is conplete, the next step (Step 250)
entails applying nodel OPC or any other OPC techniques to the nodified nask
design. Thereafter, a manufacturing rulg check step (Step 260) is perforned

so as to verify the manufacturability the mask. If the check does not
identify an gntfors the mask design is Iete(Step 270) . F%g
i || ust rat eSChricdysrgp dobpesd topinuPiegisdiio éll‘*f'd MSWITHE FRigE PRI Snthe @FﬁSﬁg of

t he present |nvent|on operates on dlfferent parts of the design. The
exposure t Bokntdt ting for the SRAM exanple is KrF, 0.7 NA annul ar
illumnation with a.-0.55, aout=0.85. Fig. 24(a) is the CPL | ayout
converted from Ohee drei gomall tusd Fehe |2afentires thaven been kdegtifidy (thpse Fatomes tiee
design, the pitch between the bit cell transistor is 480nm Utilizing 100%

transm ssi QibjectediBRNtRe Pkdrehidig fuhig irohes T(Stglb L2301 deRrib&d @bovd3 @S depictadin
therefore the 100% transm ssion i's assigned to the transistor gate in the

bit cell. fibge @ﬁ%mlm Figh hhac,%oﬂdaﬁ& if ettﬁhgﬁ’fsmeﬁ nﬁﬂgﬁﬁmeswfefﬁl@ gapRot be
530 hi gher

printed with phase lines (see, Fig. has ut|I|2|ng 35%

transm ssi gl%t(t Cthe "1;61% dd%x:f’ éﬁ%\}ﬁeﬁ gr-glﬂr 1 gite g?ﬁdsﬁ @ea‘:d‘f{:‘gnﬂg a ﬁst&f Mercgégarggl on

ot her & Si rru at e cond wea
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app) 1 e a RalPEDW 15 4L dive; DS BT s %ﬁséﬁifcgl%l%ﬁlﬁ G e "
fledt t hj t hi t t | tud .
ey T et e B R HE ot i PRbGas oot o ek

| i t hograph
arap ”\[lhereafter, a manufacturing rule check step (Step 260) is performed so as to verify the

manufacturability of the mask. If the check does not identify an errors, the mask design is
complete (Step 270).
Fig. 23(a) illustrates an example of a SRAM layout and how the transmission tuning
of the present invention operates on different parts of the design. The exposure tool setting
- for the SRAM example is KiF, 0.7 NA, annular illumination with 6=0.55, 6,,=0.85. Fig.
24(a) is the CPL layout converted from the original target layout shown in Fig. 23(a). From
;) the design, the pitch between the bit cell transistor is 480nm. Utilizing 100% transmission,
480nm pitch has the highest NILS (see, Fig. 23(c)), and therefore the 100% transmission is
assigned to the transistor gate in the bit cell. The 555nm pitéh with a larger CD target of
115nm, which cannot be printed with phase lines (see, Fig. 23(b)), has a higher NILS
utilizing 35% transmission (see, Fig. 23(c)). Thus, transmission tuning is required. In other

words, the simulated NILS through pitch shows the second weak region is around 550nm,



performance. In Fig. 24(a), the critical horizontal bit cell transistor gate
(l abeled cut line left and cut line right) is converted into a n-ph]aith bﬂigi)e
based on critical dinension (CD). The word lines (i.e., vertical) tth e
a larger target CD were classified into Zone 2 and the halftoning zebra
pattern was applied to these features. The experinental FEM data fromthe
three cut lines of he layout of Fig. 24(a) were neasured for the two
horizontal bit cell it-phase gates and the vertical zebra word lines. As
shown in Fig. 24(b), the overl apped proggss wi ndow for these three cut

i nes is0.75um at 10% exposure | atitude, "which is quite robust for 100nm
technol ogy. .Fig. 25 s matical.ly depicts a |ifhographic, pr.ojectian

appar at us agﬂitt‘%mo@esfsﬁ Bre\ﬁﬁ’l’ctﬂn‘ye&tl?lrg@plﬁéé‘i Yuirg P eﬂ"h@g‘ﬁp APRLOXITBtEL r 1 ent
i nvention. The apparatus_ conprises: a radiation systemEx, IL, for supplying
a proj ect i BumitEagc to feaures it thispiichrange paps todmpEave PEASESS 1atide: adi at i on
system al so conprises a radiation source LA, a first object table (mask

tabl e) M provifigdait iHustratessthraeotut dines ovhidhoveiensplestadatokverifiA tiie lithograghy
reticle), and connected to first positioning neans for accurately

posi ti oni ngrfbineancerabkFigi 24¢a)y, depeiticaltlorizdeah U cell-transisee gatd (labgled tuttliablleft
(substrate table) WI provided with a substrate holder for holding a
substrat e 2 (cat Bne AghtpPsd sdrveRat Bitb 8 inlpHasn i@ b&ed ondpEicsloNpREd & (CD). SeeoNd
positioning neans for accurately positioning the substrate with respect to

tem PL; Lford Ae@ BQ7, vedcal) tBatPhak &CTakgeP ta%geg;l@m»&é'ré efaSsitiedIntd Folle 2 Md the

refractive, catoptric or catadioptric opt system) for i1maging an
oo B Bl AR (R aFETHL 1L
Hired 2ut Ithes 0P e l(ayou? of F1g‘.3§4(g) \gver?:1 Mieasized f0f the two horizontal bit cell n-phase
gates and the vertical zebra word lines. As shown in Fig. 24(b), the overlapped process
* window for these three cut lines is0.75um at 10% exposure latitude, which is quite robust for
100nm technology.
Fig. 25 schematically depicts a lithographic projection apparatus suitable for use with
a mask designed with the aid of the current invention. The apparatus comprises:
- aradiation system Ex, IL, for supplying a projection beam PB of radiation. In this
partictilar case, the radiation system also comprises a radiation source LA;

) - a first object table (mask table) MT provided with a mask holder for holding a mask
MA (e.g., a reticle), and connected to first positioning means for accurately positioning the
mask with respect to item PL;

- a second object table (substrate table) WT provided with a substrate holder for
holding a substrate W (e.g. a resist-coated silicon wafer), and connected to second

positioning means for accurately positioning the substrate with respect to item PL;



mask). However, in general, it may also be of a reflective type, for exanple
(with a reflective mask). Alternatively, the apparatus may enpl oy 32%}@%97
kind of patterning nmeans as an alternative to the use of a nmask; e ’

i nclude a progranmable mrror array or LCD | matrix. The source LA (e.g., a
mercury |l anp or exciner |aser) produces a beamof radiation. This beamis

fed into an illumnation system (illumnnator) IL, either directly or after
having traversed conditioning neans, such as a beam expander Ex, for
exanple. The illumnator IL. nmay conpri §§ adj usting neans AMfor setting the
outer and/or inner radial extent (corrrm ly referred to as 6-outer and

6-i nner, respectivel.y), of the t y di st |but|on in the

Sddron, §t e P RGRHEI W@%%P?’Si’ ocurehagiver oate kAt od e aplee an
integrator IN and a condenser CO In this way, the beam PB i npi ngi n% on the -
mask MA haSystew) deisimaging # fréqdmt@cypawenuqfttbﬁma@ly Mt sente u@argsh ppisiont(s (e.g-,
cross-section. It should be noted with regard to Fig. 25 that the source LA
may be wi tQﬂn‘rpﬂtSiﬂeOnhmpwgilﬁiﬁOflheSubStﬂhdeaphl C projection apparatus (as is
often the case when the source LAis a mnmercury lanp, for exanple), but that
it my al so be Asedepiced hewint tte dppbhagriapliiacirgmsmissctitgpe (iaphas atttmbsmiskioe

radi ation beamthat it produces being led into the apparatus (e.g., with the

aid of sunhispl eHeldvRe! inngendial BBy alshite bRhtRIedRBNGH, Ofok %xgﬁpler(ﬁlﬂleacase
when the source LA is an 17 JAN 2007 31 exciner |aser (e.g., based on KrF,

ArF or F2 ﬂeﬁ@dtﬂg)masllf)heAﬁéiﬁa{tﬁz@f {HRVRPAra RS gfeﬂg}?&sﬁﬁﬁ%he@ﬁ(md' Shatrerify s t hese

scenari os. The beam’PB subsequentl Interc tthe mask MA, 'which™is held on

a mask tab sean #mﬁ#\%vﬂo% Y RRR, J)leﬁpfé@?ﬁ%ld\é% 2 prOGaiABle RrBRREA o Y UIh

t'he | ens ocuse

matrix.

The source LA (e.g., a mercury lamp or excimer laser) produces a beam of radiation.
This beam is fed into an illumination system (illuminator) IL, either directly or after having
traversed conditioning means,' such as a beam expander Ex, for example. The illuminator IL
may comprise adjusting means AM for setting the outer and/or inner radial extent
(commonly referred to as c-outer and c-inner, respectively) of the intensity distribution in
the beam. In addition, it will generally comprise various other components, such as an
integrator IN and a condenser CO, In this way, the beam PB impinging on the mask MA has

: ) a desired unifonﬁity and intensity distribution in its cross-section.

- It should be noted with regard to Fig.' 25 that the source LA may be within the
housing of the lithographic projection apparatus (as is often the case when the source LA is a
mercury lamp, for example), but that it may also be remote from the lithbgraphic projection
apparatus, the radiation beam that it produces being led into the apparatus (e.g., with the aid

of suitable directing mirrors); this latter scenario is often the case when the source LA is an



the beam PB onto a target portion C of the substrate W Wth the aid of the
second positioning neans (and interferonetric neasuring neans |F), W%L\N 2007
substrate table WI' can be noved accurately, e.g., so as to position
different target portions Cin the path of the beam PB. Simlarly, the
first positioning means can be used to accurately position the mask MA wth
respect to the path of the beam PB, e.g., after nechanical retrieval of the
mask MA from a mask library, or during a scan. In general, novenent of the
object tables MI, W will be realized with the aid of a | ong-stroke nodul e
(coarse positioning) and a short-stroke nodule (fine positioning), which
are not explicitl epicted | | O 2 Howev in the case of a wafer

st epper (aeg‘c%rf%gi%ﬁ&tg’ lgas fglﬂ)ikiﬁdggcgﬁhtlﬁ%ﬂ\{\g' ?lﬁ@ PHHER 3§ IQHWWSTE&"I? be
connected .  to a ;g%gt stroke actuator, or may be fixed. The depicted tool
can be usdepsthoth @bt PYIERERE: nodes: In step node, the mask table M is kept
essentially stationary, and an entire mask 1image is projected in one go
(i.e. a singl e Thelbgam KB svhsequentln injercens® thei waskQVAT vdrichuis dretdaote atragsk dableiT i s
then shifted in the x and/or y directions so that a different target portion
C can be MirHaNing travdpsedithembaaMiAPBie beainrPB passesthobagh dmdenst Bl whick foeussaine
scenari o applies, except that a given target portion Cis not exposed in a
single "flihsheam IPBtopada tizet pasiont @aifechd/BubsrarO WAl With rthé aid)oF @it gicoadt i on
(the so-called "scan direction", e.g., the y direction) with a speed v, so

that 17 J%sﬁ@ﬁ’iﬁ% ndeané MdRARHEGHAR REAM IS meinsCHY SBE stiRtraeABIOWET cih BRSK
i mge; concurrently, the substrate table is simultaneously noved in the

same or OF}H&%htafe,a{}%%@F E.}g‘vo ok {? 35&&2‘? fh;ffel;ei{}lwar%e;t E)oiél’{ryn%%SSth.Ib ?aﬂﬂff the beam

magni fication o efis "PL pi C t'hi's manner, a
refat i vel vop | Q0 A s shloRlh a G0 cRP S SIS bbb HaliPhia
with respect to the path of the beam PB, e.g., after mechanical retrieval of the mask MA from
a mask library, or during a scan. In general, movement of the object tables MT, WT will be
realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module
{fine positioning), which are not explicitly depicted in Fig. 25. However, in the case of a
wafer stepper (as opposed to a step-and-scan tool) the mask table MT may just be connected
to a short stroke actuator, or may be fixed. |
The depicted tool can be used in two different modes:
' ) - In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single “flash™) onto a target portion C. The substrate table
WT is then shifted in the x and/or y directions so that a different target portion C can be
irradiated by the beam PB;
- In scan mode, essentially the same scenario applies, except that a given target

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

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



The concepts disclosed herein may sinulate or mathematically nodel any
generic imaging systemfor inmaging sub wavel ength features, and mayﬁeﬂm 2007
especially useful with energing inmaging technol ogi es capabl e of producing
wavel engt hs of an increasingly smaller size. Enmerging technol ogi es al ready
in use include EUW (extrene ultra violet) lithography that is capable of"
produci ng a 193nm wavel ength with the use of a ArF laser, and even a 157nm
wavel ength with the use of a Fluorine |laser. Mirreover, EUV |ithography is
capabl e of producing wavel engths wit hi ‘?Za range of 20-5nm by using a
synchrotron or by hitting a material (érther solid or a plasma) with high
energy elegtrons .in. order .to produce photons, .wwthin this range. Because
most rat er 8 PECIcan ke PR if G 196 DY & Mask Juees; RMSIRTRAD: B SHesrategabls
produced by reflective mirrors with a multi-stack of Ml ybdenumand Silicon.
The nul ti - Wdtigsmylapeqislypaved inghe wapme orppppsitestiregtion, Haemsed Tl in whish wher e
the thickness of each |ayer is .a quarter wavel ength. Even smaller

wavel engt h¥ irdhe megnplication efithailerts BX- (tepicallyj Mo dHdagrhly3). Ty thiscmbringy, agelatively
synchrotron is used to produce an X-ray wavel ength. Since nost material is
absor pt i velasge targetpprtivave tarigtdxposed, whhout paengtoadongpbanisbd bmgesotatien.i al def i nes
where features would print (positive resist) or not print (negative

resist). Wil e THecooesie Ristlokdd Béremeflay @infilite PR Ym ARG REAIlY ModelRY Béhefld a
subhstrate such as a silicon wafer, it shall be understood that the

di scl osed iﬁ%@i;}rzg&ygt'egf?br Qﬁagﬁg i &&e?eﬂ?tht ERGrAR! ard mll?%e? £cialB uldrtiN@EH aphi c

i magi ng syste thoSe used for rmagi ng on subStrates ot’her than

. | s ) . . t . . A H
oo Ve QAR A ELPIRL o e R Gl SUREMAY Bl
eScri bed i.na The war e co xecut abl

gener al - pﬁﬁoiﬁ%@%gg@plqgﬁs g'{‘ t gHe 1 'gdei (¥ fgFme u abeolgtt)]?ithography

that is capable of producing a 193nm wavelength with the use of a ArF laser, and even a

157nm wavelength with the use of a Fluorine laser. Moreover, EUV lithography is capable
of producing wavelengths within a range of 20-5nm by using a synchrotron or by hitting a
material (either solid or a plasma) with high energy electrons in order to produce photons
within this range. Because most materials are absorptive within this range, illumination may
be produced by reflective mirrors with a multi-stack of Molybdenum and Silicon. The multi-
stack mirror has a 40 layer pairs of Molybdenum and Silicon where the thickness of each
\) layer is a quarter wavelength. Even smaller wavelengths may be produced with X-ray
lithography. Typically, a synchrotron is used to produce an X-ray wavelength. Since most
material is absorptive at x-ray wavelengths, a thin piece of absorbing material defines where

features would print (positive resist) or not print (negative resist).
While the concepts disclosed herein may be used for imaging on a substrate such as a

silicon wafer, it shall be understood that the disclosed concepts may be used with any type of



possi bly the associated data records are stored within a general -purpose
conputer platform At other tines, however, the software nay be stored at
other locations and/or transported for |oading into the appropriatei’ JAH 2007
general - purpose conmputer systens. Hence, the enbodi ments discussed above

i nvol ve one or nore software products in the formof one or nore nodul es of
code carried by at | east one nmachi ne-readabl e nedium Execution of such code
by a processor of the conputer system enables the platformto inplenment the
catal og and/ or software downl oadi ng fuq&tions, in essentially the manner
performed in the enbodi nents discussed @and illustrated herein. As used
herein, terpms such.as .co ter or chi ne 'readabl e dium' refer tq.any
medi um t hal URGAPHIE FBAEEE TRerR, SiB-iAt 17 (PR, ERAESNSOR SUBHTRs OIS diangsdicon
execution. Sych a } nedium my take many forns, including but not imted
to, non-vol@&*f%e nedia, volatile media, and transmi ssion nedia. Non-volatile
medi a i nclude, for exanple, optical or magnetic disks, such as any of the
st orage devi cesSafiwvaipyiuadingakiiess( e aopemputemgysem cineolu nrogramgbng einclydingft or m
di scussed above. Vol atile nedia include dynam c nenory, such as nmain nenory
of such a eeowablercodéatfiprim udedysi ingllerherd rthenabsveo deseribieda imagihg) deodebaxihal
cables; copper wire and fiber optics, including the wires that conprise a
bus wi t hi nsoftwaspetees cxByaileby @ pérfal sé CGMPILS S D BpdFRibng tkAfbdeadtd t he
formof electric or electromagnetic 17 JAN 2007 34 signals, or acoustic or
|'i ght V\’ave?oéi‘ﬁgyhth@%sgoeﬁ%ﬁ BNREGUS dreibred Hifh@th Qe errﬁg#lg[ﬂﬁé’ c&ﬁﬁﬁteﬁgﬂtform. _
infrared (1R) data comunications. Common formns of c uter-readabl e nedi a
therefore ,i ' i sk, f ihl [ i sk,
ragpe ¢ ¢ A1 Bk i, e AN LB ki OREXOE Biori SR S SepspaRbdoft O
medi um | eﬁ%ﬁiiﬁ%@%‘éﬁhg Sgﬁrt%gp%g dg'g?erﬁ%‘fu%é‘os%}o%ﬁ%? éags ersrgssf’ I—f%%ge?rthé %g\%bdi?nréthOt her

physi cal ne

discussed above involve one or more software products in the form of one or more modules
of code carried by at least one machine-readable medium. Execution of such code by a
processor of the computer system enables the platform to implement the catalog and/or
software downloading functions, in essentially the manner performed in the embodiments
discussed and illustrated herein.

As used herein, terms such as computer or machine “readable medium” refer to any
medium that participates in providing instructions to a processor for execution. Such a

medium may take many forms, including but not limited to, non-volatile media, volatile

-

media, and transmission media. Non-volatile media include, for example, optical or
magnetic disks, such as any of the storage devices in any computer(s) operating as one of the
server platform, discussed above. Volatile media include dynamic memory, such as main
memory of such a computer platform. Physical transmission media include coaxial cables;
copper wire and fiber optics, including the wires that comprise a bus within a computer

system, Carrier-wave transmission media can take the form of electric or electromagnetic



PROVM and EPROM a FLASH EPROM any ot her nenory chip or cartridge, a
carrier wave transporting data or instructions, cables or |inks
transporting such a carrier wave, or any other nedium from which al§oiputigr
can read programm ng code and/or data. Many of these fornms of conputer
readabl e nedia may be involved in carrying one or nore sequences of one or
nore instructions to a processor for execution. Although the present

i nvention has been described and illustrated in detail, it is to be clearly
understood that the sane is by way of i%lustration and exanple only and is .
not to be taken by way of |imtation, £fle scope of the present invention
being limted only by the ternms of the appended clains. 17 JAN 2007 35
What s O Sgnalel oF scoujtic of Rght syesofuich & dhose isrprraeduting Bio Beauencys(RE) and

phot ol i t hogr aphy process, said nethod conprising the steps of. determ ning
a target n@ﬁkreéa(ﬁf)edaﬁa BerinHpicatigas.u rGinmmon §irms exftogmpyter-srageble megisdthersdoran
illumnation systemto be utilized to i mage said nmask; identifying a
critical pintlote,wiot kkamlei d ftoppyeliskpat flexilrle alsk, hptdi disl,i megrietit uapenaty other

settings of said illumnation systemfor imaging said critical pitch;
i denti fyi ngagnetioiedidea GIROMWDWVID, Ang aiher éiticaiethediaih! RENcdAEEMly OBedSBbdla
optimzed illumnation settings; determ ning imging performance for the

critical pjyckBs paithichs pb cggee AnPbihepHySkAUE urh WS d BE Rele@RR AMdh f Vi ng

the transmttance of said features having a pitch equal to or substanfially

equal 1o sahgy g{é& fg?ﬁtéh% RIFT SR RPREA gaPWEH%} ARy PLif Br St Nanddd Svave

~exposure latrtu features equ
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transporting data or instructions, cables or links transporting such a carrier wave, or any other
medium from which a computer can read programming code and/or data. Many of these
forms df computer readable media may be involved in carrying one or more sequences of one
or more instructions to a processor for execution.

Although the present invention has been described and illustrated in detail, it is to be
clearly understood that the same is by way of illustration and example only and is not to be
taken by way of limitation, the scope of the present invention being limited only by the terms

of the appended claims.



to or substantially equal to said critical pitch and said forbidden pitch is
i ncreased. 2. The nmethod for generating a mask according to claim1l, wherein
said step of identifying said forbidden pitch conprises determ ningjajAN 7007
normal i zed i mage |l og slope (NILS) through pitch utilizing said optim zed
illumnation settings, and identifying pitches having the |owest NLS
value. 3. The nethod for generating a mgsk according to claim2, wherein
said step of nodifying said transmttance of said features having a pitch
equal to or substantially equal to said forbidden pitch conprises

det er m ni ngyiay¢ ROCRRheERD 1 mage | og slope (NILS) through transmttance at
the forbidden pitch and selecting the transmttance val ue havi ng the hi ghest

NI LS value. 4. The nethod_ for generating a mask according to claim1,
wherein said stbptdrethofbaf g%ef?gmgéi Hagky fonyiae it abatobthogeaply peasesys sxid hesihady a

pi tch equalod i tﬁ?‘&%ﬁ?&ﬁi ally equal to said critical pitch conprises
determ ning a nornalized 1 mage | og slope (NILS) through 17 JAN 2007 36
transmttance at the critical pitch and selecting the transmttance val ue
havi ng the hi gh&8¢mMuipsa egey glask patigia hawing soplueyity ehdsaiirenlp be mmaged and an

accordi ng fiRinfh Aol RteniY @%ﬁiz@@kﬂnﬁ%@&i@fnag@di fying said transmttance of
or s

said features having a pitch equa ubstantially equal to said
forbidden pitch further conprises nodifying the target pattern by hal ftoning
sai d features. GeNHYESrisrlgitd rathin s3diargd indtiera,ape @pmizang dygnnation settings

tr anSportans%iﬁ?’luﬁlﬁnakigﬁ%stéﬁ?ﬁ)r%ﬂg}%-ﬁé"&m LRRdAhLE, medi um wherein execution of

the code by at [east one progra e conput'er causes the at |east one

progranmmabl e conputer to perform a sequence of steps for generating a mask
for usein a pﬁ@@tgﬂngh%g@ﬁbﬁ@ﬁnppé%s%l,thl%aiaﬂi daragis Pt rhagechpn said optimized

illumination settings;

determining imaging performance for the critical pitch and the forbidden pitch through

transmittance; and

modifying the transmittance of said features having a pitch equal to or substantially equal
to said critical pitch and said forbidden pitch such that the exposure latitude of the features equal

to or substantially equal fo said critical pitch and said forbidden pitch is increased.

2. The method for generating a mask according to claim 1, wherein said step of
identifying said forbidden pitch comprises determining a normalized image log slope (NILS)
through pitch utilizing said optimized illumination settings, and identifying pitches having the

lowest NILS value.

3. The method for generating a mask according to claim 2, wherein said step of
modifying said transmittance of said features having a pitch equal to or substantially equal to
said forbidden pitch comprises determining a normalized image log slope (NILS) through
transmittance at the forbidden pitch and selecting the transmittance value having the highest

NILS value.

4. The method for generating a mask according to claim 1, wherein said step of
modifying said transmittance of said features having a pitch equal to or substantially equal to

said critical pitch comprises determining a normalized image log slope (NILS) through



determning a target mask pattern having a plurality of features to be
imaged and an illumnation systemto be utilized to i mage sai d nask;
identifying a critical pitch within said target pattern and opti ni zi hgJAN 2007
illumnation settings of said illumnation systemfor imging said critical
pitch; identifying a forbidden pitch within said target pattern based on
said optimzed illumnation settings; 3determ ning imagi ng performance for
the critical pitch and forbidden pitch through transmttance; and nodifying
the transmttance of said features having a pitch equal to or substantially
equal to S#IEIEICE pche cplied pitghdnd gglepting iy Wansmitinee Malye bpving te highest NILS
exposure Ig&hiude of the features equal to or substantially equal to said
critical pitch and said forbidden pitch is increased. 7. The program product
for generating a mask according to claim®6, wherein said step of

i dentifying said Toy pacllrsh (g5 gawsradivar inwels agerding w8i plgima howhetrinzeed istepgel
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step of nodifying said transmttance of said features having a pitch equal
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determining a target mask pattern having a plurality of features to be imaged and an

illumination system to be utilized to image said mask;

identifying a critical pitch within said target pattern and optimizing illumination settings

of said illumination system for imaging said critical pitch;

identifying a forbidden pitch within said target pattern based on said optimized

illumination settings;

determining imaging performance for the critical pitch and forbidden pitch through

transmittance; and

modifying the transmittance of said features having a pitch equal to or substantially equal
to said critical pitch and said forbidden pitch such that the exposure latitude of the features equal

to or substantially equal to said critical pitch and said forbidden pitch is increased.

7. The program product for generating a mask according to claim 6, wherein said step of
identifying said forbidden pitch comprises determining a normalized image log slope (NILS)
through pitch utilizing said optimized illumination settings, and identifying pitches having the

lowest NILS value.

8. The program product for generating a mask according to claim 7, wherein said step of
modifying said transmittance of said features having a piich equal to or substantially equal to

said forbidden pitch comprises determining a normalized image log slope (NILS) through



said critical pitch conprises determning a normalized i nage | og sl ope
(NILS) through transmttance at the critical pitch and selecting the
transmttance val ue having the highest NILS value. 10. The program bt d&iliéa7
for generating a mask according to claim@8, wherein said step nodifying
said transmttance of said features having a pitch equal to or substantially
equal to said forbidden pitch further 3gonprises nodifying the target
pattern by halftoning said features. 11. A device manufacturing nethod
conprising the steps of: (a) providing a substrate that is at |east

partial |y towvertgdebyt shel foyldddef pitchdirat sedevtisgnisd transmittarat emlal havidg) thp rdghiceti ng
a projectifﬁtéﬁ%lg of radiation using an inmaging system (c) using a target
pattern on a skt o endow t he projection beamwith a patternin its
cross-section; (d) projecting the patterned beam of radiation onto a target
portion of the % dyerregrampaetivat foo gemmaiinigta maskmatedinglio claine 6eiwhgreinrsast wqp ¢fc)

said mask is.f.orned a_net hod. compr i si the s S 0 det.ernm.njing saj d
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pitch withjp said target pattern based on said optimzed illumnation
settings; 1 T JAN 2007 38 determ ni ng i magi ng performance for the critical
pitch and forbi dden pitch through , . _ o
10. The program product for generating a mask according to claim 8, wherein said step
modifying said transmittance of said features having a pitch equal to or substantially equal to

said forbidden pitch further comprises modifying the target pattern by halftoning said features.
11. A device manufacturing method comprising the steps of’

(a) providing a substrate that is at least partially covered by a layer of radiation-sensitive

material;
(b) providing a projection beam of radiation using an imaging system;

(c) using a target pattern on a mask to endow the projection beam with a pattern in its

cross-section;

(d) projecting the patterned beam of radiation onto a target portion of the layer of

radiation-sensitive material,
wherein, in step (c), said mask is formed by a method comprising the steps of:

determining said target mask pattern having a plurality of features to be imaged and said

imaging system to be utilized to image said mask;

identifying a critical pitch within said target pattern and optimizing illumination settings

of said imaging system for imaging said critical pitch;

identifying a forbidden pitch within said target pattern based on said optimized

illumination settings;



transmttance; and nodifying the transmttance of said features having a
pitch equal to or substantially equal to said critical pitch and sai1c} ! 7
forbi dden pitch such that the exposure | atitude of the features equal {ﬂ\i ZS’?
substantially equal to said critical pitch and said forbidden pitch is

i ncreased. 12. The devi ce manufacturing nethod according to claim 11,
wherein said step of identifying saidsgorbidden pitch conprises determ ning
a nornmalized inmage log slope (NILS) through pitch utilizing said optim zed
illumnation settings, and identifying pitches having the |owest NLS

val ue. 13. The ditarimirengramagiag tperfompanae tfho theacddratipiigh tamdcloabiddch? pitodh érr@igh
said step of npdifying said transmttance of said features having a pitch
equal to o‘iranss%ntgat“éi‘?'ltaf’gl ly equal to said forbidden pitch conprises
determining a normalized imge | og slope (NILS) through transmttance at

t he forbi dden phnbdifyigntdie sieheitthmg df had teaanrsnhdvirgncsitchadqual thay sutgtahtidiyhigghlest
NI LS value, 14. The devic u turing hod accordin 0 aim 11,
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determning a normalized image | og slope (NILS) through transmttance at

the critical pitch.and sel ecti t.he transmttance value havjng the highest
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conpri ses Wowighyiitely utiheing srigedptipatadetinminatinmiséttiogs, agd sdand ez pitghes having the

lowest NILS value,

13. The device manufacturing method according to claim 12, wherein said step of
modifying said transmittance of said features having a pitch equal to or substantially equal to
said forbidden pitch comprises determining a normalized image log slope (NILS) through
transmittance at the forbidden pitch and selecting the fransmittance value having the highest

NILS value.

14. The device manufacturing method according to claim 11, wherein said step of
modifying said transmittance of said features having a pitch equal to or substantially equal to
said critical pitch comprises determining a normalized image log slope (NILS) through
transmittance at the critical pitch and selecting the transmittance value having the highest NILS

value.

15. The device manufacturing method according to claim 13, wherein said step
modifying said transmittance of said features having a pitch equal to or substantially equal to

said forbidden pitch further comprises modifying the target pattern by halftoning said features.



