i 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
phot ol i t hographi ¢ nethod for tuning the transmttance of features in a
target mask pattern to be fornmed on a surface of a substrate so as to
optim ze the overall process latitude and mnim ze probl ens associated with
"forbidden pitches" within the target pattern. Caimof Priority The
present invention clains priority fromU. S. provisional application nunber
60/ 517,082, and entitled "Transm ssion Tuni ng For Forbidden Pitch," filed
Novenber 5, 2003. Background Lithographic apparatus can be used, for
exanple, in the manufacture of integrated circuits (1Cs). In such a case,
the mask may contain a circuit gattern correspond“g&bto an individual |ayer

of the I1C, AMETHOP KR PERK TRASNSAI SSHIS TA/N oF AdASRATEERN
conprising one or nore di esTOOMMRRQVBNARCEESY] BATTAIDEwWaf er) that has been
coated with a layer of radiation-sensitive material (resist). In general, a
single wafer will contain a whole network of adjacent target portions that
are succeFieldof yhe Invenliat ed via the projection system one at a tine. In
one type of |ithographic projection apparatus, each target portion is
i rradi ated by &hpopresentt nvertiini relawnsto patphetohithoptaphit hmethedgéar ving che i n
one go; such an 2 apparatus is conmonly referred to as a wafer stepper. In
an al t er naah¥RitdReaseattires 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

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 3,

2003.

Background

Lithographic 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 contain 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




commonly referred to as a step-and-scan apparatus - each target portion is
I rradi ated by progressively scanning the nask pattern under the projection
beamin a given reference direction (the "scanning"” direction) while
synchronously scanning the substrate table parallel or anti-parallel to
this direction; since, in general, the projection systemw || have a
magni fication factor M (generally < 1), the speed V at which the substrate
table is scanned wll be a factor Mtimes that at which the mask table is
scanned. More information with regard to |ithographic devices as descri bed
herein can be gl eaned, for exanple, froMfiUS 6,046,792, incorporated herein
by reference. In a manufacturing process_using a li thoglr aphj ¢ projection
appar at us 3PRAIAHS S sammanty referr 88 el Stepiipst At Flierpative %193433’351_
partially covered by a |layer of radiation-sensitive material (resi st%.
Prior to tchinmontyamiferrpdstoeds, a step-andrseanr apperatusy—ueagh rtargetvparionss pragiatesiubyes,
such as primng, resist coating and a soft bake. After exposure, the
subst r at e pigdredsivelySsthhmiag ehe naslotparern pindee dher pojectiorc beas in pod/en axfprnce e
bake (PEB), devel opnent, a hard bake and neasurenent/inspection of the

i maged fegfiMis (e sSaridg@ Mireétion) MHAEYRArdndudly SAnAing the udSttdRe taBleRAFRI N an
I ndi vi dual layer of a device, e.g., an IC. Such a patterned | ayer may then

motal 11 zant U PRURGEDTR SHERGRT SRR deper Rl FRichE BN 804 1o

finish off an jndividual |ayer. |f severaG} ayer. re i ,..then the
whol e pr od‘é‘iﬂ]fﬁl@?t‘m fagtog M (@qrerally sy Lbfhe shef \)h%f 1?[5318esu{>§%gee%$%ds 6 n%éich
new | ayer. Eventually, an array of devices will be present on the, substrate
(waf er). ™illhe aifastardy times thakd whigh the wasks tabls, is seanged ilgre poformatiog Ny ue
such as dicing or saw ng, whence the individual devices can be nounted on a
carrier, aeganded dithogmpbicndgviees ais described thiersin carf be gieanesh feregpeantilegirasu dpS
processes can be obtained, for exanple, fromthe book

6,046,792, incorporated herein by reference.

In a manufacturing process using a lithographic projection apparatus, a mask pattern

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), development, a hard bake

and measurement/inspection of the imaged features. This array of procedures is used as a

basis to pattern an individual layer of a device, e.g., an IC. Such a patterned layer may then

undergo various processes such as etching, 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.




i)

"M crochip Fabrication: A Practical CGuide to Sem conductor Processing",
Third Edition, by Peter van Zant, McGaw Hi |l Publishing Co., 1997, | SBN
0-07-067250-4, incorporated herein by reference. For the sake of
simplicity, the projection systemmay hereinafter be referred to as the

"l ens"; however, this termshould be broadly interpreted as enconpassi ng
various types of projection systens, including refractive optics,
reflective optics, and catadioptric systens, for exanple. The radiation
system may al so i nclude conponents operg%ing according to any of these
design types for directing, shaping or ntrolling the projection beam of
radi ation, and _such conponents nmay also be referred to bel ow, collectively
or si ngul diurther informatipns regardingsich spcessen san pe biingdnfoc cxppaleation thapose of a
type having two or nore substrate tables (and/or two or nore nmask tables).
I n such " rtiMitiophip FabrgseiondaRraasal Geidada Semnaductatiresssing’, Thied Ediwni by
paral lel, or preparatory steps nay be carried out on one or nore tables

whi | e one peRsr vER' Bar®! MUIGrav RS Pablehbgi 0@, uSeT ISBN @x|Iesam66-4, Tdofpsitade

| i t hographi c apparatus are described, for exanple, in US 5,969, 441 and WD
98/40791’lkﬂﬁ@ﬁﬁﬂﬁé%ﬁg.herEi” by reference. The photolithographic masks
referred to above conprise geonetric patterns corresponding to the circuit

create sueh mad? W BRL Snatdl” o Rhishia uiBinhey HORR B hbfened RER b
Dt ormat 1 oren hsvetsti 5t Sblcr B PIoGHIR BTt B SHETERTEtYRBS PR PLi o
in order to create functional masks. These rules are set by processing and
desi gn | i rmrejastioorsystemayringluding reftactvesonsiss rreflestive aptigseand cafadiopiiratystems) 19F ance
between circuit devices (such as gates, capacitors, etc.) or interconnect

example. The radiation system may also include components operating according to any of

these design types for directing, shaping or controlling the projection beam of radiation, and

such components may also be referred to below, collectively or singularly, as a “lens”.

Further, the lithographic apparatus may be of a type having two or more substrate tables

(and/or two or more mask tables). In such “multiple stage” devices the additional tables may

be used in parallel, or preparatory steps may be carried out on one or more tables while one

or more other tables are being used for exposures. Twin stage lithographic apparatus are

described, for example, in US 5,969,441 and WO 98/40791, incorporated herein by

reference.

The photolithographic masks referred to above comprise geometric patterns

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




lines, so as to ensure that the circuit devices or lines do not interact
with one another in an undesirable way. The design rule |imtations are
typically referred to as "critical dinmensions” (CD). A critical dinension
of a circuit can be defined as the smallest width of a line or the snallest
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 is to faithfully reproduce the original circuit design

on the wafer (via the mask). Another go is to use as much of the
sem conductor wafer real estate as possible. Even another goal is to
optimze illumnation and enhance the contrast of an_image on .a wafer. Even

yet anot hdhe spage tolerancs batveamagiecupiadsvices (uclrag gates, Bepﬂ)utametaﬁiséwef’ﬂ%} t ude
(EL). However, for low k] lithography, optical proximty effects caused by
the int er dints, 0 as beensmenthahthefoiratin descesforilines de sivt initerct with orsi agiother imen
structure becones nuch nore severe. At a given NA setting, such structural
interacti Q.ﬂaesmﬁblemlfyy Tak ldedjn ikelimithdong ate tglpioEiNGrefefred lovss "ceitisal dimpaiinst he
exposure | atitude the feature. Previous studies have shown that at the

so- cal | eqch o4 REHEAHiMEASFARES a Eireudt canMeldehiRed ASRE sRAEPWidtAQFTa lineddehe
contrast for the given process), the exposure latitude is very poor. For

pi tches t L}g} 185 %%Ac%rbgave%n(%ﬁ'gnmteg FHhidWhd ?f) delctf{}ﬁﬂ{eg 'ﬂgegoﬁfralﬁﬁﬁé éﬁd aﬁg% bfS:

such as s bar osure 1 I nprove
pi t ches ex |t|n i magi ng performance where there i s not enough space
for inser thegFsEnesei Hst features, the through pitch process latitude is

limted by such "f or bi dden |tches as the name suggest @ccord %Iy,
there i s exi st OfFoHBEONCH tb%ﬂ%ﬁﬁ‘a't“i%@at‘%ﬁ’rc'f%rfé'?ﬁ% oR f?e“’pff"&fé IPERGUEude at

forbi dden pitches which are in a range that does not allow for assist
f eat ur es tthe griginal ciragiedesign on the 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 Exposure 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 affect the critical dimension, 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 improved.
However, at pitches exhibiting poor imaging performance where there is not enough space
for inserting such assist features, the through pitch process latitude is limited by such

“forbidden pitches™ as the name suggests.




in the mask design. Summary In view of the foregoing, the present invention
relates to a process/nethod for nodifying a target nask pattern such that it
is no longer necessary to avoid utilizing "forbidden pitches" within the
actual mask design. The present invention provides a nethod for nodifying
t he mask design such that the exposure |latitude at the forbidden pitches is
i ncreased such that the overall process |atitude through pitch is optim zed.
More specifically, the present invention relates to a nmethod of generating a
mask for use in a photolithography proGess. The net hod includes the steps
of determning a target nask pattern having a plurality of features to be
i maged and an illunination systemto he wutilized to inmage,the mask:
identifying a #F‘P’WE‘&? » e 1 eSS 'P‘Feglta‘é‘ CPH’PB%SF"%?”['E'rpﬁové'?ﬁjthet%qcie?ﬁﬁﬁtﬁtf‘\%f t he
illumnation settings of the illumnation systemfor Ln%ging the crijtical
pitch; i abfrbigenpjiches whish aeean agpngerihatidops reteHew foragaist fgathies f\be igplyded
nodi fying the transmttance of the features having a pitch equal to or
subst ant i an the nesgkidbsigro t he forbi dden pitch such that the exposure |atitude
of the features equal to or substantially equal to the forbidden pitch is
i ncreased. The present invention provides significant advantages over the
prior art processes. Mst inportantly, the present invention elimnates the
need to avgi ilizing "forbidden pitches” within the target nask pattern
t hereby providing an increase in the overall process 6 latitude of the
i magi ng syste |.ndeed, t hod o . ent_ i t]
optim ze the i d?ﬂ%‘%é@?gﬁﬂﬁﬁwéng Eﬁ%agéﬁgﬁﬁggﬁe%%¥§ﬁegq?%%g?ﬁg%g?dgﬁ
illum nation ﬁ stem and settings, Bh rebyg'ﬂ?ﬁ&ékpﬂethe overalh RiRSEsS

| atitude dRoditying Adiefly rrb?l,Sl(-)Cp@g M such that it cessary t0 avol Zing

“forbidden pitches” within the actual mask design. The present invention provides a method
for modifying the mask 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 pattern 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
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 equai 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




The foregoing and ot her features, aspects, and advantages of the present

i nvention w Il becone nore apparent fromthe follow ng detail ed description
of the present invention when taken in conjunction with the acconpanying
drawi ngs. Brief Description of the Drawings Fig. | illustrates an exenplary
| i ne: space pattern and the corresponding anplitude response. Figs. 2(a) -
2(j) illustrate how the diffraction orders captured by the projection pupi
vary in accordance with varying transm ssion percentages for the nask
features. Fig. 3 illustrates the resultuﬁg aerial image intensity for 80nm
lines at a pitch of 220nmfor 0.8 NA Krt, QUASARTM aa"t = 0.92, o;,, =

0.72 and Q = 30 degrees, Fig. 4(a),illustrate e nornalized power captured
by the pupttitudeopt theeimagmeasygteny. - Tnded. e rpelad Bﬁnwrlers%egt inyeptit grerass i3
exanple. Fig. 4(b) illustrates the NILS plot versus mask transm ttance for
vari ous deptmigs the imatiing peréormencetdt shegforhigddenypitehesclor theguiven(ilymination sysies an
aerial image conparison for CPL and 6% Att-PSM for a mask design having a

t ar get CD anfl s@fings, therebyy ibpoyinigltheisverak mrecdsnlatingp lof detimeging progessegat i ve bi as
to the features in the exanple of Fig. 4(a) can inprove inmaging. 7 Fig.

6(a) illustratghetBRgPRIMEIIRR BRI, £pedted ndi fGade® oMl plesdit Umeatibayvi ng
90nm line at a pitch of 240nm and a 35% transmttance. Fig. 6(b)

|11 ustrat &5, tHagohOhidlre SR g%ﬁg g)rf‘éﬁo\;@iﬂg dbRRed dcARb*ér thSpredédi finRptibPN

orders for {he exanpl e

when taken in conjunction with the accompanying drawings.

Brief Description of the Drawings

Fig. 1 illustrates 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 illustrates the resulting aerial image intensity for 80nm lines at a pitch of
220nm for 0.8 NA KrF, QUASAR™, 6oy = 0.92, 6y = 0.72 and 0 = 30 degrees.

Fig. 4(a) illustrates the normalized power captured by the pupil 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.




Figs. 7(a) and 7(b) illustrate the effect of varying the transm ssion
percentage of the nmask features on exposure latitude (EL) versus depth of

focus (DOF). Fig. 8 illustrates the sinulated i mage MEEF as a function of
reticle CDat | Xfor a target CD of 90nmat 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 exenplary nethod of practicing the present
invention. Fig. 11 is a plot illustrati ng NI LS through pitch for the given
exanple. Figs. 12(a) and 12(b) illustrat'e the plot of NLS through
transmttance for the 240nmcritical pitch and the 390nmltéorbi den pitch,
respectively. FEiggd@idlpsratesnthe psgipgtion pupdl osreepandmede Juask isatuessi RayWE ver sus
defocus plot and the overlapped process w ndow, respectively, for the given
exanpl e. B0gn lib4 at & pischodf@40nin] ansita 06 trgnsiiitd®cehr ough pitch for an exenplary
high NA, ArF system Figs. 15(a) and 15(b) illustrate the plot of NLS

t hrough transmirig, agibeilfustiattdehe B0 rumegyidapmedd fuirtthd (8nahdt kel *2@0fractionr bi dden
pitch, respectively, for the given exanple. 8 Figs. 16(a) and 16(b)

i 11 ustrat grddierof #RAXHMBlel AT g?,gz_ versus defocus plot and the overl apped
process w ndow, respectively, for the given exanple. Figs. 17(a) - 17(c)
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exanpl e. the mask features on exposure latitude (EL) versus depth of focus (DOF).

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 setting 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) illustrate the exposure latitude 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(b) illustrates the exposure | atitude versus defocus plot for the .

exanple of Fig. 18(a). Figs. 19(a)-19(f) illustrate experinmental results
confirmng the inprovenent in process |atitude obtainable by the present
invention. Fig. 20(a) illustrates the exposure-dose latitude for 450nm pitch
W thout utilizing scattering bars. Fig. 20(b) illustrates the exposure-dose

| atitude for the sane process, with the mask nodified to include 50nm
center scattering bars. Fig. 21 illustrates a plot of MEEF through pitch for
vari ous mask transmttance. Fig. 22 is fl omchart which sets forth an
exenpl ary process for int egrati ng the pffocess of the present inventi on into
an actual desi %n process fl ow schematjcally ddgl cts ogr aphi ¢

proj ection appdigst i&asand h@bb‘lWéVatﬁé@ e’iﬂoﬂfeéatﬁ‘&jsek"eﬂ%’él fasys RM ﬁ“ ai d of
the current invention. Detailed Description O The Drawings Prior to

di scussi ngveitiappeed pmicess windpw, despgetiviely, fastiregivasfexagmpleent i nvention for tuning
the transm ssion of the mask features for various pitches contained in the
target patternFig. dXaP- 10@) illds#ste tetRemplagoaathodsadfiaddjidend the ttahemigiawenofrask and
process, an overview of the various technical principles involved with the
met hod of {R rangsent invention is discussed. As is known, the transm ssion
val ue of mask features (i.e., the percentage of light the nask feature

ot for o/ TR s AR M,
substrate, T ag S e AL TR RS PR RERLAT L bl
Fig. 18(a).
Figs. 19(a)-19(f) illustrate experimental results confirming the improvement 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 latitude 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
process of the present invention into an actual design process flow.
Fig. 25 schematically depicts a lithographic projection apparatus suitable 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



intensity transmttance of the attenuating |layer. For coherent illumnation,
the intensity transmttance function T(x) is related to the anplitude
transmttance function t(x) for the electric field and can be expressed as
a conplex value: t (x) = -~T- -(x) - exp( jo (x)) (1) where x) is the
phase shift introduced by the attenuated materials for Att-PSM or by the
quartz etch step for CPL. Wen the phase-shifter introduces a 180-degree
phase shift with respect to the mask background, the anplitude
transmttance function is equal to the {k?gative square root of the
intensity transmttance function, t(x) .r'T For exanple, referring to Fig.
1, considering an infinite grating on a clear field mask wth a line width
"W', a pi toptimizs the procgamplatitudgcor thenaiien mak and progyss, amRyeryisd. abHiccwrighnse
shift, the mask transm ssion m(x) can be expressed as set forth in equation
(2): X - RecknizaDpringiples)invededd wiK) Be crombmnd(of thé\prasentiovernti@ngodibcussed® S P P S P
where p = pitch, s = space width, and w=1line width. P =S 10 From Fourier
optics, the el egtig kfowh @h&ltridsaiisiont vaB@t dTndsk Fealifed(ifeQ tivBpercetagt bF ightitkn 1 n
the pupil plane, which is proportional to the mask spectrum The field for a

ESLQE i 2 gur !(iféaturg LMEWs BY pRS Ak Qbstrdde 1RMY iAGed) MARALdMh PrimhMAdHR¥tion
orders that determine the aerial image intensity at the substrate. Traditionally, the percentage
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:

1(x) = JT(x) -exp( jé(x)) (1)
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-shifter 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) = —,/T(x) .

For example, referring to Fig. I, 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):

P

2

M

m(x) = —l-rect (£)® comb (i)~ «/Fl—rect ( Y ® comb (i), p=Ss+w
4 s p p P

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



E(x) = F -[P(f,)F(t(x)] (3) | (x) = E(X)E (x) (4) where t(x) is the
anplitude transmttance function and F (t(x)) is the mask spectrumt hat
directly contributes to the electric field. Fis the Fourier transform
operator, F - is the inverse transformoperator, P is the pupil function,
f, is the pupil frequency coordinate, Eis the electric field, and | is the
intensity at the inage plane. Taking the Fourier transformof equation (2),
the result is: F{mx)} = S (s si S)]-[b si r W* exp(-2ikP) * Ix (5(k - (5)
Px Ppsin(O = nAk =sin(O Ohorde n?ok O F(K)(s-wT)[p-x(1+VT)] (6) PP
lordexn=1,k = 1 =>F, (k,)=1 sin )+V-Tsin(") =isin )(14-T-) (7) PPP
Equation (6) indicates that the Oth aorder anplitude decreases .as.the nask
intensity trafsem Founerontips thededric ﬁﬁ@éi@ﬂﬁ"’@#%yit?ﬁﬂ‘@é‘t 'gémﬁ A distribyiop &n

order anplitude increases as the mask intensity transmttance increases. As
such, it itee pipgbplandathichoidiprefiondorahte theoask spestrumi sHiedield Feirpgraint searce is
anplitude of the diffraction orders, thereby having a significant 11 i npact
on the i mpgeendyaidtion (BY andahaiviteddity Baivehdy edikmt4ansni ssion and a 1:1 line
to space ratio, the O h order conponent is not present. A conparison of
mask spectra for brighg(krytﬁmsi[@y(ﬁi)pa(r,yxyr]ask (BIM, CPL mask, 6%

I(x) = E(x)E"(x) 4
where t(x) is the amplitude transmittance function and F (t(x)) is the mask spectrum that
directly contributes to the electric field. F is the Fourier transform operator, £ 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)}=§{[(sW)Hb—S—i‘M*expw&p)}}*ga(k, e

&S H W
psin@) =nA,k, =sin@)
OIhorde;'nzo,k,=0:>Fo(k,):l(s—w»ﬁ)=}l)[p—w(l+ﬁ)] (6)
P

n

tlordern=1k =L = F(k)= l[sin@nﬁsin@)} _Lin®ya+d ()
p p plm '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




Att-PSM mask, and alternating phase shift mask (Alt-PSM is sunmarized in
Table 1. Mask typeOth Orderl st OrderComent BIM (bright _ wSin ifwlL is the
line width, pis the ) field)PPpitch Oth order present from1l:1 CPL2 w2
sin('" )No O order for 1:1 1line (1 - ) it pspace ratio P 6% Att-(1 _ 1.24 w
}1.24 sin(nv)Lower O h order and higher PSMp;r pl S order conparing with
B!Mﬁ =2 sin( ny At-PSMos( )Wien cp=rr, No O h order ) 2x 2Pfor all

pitc
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impact on the image quality. It is noted that for 100% transmission and a 1:1 line to space
ratio, the 0™ order component is not present.

A comparison of mask spectra for bright intensity binary mask (BIM), CPL mask, 6%

Att-PSM mask, and alternating phase shift mask (Alt-PSM) is summarized in Table 1.

Mask type Oth Order 1* Order Comment |
BIM (bright - ¥ 1 sin( =) L is the line width, p is the
field) P T P pitch

0Oth order present from 1:1
CPL 2 . ) No 0™ order for 1:1 line

(1 - 2_w) Zsin ‘
p 4 P space ratio

Lower O™ order and higher

6% Att- (- 124w ) l—'—g—‘isin(ﬂ)
PSM P p 1* order comparing with
BIM
it _- th
Alt-PSM € cos [ ) Esin(ﬂ) When o=, No 0™ order
2 x 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 diftraction
orders effects 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, 6,= 0.72, and pole angle 8 = 30 degrees. More




TABLE | As is clear from Table 1, by varying the transm ssion percentage of
the mask features, it is possible to vary/control the anplitude of the
diffraction orders captured by the projection pupil of the inmging system
As such, because the anplitude of the captured diffraction orders effects
image quality, it is possible to adjust/inprove inmge quality by controlling
the transm ssion 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 transm ssi onl?ercent ages for the nmask features,
and in particular, the sinulation resufts of a process utilizing an KrF,
0.8 NA exposure too] W th ASARTM i | | um pati on with 8 = 0,92, a; = 0.
and pol e apgsifically=F1ss ¥ayreds) ilpraterplotss etPplitudg VveTsus 6§a°t§’(’a‘3rd°r gk
illustrate plots of anplitude versus diffraction order that 6)resent
Fouri er t mepresent Faurisf tramsfasmblan eyemploky maskt feataresif an 8080 ine|at H% e pirctonm
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transm ssion, results in the highest normalized image | og slope (NILS), and
t her ef or e simulation results set forth in Figs. 2(a)-2(j) confirm this conclusion.

72,

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. The 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




t he best image contrast. The results of the NILS cal culation for the various
transm ssions are sunmarized in Table 2. As indicated, 35% nmask

transm ssion results in the highest NILS value. It is noted that nethods .
for conputing NILS are well known by those skilled in the art, and |
therefore are not further discussed herein. Intensity NILS Transm ssi on

Bi n0. 67 6%0.91 25%. 14 35%.2 100%.15 TABLE 2 13 Figs. 2(a)-2(j) also
illustrate that as an attenpt is nade to resolve smaller pitches, not all of
the 1st diffraction orders are captured y the projection pupil, and
therefore, not all of the first order I'fght contributes to inmage formation.

Clearly, varyi t he S nsm ssi on percentage alters the rati o between
oth and 18t di %agﬁa?-ga) éﬁ‘aé saip Fhat atiansatiempy it Madeiodreolve smallsepischen dot

i nterference betM@en the two diffraction orders. In order to oper
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I nterference, the energy transmtted by the diffraction orders needs to be
cal cul at edhe fitsgordéa ligltastribosss td dnagStarhatans nflsad o varyingethe snask afindnissidis t
order captured in the projection pupil is equal to the total of the Oth
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order captured in the
impacts the interference between the two diffraction orders. In order to properly account for
the portion of the +1* order that generates the maximum interference, the energy transmitted
by the diffraction orders needs to be calculated. Fig. 4a shows that for 35% transmission, the
sum of the +1¥ order captured in the projection pupil is equal to the total of the 0" order.
Further, it has been determined that this situation, where the +1* order captured in the
projection pupil is equal to the total of the 0™ 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 higher the NILS, the better the image contrast, which directly translates into
improved exposure latitude. Fig. 4b illustrates the results of the additional simulation.

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




projection pupil is equal to the total of the Oth order, provides the nost
bal anced intensity distribution in the projection pupil, which results in
the optinmal transm ssion and inage contrast for the given pitch and
illumnation settings. It is noted that calculations set forth in Fig. 4(a)
are based on the sane exanple as discussed above (i.e., 80nmlines at a
pitch of 220nm wth the sane illum nation settings as utilized in
conjunction with Fig. 3). In an effort to verify that utilizing mask
features having a 35%transm ssion is thﬁ best transm ssion for the
foregoi ng exanple of 80nmlines at a 220 m pitch at the specified
illumnation settin an additional sinulation was _ performed utilizin
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above, NILS is directly related to inage contrast, and the higher the NLS,
t he bett emaxireurn NG8 ocamedas 83%whanghisglom.ect |y transl ates into i nproved
exposure latitude. Fig. 4b illustrates the results of the additional
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varying the transm ssion percentage of the nask features, it is possible to
optim ze thatterrcontnst forglenseecf). feetrasast for a given |ine:space pattern

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 controlling 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




for a given illumnation condition. However, it is also possible to optim ze
the process latitude by controlling the transm ssion percentage of the mask
features. In order to illustrate this principle, focus-exposure natrices
(FEMs) were conputed for the following six transm ssion percentages: 0%

6% 25% 35% and 100% The sane KrF 0.8 NA and QUASAR TMiillum nation
conditions as set forth in the foregoing exanple were utilized again. The
illumnation was optimzed for 240nm pi tch, as shown in Fig. 6(a), and once
again, utilizing a 35%transm ssion, ssane optimzed 1" to Oth order
ratio is obtained as shown in Fig. 6(b§ Fi gs. 7(a) and 7(b) illustrate the
effect of varying the transm ssion percentage of the mask features_ on
exposur e |exidehtydiat B (rapsmission ravides fthye (Aptimabraxposuse-dager latinds: . Mo 7( a)
illustrates the FEM matrices for the 0% 6% 25% 35% and 100%
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Upon reviewing Figs. 7(a) and 7(b), it is 15 evident that 35% transm ssion
provi des trésaitopi iaTele migpas DEE dod6% atpobwrddatithde; e Figs (7¢6) filustadtesy that @f ali¢ i ng
to Fig. 7(a), for a 90nmprinted CD on the wafer, the 35%transm ssion
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descri bed hom1transn155|on tuning of the mask features can be utlllzed to
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 = 9¢P 8)
OReticleCD/ M

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 factors, all have an impact on the MEEF factor.

As explained above, for a given CD (i.e., line width) and pitch, changing the 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




affect the mask error factor (MEF). Mask error factor (MEF) or the mask
error enhancenent factor (MEEF) is defined as the ratio of the change in
resist feature size to the change in mask feature size scaled by the
magni fi cati on of the exposure tool, and is given by: MEEF = 0CD (8)
aReticleCD Mwhere Mis the exposure tool reduction factor. Lithography
process variables such as focus, |ens aberrations, |line width, nmask tone,
optical proximty correction (OPC), resist contrast and resist thickness,
anong ot her factors, all have an i npact gn the MEEF factor. As expl ai ned
above, for a gi ven CD (i. ., line width)1 and pitch, changing the mask
transm ssion_or bi act inmag ua e (o]0)
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Fig. 8 illustrates the sinulated inage 16 MEEF as a functlon of retlcle CD
at | X for the samegidiumdtion sewings ast seh farthoinrthe exampleidispyssedhapove iee. susing a K
I1lumnation settings as set forth in the exanple di scussed above (i.

using a KNA NA.& fgiia Qitgae). 9tsigmd.iB2 0s1graadi angle 6. T2 degnecs QUASAR “@0
degrees QUASAR TM illum nation). Typically, the higher the inmage contrast,

the | over fifRilE5D. RYA@NY B higher FleGmae chritrast thIoWer tHeaVEBR. GQsIERIEPo ( 100%
transm ssi on, n-phase) feature has better I mge contrast than the
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cort eSpondflorn 8P1t4 (()1 (}Ot’ftrrargls%lssmn) NEZEfor a printed resist CD of 80nm, while for 6% the MEEF is
greater than 10. As the mask transmission increases above 25%, a negative bias is required
to achieve the lowest MEEF. The feature CD corresponding to the minimum MEEF
decreases as transmission is increased. 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
amplitudes 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 the two 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.




decreases as transmission is increased. For a 90nmprinted CD target on the
wafer, CPL requires a 15nm negative bias to provide the | owest MEEF. As
such, it is clear that MEEF is a strong function of feature bias and mask
transm ssion, which is understandable as both feature bias and mask

transm ssion change the ratio of 0°h and 15 diffraction order anplitudes
and the energy captured by the pupil. Transm ssion tuning also effects the
mask CD (critical dinension) linearity. Fig. 9 illustrates the behavior of
the sinulated CD through size as a funcg%on of mask intensity transm ssion
utilizing the sane settings as the exanple set forth above, the target CDis

90nm on the wafer wth 20nm pitch. Fig. illustrate hat for .CDs
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| arger than 80nm 17 Referring again to Fig. 9, for target CDs in the range
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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 pitches 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




transm ssion features (e.g., solid chrone features) provide the best |inear
behavior. It is noted that the region containing target CDs that are

capable of utilizing 100% transm ssion 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%
transmssion is referred to as Zone 3. It is well known that as k, becones
| ower, optical proximty effects caused by the interaction between the
features of interest and the nelghborlnq structures becones nuch nore
severe. At a gi ven NA settlng, such opt|§aI interactions not only effect the
critical nS|on act . the exposure | at] e feature.
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invention is utilized to "tune" the features within the forbidden pitch

regi on so iaytilizedj Wopituned thedeatpres gyidhin e fasbidderc pitedy ragiaix st 83 tovimpgone tthee

forbidden pitch, thereby elimnating the need to
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
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

pattern 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




avoid the forbidden pitch region in the mask design, and the associ ated
degradation in process latitude. It is noted that "forbidden pitch" as
referred to herein is not Iimted 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 transm ssion
tuning of the present invention applied thereto. The range of the forbidden
pitch woul d be dependent on the given process and illum nation setting
being utilized, and can be defined by e designer during the tuning
process by exam ning the NILS pIot throu h pitch as explained in further
detail bel ow,  or as another exanp can_be set as predeflqed ranqe about
a given pioPtmizepthe lllttramﬁ%oracqnd&mﬁafpt PRB{Ng the ttf&?ttrtﬁ“aw e X ¥MFR H8b of
practicing the present invention. The first step in the process (Step 100)
is to det eital pefaspersisto thetraosy densmpitkh (iatstmetlest aiteh)tchetained imiha dargemalgst em

that will be utilized to performthe given process. The next step in the
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19 optimze the illumnation conditions for printing the target pattern.
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110, in the sane manner as di scussed above. As noted above by determ ni ng
NI LS t hr owlgfingsi in@tep 110, insthe sanet mprner as discussadiaheve. hs natest shoyediy dsteroiueg f or

t he given
NILS 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
performance 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 included 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




illum nation process, which is the next step in the process (Step 130).
Referring to Fig. 11, and as discussed further below, by reviewng the NILS
pl ot through pitch, the pitches that exhibit |ower inmaging quality (i.e.
forbidden pitch) are easily identified as those pitches having the |owest
NILS value. In Fig. 11, it is seen that in the given exanple, 390m
corresponds to a forbidden pitch, and the area around the 390nm pitch (e.g.,
+1- 10un) would correspond to the forbidden pitch region as these pitches
al so exhibit reduced imaging perfornanﬁg as can be seen by Fig. 11. As
not ed above, upon analyzing the NI LS thifough pitch plot, the designer can,
for exanple, determ ne how.l arge t forbi dden.pitch reaqi shoul d be by
| dent 1 1y MBI th dnpeies P?fﬁwﬂﬂgwgﬂf%ﬂf"eﬁ vigg pisths itsidsoet e SR P
pitch, thereby determ ning the pitches within the nmask design that will be
subj ect ed r'e8ot-he transm ssion tuning. Alternatively, it is possible to
predefine the range about each forbidden pitch that would be deened to be
i ncl uded i n t h@ntothei fddeddepipitchesraegyidontifidd; thenekusterh@tepnich0e ch the Ipedcesstis ks al so
possible to utilize the transm ssion tuning process of the present invention
to 20 optdeirmdelcb@puteage NILBethfughareemifante aitelr BStrhduisnipnpifoc frscririvhbi de
of the forbidden pitch region. Once the forbidden pitches are identified,
the next ?ﬁt@lﬁ’an_(tﬁo@@a&ﬂﬁ'}thé forbilenRiRAES T he eléht tHAE hRETNAS bROTEPMHGn fiRh N LS
through transmttance (i.e., %transmssion) for the critical pitch and for
each of t -or bi. id C y o -eve (o)) n
pitch is I?(l?e g‘ﬁ%‘?# [?ggébl Egdst E‘S?Sl%%&jﬁ ?ilts}én"g%oe Qst%ﬁzla{g{ ? 0+€ﬂglt§%ﬁé%§s)§lpj8ﬂ§$t o]
conpute the NILS through..transm ttance f.or, additignal .pitches, not
CGent 11 edumSnnghs: T drpiopaaiihes of ieniiOfh o Thrbl AR i Ghesr Thda Piswt e
optim ze additional pitches within the target design. It is further noted
that the S&HenerdesiFRsHaIPERIERMItonahRitchss Withiy the et desighe gt S1iyrtherenqled | i zed
in conputing the

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 readily discernable what the optimal transmittance (i.e., % transmission)
should 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 corresponds 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 pitch, 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 different
techniques for adjusting the transmission percentage of a given feature, for example,

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



NI LS plots of Step 120 and Step 140, By conputing the N LS through
transmttance for the critical pitch and the forbidden pitch(es), it is
readi |y di scernable what the optinmal transmittance (i.e., % transm ssion)
shoul d be for the critical pitch and the forbi dden pitch(es) to produce the
best imaging results (Step 150). Indeed, as descri bed above, the highest

NI LS val ue corresponds to the optimal transmssion. It is noted that the
optimal transm ssion for the critical pitch and the forbidden pitch(es) can
be different from one another. Once the gptl mal transm ssion percentages
have been identified for both the Cl’itlg pitch and the forbidden pitch,
the final step in the process (Step,160) is, to adjust the features t he
tar get desfP BOIAg FYPREST AT PR rably t"é’ﬂd%'ﬁﬂi) by ‘SimeleiPtsy shehyan fiy PW@S)A#JML
transm ssion percentages identified in Step 150. As explained in nore

det ai | belM#skTerlarlathgemisgr sofievaspackagechni ques for adjusting the transni ssion
percentage of a given feature, for exanple, halftoning. the feature. It is
al so not ed t hatAnvewargls oNitheSforegmngt mtthod ds sew deseritiedi rThHehiduthinatiborseiogng
process are preferably conducted by sinulators, such as for exanple, ASM

MaskTool s utilikddi@ahé eSffipls afel fvp b &K dPasktamiOwith\D. samngmsxRTﬂ”hmuMaﬂgﬁl &g =ret hod
i's now described. The illumnation settings wutilized in the exanple are for

a KrF systgam @ th 0.%88 .'1\&“9 %%A%Ji" fThé éi!%ds%om?ﬂkks gonnPlifes: at% $40nm O- 68,

and O 30 dégrees. e tar get corrp ses 80nm Ines at a 240nm pitch.
1 R wgsngﬁfmy»% AT SRR R .
AR TS RIS aég%fmgt@%péfa%gh o e B S
different 1lrlrt?s%r§tets rtﬁlenfer;]u]? %If Ct)lTeSNI]Y\QIp(I:ort] ali ?s gg/toed Etst(:?t n? ?}Z(:) ga]r\]fgn example the NILS is
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 390nm, 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. Referring 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
corresponds 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. [t

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




100% However, it is also possible to select a single transm ssion and pl ot |

NI LS through pitch for the single transm ssion to identify the forbidden
pitch. Referring to Fig. 11, it can be seen that there is a forbidden pitch
at approximately 390nm as there is a sharp drop in the NLS value for each
transmttance at this pitch. As such, 390nmis the weakest pitch (i.e.,
forbidden pitch) in terns of exposure |atitude. Figs. 12(a) and 12(b)
illustrate the results of the next step in the process, which is to conpute
the NILS through transmttance for the ?gitical pitch (i.e., 240nm and the
forbidden pitch (i.e., 390nnm). It is pféferable to conpute the NI LS through
transmttance for various . focus settings. Referring to Fig. 12(a), jt is
shown ¢ hatreHaitgacs for iR gdcaRiichat HSRRT dur Wi rine @%‘Pﬂeréf%?%‘ﬁ SetHBES U hm
feature is approximately 35% transm ssion (i.e., the highest NLS val ue

cor r espondossie theonfis tthat geipen dionsmisiance. is petiragloverp giverRlefocus 2angy- it is shown
that the best transmttance at each defocus setting for the 390nm f or bi dden
pitch is 100% tAsahs finglsstepnin thé procsssnthe dehttirhatoritdingdsinpbes gt attem ut a pitde a

si ngl e defocus setting when conputing NILS through 22 transmttance for the
f or bi dden gpi2ii6hin aloMBYEd thhakt A krhgdniBard®e|dfizBYE wielk ARd! feafidst doRBSnddtinithe
possible to confirmthat a given transmttance is optinmal over a given

defocus rafeg. pfMend Qpa;dieeﬁ'of%gag?ﬂ %ﬁﬁﬂ@diﬂ&@?@% ve agﬁ@ﬂﬁﬂ&em@ﬁ%ai figd in

the target pattern at pitch Onm are nodi T ave a transmttance

of 35% whilge.the features,contained, in the .target pattern at a pitch of
S00nm ar o M B IE A GRG0 Tnditnd el Sarr 30005 The o 11 e’ mmok 1S

| ati tude pi ot s Feght A6 pid GBS BEPrpRae o dianonigh IDREEEJbaghe (HEsosent
invention operates to inprove the overall exposure latitude of the process.
Fi g. 13(aprecsssackshsaaseat inventiend epsraies ts imprevs thsl eerathextoseisniptitude of Haig  100%
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 latitude is achievable. This KrF
example illustrates that transmission tuning can be used to overcome the forbidden piich
problem.
As noted above, the position of forbidden pitch is a strong function of NA. For a high
NA ArF system, the forbidden 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, 6oy = 0.92, 6;, = 0.68, and 6 =
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




transm ssion provides the best ED latitude for the 390nm features. Fig.
13(b) shows the overl apped process w ndow for 240nm pitch with 35%

transm ssion and the 390nmpitch wth 100% transm ssion. By properly
optim zing the transm ssion for the 390nm forbidden pitch, it is
denonstrated that a 0.4urn DOF @O0% exposure |atitude is achievable. This
KrF exanple illustrates that transm ssion tuning can be used to overcone
the forbidden pitch problem As noted above, the position of forbidden .
pitch is a strong function of NA. For a gigh NA ArF system the forbidden
pitch shifts to a smaller pitch where t% re is no space for applying assist
features, uch as erin bar 14 illystrates the sijul ated NI LS

t hough pi tﬁq{“rﬁ’éltﬂgj?ﬁd fmgb?f iffRGHON cOMIEN {0riiMBTAVE rthe imyee Muality; — -
0.68, and 0 = 30 degrees and_ut|[|2|n a binary |nten3|ty mask having a
critical plawavenprppl3ogihe p@selhmmntltrmwﬁgg cage it ip pogsirie by mgvimizeche negalye
exanpl e, the forbidden pitch range shifts to 200nn1to 250nm pi tch range.
Curr ent | y effscis bf the tforbiddemgich. are too small to allow for insertion of assist
23 features to shift the energy to higher diffraction order to inprove the

i mage qual ity. SpelfieN| as s@aRdy Figg 14 HBufdfaes ahé NIDS(QHil‘bu%ﬂpitﬂl tdtithe €a8goind t i S
possible to nlnlnlze the negative effects of the forbidden pitch.

Speci fi Callianmﬁi%nS&ﬁ‘aHﬁgms Fdng -as SHown, |th§?€frﬁﬁ§’e§1 ﬁlﬂﬁ iNir-Re L06 298 Radgeh FQr the
foregoing illumnation conditions, and as shown, the forbidden pitch’is in
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transmttance for the 130nn1p|tch is 10% (i.e., the hlqhest NI LS val ue).
Referring detpcps §ett1r1%( b(}eferppg it@ Figa d 3f#),t ik is; shown that the optimal transmittance for the

130nm pitch is 10% (i.c., the highest 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 improvement 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




the optimal transmttance for the 200nmpitch is 20% (i.e., the highest N LS
value). In order to verify the inprovenent in process |latitude, three FEMs

using Binary mask, 10% 20% and 40%transni ssions, respectively, were run
via a sinulator with the dose optimzed for resolving the 130nm pitch. The
result of the sinulation is set forth Figs. 16(a) and (b). As is clear from
Figs. 16(a) and (b), the 20% transm ssion of the features having a 200nm
pitch produces the best exposure-defocus (ED) latitude. Mire specifically,
by setting the transm ssion of the fea?gres of the target pattern having a
pitch of 200nmat 20% it is possible achieve a 0.21 umDOF @10 %
exposure latitude, For the binary mask, only . 0-18um at 10% exposure . i s

at t ai nabl @n ingreasgd fransmisgsiop Fm%?ﬁﬁwetﬁ? ofigigalline; ‘ééﬁ‘? fagget patterny g oBgHnm
pitch by utilizing the transm ssion tuning nmethod of the present invention.
Tr ansni ssivends, uhe ngeinl line wonkt be deerpeth tmganﬁJlO&mﬂaﬂwsslm &e.guatieghrarme),
different ways. In each of the follow ng exanples, the main principle is

t hat the owhegianaiie madified linéekdvingeincifeased eraasmit@nceaart imudifiddsto ratldivf merd lighch

that the actual line set forth in the mask exhibits 24 an increased
transm ssit®paséiiiethUBRI Big. | Wa) iNBstitds@l fad méthPof thankMBsibA hthg R&fel tdas | N
other words, the original Iine would be deened to have a 0% transm ssion
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met hod whéing hetchefylosPigrucs & Rrdsrechrome Bath @ndhe: fRRok  Msed SeuTs: el
chrome patch on the top of a nesa structure. Athird method, referred to as
t he "hal f testiradg refprgechBasathie “halftoring amethof anetiillustrated dy Fig dt76e) entaitscatéhing  t he
chrome line such that chrome and phase regions alternate |like a "zebra"
pattern. Ithe clgome 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 the 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, 6,,=0.65, 00,~0.89) and QUASARTM

illumination (30° opening angle, 6;;,=0.65, 6,.,~=0.89). The targeted print CD was 70nm. For

all experiments, wafers were coated with 150 nm of ARX1091 S on 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

lines, 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




noted that the "hal ftoning" nethod has the highest wite m salignnent
tol erance. A nunber of experinents were perfornmed to confirmthe inprovenent
in process latitude obtained by practicing the present invention, the

results of which are set forth below. 1In the exanple, all of the exposures
were performed with an ASML PAS 550011100 ArF scanner with 0.75 NA, dipole
(35" opening angle, aj,,=0.65, (Y,~ t=0.89) and QUASAR TM il lum nation (30

openi ng angle, ai,,=0.65, a,,,t=0.89). The targeted print CD was 70nm For
all experinments, wafers were coated mﬁt95150 nm of ARXI 091 S on ARC29,

devel oped with OPD 262. The wafers wer& coated on a TEL ACT track. CD
netrol ogy was done using a, KLA-8450R SEM, As noted, X-dipole il]um,nation
vas used iVATOWSTATPRHAPS tedrin (e AREISHeMh RS ,thﬂéﬂ& laferet XRPYET BLED Shas
70nm at 160nm pitch. Three types of structures were used: pure phase |ines,
zebra | i naghievadd fgsuzebra Hinone | Fige 48(ajuicpistscarsimulpsd dwenlt of 1904 vaobkawed 0%
transm ssion, respectively. Fig. 18(b) illustrates the exposure-dose

conpar i sonrafismistitee a25 funedon ofidefocuan RefartimnoeFigsidda)i it it dpeetrg drat thermptimahd
shows that the |argest exposure latitude is achieved for zebra lines. Fig.

18(a) depit@hsmdsisn WeuRt Bin’ 188 WArige OF 30bD 4086, TBatiiepimehtad ASUILS6f Pig. $&bR
function of defocus. Referring to Fig. 18(a), it is expected that the
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results of confirmthat for dipole illumnation, zebra lines
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ver Tyt nd Tehdts Srrsrimedi spisogrrs raeUnE SIERFBURIORu i pl o pi tches, |t he same

transm ssion tuning experinents for multiple pitches were tested using

QUASAR TM In order to further verify the theory and simulation results through multiple pitches,
the same transmission tuning experiments for multiple pitches were tested using QUASAR™
illumination, (30° opening angle, 6;,=0.65, 6,,=0.89). The target CD was 70nm at a 220nm
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 illustrating 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 latitude. 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




illumnation, (30" opening angle, aj,=0-65 a,,ut=0.89). The target CD was
70nm at a 220nm pitch. To validate the transm ssion tuning though pitch,
pitches 330nm 360nm and 450nm were selected for confirmation. Figs. 19(a),
19(c) and 19(e) correspond to the sinmulated result illustrating NLS
through transmttance for various focus settings for the 220nm  330nm and
360nm pitches, respectively. Figs. 19(b), 19(d) and 19(o correspond to the
experinmental results for the 220nm 330nm and 360nm pitches, respectively.
More specifically, Fig, 19(b) is the tﬁénsm ssion tuning result for the
70nm t ar get CD at a 220nm dense pitch he 4X CD on the reticle for
chronel ess (i ,. 100% transm ssi on, zebr anﬂ c@rgyre feafures
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NI LS through focus. As shown, the optinmal transm ssion was approxi mately
50% whi cleomfiric st t:lit@me&%ﬁd’fais miat highese sexpbaure uatiedevelollowed chy Zetra) (46Pows
the transmission tuning for a 330nmpitch 26 w thout assist features. The
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exposure Iatl tude for 330nm pitch. The experinmental results in Fig. 19(d)
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also matches the simulated NILS result |n Flg 19(e) It is noted that
transm ssimatches Hiersymelated DALY eesulbyrebigi Kk nal |y by varying the amount

It is noted that transmission tuning can be achieved internally by varying the amount
of chrome on the feature itself as discussed above, or externally by utilizing assist features.
Figs. 20(a) and 20(b) illustrate the experimental results of transmission tuning for ArF,
QUASAR™ illumination 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 (or 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




’ of chrome on the feature itself as discussed above, or externally by

utilizing assist features. Figs. 20(a) and 20(b) illustrate the
experinmental results of transm ssion tuning for ArF, QUASAR TMillum nati on
for 450nm pitch. Specifically, Fig. 20(a) illustrates the exposure- dose

| atitude for 450nm pitch without utilizing scattering bars, while Fig. 20(b)
illustrates the exposure-dose latitude for the sanme process, with the mask
nodi fied to include 50nm center scattering bars. Referring to Fig. 20(a),
it is shown that the chroneless line prgzi des the best exposure |atitode,
the zebra (40% transm ssion) is the second best, and chrone is the worst.

In Fig. 20(b), the exposure latitude trend is. the same,  ho er, .the DOF is
better. Admageneqniiasigwpl BEpVisigshefter mge(%lﬁhwEE%)&lcﬁfPi‘m blaﬁﬁ‘p\/\g@i “P‘t&rgo}”é'i icle
CD tolerance and CD control on the wafer. Fig. 21 illustrates experinental
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18(a) and 18(b). Referring to Fig. 21, It is shown that the chroneless |ine
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i nserti on%%&grevlglr%}esaeerﬁfg‘%ﬁgi tch region. At larger pitches, the scattering

bar is placed further a fromthe main feature edges, .and t]]o@re re it is
| ess effecti ve.ASAQ‘Oé‘WoWn\A?gn 2 g;.e spqtteringebar JRperion ﬁ'& plgt ingrease MEK %’ge@e not
i ncrease MEF for the 450nm pitch. However, by tuning the t ransgoasi op in
accor dancé50nmpitche Hawersd by ftuning thepfransarissionnipeaseorgance; with the,methiogof the,
control the MEF of the CPL reticle. In other words, the present invention
provi des @resestniavémionpiptis pdssibhgytot dvatrpl the SEF lod thet Glle rétiste. plnt atherrerdedhe hat

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 influence 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




are to dense too accommodate the insertion of scattering bars. Fig. 22 is a
flowchart which set forth an exenplary process for integrating the process
of the present invention into an actual design process flow, The first step
in the process (Step 2 10) is read/obtain the design data regarding the
target pattern, for exanple, such data can be in GOSII 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

i nfluence of the scattering bars are tggen into account while identifying
the zones and features that require transmssion tuning. The next step in

the process (Step 230) is identify and separate the features into two

cl asses, i gaturré @f’q Ralynegd 3 be é'b'iﬂ?‘é?g@nfgg UagSTiTgR LGEnRIOFSsS OE HREEN hat
wll be inplenented in chrome (see, Fig. 9, Zone 3), and the second cl ass
whi ch i ncliaigstion.hose features that can be inplenented by either phase-edges
or chronme halftoning (see, Fig. 9, Zone |l or 2). It is noted that the Zone
3 features thatOmet |the oninplandendned? i featates dmse dreen itgpified) khesedeatanes tarc al
features, nor do they typically Iimt the process |atitude, and therefore 28

such feat ibjected 16 The BEEFMIEHoD UNSMDbRGERAStD 2419 deb@itell BV Nast depidigl pf ocess
of the present invention. Once the Zone | and Zone 2 features have been

i dentifiedy,ulhgd ﬁ;brﬁﬁﬂtw%em. ah Sccordke GiG dhd Qaﬁsnl?ssfohq{ﬂﬁlﬂ%?ﬁjc% drl fieseRf ocess

(Step 240) described above, as depicted in flowchart min Fig. 10. In

d i th the. tir. i.SSi i i i on,
he T or br USROS TR | AR R R oo bl ol BRER ag yREREL 7
necessary  to inFrove t he

(he next 40 dAPioF it Bessss BHBEET Dngd shbimigresib etorespeisofie Qg SR IS Eope0)
techni ques to the nodified mask design. Thereafter, a manufacturing rule
check st eniads applypg) mpdel JaPE v ny a3lerQP¢ Jeqhaiques tq phe modified mask design.
Thereafter, 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 KrF, 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 pitch 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,




manuf acturability of the mask. If the check does not identify an errors, the
mask design is conplete (Step 270). Fig. 23(a) illustrates an exanple of a
SRAM | ayout and how the transmi ssion tuning of the present invention |
operates on different parts of the design. The exposure tool setting for
the SRAM exanple is KrF, 0.7 NA, annular illumnation with cyin=0.55,
(Y,u~=0.85. Fig. 24(a) is the CPL |layout converted fromthe original target
| ayout shown in Fig. 23(a). From the design, the pitch between the bit cel
transistor is 480nm Utilizing 100@6tra?2nission, 480nm pitch has the

hi ghest NILS (see, Fig. 23(c)), and theréfore the 100% transm ssion is
assigned to the transistor gate in the bit cell. The 555nm pitch with a

| ar ger CD andthgoprogess of 1he, plesemtiieyention Applies @ halfioningipytierh hayiag arprpygwtely e
Fig. 23(b)), has a higher NILS wutilizing 35%transm ssion (see, Fig.

23(c)). TIG% transenittanics & foatutes withip this pilchuinge do ad to imptooe pragessdatitudtie

simul ated NILS through pitch shows the second weak region is around 550nm
29 and the pr @gessiHf illuksieatddr seendut i Imée Ribig warepiele@sedatohadrify ale fihopapher n
havi ng approximately 35%transmttance to features within this pitch range-

SO as to ibAYRcE! BEESS24(R) tHeldRicalfHoBizorR (0 cdlll thdaskior bR (labél&R e Uineléfhes
whi ch weré selected to-verify the |ithography perfornmance. In Fig. 24(a),

the criti ] . i ' I e - I and
cut 11 e rgisHs Thé RBAG: Birvgfi lnsd 034a50 fhe B oy iR mltion (05 Thé
di mensi on ). The word |ine i.e., vertical) that have a_l arger .target
0D wer e ISl et DS arh g Bisr Wik i3 ont Do PEY Bud 2Pk Sag BE ST e
to these features. The experinmental FEM data fromthe three cut | ines of he
| ayout of helfipninggehna Raied wessaphed i these isatuteso hrosxpstmenipl BEM data from thgase
gates and the vertical zebra word lines. As shown in Fig. 24(b), the
over | appedhnee outdizes oflhaldpaut PO Figt Pd{aleweramesasured far thegwvoihori@omBihit cell ntpledse
exposure |l atitude, which is quite robust for

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:

- a radiation system Ex, IL, for supplying a projection beam PB of radiation. In this
particular 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;




100nm t echnol ogy. Fig, 25 schematically depicts a |ithographic projection
apparatus suitable for use with a nmask designed with the aid of the current

i nvention. The apparatus conprises: - a radiation systemEx, IL, for
supplying a projection beam PB of radiation. In this particular case, the
radi ati on system al so conprises a radiation source LA, - a first object

table (mask table) MI provided with a nmask holder for holding a mask MA
(e.g., areticle), and connected to first positioning nmeans for accurately
positioning the mask with respect to itemPL; - a second object table
(substrate table) WI provided with a substrate holder for holding a

substrate W(e.g. a.resist-cogted,s and conn dto nd
posi ti oni ng rrean% Pf%‘?“‘&ﬁéﬁ?‘%{flztlﬁnspbg{“t(? Sm tt"l'cltl%f PGP c%ﬂd‘t???trr'ceg?}écéf
itemPL; 30 - a projection system ("lens" .g., a refractive

cat opt ri c spremhfaidimsging an bradjated) pasiien é‘ﬁ)‘hff maSk MI‘W@P arfanget BRITR &d (©®rt i on
of the mask MA onto a target portion C (e.g. conpri sing one or nore dies)
of the sulsmpesieg We damarepics) elthé eubsiratle Whe appar atus is of a transm ssive
type (i.e., has a transm ssive nask). However, in general, it may al so be

of a reflectivestdpated Bereiax BRpparaitsti ofla traBbrhisive Vipen@e. khas Alttagsmiasivevel y,
t he apparatus nay enploy another kind of patterning neans as an alternative

to the usg,af. aHH%\?é@er %agm&%ﬁ it HedyusiSo %epéﬁ)ﬂrr@#mbé Qyﬁ@ fhOkxahpl@with 4CD
matri x. The source .g., a nmercury lanp or exciner |aser) produces a

beam of T agﬂe)% .@&agk){hmégenga%@gt fhe "aBfarkdll %a9%apid UHofHRt kB of itiditing means

(i 1'lum nat or aving traverse tioning

means, such as,_a beam and Ex for The il Lum nator | L
2 ah altérnativé 1 the use of & mask; exampﬁs mrcmjde a programmable mirror array or LCD

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 o-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 uniformity 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 lithographic 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




may conprise adjusting neans AMfor setting the outer and/or inner radial
extent (commonly referred to as a-outer and a-inner, respectively) of the
intensity distribution in the beam In addition, it will generally conprise
vari ous other components, such as an integrator IN and a condenser CO In
this way, the beam PB inpinging on the mask MA has a desired uniformty and
intensity distribution in its cross-section. It should be noted with regard
to Fig. 25 that the source LA nay be within the housing of the |ithographic
proj ection apparatus (as is often the c§§e when the source LAis a nercury
| anp, for exanple), but that it may al sd be renote fromthe |ithographic
projection apparatus, the radiatjon m.that it produces being led into
the appar &Xeie .&@-&m haged %Qéﬁd&&oqrbéﬂf‘%‘%ﬂ% JhgicrBeR 'RYFIHPR FBTRIPasEER AL
latter scenario is often the case when the source LA is an 31 exciner |aser
(e.g., badeadt both gf theseeenagios.F2 | asing). The current invention enconpasses at
| east both of these scenarios. The beam PB subsequently intercepts the mask
MA, which i s hédlhd beamPBrastsequebile intdifeptd-ithei mapktMAy ehivhdis theldl oras imasi tablde
beam PB passes through the |l ens PL, which focuses the beam PB onto a target

portion C\T. HiEnSuhstdedlife MaskWIAD tHeltRami KB pdssdshBroG e iR densPas WhichTbf\gedqreans
(and interferonetric nmeasuring neans | F), the substrate table WI can be

moved aCOUAHELY PIE g n S0gBS phRoRQSIds R LT SNC WK 452 aROEE RNSEnd 1 ¢ he

path of the beam PB. SIm [Far the first positioning nmeans can be used to

accur at el si.tion th sk MA wWth respect t th of th PB
oo art oobiiRnihe ey Gl amelte Mrb R Ren P b fic SPMHa@ el HrERTHE
during a scan. In general, novenent of the object tables , il] be
real i zed W9 taﬁ‘é"%F'éf’ &8 0 |aaﬁ<gpgft'wak@fff?ffamaéé% P (R Cp'Gs‘F'/ﬁI’:T PB‘}{l\i}r q{\é\'ye 5??&1 a
short-stroke nodule (fine positioning), which are not explicitly depicted
in Fig. 2®B. -Himilagly, the firstwsitignimgapeans can be used to accurately position the mask MA

with respect to the path of the beam PB, e.g., after mechanical retrieval of the mask MA from
a mask library, or during a scan. In general, movement of the object tables MT, WT will be
realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module
(fine positioning), which are not explicitly depicted in Fig. 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




waf er stepper (as opposed to a step-and-scan tool) the mask table MI may
just be connected to a short stroke actuator, or may be fixed. The depicted
tool can be used in two different nodes: - In step node, the nask table M

I s kept essentially stationary, and an entire mask inmage is projected in
one go (i.e. a single "flash") onto a target portion C The substrate table
W 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 node, essentially the
sanme scenari o applies, except that a giyfn target portion Cis not exposed
in a single "flash". Instead, the nmask table MI is novable in a given

direction (the so-called "scan direction", e.g., the y direction) wth a
speed v, dhF prmigetiapbea BB I caused;tp StAnYEHR %S%T g“a(gﬁt%’gﬁ'}lrfegtl&ctgﬁS'@\?é?teéab#ask

i mage; concurrently, the substrate table W is sinultaneously noved.in the
sane or oplBds simulianesusly orovad imthepemg oyoppagite dirgctionias A spRad K <t M in which
magni fication of the lens PL (typically, M= 1/4 or 115). In this manner, a
rel ativel W id the geaghidicatidn @itthe lens PT (oaitaby, Mxpbded 1/5) Initbigtmanaer, agelatovely
conprom se on resolution. The concepts disclosed herein nmay sinulate or

mat hemat i qaké ¥rgep f6rtioA 1ycal &8 @k pdied, WitHduigavingsth eompimisa@piesdutsard wavel engt h
features, and nay be especially useful with energing imagi ng technol ogi es

capabl e of progygidygcdpy Gls@BsdFerSh r%él}/v'kiﬂﬁﬁa@@%'f ﬂ%ﬁémﬁﬁ@illﬁhodaiﬁ@ﬁ]ﬁw gi ng

technol ogi es already 1rn use include (extreme ultra violet) |ithography

0 SRS OB o WSS a2,

and even el . Wavel en . uori ser.” Moreover, EW
usi nga SyEHABE FERET ool EiHae b ooy el o o BB el e ™
W th high s(iazre].er rgergilngctgcrhgglsogiieg aﬁ'trazﬂ:l?/rintuge ?nrc?u%léCEeU\w(]g}Etr%rr}]Sé ultra violet) lithography
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 (cither 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 hercin 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




within this range. Because nost materials are absorptive within this range,
illumnation may be produced by reflective mrrors with a nmulti-stack of
Mol ybdenum and Silicon. The multi- stack mrror has a 40 | ayer pairs of

Mol ybdenum and Silicon where the thickness of each layer is a quarter

wavel ength. Even smal |l er wavel engths may be produced with X-ray

| ithography. Typically, a synchrotron is used to produce an X-ray

wavel ength. Since nost naterial is absorptive at x-ray wavel engths, a thin
pi ece of absorbing material defines mheg;h features would print (positive
resist) or not print (negative resist). ile the concepts disclosed herein
may be used for [npaging on a substrate sugch as a siljcon maper it.shall be
under st oodithgPhichEagIne HSEaE. &8nlRase é’S?FEﬁ:’rHE‘a%Ed’"vﬁ”i’ﬁraéﬁym Sfhan, piligan

| i t hographic imagi ng systens, e.g., those used for imaging on substrates

ot her tharwaférsi con wafers. Software functionalities of a conputer system

i nvol ve programm ng, including executable code, nay be used to inpl enent

t he above desciSohedre fmgtiogplitesalf. a Tdompusnf tyseme inoiie pegenaningabhduding t he
general - purpose conputer. In operation, the code and possibly the

associ at e¢xe@iadld e6d, dfiayabe Bt 1@ dmplehitht tit SeVer dscritied Pigs@ingompdél e The
platform At other tines, however, the software nay be stored at other

| ocati ons BRUAATcdiE A0SRRLERIL BPihe dABEIPitph! oridher AR PREiBhSthe code and

gener al - pur pose conputer systens. nce, th odi ments discussed above
1o Ve ol Y RuRhHSRE BB Sy A SRS A e, o
DY 3, BT OCERSEL Bl hS SO 2 SHSLem enall st b UL oL Sl AR 1he
performed ngdirEgh%t()e rtrhbeog;i)prrrgpnr%a?e gg{efa%-lf)irsp%ge %anlpliltlel! gyssgermasF elqler?c%,r (ta}ienémbodimems
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




As used herein, terns such as conputer or nmachine "readable nmediuni refer to
any nediumthat participates in providing instructions to a processor for
execution. Such a nediummy take many forns, including but not limted to,
non-vol atile nedia, volatile nedia, and transm ssion nedia. Non-volatile
medi a i nclude, for exanple, optical or magnetic disks, such as any of the
storage devices in any conputer(s) operating as one of the server platform
di scussed above. Vol atile nmedia include dynam c nmenory, such as main nenory
of such a conputer platform Physical tggnsnission medi a i ncl ude coaxi al

cabl es-, copper wire and fiber optics, “including the wires that conprise a
bus within,a conputer, system Carrjer-wave transm ssion nedia c ake the
form of elSEERI: @ %PU%weq,rtlr%hﬂgﬁ%ﬂﬁuefl g% thosg generate %fl%&@fg{rf?eeuswﬁﬁgien ves
such as those generated during radi o frequency (RF) and infrared (IR data
comuni catiiifoafsf.? (180 rdatncdnanumicasfons o fgemneen. fosme &b icempetgi-ewadable aediadhereioss ude,
for exanple: a floppy disk, a flexible disk, hard di sk, nagnetic tape, any
ot her madmegidec foreekample:aa EDpPRON sk DyvDlexiniy dokhbardafisk, ardgnoed tape) ahyesther
commonly used nedia such as punch cards, paper tape, any other physi cal

nmedi um W tpihgRaid MedigmOh CTRREM, BVBABMY @herRIFMAI dtiufEABMNonindrilADRdERRM  any

other nenory chip or cartridge, a carrier wave transporting data or

other e ke - car th
ol um 1 O ot P e ARG e TR A i e P PR 0 o

medi um fr C uter ‘can rea ogranmm ng code an y of

t hese for f ¢ 8 i a be invelved in,carryin ne or
mor e sequd il oM, o FRASIREPROFflaly Btk Remaf i Ekeklopd pletly P 0E |

Al t hough the rese(rt i nventi.on h bee['n described and illustrated in detail,
it is to BENSROFINEJAA QFBSIFustiRsy catiesord ks LansRoftiag sYChALAMAT WAVF L @PROSh and

exanple only and is not to be taken by way of limtation, the scope of the
present | madiim diprbathigh 2 campwlgr eatl teagprogriammigngpde and/or data. Many of these

forms of computer readable media may be involved in carrying one or more sequences of one
or more instructions to a processor for execution.

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.



' of the appended clains. 35 What is Clained Is: 1. A nethod of generating a
mask for use in a photolithography process, said nmethod conprising the

steps of-. determning a target nmask pattern having a plurality of features

to be imaged and an illumnation systemto be utilized to image said mask
identifying a critical pitch within said target pattern and optim zi ng
illumnation settings of said illumnation systemfor imaging said critical

pitch; identifying a forbidden pitch within said target pattern; and

nodi fying the transmttance of said feagyres having a pitch equal to or
substantially equal to said forbidden pitch such that the exposure |atitude
of the ferEresﬁiqual to or substantially equal to said forbidden pitch is
i ncr eased. VBt i lalmedI8y for generating a mask according to claim1, further

Carget pact er n Ind RGO Sherter R aaraR o §F W phAARFedepl BHER Solf adhdp °' ¢

critical pitch such that the exposure |atitude of the features equal to or
subst ant i ZPMPrigRg e stkPs €Ki d for bi dden pitch is increased. 3. The method for
generating a mask according to claim1l, wherein said step of _identifying
sai d f or bi dden dgietreiningentardes owaskipattarmhayinga alurdlitraf featitres iweltgeimaged andogne
(NILS) through pitch utilizing said optimzed illum nation settings, and

i dent i fyi nidurpinhtbdresysteaio ibg utitiked tb dvnegetsaiihsBkyal ue. 4. The net hod for
generating a mask according to claim3, wherein said step of nodifying said

2 r 32?”; g tance endifiiith heaitiehepitdawiteh Saifithight patwAh ah® dptinfizihg tilmhinaliory
! settings of said illumination system for imaging said critical pitch;

identifying a forbidden pitch within said target pattern; and

modifying the transmittance of said features having a pitch equal to or substantially
equal to said forbidden pitch such that the exposure latitude of the features equal to or
substantially equal to said forbidden pitch is increased.

2. The method for generating a mask according to claim 1, further comprising the
step of modifying the transmittance of features within said target pattern having a pitch equal
to or substantially equal to said critical pitch such that the exposure latitude of the features
equal to or substantially equal to said forbidden pitch is increased.

3. 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.

4. The method for generating a mask according to claim 3, 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




said forbidden pitch conprises determining a nornalized i mage | og sl ope
(NILS) through 36 transmttance at the forbidden pitch and selecting the
transmttance val ue having the highest N LS value. 5. The nethod for
generating a mask according to claim2, wherein said step of nodifying said
transmttance of said features having a pitch equal to or substantially
equal to said critical pitch conprises determning a normalized i mage | og
slope (MLS) through transmttance at the critical pitch and selecting the
transm ttance val ue havi ng the hi ghest | LS value. 6. The nethod for
generating a nmask according to claim4, "wherein said step nodifying said
transmttance of said featyres havi a pitch equal to o ubst anti.al |

cqual o IBRIeRER e I Pt P e STashr SESTaE yRlig AR e 20K st
pattern by halftoning said features. 7. A program product, conprising
execut abl NIESaeluer ansportabl e by at | east one nmachine readabl e medi um
wherei n execution of the code by at |east one programmuable conputer causes
the at | east ome Phogretmdafor @cowaing @ mask apardiog e aladw ol emcseinfsaks gews of or
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NILS value.

6. The method for generating a mask according to claim 4, 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.

7. A program product, comprising executable code transportable by at least one
machine readable medium, wherein execution of the code by at least one programmable
computer causes the at least one programmable computer to perform a sequence of steps for
generating a mask for use in a photolithography process, said steps comprising:

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; and




nodi fying the transmttance of said features having a pitch equal to or
substantially equal to said forbidden pitch such that the exposure |atitude
of the features equal to or substantially equal to said forbidden pitch is
i ncreased. 8. The program product for generating a nmask according to claim
7, further conprising the step of nodifying the transmttance of features
within said target pattern having a pitch equal to or substantially equal
to said critical pitch such that the exposure latitude of the features
equal to or substantially equal to said ior bi dden pitch is increased. 9. The
program product for generating a mask aé ording to claim7, wherein said
step of identifyi nﬁ% sai d forhidden pitc comﬁri,ses de&ern‘i ni ng a]T nor.n lized
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settings, and identifying pitches having the |owest N LS value. 10. The
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step of nodifying said transmttance of said features having a pitch equal
to or substubyuntially yquabmusald fotbiddengittloishinetetsad.pi t ch conprises determining a
normal i zed image 1 og slope (NILS) through transmttance at the forbidden
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9. The program product for generating a mask according to claim 7, 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.

10. The program product for generating a mask according to claim 9, 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.

11. The program product for generating a mask according to claim 8, 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.




, step nodi fying said transm ttance of said features having a pitch equal to
or substantially equal to said forbidden pitch further conprises nodifying
the target pattern by halftoning said features. 13. A device manufacturing
met hod conprising the steps of: (a) providing a substrate that is at |east
partially covered by a | ayer of radiation- sensitive material; (b) providing
a projection beamof radiation using an imging system (c) using a target
pattern on a mask to endow the projection beamwith a patterninits
cross-section; (d) projecting the pattep ed beam of radiation onto a target
portion of the layer of radiation-sensitive material, wherein, in step (c),
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said imagi ng systemfor inmaging said critical pitch; identifying a fOI’bI dden
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features having a pitch equal to or substantially equal to said forbidden
pi t ch sucRaidH&iturehe exposure | atitude of the features equal to or
substantially equal to said forbidden pitch is increased. 39 14. The device

manuf acturing nst l&%v%%ana@ﬂlnhgnfé'tlﬁu'd@b%%nslﬁg'ﬂfefﬁﬁf sepnmprising the step of
nodi fying the transmttance of features within sald target pattern having a

pitch equal (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; and

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

substantially equal to said forbidden pitch is increased.




to or substantially equal to said critical pitch such that the exposure

| atitude of the features equal to or substantially equal to said forbidden
pitch is increased. 15. The devi ce manufacturing nethod according to claim
13, wherein said step of identifying said forbidden pitch conprises
determning a nornalized inmage |og slope (MLS) through pitch utilizing
said optimzed illumnation settings, and identifying pitches having the

| owest NILS value. 16. The devi ce manufacturing nethod according to claim
15, wherein said step of nodifying saiggtransnittance of said features
having a pitch equal to or substantially’equal to said forbidden pitch

conprises determning a normalized i mgge | og sl ope, (N LS hr ough. .
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having the highest N LS value. 17. The device nmanufacturing nethod
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said features having a pitch equal to or substantially equal to said
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through transmttance at the critical pitch and selecting the transmttance
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said f eatiélern%?ying 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.

16. The device manufacturing method according to claim 15, 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.

17. The device manufacturing method according to claim 14, 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.

18. The device manufacturing method according to claim 16, 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.




