
[OOOI] SOURCEANDMASKOPTIMIZATION

[0002] The present invention claims priority from U.S. provisional patent application

number 60/458'365, filed on March 3r, 2003, entittetl "sollRCE AND MASK

OPTIMIZATION." u.s. provisional patent application number 60/45g,365, filed on March 31,

2003 is herein incorporated by reference in its entire.ty, including an incorporation of a power

point display titled "source ,And Mask optimization For Memory'' attached thereto and

incorporated by reference in its entirety therein, a power point display titled .,Illumination

Optimization" also attached thereûo and incorporated by reference in its entirety therein, and

color drawings labeled Figs. l-29 attached thereto.

[0003] FIELD OF TrIE r¡IVENTION

{00041 The field of the invention relates generally to a method and program produot for

optimizing illumination source and mæk features for microlithography.

[0005] BACKGROUND

[0006] Lithographic apparatus can be used, for example, in the manufactu¡e of integrated

circuits (Ics). In such a case, the pholotithographic mask may contain a circuit pattem

corresponding to a¡ individual layer of the IC, and this pattem can be imaged onto a t¿rget

polton (e.g. comprising one or more dies) on a substrate (silicon wafer) that has been coated

with a layer öf radiation-sensitive material (resist). In genera! a single wafer will contain a

whole netwo¡k of adjacent target portions that are sirccessively iradiated via the projection

system, one at a time. In one type of lithographic projection appâratus, each target porfion is

[0001]SOURCE AND MASK OPTIMIZATION [0002]The present invention claims priority from U.S.
provisional patent application number 60/458,365, filed on March 31, 2003, entitled "SOURCE AND
MASK OPTIMIZATION." U.S. provisional patent application number 60/458,365, filed on March 31,
2003 is herein incorporated by reference in its entirety, including an incorporation of a power point
display titled "Source And Mask Optimization For Memory" attached thereto and incorporated by
reference in its entirety therein, a power point display titled "Illumination Optimization" also attached
thereto and incorporated by reference in its entirety therein, and color drawings labeled Figs 1-29
attached thereto. [0003]HELD OF THE INVENTION [0004]The field of the invention relates generally
to a method and program product for optimizing illumination source and mask features for
microlithography. [0005]BACKGROUND [0006]Lithographic apparatus can be used, for example, in
the manufacture of integrated  circuits (ICs). In such a case, the photolithographic 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 apparatus is commonly referred to
as a wafer stepper. In an alternative apparatus, commonly referred to as a step-and-scan apparatus,
each target portion is irradiated by progressively scanning the mask pattern under the projection beam
in a given reference direction (the "scanning" direction) while synchronously scanning the substrate
table parallel or anti-parallel to this direction. Since, in general, the projection system will have a
magnification factor M (generally < 1), the speed V at which the substrate table is scanned will be a
factor M times that at which the mask table is scanned. More information with regard to lithographic
devices as described herein can be gleaned, for example, from U.S. Pat. No. 6,046,792, incorporated
herein by reference. [0007]In a manufacturing process using a lithographic projection apparatus, a
mask 



(.'

irradiated by exposing the enti¡e mask pattem.onto the target portion in one go; such an

apparâtus is commonly referred to as a wafer stepper- In an alternative apparatus, commonly

referred to as a step-and-scan apparatus, each target portion is i'¿diated by progressivery

scanning the mask pattem under the projection beam in a given reference direction (the

"scannì¡g" directìon) while synchronously scanning the subshate table parallel or anti-parallel to

this direction. since, in general, the projection system win have a magnification factor M

(generally < 1), the speed V at which the substrate table is scanned will be a factor M times that

at which the mask table is scanned. More infonnation with regard to lithographic devices as

described herein can be greaaed, for exampre, from u.s. pat. No. 6,046,792, incorporated herein

by reference.

[0007] In a manufachring process using a iithographic projection apparatus, a mask

pattern is imaged onto a substrate that is at least prutialy covered by a rayer of

radiation-sensitive materi¿l (resist). prior to this imaging step, the subshate may undergo various

prooedures, such as priming, resist coating and a soft bake. dfter exposure, the subsfoate may be

subjected to other procedures, such as a post-exposure bake @EB), development, a hard bake

and measuremenlinspection ofthe imaged featu¡es. This aray ofprocedures is used as abasis to

paftem ân individual layer of a device, e.g. an IC. such a patterned layer may then undergo

various processes such as etching ion-irnprantation (doping), metaflization, oxidation,

chemo-mechanical polishing, etc., all intended to filish offan individu¿t layer. If several layers

are required, then the whole procedurg or a variant thereo{ will have to be repeated for each

new layer' Eventuall¡ an array ofdevices will be present on the subst¡ate (wafer). These devices

are then sepæated from one another by a technique such as dicing or sawing, whehce the

individual devices ca¡ be mounted on a carrier, connected. to pins, etc. Furthe¡ information

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. Further information  regarding such processes can be obtained, for example, from the book
Microchip Fabrication: A Practical Guide to Semiconductor Processing, Third Edition, by Peter van
Zant, McGraw Hill Publishing Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference.
[0008]For the sake of simplicity, the projection system may hereinafter be referred to as  the "lens";
however, this term should be broadly interpreted as encompassing various types of projection
systems, including refractive optics, reflective optics, and catadioptric systems, for example. The
radiation system may also include components operating according to any of these design types for
directing, shaping or controlling the projection beam of radiation, and such components may also be
referred to below, collectively or singularly, as a "lens". Further, the lithographic apparatus may be of a
type having two or more substrate tables (and/or two or more mask tables). In such "multiple stage"
devices the additional tables may be used in parallel, or preparatory steps may be carried out on one
or more tables while one or more other tables are being used for exposures. Twin stage lithographic
apparatus are described, for example, in US Pat. No. 5,969,441 and WO 98/40791, incorporated
herein by reference. [0009]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 is 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 the space tolerance between
circuit devices (such as gates, capacitors, etc.) or interconnect lines, so as to ensure that the circuit
devices or lines do not interact with one another in an undesirable way. The design rule limitations are
typically referred to as "critical dimensions" (CD). A critical dimension of a   circuit can be defined as
the smallest width of a line or hole or the smallest space between two lines or two holes. Thus, the CD
determines the overall size and density of the designed circuit.  [0010]Various techniques exist to
achieve illumination optimization for photolithography. Various mask optimization techniques also have
been known. However, currently illumination optimization and mask optimization are not generally
linked. U.S. Pat. No. 6,563,566 to Rosenbluth et al. discloses to perform illumination optimization and
mask optimization through a series of calculations which attempt to linearize the optimization of the
mask transmission. Rosenbluth discloses to maximize the minimum MILS (normalized image log
slope) and to select various constraints to be used in the calculations. Rosembluth also recognizes
that the calculations may be limited relying on the symmetry of a mask. However, the linearization of
the mask transmission used by Rosenbluth requires using several approximations in the calculations,
instead of the actual imaging equations themselves, which produce errors in implementing a mask to
form a desired image. The linearization of the mask transmission also requires the use of a significant
number of variables, which requires significant computation time to perform the calculations. [0011]As
logic feature sizes decrease, there is a need to provide mask implementations 



regarding such processes can be obtained, for exarnple, îtom thebook Microchip Fabrication; A

Practical Guíde to semiconductor Processing, Third Editíon, by peter van zarú, McGraw Hill

Publishing Co., 7997,ISBN 0-07-067250-4, incorporated herein by reference.

[0008] For the sake of simplicity, the projection system may hereinafter be referred to as

the "lens"; however, this terrn should be broadly interpreted as encompassing various types of

projection systems, including rcfractive optics, reflective optics, and catadioptric systems, for

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

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

components may also. be refened to below, collectively or singularly, as a "lens". Further, the

lithographic apparatus may be ofa type having two or more substrate tables (andlor two or more

mæk tables). In such l'multþle stage" devices the additional tabies 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 appaÍatus are described, for example, in {Jg

Pat. No. 5,969,441and WO 98/40191, incorporai-ed herein by reference.

[0009] The photolithographic masks refer¡ed to above comprise geometric pattems

conesponding to the circuit components to be integrated onto a silicon wafer. The patterns used

to create such masks are generated utilizing cAD (computer-aided desigr) programs, this

process is often being referred to as EDA (elechonic design automation). Most cAD programs

follow a set of predetermined design rules in o¡der to create functional masks. These rules are set

by processing and design limitations. For example, desip rules define the space tolerance

between circuit devices (such æ gates, capacitors, etc.) or interconnect lines, so as to ensure that

the circuit devices or lines do not interact with one another in an undesirable way. The desþ

rule limitations are fypically refened to as "critical dimensions" (CD). A critical dimension of a

that precisely form a desired image with minimum computational time. [0012]Summary Of The
Invention [0013]In accordance with the present invention, a method for optimizing an illumination
source for a mask illumination may comprise the steps of: providing illumination from an illumination
source to a plurality of source points and a predetermined mask pattern; selecting fragmentation
points in an image plane of an image formed by the illumination provided to the  predetermined mask
pattern; determining an intensity and image log slope of illumination at each fragmentation point;
determining an optimal illumination source as an illumination source which maximizes the image log
slope at the selected fragmentation points and has an intensity within a predetermined range. [0014]In
accordance with the present invention, a method for determining an optimal  mask may comprise the
steps of determining optimum diffraction orders of an ideal mask; obtaining an optimal transmission
mask based on the optimized diffraction orders of the ideal mask; and determining an optimal mask
based on the optimal transmission mask, wherein the optimum diffraction orders of the ideal mask are
determined by determining a magnitude and phase of diffraction orders which form an image in an
image plane which maximizes the minimum illumination log slope at user selected fragmentation
points while forcing an intensity of illumination at the fragmentation points to be within a predetermined
range.  [0015]In accordance with the present invention, a method of obtaining an optimum source and
an optimum mask may comprise the steps of: providing illumination from an illumination source to a
plurality of source points and a predetermined mask pattern; selecting fragmentation points in an
image plane of an image formed by the illumination provided to the predetermined mask pattern;
determining an intensity and image log slope of illumination at each fragmentation point; and
simultaneously changing the intensity and shape of the illumination source and the magnitude and
phase of diffraction orders of the mask to form an image in the image plane that maximizes the
minimum image log slop at the fragmentation points while forcing the intensity at the fragmentation
points to be within a predetermined intensity range.  [0016]In accordance with the present invention, a
method of optimizing a placement of transmission and phase shifting features on a mask may
comprise the steps of: obtaining optimal  



circuit can be defined as the smallest width of a line or hole or the smallest space between two

lines or two holes' Thus, the CD determjnes the overall size and density ofthe designed circuit.

[00i0] Various techniques exist to achieve íllumination optimization for

photolithography. various mask optimization techniques also have been known. However,

currently illumination optimization and mask optimization are not generally linked. u.s. pat.

No. 6,563,566 to Rosenbluth et al. discloses to perform illuminafion optimization and mask

optimization through a series of calculations which attempt to line anze the opfimization of the

mask transmission. Rosenbluth discloses to maximize the minimum NILS (normalized image

log slope) and to select various conshaints to be used in the carculations. Rosembruth also

recognizes that the calculatíons may be limited rellng on the s¡nnmetry of a mask. However,

the linearizarion of the mask transmission used by Rosenbruth requires using several

approximations in the calculations, instead of the actual imaging equations themselves, which

produce errors in implementing a mask to form a desired image. The linearization of tho mask

transmission also requires the use ofa significant numbe¡ ofvariables, which requires sigr.ificant

computation time to perform the calculations.

[0011] As logic feature sizes decrease, there ib a need to provide mask implementations

that precisely fomr a desired image with minimum computational time.

[0012] Summary Of The l¡vention

[0013] In accordance with the present invention, a method for optimizing an illumination

source for a mask illumination may comprise the steps of: providing r'mination ftom an

illurninatíon source to a prurality of source points and a predetennined mask pattem; serecting

fragmentation points in an image plane of an image formed by the illumination provided to the

mask transmission characteristics based on optimum diffraction orders of the mask; locating areas of
maximum transmission and minimum transmission; assigning a primitive area as an area centered on
an area of maximum transmission or minimum transmission; varying edges of each primitive area to
match optimal diffraction orders, wherein each primitive area has a minimum size which is
substantially equal to a minimum feature size of the mask. [0017]In a method of the present invention,
the step of obtaining optimal mask transmission characteristics may include a step of determining
horizontal diffraction orders of an optimum mask, wherein the number of horizontal diffraction orders is
determined according to the equation: [Px(o-1)N,4 j+ 1 m = 2 floor where m is the number of horizontal
diffraction orders; X is a wavelength of the illumination  source; NA is a numerical aperture of the
projection optics; and ama" is a radial extent of the distribution of a beam of light from the illumination
source. [0018]In a method of the present invention, the step of obtaining optimal mask transmission
characteristics may include a step of determining vertical diffraction orders of an optimum mask,
wherein the number of vertical diffraction orders is determined according to the equation: P (o- 11+ 1 n
=2floor[ 



p¡edetermined mask pattem; deúermining an intensity and image log slope of illumination at each

fragmentation poínt; determining an óptimal íllumination source as an illumination source which

maximizes the image log slope at the selected fragmentation poi¡ts and has an intensity within a

predetermined range.

[00 14] In accordance with the present invention, a method for determining ari optimal

mask may comprise the sfeps of: determining optimum diff¡action orders of an ideal mask;

obtaining an optimal transmission mask bæed on the optimized diffraction orderc of the ideal

mask; and determining an optimal mask based on the optimal hansmission mask, wherein the

optimum diffraction orders of the ideal mask are determined by determining a magnitude and

phase of diffraction orders whioh form an image in an image plane which maximizes the

minimum illumination log sþe at user selected fragmentation points while forcing an intensity

of illumination at the fragrnentation points to be within a predetermined range.

[0015] In accordance with the present invention, a method of obtaining an optimum

source and an optimum mask may comprise the steps of: providing illumination ftom an

illumination sou¡ce to a plurality of source points and a predetermined mask pattem; s€lecting

fiagrnentation points in an image plane of an image formed by the illumination provided üo the

predetermined mask pattem; detennining an intensity and image log slope of illumination at each

fragmentation poin! and simultaneously changing the intensity and shape of the illumination

sou¡ce and the magnitude and phase of diffraction orders of the mask to form an image in the

image plane that maximizes the minimum image log slop at the fragnentation points while

forcing the intensity at the fragmentation points to be within a predetermined intensity range.

[00 1 6] In accordance with the present invention, a method of o ptimiziy¡g u ,1u.ement of

ha¡smission and phase shifting feaíres on a mask may comprise the ste,ps of: obtaining optimal

A where n is the number of horizontal diffraction orders; A, is a wavelength of the illumination source;
NA is a numerical aperture of the projection optics; and amax is a radial extent of the distribution of a
beam of light from the illumination source.  [0019]In accordance with the present invention a computer
readable medium may  contain instructions for a computer to perform a method for optimizing an
illumination source for a mask illumination which may comprise the steps: of providing illumination
from an illumination source to a plurality of source points and a predetermined mask pattern; selecting
fragmentation points in an image plane of an image formed by the illumination provided to the
predetermined mask pattern; determining an intensity and image log slope of illumination at each
fragmentation point; determining an optimal illumination source as an illumination source which
maximizes the image log slope at the selected fragmentation points and has an intensity within a
predetermined range. [0020]In accordance with the present invention a computer readable medium
may contain instructions for a computer to cause performance of a method for determining an optimal
mask which may comprise the steps of: determining optimum diffraction orders of an ideal mask;
obtaining an optimal transmission mask based on the optimized diffraction orders of the ideal mask;
and determining an optimal mask based on the optimal transmission mask, wherein the optimum
diffraction orders of the ideal mask are determined by determining a magnitude and phase of
diffraction orders which form an image in an image plane which maximizes the minimum illumination
log slope at user selected fragmentation points while forcing an intensity of illumination at the
fragmentation points to be within a predetermined range. [0021]In accordance with the present
invention a computer readable medium may contain instructions for a computer to cause performance
of a method of obtaining an optimum source and an optimum mask which may comprise the steps of:
providing illumination from an illumination source to a plurality of source points and a predetermined
mask pattern; selecting fragmentation points in an image plane of an image fomied by the illumination
provided to the  predetermined mask pattern; determining an intensity and image log slope of
illumination at each fragmentation point; and simultaneously changing the intensity and shape of the
illumination source and the magnitude and phase of diffraction orders of the mask to form an image in
the image plane that maximizes the minimum image log slop at the fragmentation points while forcing
the intensity at the fragmentation points to be within a predetermined intensity range. 



mask transmission characteristics based on optimum diftaction orde¡s of the mask; locating

areas of maximum transmission and minimum transmission; assigning a primitive area as an area

centered on an area of maximum transmission o¡ minimum hansmission; varying edges of oach

primitive area to match optimal difhaction o¡ders, wherein each primitive area has a minimum

size which is substantially equal to a minimum feature size of the mask.

[0017] In a method of the present invention, the step of obtaining optimar mask

foansmission characteristics may include a step of determining horizontai diffiaction orders of an

optimum mask, wherein the number of horizontal diffraction orders is determined according to

the equation:

m - 2 floorI P'("' + t)tul1 *," L 1 J'
where m is fhe number of horizontal dififraction orders; I is a wavelength of the illumination

source; NA is a numerical aperfure of the projection optics; and o-"* is a radial extent ofûre

dist¡ibution of a beam of light ôom the illumination source.

[0018] In a method of the present inventioq the step of obtaining optimal mask

tr¿nsmission characteristics may include a step of detennining vertical diftaction o¡ders ofan

optimum maslç wherein the number of vertical difhaction o¡ders is determíned according to the

equation:

o = z ftoorfP' 
(o 

^r-* r)NA 

l*,
where n is the number ofhorizontal diffraction orders; x, is a waveleng¿r ofthe illuminatíon

source; NA is a numerical aperture of ttre projection optics; and o,nu* is a radiar extelt of the

distribution ofa beam of light from the illumination sou¡ce.

[0022]In accordance with the present invention a computer readable medium may contain instructions
for a computer to cause performance of a method of optimizing a placement of transmission and
phase shifting features on a mask which may comprise the steps of obtaining optimal mask
transmission characteristics based on optimum diffraction orders of the mask; locating areas of
maximum transmission and minimum transmission; assigning a primitive area as an area centered on
an area of maximum transmission or minimum transmission; varying edges of each primitive area to
match optimal diffraction orders, wherein each primitive area has a minimum size which is
substantially equal to a minimum feature size of the mask.  [0023]In accordance with the present
invention a computer readable medium may contain instructions for a computer to cause optimizing a
placement of transmission and phase shifting features on a mask comprising the steps of obtaining
optimal mask transmission characteristics; locating areas of minimum transmission; assigning a
primitive area as an area centered on an area of minimum transmission; and varying edges of the
primitive area to match optimal diffraction orders, wherein the primitive area has a minimum size which
is substantially equal to a minimum feature size of the mask. [0024]A computer readable medium may
further contain instructions for a computer to cause the steps of: locating an area of maximum
transmission; assigning a transmission primitive area as an area centered on an area of maximum
transmission; varying edges of the transmission  primitive area to match optimal diffraction orders,
wherein the transmission primitive area has a minimum size which is substantially equal to a minimum
feature size of the mask.  [0025]In a computer readable medium of the present invention, the step of
obtaining optimal mask transmission characteristics may include a step of determining horizontal
diffraction orders of an optimum mask, wherein the number of horizontal diffraction orders is
determined according to the equation: m = 2 floor [P-r(er "in + 1)NA j+ 1  where m is the number of
horizontal diffraction orders; X is a wavelength of the illumination source; NA is a numerical aperture of
the projection optics; and grim is a radial extent of the distribution of a beam of light from the
illumination source. [0026]In a computer readable medium of the present invention, the step of
obtaining 



[0019] In accorda¡rce with the present invention a computer readable medium may

corttain instrucfions for a computer to perform a method for optimizing an illumination source

for a mask illumination which may comprise the steps: of providing illumination from an

illumination source to a plurality of source points and a predetermined mask pattem; selecting

fragmentation points in an image plane of an image formed by the illumination provided to the

predetermined mask pattem; determining an intensity and image log slope of illumination at each

ûagmentation point; determining an optimal illumination source as a¡ illumination source which

maximizes the image log slope at the selected fragmentation points and has an intensity within a

predeterrnined range.

[0020] In accordance with the present invention a computer readabre medium may

contain instructions for a computer to cause performance of a method for determining an optimal

mask which may comprise the steps of: deterrnining optimum diffraction orders of an ide¿l

mask; obtaining an optimal transmission mask based on the optimized diffraction o¡ders of the

ideal mask; and determining an optimal mask based on the optimal transmissjon mask, wherein

the optimum diftaction orders of the ideal mask are detennined by determining a magnitude and

phase of diffraction orders which form an image Ín an image plane which maximizes the

minirnum illumination log slope at user selected fragmentation points while foroing an intensity

of illumination at the fragrnentafion points to be within a predetermined range.

[0021] In accordance with the present invention a computer readable medium may

contain insfuctions for a computer.to cause performance of a method of obtaining an optimum

source and an optimwn mask which may comprise the steps of: providing illumination from an

illumination sou¡ce to a plurality of source points and a predeterrnined mæk pattem; selecting

fragmentation points in an image plane of an image fonned by the illumination providecl to the

optimal mask transmission characteristics may include a step of determining vertical diffraction orders
of an optimum mask, wherein the number of vertical diffraction orders is determined according to the
equation:                P (cr + ONA n = 2 floor[ where n is the number of horizontal diffraction orders; Xis
a wavelength of the illumination source; NA is a numerical aperture of the projection optics; and is a
radial extent of the distribution of a beam of light from the illumination source. [0027]In accordance
with the present invention, an apparatus for optimizing an  illumination source for a mask illumination
may comprise: an input unit which inputs characteristics of an illumination device; and a processing
unit which is configured to change an  intensity and shape of an illumination to form an image in an
image plane that maximizes the minimum image log slope at user selected fragmentation points.
[0028]In accordance with the present invention, an apparatus for optimizing an mask  may comprise:
an input unit which inputs a desired image pattern; and a processing unit which is configured to
change a magnitude and phase of diffraction orders to form an image in the image plane that
maximizes the minimum image log slope at user selected fragmentation points while forcing the
intensity at the fragmentation points to be within a predetermined intensity range.  [0029]In accordance
with the present invention, an apparatus for obtaining an optimum source and an optimum mask may
comprise: an input unit which accepts user inputs; and a processing unit configured to simultaneously
change an intensity and shape of an illumination source and change a magnitude and phase of
diffraction orders to form an image in an image plane which maximizes a minimum image log slope at
user selected fragmentation points while forcing an intensity at the fragmentation points to be within a
predetermined intensity range.  [0030]In accordance with the present invention, an apparatus
1m:optimizing a placement of transmission and phase shifting features on a mask comprising: an input
unit which inputs characteristics of an illumination device; and a processing unit which is configured to
obtain optimal mask transmission characteristics based on optimum diffraction orders of the mask,
locate areas of minimum transmission and maximum transmission, assign primitive areas as 



predetermined mask pattem; determining an intensity and image log sþe of illumination at each

fragmentation point; and simultaneously changing the intensity and shape of the illumination

sowce and the magnitude and phase of difhaction o¡ders of the mask to form an image in the

image plane that maximizes the minimum image log slop at the fragrnentation points while

forcing tåe intensity at the fragnørtation points to be within a predetermined intensity range.

ï00221 In acco¡dance with the present invention a computer readable medium may

contain instructions for a computer to cause performance of a method of optimizing a placement

of transmission and phase shifting featu¡es on a mask which may comprise the steps of

obtaining optimal mask transmission characte¡istics based on optimum diffraotion orde¡s of the

masþ locating areas of maximum transmission and minimum transmission; assigning a primitive

Í¡¡ea ¿rs an area centered on an area of maximum transmission or minimum transmission; varying

edges of each primitive area to match optimal dif&action o¡ders, wherein each primitive a¡ea has

a minimum size which is substantially equal to a minimum feafu¡e size of the mask.

[0023] In accordance with the present invention a computer readable medium may

contain instructions for a eomputer to cause optimizing a placement of transmission and phase

shifring features on a mask comprising the steps of: obtaining optimal mask transmission

characteristics; locating areas of minimr¡m tuansmission; æsigning a primitive area as an area

contered on an area of minimum transmission; and varying edges of the primitive a¡ea to match

optimal diffraction orders, wherein the primitive area has a minimum size which is substantially

equal to a minijnum feature size of the mask.

100241 A computer readable medium may further contain inshuctions for a computer to

cause the steps of locating an area of maximum transmission; assiping a hansmission primitive

area as an area centered on an area ofmaximum hansmissio4 varying edges of the transmission

areas centered on an area of minimum transmission or an area of maximum transmission, and vary
edges of the primitive area to match optimal diffraction orders, wherein the primitive areas have a
minimum size which is substantially equal to a minimum feature size of the mask.  [0031]In an
apparatus of the present invention, the optimal mask transmission characteristics may include
horizontal diffraction orders of an optimum mask, and the number of horizontal diffraction orders is
determined according to the equation: ml-t, 2 floor [Pcy x(. + ONA  A   where m is the number of
horizontal diffraction orders; A. is a wavelength of the illumination source; NA is a numerical aperture
of the projection optics; and amax is a radial extent of the distribution of a beam of light from the
illumination source. [0032]In an apparatus of the present invention, the optimal mask transmission
characteristics may include vertical diffraction orders of an optimum mask, wherein the number of
vertical diffraction orders is determined according to the equation: P+1)Aril 1+1 n=2floor[Y maxIt 



primitive area to match optimal difhaction orders, wherein the transmission primitive area has a

minimum size which is substantially equal to a minimum fe¿ture size of the mask.

[0025] ln a computer readable medium ofthe present invention, the step of obtaining

optirnal mæk transmission characferistics may include a step of determining horizontal

diffraction orders of an optimum mask, wherein the nnmbe¡ of horizontal diffraction orders is

determined according to the equation:

m-2fioorl\@].'
where m is the number ofhorizontal diffraction orders; l" is a wavelength ofthe illumination

source; NA is a numerical aperture ofthe projection optics; and o.", is a radial extent ofthe

dist¡ibution ofa beam of light from the illumination source.

100261 In a computer readablç medium ofthe present invention, the step of obtaining

optimal mask hansmission characteristies may include a step of determining vertical diffraction

orders of a¡ optimum mask, wherein the number of vertical diffraction orders is determined

according to the equation:

o = z ¡roo'l Lk ^*'* Ù!!] *'"1,2.J
where n is the number of horizontal difÊaction orders; l, is a wavelength of the illumination

source; NA is a numerical aperture of the projection optics; and o-o is a radial extent of the

distribution of a beam oflight from the illumination source.

[0027] In accordance rvith the present invention, an apparatus for optimizing an

illumination souroo for a mask illumination may comprise: an input unit which inputs

characteristics of an illumination device; and a processing unit which is con-figured to change an

where n is the number of horizontal diffraction orders; A, is a wavelength of the illumination source; NA
is a numerical aperture of the projection optics; and oma. is a radial extent of the distribution of a beam
of light from the illumination source. [0033]The present invention provides an advantage of a fast
computation of mask  parameters by limiting the number of mask optimization variables considered.
The number of illumination optimization variables may be reduced by relying on the mask symmetry.
The number of mask optimization variables may also be reduced by optimizing the diffraction orders of
the mask rather than performing computations with the mask transmission. Optimization of the mask
diffraction orders is a non-linear process; hence, reducing the number of variables  decreases
computation time. Furthermore the mask transmission is optimized by performing a non-linear
optimization of the diffraction orders followed by a linear optimization of selecting quantized mask
transmissions to equal the optimal diffraction orders. [0034]Brief Description Of The Drawings
[0035]The accompanying drawings, which are incorporated in and form a part of the specification,
together with the description serve to explain the principles of the invention. In the drawings:
[0036]Figs. IA and 1B illustrate an exemplary illumination using Abbe imaging according to the present
invention; [0037]Fig. 2 illustrates an exemplary process for obtaining illumination optimization
according to the present invention; 



intøxity and shape of an rumination to form an image in an image plane that maximizes the

minimum image log slope at user selected fragmentation points.

[0028] In acco¡dance with the present invention, an apparatus for optimizing an mask

may comprise: an input unit which inputs a desired image pattem; and a þrocessing unit which is

configured to change a magnitude and phase ofdiffraction orders to foim an image in the irnage

plane that maximizes the minimum image log srope at user sglected Êagmentation points wh e

forcing the intensiry at the fragrnentation poinfs to be within a predetermined intensity range.

[0029] In acco¡dance with the present invention, an apparafus for obtaining an optimum

source and an optimum mask may comprise: an input unit which accepts user inputs; and a

processing unit configured to simultaneously change an intensify and shape ofan ilumination

sou¡ce and change a magnitude and phase of diffiaction orders to for:n an image in an image

plane which maximizes a minimum image log slope at user selected fragmentation points while

forcing an intensity at the frapentation points to be within a predetermined intensity range.

[0030] In accordance with the present ìnvention, an apparatus foroptimizing a placement

of transmission and phase shifting feafures on a mask comprising: an input unit which inputs

characteristics of an illumination device; and a processing unit which is configured to obtain

optimal mask transmission characteristics based on optimum diftaction orders of the mask,

locate areas of minimum transmission a¡rd maximum hansmission, assþ primitive areas as

areas centered on a¡r area of minimum hansmission o¡ an area of maximum transmission, and

vary edges of the primitive area to match optimal diftaction orders, wherein the primitive a¡eæ

have a mínimum size which is substantialy equar to a minimum feature size of the mask.

[0038]Fig. 3 provides a graphical representation of the generation of transmission cross coefficients
(TCC) according to the present invention; [0039]Fig. 4 illustrates an exemplary process for performing
a mask optimization according to the present invention; [0040]Figs. 5A and 5B illustrate additional
mask constraints that may be considered in optimizing a mask according to the present invention;
[0041]Fig. 6 illustrates an exemplary process for converting an optimal transmission mask to a CPL
mask according to the present invention; [0042]Fig. 7A illustrates an exemplary DRAM mask pattern
and Fig. 7B illustrates an optimum illumination source used with the mask pattern of Fig. 7A;
[0043]Figs. 8A-8C illustrate diffraction orders of various masks to illustrate the  diffraction orders of a
CPL mask in accordance with the present invention; 



[0031] In an apparatus ofthe present invention, the optimal mask transmission

characteristics may include horizontal diftaotion orders of an optimum maslq and the numbe¡ of

horizontal diffraction orders is determined according to the equation:

m=ZrtoorlWl-t
where m is the number of horizont¿l ditr¿ction orders; L is a wavelength of the illumination

source; NA is a numerical aperture ofthe projection optics; and o-"* is a ¡adial extent of the

disfribution ofa beam of light ûom the illumination source.

100321 In an appâratus of the.present invention, the optimal mask transmission

characteristics may include vertical diffraction orders of an optimum mask, wherein the number

of vertical difÊaction orders is determi¡ed according to the equation:

,=ztw,lïk$ll4f*r

where n is the number of horizontal difftaction orders; l, is a wavelength of the illumination

source; NA is a numerical aperh[e of the projection optics; and o,,-. is a radial extent of the

distribution ofa beam of light from the illumination sor¡rce.

[0033] The present invention provides an advantage ofa fast computation ofmask

parameters by limiting the number of mask optimization variables considered. The number of

illumination optimization va¡iables may be reduced by relying on the mask symmehy. The

nrmber of mask optimization variables may also be reduced by optimizing the diffraction o¡ders

of the mask rather than performing computations with the mask trarsmission. Optimization of

the mask diffraction orders is a nonJinear process; hencq reducing the number of variables

[0044]Figs. 9A-9C illustrate the application of the optimal illumination to an optimal mask (Fig. 9A);
[0045]Figs. 10A and 10B illustrate aerial image comparisons between a CPL mask and an 8% AttPSM
(phase shifted mask). [0046]Figs. 11A and 11B illustrate aerial image comparisons between a CPL
mask and an 8% AttPSM using hexapole and annular illumination, respectively; [0047]Fig. 12A
illustrates an exemplary "Short Brickwall" pattern and Fig. 12B  illustrates and an illumination source
which has been optimized to produce the pattern according to the principles of the present invention;
[0048]Figs. 13A-C illustrate the diffraction orders of the exemplary mask in Fig. 12A; [0049]Figs.
14A-D illustrate the use of primitive edges to create an optimal mask according to the principles of the
present invention; [0050]Figs. 15A and 15B illustrate aerial image comparisons using the Short
Bricicwall pattern of Fig. 12A in a CPL mask and an AttPSM mask; 



decreases computatioir time. Furthermore the mask hãnsmission is optimized by performing a

non-linear optimization ofthe diffraction orders followed by a linear optimization of selecting

quantized mask transmissions to equal the optimal diffraction orders.

[0034] Bríef Description Of The Drawíngs

[0035] The accompanfng drawings, which are incorporated in and form a part ofthe

specification, together with the description serve to explain the principles of the invention- In the

.drawings:

[0036] Figs. lA and 18 illustrate an exemplary illumination using Abbe imaging

according to the present invention;

[0037] Fig. 2 illushates an exemplary process for obtaining illuminátiõn optimization

according to fhe present invention;

[0038] Fig, 3 provides a graphical representation ofthe generation of tra¡rsmission cross

coefficients (TCC) according to the present invention;

[0039] Fig. 4 illustates an exemplary process for performing a mask optimization

according to the present invention;

[0040] Figs. 5A aud 58 illustrate additional mask constraints that may be considered in

optimizing a mask according to the present invention;

[0041] Fíg. 6 illustrates an exemplary prooess for converting an optimal transmission

mask to a CPL mask according to the present invention;

I0042J Fig. 7A itlushates an exemprary DRAM mask pattern and Fig. 7B ilrustrates an

optimtrm illumination source used with the mask pattem of Fig. 7lq

[0043] Figs. 8A-8c ilrushate difûaction orders of various masks to ilushate the

L2

[0051]Figs. 16A and 16B illustrate the trade-off between obtaining an optimal transmission and using a
CPL mask; [0052]Figs. 17A and 17B illustrate aerial image comparisons between an 8% AttPSM
exposed with a dipole illumination in the top row and an annular illumination in the bottom row;
[0053]Figs. 18A-23 illustrate the principles of the present invention as applied to a rectangular contact
array mask, depicted in Fig. 18A; [0054]Figs. 19A-C illustrate the diffraction orders of the exemplary
mask in Fig. 18A; [0055]Figs. 20A-C illustrate the use of primitive edges to create a quantized CPL
mask  according to the principles of the present invention; [0056]Figs. 21A and 21B illustrate an aerial
image comparison using the rectangular contact array mask of Fig. 19A; [0057]Figs. 22A and 22B
illustrate the trade-off between obtaining an optimal 



difûaction o¡ders ofa CPL ma.sk in accordance with the present invention;

[0044] Figs. 9A-9C illustate the application of the optimal illumination to an optimal

mask (Fig. 9A);

[0045] Figs. 104 and l0B illushafe aerial image comparisons between a CPL mask and

an 8% AttPSM þhase shiftedmask).

[0046] Figs. 11A, and 118 illushate aerial image comparisons between a CPL mask and

an 8% AttPSM using hexapole and annular illuminafion, respectively;

[0047] Fig. l2A illushates an exemplary 'Short Brickwall" pattem and Fig. 128

illustrates and an illumination source which has been optimized to produce the pattern according

to the principles of the præent invention;

[0048] Figs. 134-C illustrate the diffraction orders of the exemplary mask in Fig. 124;

[0049] Figs. l4A-D illustrate the use of primitive edges to create an optimal mask

according to tlie principles of the present invention;

[0050J Figs. l5A and 158 illustrate ae¡ial image comparisons using the Short Brickwall

pattern of Fig. 124 in a CPL mask aad an AttPSM mask;

[0051] Figs. 16.A and 168 illustrate the trade-off between obtaining an optimal

transmission and using a CPL mask;

[0052] Figs. 174 urd 178 illustrate aerial image comparisons bet\¡¡een an 8% AttPSM

exposed with a dípole'illumination in the ûop row a¡rd an annulæ illumination in the bottom row;

[0053] Figs. 184-23 illushate the principles ofthe presont invention as applied to a

rectangular contact array masþ depicted in Fig. 184;

[0054] Figs. l9A-C illushate the diftaction orders of the exerrplary mask in Fig. 184;

[0055] Figs. 204-C illusEale the use of primitive edges to create a quantized CPL mæk
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transmission and using a CPL mask; [0058]Figs. 23A and 23B illustrate aerial image comparisons
between an 8% AttPSM exposed with dipole illumination in the top row and annular illumination in the
bottom row;  [0059]Figs. 24A illustrates a Staggered Rectangular Contact Array and Fig. 24B
illustrates arid an illumination source which has been optimized to produce the pattern according to the
principles of the present invention; [0060]Figs. 25A-C illustrate the diffraction orders of the exemplary
mask in Fig. 24A;  [0061]Figs. 26A-C illustrate the use of primitive edges to create a quantized CPL
mask according to the principles of the present invention; [0062]Figs. 27A and 27B illustrate aerial
image comparisons using a CPL mask and an AttPSM mask; [0063]Figs. 28A and 28B illustrate the
trade-off between obtaining an optimal transmission and using a CPL mask; [0064]Figs. 29A and 29B
illustrate aerial image comparisons between an 8% AttPSM 



according to the principles of the present invention;

t0056] Figs. 21,{ arLd 2lB illustrate an aerial image comparison using the rectangular

contact anay mask ofFig. l9A;

[0057j Figs. 22A and 228 illustrate the trade-off between obtaining an optimal

transmissíon and using a CPL mask;

[0058] Figs. 234 and 238 illushate aerial image comparisons between an golo AttpsM

exposed with dipole illumination in the top row and annular illumination in the botúom row;

[0059] Figs.24| illustrates a Staggered Rectangular Contact Array and Fig. 248

illustrates and an illumination source whióh has been optimized to produce the pattern according

to the principles ofthe present invention;

[0060] Figs. 254-c illustrate the diffraction orders of the exemplary mask in Fig. z4A;

[0061J Figs. 264-c illustrate the use ofprimitive edges to create a quantized cpl- mask

according to the principles of the present invention;

[0062] Figs. 27 A and 278 illustrate aerial image compárisons using a cpl, mask and an

AttPSMmask;

[0063] Figs. 284 and 288 illustrate the tradeoffbetween obtaining an optimal

hansmission and. using a CPL mask;

t00641 Figs.29A and}9B illustuate aerial image comparisons between an g% AttpsM

exposed with quad in the top row and annular illumination in the bottom row;

[0065j Fig. 30 schematically depicts a lithographic projection apparatus suitable for use

with a mask designed with the aid of the current ínvention; and

[0066] Fig. 31 illushates an exemplary rirask optimization processing rmit in accordance

with the present invention

14

exposed with quad in the top row and annular illumination in the bottom row; [0065]Fig. 30
schematically depicts a lithographic projection apparatus suitable for use with a mask designed with
the aid of the current invention; and [0066]Fig. 31 illustrates an exemplary mask optimization
processing unit in accordance with the present invention.  [0067]Detailed Description Of The Invention
[0068]Disclosed is a method for optimizing the illumination source and the mask for creating a desired
pattern in the image plane. In a preferred implementation, an image is formed in the image plane with
the highest image log slope (ILS) in the optimization process at user selected fragmentation points.
The image may be optimized by changing the intensity and shape of the illumination source and by
changing the magnitude and phase of the diffraction orders. In a preferred implementation, the
illumination source is first optimized and then the mask diffraction orders are optimized; however, the
illumination source and mask diffraction orders can be optimized simultaneously. [0069]Since the ILS
is a non-linear quantity, the optimization of the illumination source  and the mask is a non-linear
optimization. Those of skill in the art appreciate that in a non-linear optimization the computational time
is a function (e.g. a geometric function) of the number of variables. Therefore to speed the
computational time, the number of variables must be minimized. In the illumination source
optimization, in accordance with the invention, the number of variables may be reduced by taking
advantage of the symmetry of mask. For example, if the mask is symmetric with respect to the vertical
and horizontal axes, the illumination source will be symmetric with respect to the vertical and
horizontal axes, allowing optimization to be achieved using a quarter of the illumination source.
[0070]In the mask optimization in accordance with the invention, the number of variables may be
reduced by performing an optimization of the diffraction orders in the spatial frequency domain. The
mask optimization is preferably performed in the spatial frequency domain rather than the spatial
domain because the lens (e.g. the entrance pupil of the projection 



[0067] Detailed Description Of The Invention

[0068] Disclosed is a method for optimizing the illumination source a¡d the mask fo¡

creating a desired pattem ín the image plane. ln a preferred implementation, an imàge is formed

in the image plane with the highest image log slope (ILS) in the optimization process at user

selected fragnentation points. The image may be optimized by changing the intensity and shape

of the illumination source aad by changing the magnitude and phase of the diffiaction orders. In

a preferred implementation, the illumination source is first optimized and then the mask

diffraction orders are optimized; however, the illumination soutce and mask diffraction orders

can be optimized simultaneously

[0069] Since the ILS is a nonJinear quantit¡ the optimization of the illumination source

and the mask is a nonlinear optimization. Those of skill in the art appreciate that in a nonlinea¡

optimization the computational time is a function (e.g. a geometric function) of the numbe¡ of

variables. Therefore to speed the computational time, the number ofvariables must be

minimized. Ír the illumination source optimization, in accordance with the invention, the

numbe¡ of variables may be reduced by taking advantage of the symmetry of mask. For

exahrple, if the mask is symmetric with respect to the vertical and horizontal axes, the

illumination source will be sym.mehic with respect to the vertical and horizontal axes, âllowing

optimízation to be achieved using a quarter of the illumination sowce.

[0070] In the mask optimization in accordance with the inventior, the number of

variables may be reduced by performing ari optimization of the diffraction orders in the spatial

frequency domain. The mask optimization is preferably performed in the spatial frequency

domain rather than the spatial domain because the lens (e.g. the entrance pupil ofthe projection
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optics) and illumination source limit the number of diffraction orders which are used to form the
projected image. In addition to optimizing the ELS at user selected fragmentation points, the shape of
the image formed by the mask must match the desired pattern. The matching is preferably done by
adding a constraint that intensity at all of the fragmentation points are the same or within a
predetermined range of deviation of each other, e.g. a  2% deviation. Preferably, after optimizing the
mask diffraction orders, the optimal mask transmission may be calculated by taking the inverse Fourier
transform of the mask diffraction orders.  [0071]In the optimal mask transmission, the electric field
transmission has a. continuous magnitude from 0 to 1 and a continuous phase from -180 degrees to
+180 degrees. Since the mask has a limited number of electric field transmissions, the optimal
transmission is preferably quantized by the limited number of transmissions. This quantization is
preferably done by selecting quantized mask transmission areas such that the diffraction orders of the
quantized mask substantially equal the optimal diffraction orders. Because the Fourier transform is a
linear calculation, selecting quantized mask transmission areas such that the quantized mask
diffraction orders equal the optimal diffractions is a linear process that can be calculated quickly.
[0072]Figs. IA and 1B illustrate an illumination process using Abbe imaging. As illustrated in Fig. 1A,
each source point 10 may be illuminated by selectively positioning an illumination source (not shown)
at the desired source points 10. The total image intensity is the summation of the intensity from each
of the individual source points 10. The illumination patterns are real (in a mathematical sense), hence,
the illumination must have even symmetry. Preferably, the source points are chosen to enhance the
normali7ed image log slope (NILS) at fragmentation points on the image plane. A fragmentation point
is commonly known to be a point on the image plane which is smaller than 2J2NA.  



optics) and illumination source limit the numbe¡ of difhaction orders which are used to form the

projected image. I¡ addition to optimizing the ILS at user selected fragnentation points, the

shape of the image formed by the mask must match the desired pattern. The matching is

preferably done by adding a constraint that intensity at all ofthe fraprentation points are the

same or within a predetermined range of deviation of each other, e.g. a + 2To de../.ation.

Preferabl¡ after optimizing the mask diffractioa orders, the optimal mask transmission maybe

calculated by laking the inverse Fourier transform ofthe mask diffraction orders.

[0071] In the optimal mask hansmission, the elechic field tra¡smission has a.continuous

magnitude from 0 to I and a continuous phase fiom -l B0 degrees to +1g0 degrees. since the

mask has a limited number of elechic field bansmissions, the optimal hansmission is preferably

quantized by the limited numbe¡ of fransmissions. This quantization is.preferably done by

selecting quantized mask transmission a¡eas zuch that the dif,fraotion orders ofthe quantized

mask substantially equal the optimal diffiaction orders. Because the Fourier hansform is a linear

calculatior¡ selecting quantized mask kansmission areas such that.the quantized mask rliffraction

orders equal the optimal diftactions is a linear prooess that can be oalculated quickly.

[00721 Figs. 1A and 18 illustrate an illumination process using Abbe imaging. As

illustrated in Fig. ld each source point 10 may be illuminated by selectively positioníng an

illumination source (not shown) at the desired source points 10. The total image intensity is the

summation of the intemity from each of the individual source points 10. The illumination

pattems are real (in a mathematical sense), hencg the illumination must have even sFnmetry.

Preferabl¡ the source points are chosen to enhance the normalizsfl im¿gs log slope (NILS) at

frap.entation points on the image plane. A fragrnentation point is commonly known úo be a

point on the image plane which is smaller than V2NA.

t6

[0073]Fig. 1B illustrates the use of the illumination source with a typical DRAM mask pattern (referred
to as a "Bricicwall"). Fig. 7A illustrates a "Long Bricicwall" pattern that may be used. In Fig. 1B,
portions of the resulting image are shown from illuminating a Bricicwall pattern on a mask of a 190nm
pitch with an illumination of A1800 with a numerical aperture (NA) at the entrance pupil of the
projection optics at 0.8. As can be seen in Fig. 1B, the light areas represent an image intensity that
enhances the NILS while the dark areas represent an image intensity that degrades the NILS. The
illumination source points that provide the best result, e.g. provide the most enhanced NILS, are
preferably selected to optimize the shape of the illumination source. [0074]An exemplary process for
performing the illumination source optimization is illustrated in Fig. 2. The illumination source
optimization in this process is preferably linear with non-linear constraints. Preferably, the mask
transmission magnitude and phase is optimized according to the present invention. [0075]As
illustrated in step SI of Fig. 2, the user preferably specifies the selected cell (e.g. region on the desired
pattern) and the fragmentation points (x,y) (see Fig. 9A) to be evaluated. In the process, illustrated in
step S2, a microprocessor preferably calculates the intensity and the NILS at each illuminator point
(a43) and attach fragmentation point (x,y), i.e., the microprocessor calculates I(a,P; x,y) and NILS(ct,p;
x,y). As also illustrated in step 83 of Fig. 2, the microprocessor utilizes specifications of the illumination
system, such as an illumination system from Zeiss (identified as "Zeiss Specs" in Fig. 2), to perform a
Gaussian convolution, to determine the minimum pupil fill (e.g., 10%), the minimum ring width (e.g.
0.2) and to force the intensity to a value. An optimization process is illustrated in step 84, in which
illumination points (a43) that maximize the minimum NILS at each fragmentation point (x,y) are
selected. As illustrated in step S5, the intensity I(a,f3; x,y) and NILS(a,f3; x,y) at each illumination point
and each fragmentation point are preferably summed with the selected illumination points that
maximize the minimum NILS at each fragmentation point. The optimal illumination source to maximize
the NILS at each fragmentation point (x,y) at a desired intensity is determined, as illustrated by step
S6. [0076]Accordingly, in the preferred implementation of the process in Fig. 2, discussed above, the
intensity and shape of the illumination may be changed to form an image in the image plane that
maximizes the minimum ILS at user selected fragmentation points while forcing the intensity at the
fragmentation points to be within a predetermined intensity range.  [0077]Fig. 3 illustrates an
exemplary mask optimization process according to the present invention. A technique known as
Hopkins Imaging may be used, in which the log slope is attempted to be maximized by changing the
pupil to maximize the NILS. Those of skill in the art will appreciate that Abbe Imaging may also be
used. Those of skill in the art appreciate that in Abbe Imaging, an image is created for each point and
the images are added up and integrated over the source last. Abbe Imaging is generally considered to
be spatially incoherent. Those of skill in the art appreciate that in Hopkins Imaging the integration is
over the source first and a 



[0073] Fig. 18 illusFates the we ofthe illumination sou¡ce with a typical DRAM mask

pattem (referred to as a "Brickwall"). Fig. 7A illustrates a "LongBrickwall" pattem that may be

used. In Fig. 1B, portions of the resulting image are shown from illuminating a Brickwall

pattem on a mæk of a 190nm pitch with an illumination of V800 with a numerical aperture (NA)

at the entrance pupil ofthe projection optics at 0.8. As ca¡ be seen in Fig. 18, the light areas

represent an image.intensity that enhances the NILS while the da¡k areas represent an image

intensity that degrades the NILS. The illumination source points that provide the best result, e.g.

provide the most enha¡¡ced MLS, are preferably selected to optimize.the shape of the

illumination source.

[007 4] An exemplary process for perfonning the illumination source optimization is

illustrated in Fig. 2. The illumination source optimization in this process is preferably linear

rvith non-linear constraints. Preferably, the mæk bansmission rnagnitude and phase is optimized

according to the present invention.

[0075] As illustrated in step Sl ofFig. 2, the user preferably specifies the selected cell

(e.g. region on the desired pattem) and the fragmentation points (x,y) (see Fig. 9A) to be

evaluated. In the process, illustrated in step 52, a microprocessot preferably calculates the

intensity and the NILS at each illuminator point (o,p) and at each fragmentation point (x,y), Le.,

the microprocessor calculates I(gB; x,y) and NILS(o,p; x;y). As also illushated in step 53 of

Fig. 2, the microprocessor utilizes specifications ofthe illumination system, such as an

illumination system ûom Zeiss (identified as "Zeiss Specs" nEig.2), to perform a Gaussian

convolution, to determine the minimum pupil fill(e.g., 10%), the minimum ring width (e.9. A.2)

¿ind to force the intensify to a value. An optimization process is illustrated in step 54, in which

illumination points (o,p) that maximize the minimr¡m NILS at each ftagmentation point (x,y) are

transfer function is obtained. It may be easier to obtain a mask optimization once from the
transmission cross coefficients (TCC) and describe the entire scanner and stepper optics. For mask
optimization, the Eigen values decay rapidly to represent the TCC with a few Eigen functions. This
speeds computation time. [0078]Fig. 3 illustrates the creation of the TCC using Hopkins imaging. The
TCC is an autocorrelation of the illumination pupil with the projection pupil. Fig. 3 illustrates the
autocorrection of the illumination pupil centered at (0,0) with the projection pupil centered at  P NA' P
NA xy and with the complex conjugate of the projection pupil centered at  ( I.   pitI, where NA
represents the numerical aperture of the projection optics, and X PyNA' PyNA represents the
wavelength of the illumination source. [0079]In performing the Hopkins Imaging, the integration occurs
over the source first to 



selected. As illushated in step 55, the intensity l(c,p; x,y) and MLS(a,B; x,y) at each

illumination point and each frag¡nentation point are preferably surnmed with the selected

illumination points that maxi¡nize the minimrun NILS at each fragrnentation point. The optimal

illumination sou¡ce to maximize the NILS at each fiagmentation þoint (x,y) at a desired intensity

is determined, as illustrated by step 56.

[0076] Accordingly, in the prefened implementation ofthe process in Fig..2, discussed

above, the intensity and shape of the illumination may be changed to form an image in the image

plano that maximizes the minimum II^S at user selected fragrnentation points while forcing the

intensity at the fragmentation points to be within a predeteirrnined intensity range.

100771 Fig. 3 illustrates an exemplary mask optimization process according to the present

invention. A technique known as Hopkins Tmagi4g mayþe used, in which the log slope is

atüempted to be maxirnized by changing the pupil to maximize the NII-S, Those of skill in the

art will appreciate that Abbe Imaging may also be used. Those of skill in the art appreciate that

in Abbe Imaging an image is created for each point and the images are added up and integrated

over the sou¡ce last. Abbe Imaging is generally considered to be spatially incoherent. Those of

skill in the art appreciate that in Hopkins knaging the integra.tion is over the source fi¡st and a

hansfer fi¡nction is obtained. It may be easier to obtain a mask optimizatíon once from the

fuansmission cross coefficients (TCC) and describe the entire scanner and stepper optios. For

mask optimization, the Eigen values decay rapidly to represent the Tcc with a few Eigen

functions. This speeds computation time.

[0078] Fig. 3 illustrates the creation of rhe TCC using Hopkins imaging. The TCC is an

autocorrelation of the iliumination'pupil with the projectíon pupil. Fig. 3 illustrates the

autocorrection of the illumination pupil centered at (0,0) ürith the projection pupil centered at
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form the image transfer cross coefficients (TCC), illustrated as TCC(m,n,p,q) in Fig. 3. The TCC is an
autocorrelation of the illumination pupil with the projection pupil and is a four dimensional (4-D)
function. The next step is to diagonalize the TCC to reduce the problem to a sum of two dimensional
functions. These two dimensional functions are a set of orthogonal eigenfunctions in which each
eigenfiuiction is weighted by the eigenvalue, i.e., eigenfunctions with higher eigenvalues have a larger
impact on the image. These eigenfunctions form a set of image kernels which are used in the
calculation of the image in the object plane. The diagonalization operation may be performed by any
known functions, such as singular value decomposition used in NTI Nanosurfer, or in MG Calibre.
Those of skill in the art will also appreciate that a calibrated MT Kernel can also be used. [0080]Fig. 4
illustrates an exemplary process for performing a mask optimization according to the present invention
to obtain an ideal/optimum mask. Ideal mask transmission optimization is non-linear, however the
conversion of the ideal mask transmission to a CPL mask implementation is a linear process. In the
process illustrated in Fig. 4, the ideal mask is optimized in the frequency domain to speed
convergence since the optimization is non-linear. As illustrated in step S21 of Fig. 4, the user selects
the cell (e.g. region on the desired pattern) and fragmentation points (x,y) to maximize the NILS and to
minimize and maximize intensity. The microprocessor then calculates the TCC (m,n,p,q) (step S22),
diagonolizes the TCC into N  kernels VD(m,n) (step S23), and calculates the image intensity to each
Kernel, i (step S24). The calculation of the image intensity to each Kernel, i may be performed
according to equation I. I i(x, y)=/1;10(m, n). i(m ,Eq . 1 In the preferred implementation, the mask
transmission range is chosen for CPL mask optimization. The transmission is allowed to be above 1 or
below -1 because of the Gibb's phenomenon for image reconstruction after low pass filtering. The
mask transmission rarige can be further modified for an attenuating phase shift mask (PSM). For an
attenuating PSM (AttPSM), the mask transmission manufacturable range becomes 3-1{49(m,n)}
5_1.25 and 3-' (O (m, ri)} -1.255 where T is the transmittance of the phase shift mask. [0081]The
microprocessor also receives optimization constraints that may be used to  force intensity in the image
plane to a predetermined value, minimize intensity below a predetermined value, maximize intensity
above a predetermined value, or confonn with a mask manufacturability constraint, as illustrated in
step S27. The predetermined value is preferably selected as the intensity which provides the highest
image log slope (ILS). An exemplary optimization constraint, which may limit the mask transmission to
a manufacturable range, is set forth in equation 2. n.))1.5. 1.25Eq. 2 



( -A nX\| """ , "':, land with the complex conjugate of the projection pupil centered at

llNA'P,NA)

( *--{*),where 
NA represents rhe numericat aperture of the projection optics, and }.

represents the wavelength of the illumination sou¡ce.

[0079] In performing the Hopkins lnaging, the integration occu¡s over the source first to

form the image hansfer ctoss coefficients (TCC), illustrated as TCC(nln,p,q) in Fig. 3. The

TCC is an autocorrelation of the illumination pupil with the projection p"pil a¡d is a four

dimensional (4-D) function. The.next step is to diagonalize the TCC to reduce the problem to a

sum of two dimensional frnctions. These two dimensional functions are a set of orthogonal

eigenfrrnctions in whích each eigenfirnction is weighted. by the eigenvalue, i.e., eigenfunctions

with higher eigenvalues have a larger impact on the image. These eigenfunctions form a set of

image kemels which a¡e used in the calculation of the image in the object plane. The

diagonalization operatioo may be perfonned by any known functions, such as singular value

decomposition used in NTI Nanosurfer, or inMG Calibre. Those of skill in the a¡t will also

appreciate that a calibrated MT Kernel can.also be used.

[0080] Fig. 4 illushates an exemplary process for performing a mask optímization

according to the present invention to obtain an ideaVoptimum mask. Ideal mask hansmission

optimization is non-linear, however the conversion of the ideal mask transmission to a CPL mask

implementation is a linear process. [r the process illusfated in Fig. 4, the ideal mask is

oÞtimized in the frequency domain to speed convergence since the optimization is non-linear.

As illustrated in step S21 ofFig. 4, the user selects the cell (e.g. region on the desired pattern)

and ftagmentation points (x,y) to maximize the NILS and to minimize and maximize intensity.

The microprocesso¡ then oalculates the TCC (m,n,p,Ð (step 522), diagonolues the TCC into N

t9

[0082]The microprocessor preferably performs an optimization of the mask transmissions by changing
the diffraction orders of the mask 0(m,n) to maximize the NILS at the fragmentation points (x,y), as
illustrated in step S25, such as by changing the magnitude and phase of the diffraction orders. The
resulting diffraction orders of the optimization of step S25 is  summed with the calculated image
intensity of each Kernel, i, as illustrated in step S26, and the ideal optimum mask diffraction orders
0(m,n) are provided, as illustrated in step S28. The inverse Fourier transform is then performed to
convert the calculations to the spatial domain from the frequency domain, as illustrated in step S29, to
obtain the optimal transmission mask o(x,y) in the spatial domain, as illustrated in step S30.
[0083]Additional mask constraints may be considered in optimizing a mask as illustrated in Figs. 5A
and 5B. The diffraction order may be evaluated by a real component and an imaginary component and
may be represented by equation 3. 0(m,n)= 0* (_ atrn)Eq. 3 [0084]Equation 3 guarantees that the
mask is real in a mathematical sense. A real mask has transmission phases of 00 and 180. [0085]The
number of real diffraction orders, x, may be characterized by equation 4. x =n + (n +-- 1) 2222 Eq. 4 



kemels ltÞ(m,n) (step S23), and calculates the image intensity to each Kemel, i (step S24). The

calculation of the image interxity to each Kemel, i may be performed according to equation 1 .

r,(x, y)=ls- þ,1o(*,"), ø,(*,"\)l' Eq.r

In the prefened implementation, the mask hansmission range is chosen for CpL mask

optimization. The hansmission is allowed to be above 1 or below -l because of the Gibb's

phenomenon for image reconstruction afte¡ low pass filtering. The mask transmisôion rángè can

be fr¡rther modifie.d for an áttenuating phase shift mask @SM). For an attenirating pSM

(AttPSM), the mask transmission manufachrable range becomes S.{O(m,n)l<t.ZS na

s-iþ(-,n)l > -t.zs.Æ where T is the transmittance of the phase shift mask.

[0081] The microprocesso¡ also receives opti-øation 
"orrstraints 

fhat may be used to

force intensity in the ímage plane to a predetermined valuq minimìze intensify below a

predetermined value, maximize intensity above a predetermined value, or conform with a mask

manufacturability constraint, as illustrated in step S27. The predetermined value is preferably

selected as the intensity whioh provides the highest image log slope (ILS). An exemplary

optimizalion constrain! which may limit the mask hansmission to a manufach¡rable range, is set

forth in equation 2.

ls"{o(m,n)1,<r.zs Eq.2

[0082] The microprocessor preferably performs an optimization of the mask

ttansmissions by changing the difhaction orders of the mask o(m,n) to maximize the NILS at the

fragrnentation points (x,y), as illustrated in step s25, such as by changing the magnitude and

phase of the diffraction orders. The resulting diffraction orders of the optimization ofstep S25 is
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[0086]The number of imaginary diffraction orders, y, may be characterized by equation 5. (m + 1) +--
Y1 2222 Eq . 5  [0087]However, a mask must be real, which restricts the number of orders to optimize
to x+y, and the entrance pupil of the projection optics limits the number of diffraction orders that  may
be used by blocking the highest diffraction orders. Hence, the maximum number of horizontal
diffraction orders that may be used, m, may be represented by equation 6. Px( c r max + ONA  1+1 



summed \{ith the calculated image intensity of each Kemel, i, as illustrafed in step 526, and the

ideal optimum mask diffraction orders O(rr¡n) are provided as illustrated in step S28. The

i¡verse Fourier transform is then performed to convert the calculations to the spatial domain

from the frequency domai4 as illustrated in step S29, to obtain the optimal transmission mask

o(x,y) in the spatial domain, as illustrated in step S30.

[0083j Additional mask constaints may be coisidered in optimizing a mask as illustrated

in Figs. 5A and 5ts. The diffraction order may be evaluated by a real component and'an

imaginary component and may be represented by equation 3.

o(m,n)-o.(-m,-n) Eq.3

[0084] Equafion 3 guanntees that the mask is real in a mathematical sense. A real mask

has transmission phases ofOo and 180o.

[0085] The number of¡eal diffraction orders, x, may be characterized by equation 4.

*_(*+t)("+t) *(*-t)(r-t) Ea.42222

[0086] The numbe¡ of imaginary diffraction orders, y, maybe characterized by equation

5.

,=@Pry.Ç+_, Eq5

[0087] Howeve¡ a mask must be real, which restricts the number of orders úo optimize to

x+y, and the entrance pupil of the projection optics limits the number ofdiffraotion orders tÍat

m = floor [ 2 Eq . 6   Where m is the number of horizontal diffraction orders, on is a radial extent of the
distribution of a beam of light from the illumination source, X is a wavelength of the illumination source,
Px is the pitch of the repetitive cell in the x direction, and NA is a numerical aperture of the entrance
pupil of the projection optics [0088]The number of vertical diffraction orders that may be used, n, may
be represented by equation 7. n -= floorn(cr'+1)NA1+1Eq.7 where n is the number of vertical
diffraction orders, an is a radial extent of the distribution of a beam of light from the illumination source,
A, is a wavelength of the illumination source, Py is the pitch of the repetitive cell in the y direction, and
NA is a numerical aperture of the entrance pupil of the projection optics. [0089]In the preferred
implementation, the definition for x and y of the pitch P is the axes of the Cartesian coordinate system
in which the x axis is orthogonal to the y axis. However, the coordinate system can be any linear
coordinate system in which any two lines, gi and g2, intersecting at an origin, describe the linear
coordinate system, i.e. gi and g2, need not be 



may be used by blocking the highest diffraction orders. Hencq the maximum number cif 
..

horizontal diffraction orders that may be used, m, niay be represented by equation 6.

Eq.6

where m is the number of horizontal diffraction orders, o-, is a radial extent of the dishibution

of a beam of light from the illumination source, L is a wavelengfh of the illumination sou¡ce, p"

is the pitch ofthe repetitive cell in the x directio¡, and NA is a numerical aperture ofthe entrance.

pupil ofthe projection optics

[0088] The number ofverticar diffraction orders that may be used, n, may be represented

by equation 7.

, - ÍroorlP,(o'^;+l)NAl+r Es.7L/'l

where n is tho number ofvertical diffraction orders, o.n.. is a radial extent of the distribution ofa 
i

beam of light from the ilrumination source, l, is a wavelength ofthe illumination source, p, is the

pitch of the repetitive cell in the y direction, and NA is a numerical aperture of the onhance pupil

of the projection optics.

[0089] In the preferred imprementation, the definítion for x and y ofthe pitch p is the

axes of the cartesian coordinate system in which the x axis is orthogonal to the y axis. However,

the coordinate system caa be any linem coordinate system in which any two rines, 91 and 92,

intersecting at an origin, describe the linear coordinate system, i.e. g¡ and 92, need not be

necessarily orthogonal. In such a non-orthogonal coordinate system p* describes the pitch arong

the axis g1 and P, describes the pitch along the axis g.

4-noorlw].,

necessarily orthogonal. In such a non-orthogonal coordinate system Px describes the pitch along the
axis gi and Py describes the pitch along the axis g2.  [0090]Accordingly, in the preferred
implementation of the process illustrated in Fig. 4, as discussed above, the magnitude and phase of
the diffraction orders may be changed to form an image in the image plane that maximizes the
minimum 1LS at user selected fragmentation points while forcing the intensity at the fragmentation
points to be within a predetermined intensity range. [0091]The illumination source optimization,
illustrated in Fig. 2, may be simultaneously performed with the mask optimization, illustrated in Fig. 4.
Accordingly, the intensity and shape of the illumination and the magnitude and phase of the diffraction
orders may be simultaneously changed to form an image in the image plane that maximizes the
minimum ILS at user selected fragmentation points while forcing the intensity at the fragmentation
points to be within a predetermined intensity range. [0092]The ideal optimal transmission mask
determined in the exemplary process of Fig. 4 maybe converted to be implemented in an actual mask,
such as a CPL mask, as illustrated by the process illustrated in Fig. 6. As shown in step S31 in Fig. 6,
an ideal optimal transmission mask, which may be determined according to the process illustrated in
Fig. 4, is provided to be converted. In the process, a dark field mask is preferably used to start, as
illustrated in step 832. Then areas of minimum transmission are located and assigned a -1 (step S33),
and areas of maximum transmission are also located and assigned a +1 (step S34). Primitive
rectangles preferably having a size set to a minimum feature size of a mask maker are assigned to the
located minimum transmission areas and centered at a desired location (step S35). Likewise, primitive
rectangles are assigned for the located areas of maximum transmission and centered (step S36). With
the assigned -1 and +1 values, the diffraction orders needed for optimization P (a.  start at
-1*.floor[PAcraux +1)NA] and end at +1* +ONA]. Hence, the floof ' AA  maximum number of horizontal
diffraction others that may be used, m, may be represented by the equation: 



[0090] Accordingl¡ in the proferred implementation ofthe process illushated in Fig. 4,

as discussed above, the magnitude and phase of the diffraction orders may be changed to form an

image in the image plane that maximizes the minimum ILS at user selected fragmentation points

while forcing the intensity at the fraprentation points to be within a predetermined intensity

range.

[0091] The illuminafion source optimization. illustrated in Fig. 2, may be Simuitaneously

performed with the mask optimization, illustrated in Fig. 4. Accordingly, the íntensity and shape

of the illumination and the magrritude and phase of the diffraction orders may be simultaneously

changed to form an image in the image plane that maximizes the minimum ILS at user selected

fragrnentation points while forcing the intensity at the fragrnentation points to be within a

predetermined intensity range.

[00921 The ideal optimal transmission mask determined in the exemplary process of Fig.

4 maybe converted to be implemented in an actuai mask, such as a CPL mask, as illustrated by

the process illushated in Fig. 6. As shown in step S31 in Fig. 6, an ideal optimal transmission

mask, which may be determined according to the process illushated in Fig. 4, is provided to be

converted. In the process, a da¡k field mask is preferably used to start, as illustrated in step S32.

Then a¡eas of minimum kansmission are located and assiped a -1 (step S33), and areas of

maximum transmission are also located and assiped a +1 (step S34). Prinútive rectangles

preferably having a size set to a minimum feature size of a mask maker are assigned to the

located minimum transmission a¡eas and cente¡ed at a desired location (step S35). Likewìse,

primitive rectangles are assiped for the located areas of maximum transmission a¡d centered

(step 536). With the assiped -1 and +1 values, the diffraction orders needed for optimization

start ar -r* flo",|**J!4||a¡d end at *t. r""{&*Ptl . u"n"", tn"
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m = 2 floor [P x(cr in" ONA  I+ 1 and the equation:  Eq . 8 P (o-'" +ONA  1+1 n = 2 floor[  Eq.9    may
represent the maximum number of vertical diffraction orders, n that may be used. As illustrated in step
537, the -I and +1 rectangle edges may be varied to match optimal diffraction orders 0(m,n). The
optimal CPL mask Ocrifx,Y) may be formed as illustrated in step 538. [0093]In the process illustrated
in Fig. 6, the mask conversion is linear. However, CPL edge effects can also be taken into account by
modifying the diffraction order through a perturbational model. In the perturbational model, edges of
the mask are replaced with local areas that have transmission of neither 0, +1, or-I. These areas allow
a scalar mask to emulate the vector edge effects from a CPL mask. Those of skill in the art will
appreciate that many perturbational models may be used, such as those disclosed by J.
Tirapu-Azpiroz, E. Yablonovitch, "Fast evaluation of Photomask, Near-Fields in Sub-Wavelength
193nm Lithography," Proc of the SPIE, vol. 5377 (2004), and K. Adam, A. Neureuther, "Simplified
Models For Edge Transitions In Rigorous Mask Modeling," Proc. of the SPIE, vol. 4346 (2001), pp.
331-344. [0094]Fig. 7A illustrates an exemplary DRAM mask pattern, commonly referred to as a 



maximum number of horizontal diffraction orders that may be used, m, may be represented by

the equation:

m = z Ítoor l'r@ 
^;\*')J¿l*, Eq.8

and the equation:

Eq.9

may represent the maximum number of vertical diffraction orders, n that maybe used. As

illustrated in step S37, the -1 and +1 rectangle edges may be varied to match optimal dìffraction

orders o(m,n). The optimal cPL mask ocprG,y) may be fomred as illustrated in step s3g. 
.

[0093] In the process illustrated in Fig. 6, the mask conversion is linear. However, cpl.

edge effects can also be taken into account by modifying the diftaction order through a

perturbational model. In the perhfbational model, edges of the mask are replaced with local

areas that have transmission ofneither 0, +1, o¡-I. These areas allow a scalar mask to emulale

the vector edge effects from a cPL mask. Those of skill in the art will appreciate that many

perturbational models may be used, such as those disclosed by J. Tinipu-A4piroz, E.

Yablonovitch, "Fast evaluation of photomask, Near-Fields in sub-wavelength l93run

Lithography," Proc of the SPIE, vol.5377 e004), and K. Adam, A. Neureuther, "simplified

Models For Edge Transitions In Rigorous ¡4¿5¡ ¡46dsring," proc. ofthe spIE, vol. 4346 e00l),

pp.33I-344.

[0094] Fig. 7A illustrates an exemplary DRAM mask pattem, commonly referred to as a

Long Brickwatl. Fig. 7B illushates an optimwn illumination source for the mask of Fig. 7A

,=rt"*lLkp],

2,4

Long Btickwall. Fig. 7B illustrates an optimum illumination source for the mask of Fig. 7A   obtained
according to the principles of the present invention. The illumination source and CPL mask are
optimized for X/800, NA=-0.8 and 190tun pitch (k1=0.306). The source illumination was optimized for
the long bricicwall using the algorithm outlined in Fig. 2. The illumination poles on the y axis help
improve the NILS at the end of the long brick while the illumination poles on the x axis help improve
the NILS in between the bricks. [0095]Figs. 8A-8C illustrate diffraction orders of various masks. Fig.
8A illustrates the  original diffraction orders of the mask utilizing AttPSM. Fig. 8B illustrates the ideal
optimal diffraction orders determined according to the process illustrated in Fig. 4 of the present
invention. Fig. 8C illustrates the implementation of the optimal diffraction orders with a CPL mask,
according to the process illustrated in Fig. 6 of the present invention. The optimal diffraction orders
force more energy into the higher orders (2,0) and (1,+3). Those of skill in the art will appreciate that a
CPL mask can represent the optimal diffraction orders almost identically. [0096]Figs. 9A-9C illustrate
the application of the optimal illumination to an optimal  mask (Fig. 9A). In Fig. 9A the "*" points identify
the NILS optimization points, the "+" points identify the points at which intensity should be maximized,
and the "-" points identify the points at which intensity should be minimized. The NILS optimization
attempts to make the slope of the intensity at the image plane as large as possible to obtain a high
contrast in printing the mask features: The NILS is preferably within a set value which is suitable for
the determined NILS optimization points along a mask feature. Those of skill in the art will appreciate
that a CPL mask has three phase values, +180,0 and -180 degrees. The CPL mask illustrated in Fig.
8C is formed by quantizing the optimal mask transmission, to form a quantized CPL mask
transmission.  [0097]Figures 10A and 103 and 11A and 11B illustrate aerial image comparisons
between a CPL mask and an 8% AttPSM (attenuated phase shifted mask). In Fig. 10A the CPL mask
was exposed with hexapole illumination. In Fig. 1 OB the PSM mask was exposed with hexapole
illumination. As illustrated in Figs. 10A and 103, the contrast and the NILS is much better in between
the lines with the CPL mask than the PSM mask. It can be seen that CPL has a production worthy
process margin while the 8% solution is less favorable. However, CPL has a little necking which may
be correctable by adding more optimization points. [0098]Also, as illustrated in Fig. 11A, the hexapole
illuminator for 8% Aft PSM also shows NILS improvement over annular illumination shown in Fig. 11B.
However, a larger process margin may be gained by using CPL with the hexapole illuminator.
[0099]Optimizing the mask in the frequency domain limits the size of the optimization - 



obtained according ûo the.principles of the prese,nt invention. The illumination source and CPL

mask are optimizeó for AJ800, NA=0.8 and 190nm pitch (k1=0.306). The source illumination

was optimized for the long brickwall using the algorithm outlined in Fig. 2. The illurnination

poles on the y axis heþ improve the NILS at the end of the long brick while the illumination

poles on the x axis heþ improve the NILS in between the bricks.

[0095] Figs. 8A-8C illustrate difi&action orde¡s of varíous ma.sks. Fig. 8A itlustates the

original difftaction orders of the mask utilizing AttPSM. Fig. 8B illushates the ideal optimal

diffraction orde¡s determined according to the process illustrated in Fig. 4 ofthe present

invention. Fig. 8C illushates the implementation of the optimal diffraction orders with a CPL

mask, according to the process illushated in Fig. 6 of the present invention. The optimal

diffraction orders force more energy into the higher orders ft2,0) arid Ctl,t3). Those of skill in

the art will appreciate that a CPL mask cån represent the optimal diffraction orders alrnost

identícally.

[0096] Figs. 9A-9C illushate the application of the optimal illumination to an optimal

mask @g. 9A). kr Fig. oA the "*" points identify the NILS optimization points, the "*" points

identify the points at v¡hich intensity should be maximized, and the "-" points identifiT the points

at which intensity should be minimized. The NILS optimization attempts to make the sþe of

the intensity at the image plane æ large as possible to obtain a high contrast in printing the mask

features. The NIIJ is preferably within a set value which is suitable for the deternrined NILS

optimization points along a mask featu¡e. Those of skill in the art will appreciate that a cpI-

mask has three phase values, +180, 0 and -180 degrees. The CPL mask illustrated in Fig. BC is

formed by quantizing the optimal mask hansmissior¡ to form a quantized CpL mask

tansmission.
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problem and speeds convergence. Reconstruction of the optimal CPL mask from the optimal
diffraction orders is a linear problem in the frequency domain. Process window improvement may be
optimal with the optimal diffraction orders for all structures, which may minimize the effects of focus
and exposure variations in the scanner and in the wafer topography. Process window as used herein
is the amount of exposure latitude (EL) as a function of depth of focus (DOF). Process window
improvement with the optimal CPL may also be optimal. CPL may be used to improve the process
window at a low kl factor. The kl factor as used herein may be defined by CD*NA/X, where CD is the
critical dimension of the feature to be printed, and A. is the wavelength of the illumination. source.
Additionally, illumination optimization does not need to run first. Using the present invention the mask
can be optimized to an existing OAI (quasar, cquad (a quadrupole illuminator with poles on the
Cartesian x and y axes, such as a quasar illuminator rotated 45 degrees), annular illumination). Also,
in the present invention, the mask   can be optimized for a single or double exposure (1 or 2 masks) or
for a 2 tone mask (binary or AttPSM). Most ideal transmission masks can be represented with CPL in
accordance with the present invention. [00100]Figs. 12A and 12B illustrate an exemplary "Short
Brickwall" pattern in which the source and the CPL mask have been optimized according to the
principles of the present invention. Fig. 12B illustrates an optimum illumination source for the pattern of
Fig. 12A which has been obtained according to the principles of the present invention as illustrated in
Fig. 2. The source and the CPL mask were optimized for A1800 NA=0.8 and 190nm pitch. Once
again, the contrast and the NILS can be observed. [00101]Figs.'13A-C illustrate the diffraction orders
of the exemplary mask in Fig. 12A. Fig. 13A illustrates the original diffraction order with the AttPSM
mask, Fig. 13B illustrates the ideal optimal diffraction orders determined according to the process
illustrated in Fig. 4 of the present invention. Fig. 13C illustrates an implementation of the optimal
diffraction orders with a CPL mask according to the process illustrated in Fig. 4 of the present
invention. Those of skill in the art will appreciate that the optimal diffraction orders force more energy
into (1, 1) areas.As illustrated by Figs. 13B and 13C, the CPL mask can represent the optimal
diffraction orders almost identically. [00102]Figs. 14A-D illustrate the use of primitive edges to create
an optimal mask according to the principles of the present invention. Fig. 14A illustrates the exemplary
Short Bricicwall mask of Fig. 12A. Fig. 14B illustrates the optimal mask transmission of the mask in
Fig. 14A. Fig. 14C illustrates using an arcuate modeling technique to map the primitive edges more
closely with the optimal mask transmission. Fig. 14D illustrates using primitive rectangles to map the
optimal mask transmission. As illustrated by Figs. 14C and 14D, two CPL 
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[0097] Figures l0A and 108 and l lA and l1B illushate aerial imale comparisons

between a cPL mask and an 8% AttPSM (attenuated phase shifred mask). In Fig, l0A the cpl-

mask was exposed with hexapole illumination. In Fig. I0B the psM mask was exposed with

hexapole illumination. As illustrated in Figs. 10A and l0B, úhe contrast and the NtrLS is muoh

better in between the lines with the CPL mask tha¡ the psM mask. It can be seen that cpl- hæ a

production worthy process margin while the 8% solution is less favorable. However, cptr, has a

little necking which may be conectable by adding more optimization points.

[0098] Also, as illustrated in Fig. 1lA, the hexapole illuminator fo¡ 8% Att psM also

shows NILS improvement over a¡urular illumination shown in Fig..l lB. Howeve¡ a larger

process margin may be gained by using CpL with the hexapole illuminator. .

[0099] Optimizing the mask in the frequency domain limits the size öf the optimization

problem and speeds convergence. Reconstruction ofthe optimal cpl- mask ûom the optimal

diffraction orders is a linear problem in the frequency domaia. process window improvement

may be optimal with the optimal diffraction orders for all struchres, which may minimize the

effects of focus and exposure variafions in the scanner and in the wafer topogaphy. process

window as used herein is the amormt of exposure latitude @L) as a fiurction of.depth of focus

@oF). Process window improvement with the optimal cpl- may also be optimal. cpI- may be

used to improve the process window at a low k1 factor. Ths kl factor as used herein may be

defined by cD+N4.4., where cD is the critical dimension of the feature to be printed, and r is the

wavelength of the illumi¡ation soruce. Additionally, illumination optimization does not need to

run fi¡sL using the present invention the mask can be optimized to an existing oAI (quæar,

cquad'(a quadrupole illuminator with poles on the cartesian x and y axes, such as a quasar

illuminator rotated 45 degrees), arurular illumination). Also, in the present invention, the mask

implementations may lead to substantially the same diffraction order spectrum. Primitive edges are not
critical but using primitives may lead to a smaller figure count and possibly allow an easier inspection
of the mask. [00103]Figs. 15A-17B illustrate aerial image comparisons using the Short Bricicwall of
Fig. 12A In Fig. 15, a CPL mask and an 8% AttPSM mask are both exposed with dipole illumination.
As seen in Figs. 15A and 15B, the contrast and NILS is much better in between the lines and the end
of the line with CPL than the PSM mask. The CPL mask has production worthy process margins while
the 8% solution does not appear to be as favorable. As also illustrated in Fig. 15A and 15B, the CPL
mask maintains the area better than 8% AttPSM. [00104]Figs. 16A and 16B illustrates the trade-off
between obtaining an optimal transmission and using a CPL mask. As illustrated by Figs. 16A and
16B, there is almost no difference between optimal transmission and CPL representation. Hence, the
CPL mask offers a favorable solution for mask optimization according to the principles of the present
invention. [00105]Figs. 17A illustrates aerial image comparisons between an 8% AttPSM exposed with
dipole illumination and Fig. 178 illustrates using annular illumination. As shown in Fig. 17A and 17B,
the NILS is better with dipole illumination in comparison to annular illumination. Annular illumination
has better NILS at the end of line (EOL). However, the NILS probably is not large enough with annular
illumination to print bricks without bridging. [00106]Figs. 18A-23B illustrate the principles of the present
invention as applied to a rectangular contact array mask, depicted in Fig. 18A. In Figs. I8A and 18B,
with the source and the CPL Mask optimized for A1800 NA=0.8 and 190nm pitch. Once again, the
contrast and the NILS can be observed.  [00107]Figs. 19A-C illustrate the diffraction orders of the
exemplary mask in Fig. 18A.  Fig. 19A illustrates the original diffraction order with the AttPSM mask,
Fig. 19B illustrates the optimal diffraction order determined by the principles of the present invention,
and Fig. 19C illustrates the optimal diffraction order implemented with a CPL mask. Those of skill in
the art will appreciate that the optimal diffraction orders force more energy into the higher orders (+1,
0), (0, +1), and (0, +2). As illustrated by Figs. 19B and 19C, the CPL mask can represent the optimal
diffraction orders almost identically. 



can be optimized for a single or double exposure ( 1 or 2 masks) or for a 2 tone mask (binary or

AttPSM). Most ideal fransmission masks can be represented with CPL ín accordance with the

present invention.

[00100] Figs. 124 and 128 illustrate an exemplary "Short Brickwall" pattem in which the

source and the CPL mask have beon optimized according to the principles ofthe present

ínvention. Fig. l2B illustrates an optimum illumination source for the pattern of Fig. 124 which

has been obtained accoiding to the principles ofthe present invention as illustrated inFig.2.

The source and ttre CPL mask were optimized for V800 NA:0.8 and 190nm pitch. Once again,

the conhast and the NILS can be observed.

[00101] Figs.'134-C illustrate the diffraction orders of the exemplary mask in Fig. 124.

Fig. 134 itlushates the original diffraction order with the AttPSM masþ Fig. l3B illustrates the

ideal optimal diffraction orders determined according to the process illustrated inFig.4 of the

present invention. Fig. 13C illushates an implementation of the optimal diff¡action órders with a

CPL mask acco¡ding to the process illustrated in Fig. 4 of the present invention, Those of skill in

the art will appreciate that the optimal diffiaction ó¡ders force more energy into (f 1, +1) areas.

As illushated by Figs. l3B and l3C, the CPL mask can represent the optimal diffraction orders

alnost identically.

[00102] Figs. l4A-D illushate the use of primitive edges to create an optimal mask

according to the principles ofthe present invention. Fig. 144 illustrates the exemplary Short

Brickwall mask of Fig. 12,{. Fig. I4B illusbates the optimal mask transmission of the mask i¡

Fig. l4A. Fig. 14C íllustrates using an arouate modeling technique to map the primitiVè edgeS

more closely with the optimal mask transmission. Fig. 14D illuShates using primitive rectangles

to map the optimal mask frammission. As illustrated by Figs. 14C and 14D, two CPL
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[00108]Figs. 20A-C illustrate the use of primitive edges to create a quantized CPL mask  according to
the principles of the present invention. Fig. 20A illustrates the exemplary Rectangular Contact Array
mask of Fig. 19A. Fig. 20B illustrates the optimal mask transmission of the mask in Fig. 20A. Fig. 20C
illustrates using primitive rectangles to map the optimal mask transmission to create a quantized CPL
mask.  [00109]Figs. 21A-23B illustrate aerial image comparisons using the Rectangular Contact Array
mask of Fig. 19A. In Fig. 21A, a CPL mask and in Fig. 21B an 8% AttPSM mask are both exposed
with hexapole illumination. As seen in Figs. 21A and 21B, the peak intensity and NILS are better with
the CPL mask. The CPL mask has production worthy DOF (depth of focus) while the 8% AttPSM
solution does not appear to have sufficient DOF to be as favorable. As also illustrated in Figs. 21A and
21B, the CPL mask maintains the area better than the 8% AttPSM. [00110]Figs. 22A and 22B
illustrates a trade-off between obtaining an optimal transmission and using a CPL mask. As illustrated
by Figs. 22A and 228, there appears to be a slightly better NILS with optimal transmission reticle in
comparison to CPL.  [00111]Figs. 23A and 23B illustrates aerial image comparisons between an 8%
AttPSM exposed with dipole illumination in the top row and annular illumination in the bottom row. As
shown in Figs. 23A and 23B, the peak intensity and NES are better with hexapole illumination in
comparison to annular illumination. The peak intensity with annular illumination may not be sufficient to
print through focus. [00112]Figs. 24A-29B illustrate the principles of the present invention as applied to
a  Staggered Rectangular Contact Array, depicted in Fig. 24A. Fig. 24A and 24B illustrate an
exemplary Staggered Rectangular Contact Array mask in which the source and CPL mask have been
optimized according to the principles of the present invention. In Figs. 24A and 24B, the source and
CPL Mask were optimized for X /800, NA=0.8 and 190nm pitch. Once again, the contrast and the
NILS can be observed. 



implementations may lead to substantially the same dif&action order spectrum. primitive edges

are not critical but using primitives may lead to a smaller figure count and possibly allow an

easier inspection of the mask.

[00 1 03] Figs. 1 5A- t 7B illustrate aerial image comparisons using the Shorr Brickwap of

Fig. 124. kr Fig- 15, a cPL mask and an 8% AttpsM mask are both exposed with dipole

illumination' As seen in Figs. 15.4 and 158, the conhast and NILS is much better in betwsen the

Iines and the end of the line with cpl- than the psM mæk. The cpl mæk has production

worthy process margins while the 8% solution does not appear to be as favorable. As also

illusüated in Fig. 154 a¡rd l58, the cpl- mask maintains the are abeÍler than g%oAttpsM.

[00104] Figs, 164 and 168 illustates the hade-offbetween obtaining an optimal

transmission and using a cPL mask. As illustrated by Figs. 16A and 168, there is almost no

difference between optimal transmission and CPL representation. Hence, the CpL mask offers a

favorable solution foq mask optimization according to the princþles of the present invention.

[00105] Figs. l7A illustrates aerial image comparisons between an g% AttpsM exposed

with dipole illumination and Fig. l7B illustrates using annular illumination. As shown in Fig.

17 A a¡¡d l7B' the NILS is better witå dipole illumination in comparison to annulæ illumination

Arurular illumination has better NILS at the end of line (EoL). However, the NILS probably is

not large enough with annular illumination to print bricks without bridging.

[00106] Figs. 184-238 ilushate the princþres ofthe present invention as appried to a

rectangular contact array mask, depicted in Fig. lgA. In Figs. lgA and 1gB, with the source and

the cPL Mask optimized for v800 NA=0.g and 190nm pitch. once agaln, the contrast and the

NII-S can be observed.

[00113]Figs. 25A-C illustrate the diffraction orders of the exemplary mask in Fig. 24A. Fig. 25A
illustrates the original diffraction order with the AttPSM mask, Fig. 25B illustiates the optimal diffraction
order determined by the principles of the present invention, and Fig. 25C illustrates the optimal
diffraction order with a CPL implementation. Those of skill in the art will appreciate that the optimal
diffraction orders force more energy into (0, +2) and (1, +1) areas. As illustrated by Figs. 25B and 25C,
the CPL mask can represent the optimal diffraction orders almost identically. [00114]Figs. 26A-C
illustrate the use of primitive edges to create a quantized CPL mask according to the principles of the
present invention. Fig. 26A illustrates the exemplary Staggered Rectangular Contact Array mask of
Fig. 24A. Fig. 26B illustrates the optimal mask transmission of the mask in Fig. 24A. Fig. 26C
illustrates using primitive rectangles to map the optimal mask  transmission to create a quantized CPL
mask. In Fig. 26A-C, 180 degree outriggers may be used at the sides of the contact array.
[00115]Figs. 27A-29B illustrate aerial image comparisons using the Rectangular Contact  Array mask
of Fig. 24A. In Figs. 27A and 27B, a CPL mask and an 8% AttPSM, respectively, mask are both
exposed with quad illumination. As seen in Fig. 27A and 27B, the peak intensity and NILS are better
with the CPL mask than the PSM mask. The CPL mask also has a greater exposure latitude and DOF
in comparison to the 8% AftPSM mask. [00116]Figs. 28A and 28B illustrates the trade-off between
obtaining an optimal.  transmission and using a CPL mask. As illustrated by Figs. 28A and 28B, there
is almost no difference between optimal transmission and the CPL mask representation. The CPL
mask offers a favorable solution for mask optimization according to the principles of the present
invention. [00117]Figs. 29A and 29B illustrates aerial image comparisons between an 8% AttPSM
exposed with quad illumination in the top row and annular illumination in the bottom row. As shown in
Figs. 29A and 29B, the peak intensity and NIIS are better with quad illumination than annular
illumination. The peak intensity with annular illumination may not be sufficient to print through focus. 



[00107] , Figs, 194-C illushate the difhaction orders ofthe exemplary mask in Fig, 18A..

Fig. I9A illustrates the original diffraction order with the AttPSM rnaslç Fig. 19B illustrates the

optimal dif&action o¡der determined by the principles of the present invention, and Fig. l9C

illustrates the optimal diffraction order implemented with a CPt mask. Those of skill in the art

will appreciate that the optimal dif&action orders force more energy into the higher orders (-f1,

0), (0, +l), and (0, !2\ As illustrated by Figs: tr9B.and 19C, the CPL mask can represent the

optimal diffraction orders almost identicatly.

[00108] Figs. 204-C illustrate the use of primitive edges to create a quætized CPL mask

according to the principles of the present invention, Fig. 20A. illushates the exemplary

Rectangular Contact Array mask of Fig. 19,{. Fig, 208 illushates the optimal mask transmission

of the mask in Fi g, 2OA- Fig.20C illusaates using primitive rectangles to map the optimal mãsk

tansmission to create a quantized CPL mask.

[00109] Figs. 214-238 illustrate aerial image comparisons using the Rectangular Contact

Arraymask ofFig. 194. kr Fig. 2lA, a CPL mask and in Fig. 2lB an 8% AtTPSM mask are both

exposed with hexapole illumìnation. As seen in Fþ. 2lA and 218, the peak intensity and NILS

a¡e better with the CPL mask. The CPL mask has production worthy DOF (depth of focus)

while the 8olo AttPSM.solution does not appear úo have sufficient DOF to be as favorable. As

also illustratçd in Figs. 214 and 218, the CPL mask maintains the area better than the 8%

AtIPSM.

[001 l0] Figs. 22A æd228 illushates a trade-off betwee¡ eþ1¿ining ¿n optimal

transmission and using a CPL mask. As iliustrate.d by Figs. 22à and,ZLB, there appears to be a

slighfly better NILS with optimal transmission ¡eticle in comparison to CpL.

29

[00118]Fig. 30 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; a projection
system ("lens") PL (e.g a refractive, catoptric or catadioptric optical system) for imaging an irradiated
portion of the mask MA onto a target portion C (e.g. comprising one or more dies) of the substrate W.
[00119]As depicted herein, the apparatus is of a transmissive type (Le. has a transmissive  mask).
However, in general, it may also be of a reflective type, for example (with a reflective mask).
Alternatively, the apparatus may employ another kind of patterning means as an alternative to the use
of a mask; examples include a programmable mhror array or LCD matrix.  [00120] 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 a-outer and a-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. [00121]It should be noted with regard to Fig. 30
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 excimer laser (e.g. based on KrF, ArF or F2 lasing). The illumination source intensity may also be
made with a mirror array or an LCD. The current invention encompasses at least both of these
scenarios. [00122]The beam PB subsequently intercepts the mask MA, which is held on a mask 



[00111] Figs. 234 and 23B ilrustrates aerial image comparisons between an g% AttpsM

exposed with dipole illumination in ttie top row and annular illumination in the bottom row. As

shown in Figs. 23A and 238, the peak intensity and Ntr-S are bette¡ with hexapole illumination

in comparison to arurular illumination. The peak intensity with arnular illumination may not be

sufficient to print through focus.

I00rl2l Figs.24A-298 iliushate the principres ofthe present invehtion as applied to a

staggered Rectangular contact Array, depicted inFig.24A. Fig. z4A and 248 illustrate an

exemplary Staggered Rectangular Contact Array mask in which the source and CpL mask have

. been optimized according to the principles ofthe present invention. kr Figs. 24A and 24F., tt'e

source and cPL Mask were optimized for À /g00, NA=O.8 and l90nm pitohr once again, the

contrast and the N.ILS can be observed.

[00113] Figs. 254-c illuskate the difhaction orde¡s of the exemplary mask in Fig. 24A.

Fig. 254 illustrates the original diffraction orde¡ with the AttpSM masþ Fig. 258 illustrates the

optimal difÈaction order determined by the principles ofthe present invention, and Fig. 25c

illushates the optimal difhaction orde¡ with a CPL implemenúation. Those of skill in the art wi¡

appreciate that the optimal diffiaction ordeis force rüore. énergSr into (0; +2) and ftl, +1) areas.

As illushated by Figs. 258 and 25c, the cpl- mask canrçresent the optimal diftaotion orders

almost identically.

[00114] Figs. 264-c inustrate the use ofprimitive edges to create a quantized cpl- mask

acoordìng to the principles ofthe present invention. Fig. 26A illustrates the exemplary staggered

Rectangular Contact Array mask ofEig.24A. Fig. 268 illustrates the optimal mask transmission

of the mask in Fi g. 24A. Fig.26c iliustrates using primitive rectangles to map the optimar mask
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table MT. Having traversed the mask MA, the beam PB passes through the lens PL, which focuses the
beam PB onto a target portion C of the substrate W. With the aid of the second positioning means
(and interferometric measuring means IF), the substrate table WT can be moved accurately, e.g. so as
to position different target portions C in the path of the beam PB. Similarly, the first positioning means
can be used to accurately position the mask MA with respect to the path of the beam PB, e.g. after
mechanical retrieval of the mask MA from a mask library, or during a scan. In general, movement of
the object tables MI', 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. 27. 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. [00123]The depicted tool can be used in two
different modes: In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single "flash") onto a target portion C. The substrate table WT is
then shifted in the x and/or y directions so that a different target portion C can be irradiated by the
beam PB;   In scan mode, essentially the same scenario applies, except that a given target portion C
is not exposed in a single "flash". Instead, the mask table MT is movable in a given direction (the
so-called "scan direction", e.g. the y direction) with a speed v, so that the projection beam PB is
caused to scan over a mask image; concurrently, the substrate table WT is simultaneously moved in
the same or opposite direction at a speed V= Mv, in which M is the magnification of the lens PL
(typically, M= 1/4 or 1/5). In this manner, a relatively large target portion C can be exposed, without
having to compromise on resolution. [00124]The concepts disclosed herein may simulate or
mathematically model any generic  imaging system for imaging sub wavelength features, and may be
especially useful with emerging imaging technologies capable of producing wavelengths of an
increasingly smaller size. Emerging technologies already in use include EUV (extreme ultra violet)
lithography that is capable of producing a 193run 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 20-5tun by using a synchrotron or by hitting a material (either
solid or a plasma) with high energy electrons in order to produce photons within this range. Because
most materials are absorptive within this range, illumination may be produced by reflective mirrors with
a multi-stack of Molybdenum and Silicon. The multi-stack minor 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).  [00125]While the concepts
disclosed herein may be used for imaging on a substrate such  as a silicon wafer, it shall be
understood that the disclosed concepts may be used with any type of lithographic imaging systems,
e.g., those used for imaging on substrates other than silicon wafers. [00126]Software functionalities of
a computer system involve programming, including  executable code, may be used to implement the
above described imaging model. The software code is executable by the general-purpose computer.
In operation, the code and possibly the associated data records are stored within a general-purpose
computer platform. At other times, however, the software may be stored at other locations and/or
transported-for loading into the appropriate general-purpose computer, systems. Hence, the
embodiments 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. 



transmission to create a qtantízed CPL mask. In Fig. 264-C, 180 degree outriggers may be used

at the sides qf the contact anay.

[00115] Fígs.27A-298 illustrate aerial image comparisons using the Rectangular Contact

Array mask of Fig. 244. In Figs. 27A and.27B, a CPL mask and an 8% AttPSM; respectively,

mask are both exposed wifh.quad ifiimination. As seen in Fig. 27 A a¡ð,278, the peak intensity

and NILS are better with the CPL mask than the PSM mask. The CPL mask also has a greater

exposure latitude and DOF in comparison to the.8% AttPSM mask.

[001 16] Figs: 284 and 288 illustrates the trade-off between obtaining an optimal

transmission and using a CIL mask. As illustrated by Figs. 28Á. and 28B, there is alriost no

difference between op :m¿l ¡¡¿¡smission and the CPL mask representation. The CPL mask

offers a favorable solution for mask optimization according to the prínciples of thè present

.invention.

[00117] Figs.29A and.298 illustrates aerial image comparisons between an 8% AttPSM

exposed ïeith quad illumination in the top row and arurular illumination in the bottom row. As

shown in Figs. 29A andZ9B, the peak intensity and NILS are better with quad illumination than

a¡mular illumination. The þeak intensity with annula¡ illumínation may not be zufñcient to print

tbrough focus.

[00118] Fig. 30 schematically depicts a lithog¡aphic projection apparatus suitable for use

with a mask desigred with the aid of the cunent invention. The apparatus comprises:

- a radiation s)¡stem Ex, IL, for supplying a proj ection beam PB of radiation. In this

paficular case, the radiation system also comprises à radiation source LA; .

[00127]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
signals, or acoustic or light   waves such as those generated during radio frequency (RE) and infrared
(JR) data communications. Common forms of computer-readable media therefore include, for
example: a floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a
CD-ROM, DVD, any other optical medium, less commonly used media such as punch cards, paper
tape, any other physical medium with patterns of holes, a RAM, a PROM, and EPROM, a
FLASH-EPROM, any other memory chip or cartridge, a carrier wave transporting data or instructions,
cables or links transporting such a carrier wave, or any other medium from which a computer can read
programming code and/or data. Many of these forms of computer readable media may be involved in
carrying one or more sequences of one or more instructions to a processor for , , execution. [00128]As
illustrated in Fig. 31, an exemplary mask optimization unit may contain a processor 1000 which
receives input from an input unit 1003. Processor 1000 may be a conventional microprocessor or may
be a specially designed processing unit, such as an EEPROM or EPROM or a fabricated integrated
circuit. Input 1003 may be any type of electronic input device, such as a keyboard or a mouse, or may
be a memory or internet connection. Processor 1000 preferably retrieves stored protocols from ROM
1002 and RAM 1001, such as protocols to implement the processing illustrated in Figs. 2-6, and stores
information on RAM 1001. The calculated results of processor -1000 may be displayed on display
1004 and may be provided to a mask fabrication unit. [00129]The invention may be embodied in other
specific forms without departing from the spirit or essential characteristics thereof. The present
embodiments are therefore to be considered in all respects as illustrative and not restrictive, the scope
of the invention being indicated by the appended claims rather than by the foregoing description and
all changes which  come within the meaning and range of equivalency of the claims are therefore
intended to be embraced therein.  What is claimed is: 



a ñrst object tabro (mask table) MT provided with a mask holder for holding a

mæk MA (e.g. a reticre), and connected to first positioning means for accuratery

positioning the mask with respect to item pL;

- a second object table (subshate table) WT provided with a substrate holder for.

holding a subshate W (e.g. a resist-coated silicon wafer), and.cormected to second

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

a projection systom ('rens') pL (e.g. a rcfractive, catoptric or catadiopfric optical

system) for imaging an inadiated portion of the mask MA onto a target portion c.

(e.g. comprising one or more dies) of the subsfrate W. ...

[00119] As depicted herein, the apparatus is of a transmiss ive typè (i.e. has a transmissive

mask)' However, in generar, it may also be of a reflecfive t¡pe, for exampre (with a reflective

mask). Altematively, the apparatus may employ another kind of patteming means as an

altemative to the use of a mask; examples include a programmablemirror anay or LCD mafuix. . 
.

[00120] The sou¡ce LA (e.g- a mercury lamp or excime¡ laser) produces. a beam of
radiation. This beam is fed into an illumination system (illuminator) I! eittrer direcrly or aftei

having traversed conditioning means, such as a beam expander Ex, for ex¡mple. The.illuminator

IL may comprise adjusting means AM for setting the outer and/or inner radial extent (commonly

¡eferred to as o-out€r and o-inne¡ respectiveþ) of the inte,nsity dishibution in the beam. rn

addition, it will generally comprise various other components, such as an integrator IN and a

condense¡ co. In this wa¡ the beam pB impinging on the mask MA has a desi¡ed uniformity ,

and intensity dishibution jn its cross-section. :

[00121] It should be noted with regard to Fig. 30 that the source LA may be within the

housing of the lithographic pro-iection appæatus (as is often the case when the sou¡oe LA is a

1. A method for determining an optimal mask comprising the steps of: identifying a predetermined
range of illumination intensity values based on specifications of an illumination system for illuminating
the optimal mask; determining optimum diffraction orders; obtaining an optimal transmission mask
based on the optimum diffraction orders based on the identified predetermined range; and determining
an optimal mask based on the optimal transmission mask, wherein the optimum diffraction orders are
determined by determining a magnitude and phase of diffraction orders which form an image in an
image plane of the illumination system which maximizes the minimum illumination log slope at user
selected fragmentation points of the optimal mask while forcing an intensity of illumination at the
fragmentation points to be within the predetermined range.  2. The method of claim 1, wherein the step
of obtaining the optimal transmission mask includes a step of determining a number of horizontal
diffraction orders of the optimum diffraction orders, wherein the number of horizontal diffraction orders
is determined according to the equation:  where m is the number of horizontal diffraction orders; P" is
the pitch of a repetitive cell in the x direction of the optimal mask; Xis a wavelength of an illumination
source of the illumination system; NA is a numerical aperture of projection optics of the illumination
system; and am," is a radial extent of the distribution of a beam of light from the illumination source. 



mercury lamp, for example), but that it máy also be remote from the lithographic projection

appãâtus, 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 excímer

laser (e.g. based on KrF, ArF or F2 lasing). The illuminafion source intensity may also be made

with a mir¡or aßay or an LCD. The cu¡¡ent invention encompasses at least both of these

scenarios.

[00L22] The beam PB subsequently intercopts the mask MA, which is held on a mask

table MT. Having traversed the mask Md the beam PB passes through the lens PL, which

focuses the beam PB onto a target portion C of the substrate W. TVith the aid of the second

positioning means (and interferometric measuring means IF), the substrate table WT can be

moved accurately, e.g. so as to position different target portions C in the path of the beam PB.

Similarl¡ the first positioning means can be used to accurately position the mask MA wittr

respect to the path of the beam PB, e.g. after mechanical retrieval of the mask MA from a rhask

library, or during a scan. In general, movement of the object tables MI, WT will be realized with

the aid of a long-stroke module (ooarse positioning) and a short-shoke module (fine positioning),

which are not explicitly depicted in Fig. 27 . Howører, in the case of a wafer stepper (as opposed

ûo a step-and-scan. tool) the mæk t¿ble MT may just be cofmected to a short stroke actuator, or

may be fixed.

[00123J The depicted tool can be used in two different modes: .

- In step mode, the mask table MT is kept essentially stationary, and an enti¡e mask

image is projected in one go (z'.e. a single "flash') onto a target portion C. The

substrate t¿ble WT is then shifted in the x and/or y directions so that a different

target portion C can be inadiated by the beam PB;

3. The method of claim 1, wherein the step of obtaining the optimal transmission mask includes a step
of determining a number of vertical diffraction orders of the optimum diffraction orders, wherein the
number of vertical diffraction orders is determined according to the equation          rpjan. +ONA n
2floorl A where n is the number of vertical diffraction orders; P, is the pitch of a repetitive cell in the y
direction of the optimal mask; Xis a wavelength of an illumination source of the illumination system;
NA is a numerical aperture of projection optics of the illumination system; and max is a radial extent of
the distribution of a beam of light from the illumination source.  4. The method of claim 1, wherein the
step of determining optimum diffraction orders determines optimum diffraction orders in the spatial
frequency domain.  5. The method of claim 1, wherein the step of determining an optimal mask
comprises the steps of: locating areas of maximum transmission and minimum transmission; assigning
a primitive area as an area centered on an area of maximum transmission or minimum transmission; 



- ln scan mode, irssentially the same scenario applies, except thaf a givèn target

portion C is not exposed in a single "flash,,. I-nstead, the mask table MT is

movable in a given direction (the so-called "scan directioni', e-g. the y direction)

. with a speed ¿ so that the projection beam pB is caused to scan over a mask

image; concurrently, the substrate table WT is simultaneously moved in the same

or opposite direction at a speed V = Mv, :nwhtchM is the magnification of the

lens PL (typically, M.: l/4 or 1/5).In this manner, a relatively large target portion

C can be exposed, without having to compromise on resolution.

[O0124J The concepts disclosed herein may simulate or mathematically model any generic

imaging system for imaging sub wavelength features, ahd may be especially useful with

emerging imaging technologies capable of producing wavelengths of an increasingly smaller

size. Emerging technologies already in use include EIIV (extreme ultra violet) lithography that

is capable of producing a 193run wavelength with the use of a ArF laser, and even a l57rwt

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 hittíng a material (either

solid or a plasma) with high energy electrons in order to produce photons within this range.

Because most materials are absorptive within this range, illumination may be produced by

reflective mirrors with a multi-stack of Molytdenum and Silicon. The multi-stack mirror has a

40 layer pairs of Molybdenum and silicon whe¡e the thicfness of each layer is a quarter

wavelength. Even smalle¡ wavelengths may be produced witå x-ray lithography. Typically, a

synchrohon is used to produce an X-ray wavelength. Since most material is absorptive at x-ray

wavelengths, a thin piece of absorbing material defines whe¡e features would print þositive

resist) or not print (negative rqsist).
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varying edges of the primitive area to match the optimum diffraction orders, wherein the primitive area
has a minimum size which is substantially equal to a minimum feature size of the optimal mask.  6. A
method of optimizing a placement of transmission and phase shifting features on a mask comprising
the steps of: obtaining optimal mask transmission characteristics based on optimum diffraction orders
of the mask; locating areas of maximum transmission and minimum transmission through the mask
based on the obtained optimal mask transmission characteristics; assigning a primitive area in the
mask as an area centered on one of the areas of maximum transmission and minimum transmission;
varying edges of primitive area to match the optimum diffraction orders, wherein the primitive area has
a minimum size which is substantially equal to a minimum feature size of the mask.  7. The method of
claim 6, wherein the step of obtaining optimal mask transmission characteristics includes a step of
determining a number of horizontal diffraction orders of an optimum mask to be illuminated by an
identified illumination system, wherein the number of horizontal diffraction orders is determined
according to the equation:  PtaONA]t. i   



[00125] While the concepts disclosed herein may be used for imaging on a substrate such

as a silicpn wafer, it shall be undersúood that the disolosed concepts may be used with any type

of lithographic imaging systems, e.g., those used for imaging on substrates other. than silicon

wafers.

[00126] Software functionalities of a computer system involve programming, including

executable code, may be used to implement the above described imaging model. The software

code is execut¿ble by the general-purpose computer. In operation, the code and possíbly the

associated data records are stored within a general-purpose computer platform. At other times,

however, the software may be stored at other locations and/or transported'for loading into the

appropriate general-purpose computer systems. Hence, the embodiments discussed above

involve one or more sofrware products in the form of one or more modules of code carried by at

least one. maçhine-readable medium. Execution of such code by a processor of the computer

system enables the platfomr to implement the catalog and/or software downloading firnctions, in

essentially the manner performed in the embodiments disoussed and illushated herein.

lÛ0l27l As used herein, terms such as computer or machine 'leadable medium" refer to

any medium that participates in providing i¡structions to a processor for execution. Such a

medium may take many forms, including but not timited to, non-volatile media, volatile medi4

and transmission media. Non-vdlatile media include, for example, optical or mapetic disks,

such as any of the súorage 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 hansmission media include coaxial cables; copper wire and fiber

optios, including the wi¡es that comprise a bus within a computer system. Ca¡rier-wave

transmission media can take the form of elechic or electromag¡etic sipals, or acoustic or light
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where m is the number of horizontal diffraction orders; Px is the pitch of the repetitive cell in the mask
in the x direction; N is a wavelength of an illumination source of the illumination system; NA is a
numerical aperture of the projection optics of the illumination system; and umax is a radial extent of
the distribution of a beam of light from the illumination source.  8.The method of claim 6 wherein the
step of obtaining optimal mask transmission characteristics includes a step of determining a number of
vertical diffraction orders of an optimum mask to be illuminated by an identified illumination system,
wherein the number of vertical diffraction orders is determined according to the equation  where n is
the number of vertical diffraction orders; P" is the pitch of the repetitive cell in the mask in the y
direction; A is a wavelength of an illumination source of the illumination system; NA is a numerical
aperture of the projection optics of the illumination system; and 



waves such as those generated during radio frequency (RF) and infrared (IR) data

communications. Common forms of computer-feadable media therefore include, for example: a

floppy disk, a flexible dislç hard disk, magnetic tape, any other magaetic mediurn, a CD-ROM,

DVD, any other optical medium, Iess commonly used media such as punch cards, paper tape,

any other physical medium with pattems of holes, a RAM, a PROM, and EPROM, a FLASH-

EPROM, any other memory chip or carhidge; a carrier wave fransporting data or'instructions,

cables or links transporting sucþ a carrier, wave, or any other medium from which a computer can

read prqgraqming code and/o¡ data. Many of these forms of corhputer readable media may be

involved in carrying one or rnore sequences of one ör' r¡iore instructions to a processor for

- execution.

[00128] As íllustrated in Fig..31, an exønplary mask optimization unit may contain a

processo¡ 1000 which reoeives input from an input unit 1003. , processor .1000. may be a

conventional microprocessor or may be a specially designed proeessing uni.t, such as an

EEPROM or EPROM or a fabricated integrated circuit. Input 1003 may be any type of

elechonic input device, such as a keyboard or a mouse, or may be a memory o¡ .intemet

connection. Processor 1000 preferably retrieves stored protocols from RoM.1002 and RAM

1001, such. as protocols to implement the processing illustrated in Figs. 2-6, and stores

information on RAM 1001. The calculated results of processor -1000 may be displayed on

display 1004 and may be provided to a mask fabrication unit.

[00129] The invention may be embodied in otler specific forms without departing Êom

the çirit or essential cha¡acteristics thereof. The present embodiments are therefore to be

considered in all respects as illustrative and not restrictive, the scope of the invention being

indicated by the appended claims rather than by the foregoing description and all changes which
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oma" is a radial extent of the distribution of a beam of light from the illumination source.  9. The
method of claim 6, wherein the mask is a CPL mask.  10. A computer readable medium containing
instructions stored therein which, when executed by a computer, causes the computer to perform a
method for determining an optimal mask comprising the steps of: identifying a predetermined range of
illumination intensity values based on specifications of an illumination system for illuminating the
optimal mask; determining optimum diffraction orders; obtaining an optimal transmission mask based
on the optimum diffraction orders based on the identified predetermined range; and determining an
optimal mask based on the optimal transmission mask, wherein the optimum diffraction orders are
determined by determining a magnitude and phase of diffraction orders which form an image in an
image plane of the illumination system which maximizes the minimum illumination log slope at user
selected fragmentation points of the optimal mask while forcing an intensity of illumination at the
fragmentation points to be within the predetermined range.  11. The computer readable medium of
claim 10, wherein the step of obtaining the optimal transmission mask includes a step of determining a
number of horizontal diffraction orders of the optimum diffraction orders, wherein the number of
horizontal diffraction orders is determined according to the equation: m = Moor P"(crn, +1)N1+ where
m is the number of horizontal diffraction orders; P" is the pitch of the repetitive cell in the x direction of
the optimal mask; 40  



come within the meaning and range of equivalency of the claims are therefore intended to be

embraced therein.

is a wavelength of an illumination source of the illumination system; NA is a numerical aperture of the
projection optics of the illumination system; and ama" is a radial extent of the distribution of a beam of
light from the illumination source. 12.The computer readable medium of claim 10, wherein the step of
obtaining the optimal transmission mask includes a step of determining a number of vertical diffraction
orders of the optimum diffraction orders, wherein the number of vertical diffraction orders is
determined according to the equation    where n is the number of vertical diffraction orders; 13" is the
pitch of a repetitive cell in the y direction of the optimal mask; A is a wavelength of an illumination
source of the illumination system; NA is a numerical aperture of the projection optics of the illumination
system; and ama" is a radial extent of the distribution of a beam of light from the illumination source. 



Wh¿t is claimed ¡s:

1. A method for determ¡n¡ng an opt¡mal mask compr¡s¡ng the steps of:

¡dentifying a predeterm¡ned range of ¡llum¡nat¡on ¡ntens¡ty values based on specificat¡ons of an ¡llum¡nat¡on system

for ¡llum¡nating the optimal mask;

determ¡n¡ng optimum diffraction orders;

obtain¡ng an optimal transmìss¡on mask based on the optimum diffraction orders based on the ¡dent¡f¡ed

predeterm¡ned range; and

determ¡n¡ng an optimal mask based on the opt¡mal transmiss¡on mask, wherein the opt¡mum d¡ffraction orders are

determined by determining a magnitude and phase of diffract¡on orders wh¡ch form an ¡mage in an image plane of

the ¡llum¡nation system which max¡m¡zes the m¡n¡mum ¡lluminat¡on Iog slope at user selected fragmentat¡on

points ofthe opt¡mal mask while forcing an ¡ntensity of illum¡nat¡on at the fragmentation po¡nts to be within the

predeterm¡ned range.

2. The method of cla¡m 1, wherein the step of obtain¡ng the optimal transmission mask includes a step of

determin¡ng a number of hor¡zontal diffract¡on orders of the opt¡mum diffrãct¡on orders, where¡n the number of

horizontal d¡ffract¡on orders ¡s determined accord¡ng to the equat¡on;

,n =, norJ 
P, to.,*.+ l){'4 

I o ¡"lÌ,j

where m is the number of horizontal diffract¡on orders;

P, ¡s the pitch of a repet¡t¡ve cell ¡n the x d¡rection of the opt¡mal mask;

À is a wavelength of an ¡llum¡nat¡on source of the ¡llum¡nat¡on system;

NA ¡s a numerical aperture of project¡on optics of the ¡llumination system; and

o,"" ¡s a rad¡al extent of the distr¡bution of a beam of l¡ght from the ¡lluminat¡on source.

3. lhe method of claim 1, wherein the step of obta¡n¡ng the optimal transm¡ss¡on mask includes a step of

determ¡ning a number of vert¡cal d¡ffract¡on orders of the opt¡mum d¡ffraction orders, where¡n the number of

vertical d¡ffraction orders is determ¡ned accord¡ng to the equation

i P to + l).ry,q1
u = Zftoorl _l---ì..--:-_l+t

tr', l

where n is the number of vert¡cal d¡ffraction orders;

P, ¡s the p¡tch of a repet¡t¡ve cell in the y d¡rect¡on of the opt¡mal mask;

À ¡s a wavelength of an ¡llumination source of the ¡lluminat¡on system;

38

13. The computer readable medium of claim 10, wherein the step of determining optimum diffraction
orders determines optimum diffraction orders in the spatial frequency domain.  14. The computer
readable medium of claim 10, wherein the step of determining an optimal mask comprises the steps
of: locating areas of maximum transmission and minimum transmission; assigning a primitive area as
an area centered on an area of maximum transmission or minimum transmission; varying edges of the
primitive area to match the optimum diffraction orders, wherein the primitive area has a minimum size
which is substantially equal to a minimum feature size of the optimal mask.  15. A computer readable
medium containing instructions stored therein which, when executed by a computer, causes the
computer to perform a method of optimizing a placement of transmission and phase shifting features
on a mask comprising the steps of: obtaining optimal mask transmission characteristics based on
optimum diffraction orders of the mask; locating areas of maximum transmission and minimum
transmission through the mask based on the obtained optimal mask transmission characteristics;
assigning a primitive area in the mask as an area centered on one of the areas of maximum
transmission and minimum transmission;  varying edges of the primitive area to match the optimum
diffraction orders, wherein the primitive area has a minimum size which is substantially equal to a
minimum feature size of the mask.  16. The computer readable medium of claim 15, wherein the mask
is a CPL mask.  17. The computer readable medium of claim 15, wherein the step of obtaining optimal
mask transmission 



NA ¡s a numerical aperture of project¡on opt¡cs of the ¡llum¡nat¡on system; and

o-", ¡s a radial extent of the d¡str¡but¡on of a beam of l¡ght from the ¡lluminat¡on source.

4. The method of cla¡m 1, wherein the step of determ¡ning opt¡mum d¡ffract¡on orders determines optimum

d¡ffract¡on orders ¡n the spat¡alfrequency doma¡n.

5. The method of cla¡m 1, wherein the step of determining an optimal mask comprises the steps of:

locat¡ng areas of maximum transm¡ss¡on and min¡mum transm¡ssion;

ass¡gn¡ng a pr¡m¡tive area as an area centered on an area of max¡mum transm¡ss¡on or minimum transmission;

vary¡ng edges of the pr¡m¡tive area to match the opt¡mum d¡ffract¡on orders, where¡n the pr¡m¡t¡ve area has a

m¡n¡mum size wh¡ch ¡s substant¡ally equal to a m¡n¡mum feature s¡ze of the opt¡mal mask.

6. A method of opt¡miz¡ng a placement of transm¡ss¡on and phase sh¡ft¡ng features on a mask compr¡s¡ng the

steps of:

obtain¡ng optimal mask transmiss¡on characteristics based on opt¡mum diffract¡on orders ofthe mask;

locating areas of max¡mum transmiss¡on and m¡n¡mum transm¡ssion through the mask based on the obta¡ned

optimal mask transmiss¡on character¡stics;

ass¡gning a pr¡mit¡ve area ¡n the mask as an area centered on one of the areas of max¡mum transm¡ss¡on and

min¡mum transm¡ssion;

vãry¡ng edges of pr¡m¡tive area to match the opt¡mum d¡ffraction orders, where¡n the pr¡mit¡ve area has a

minimum s¡ze wh¡ch ¡s substant¡ally equal to a m¡n¡mum feature size of the mask.

7. The method of claim 6, wherein the step of obtain¡ng opt¡mal mask transm¡ss¡on character¡stics ¡ncludes a

step of determin¡ng a number of horizontal d¡ffract¡on orders of an optimum mask to be illuminated by an

identif¡ed ¡llum¡nat¡on system, wherein the number of horizontal d¡ffraction orders ¡s determ¡ned accord¡ng to the

equation:

,,, *:iL*"pft${1]* r

where m ¡s the number of hor¡zontãl d¡ffract¡on orders;

P, ¡s the pitch of the repet¡t¡ve cell ¡n the mask in the x direct¡on;

À ¡s a wavelength of an illum¡nation source of the ¡llum¡nat¡on system;

NA is a numer¡cal aperture ofthe project¡on opt¡cs ofthe ¡llum¡nat¡on system; and

o.", ¡s a rad¡al extent of the distr¡but¡on of a beam of l¡ght from the ¡llum¡nat¡on source.
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characteristics includes a step of determining a number of horizontal diffraction orders of an optimum
mask to be illuminated by an identified illumination system, wherein the number of horizontal
diffraction orders is determined according to the equation:  where m is the number of horizontal
diffraction orders; Px is the pitch of the repetitive cell in the mask in the x direction; is a wavelength of
an illumination source of the illumination system; NA is a numerical aperture of projection optics of the
illumination system; and am.x is a radial extent of the distribution of a beam of light from the
illumination source.   18. The computer readable medium of claim 15, wherein the step of obtaining
optimal mask transmission characteristics includes a step of determining a number of vertical
diffraction orders of an optimum mask to be illuminated by an identified illumination system, wherein
the number of vertical diffraction orders is determined according to the equation it = 2 floor Ptiern,"
+DNA A +1 



8. The method of claim 6 where¡n the step of obtain¡ng opt¡mal mask transm¡ss¡on character¡st¡cs ¡ncludes a

step of determining a number of vert¡cal diffract¡on orders of an opt¡mum mask to be illum¡nated by an ¡dentif¡ed

¡llum¡nat¡on system, where¡n the number of vert¡cal d¡ffract¡on orders ¡s determined according to the equat¡on

,='lr.*.[IJftg].',

where n ¡s the number of vert¡cal d¡ffract¡on orders;

P* ¡s the p¡tch of the repetit¡ve cell ¡n the mask in the y d¡rect¡on;

À ¡s a wavelength of an ¡llumination source of the ¡lluminat¡on system;

NA ¡s a numer¡cal aperture ofthe project¡on opt¡cs ofthe ¡llum¡nat¡on system; and

o."" ¡s a radial extent of the d¡str¡bution of a beam of l¡ght from the illuminat¡on source.

9. The method of claim 6, where¡n the mask ¡s a CPL mask.

10. A computer readable medium conta¡n¡ng ¡nstruct¡ons stored there¡n wh¡ch, when executed by a

computer, causes the computer to perform a method for determ¡ning an opt¡mal mask comprìs¡ng the steps of:

ident¡fy¡ng a predeterm¡ned range of ¡llum¡nation ¡ntens¡ty values based on spec¡f¡cations of an illumlnat¡on system

for illum¡nat¡ng the optimal mask;

determ¡n¡ng opt¡mum diffraction orders;

obta¡n¡ng an opt¡mal transmission mask based on the optimum d¡ffraction orders based on the ¡dent¡fied

predetermined range; and

determining an opt¡mal mask based on the opt¡mal transm¡ss¡on mask, where¡n the opt¡mum d¡ffraction orders are

determ¡ned by determ¡n¡ng a magn¡tude and phase of d¡ffract¡on orders wh¡ch form an ¡mage in an image plane of

the ¡lluminat¡on system wh¡ch maxim¡zes the m¡nimum ¡lluminat¡on log slope at user selected fragmentation

po¡nts of the opt¡mal mask while forcing an ¡ntensity of ¡llum¡nation at the fragmentat¡on po¡nts to be with¡n the

predeterm¡ned range.

L7. The computer readable med¡um of cla¡m 10, wherein the step of obtain¡ng the opt¡mal transm¡ss¡on mask

includes a step of determ¡ning a number of horizontal diffract¡on orders of the opt¡mum d¡ffract¡on orders,

where¡n the number of horizontal d¡ffract¡on orders is determ¡ned accord¡ng to the equat¡on:

*=t,rt",.laøftt{l]*t

where m ¡s the number of hor¡zontal d¡ffract¡on orders;

P, ¡s the p¡tch of the repet¡tive cell ¡n the x direct¡on of the opt¡mal mask;
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where n is the number of vertical diffraction orders; P.is the pitch of the repetitive cell in the mask in
the y direction; A is a wavelength of an illumination source of the illumination system; NA is a
numerical aperture of projection optics of the illumination system; and omax is a radial extent of the
distribution of a beam of light from the illumination source. 



À ¡s a wavelength of an ¡llum¡nat¡on source of the illumìnat¡on system;

NA ¡s a numer¡cal aperture of the project¡on optics of the ¡llum¡nat¡on system; and

o-", ¡s a radial extent of the distribut¡on of a beam of l¡ght from the ¡llumination source.

72. The computer readable med¡um of cla¡m 10, wherein the step of obtain¡ng the opt¡mal transm¡ssion mask

includes a step of determ¡ning a number of vert¡cal diffract¡on orders of the optimum diffract¡on orders, wherein

the number ofvertical d¡ffract¡on orders is determ¡ned accord¡ng to the equat¡on

I'P to + l),v.11n=zÛoorl-a]-:i¡,'Ll+t
L4.l

where n is the number of vert¡cal d¡ffraction orders;

P, is the pitch of a repet¡tive cell ¡n the y d¡rect¡on of the optimal mask;

À is a wavelength of an ¡llum¡nat¡on source of the ¡llum¡nat¡on system;

NA is a numerical aperture of the pro.¡ect¡on optics of the ¡llum¡nat¡on system; ând

o.." is a rad¡al extent of the d¡stribution of a beam of l¡ght from the ¡llum¡nat¡on source.

13. The computer readable medium of claim 1.0, where¡n the step of determ¡n¡ng opt¡mum d¡ffraction orders

determ¡nes optimum diffraction orders ¡n the spatial frequency doma¡n.

74. The computer readable medium of claim 10, where¡n the step of determining an opt¡mal mask comprises

the steps of:

locating areas of max¡mum transm¡ss¡on and m¡n¡mum transm¡ss¡on;

ass¡gn¡ng a pr¡m¡t¡ve area as an area centered on an area of max¡mum transm¡ss¡on or m¡n¡mum transmiss¡on;

vary¡ng edges of the pr¡mit¡ve area to match the opt¡mum d¡ffraction orders, where¡n the pr¡m¡t¡ve area has a

minimum size which ¡s substant¡ally equal to a min¡mum feãture s¡ze of the optimal mask.

15. A computer readable med¡um conta¡ning ¡nstruct¡ons stored therein which, when executed by a

computer, causes the computer to perform a method of optimiz¡ng a placement of transmiss¡on and phase sh¡ftìng

features on a mask compr¡s¡ng the steps of:

obta¡n¡ng opt¡mal mask transmission characteristics based on optimum d¡ffraction orders of the mask;

locat¡ng areas of maximum transm¡ssion and m¡n¡mum transm¡ss¡on through the mask based on the obtained

opt¡mal mask transmiss¡on characte[ist¡cs;

ass¡gn¡ng a primit¡ve area in the mask as an area centered on one of the areas of max¡mum transmiss¡on and

min¡mum transm¡ss¡on;



vary¡ng edges of the primit¡ve area to match the optimum d¡ffract¡on orders, where¡n the pr¡mit¡ve area has a

m¡n¡mum s¡ze wh¡ch ¡s substant¡ally equal to a m¡n¡mum feature size of the mask.

f6. The computer readable medium of claim 15, wherein the mask ¡s a CPL mask.

L7. The computer readable medium of claim 15, where¡n the step of obtaining opt¡mal mask transmiss¡on

character¡stics ¡ncludes a step of determining a number of hor¡zontal d¡ffract¡on orders of an opt¡mum mask to be

¡l¡um¡nated by an ¡dentif¡ed ¡llum¡nation system, where¡n the number of horizontal d¡ffract¡on orders ¡s determ¡ned

accord¡ng to the equation:

.,=rn",.[flry&]*,

where m ¡s the number of hor¡zonta¡ d¡ffract¡on orders;

P" ¡s the p¡tch of the repetit¡ve cell ¡n the mask ¡n the x direct¡on;

À ¡s a wavelength of an illum¡nât¡on source of the illumination system;

NA ¡s a numer¡cal aperture of projection opt¡cs of the ¡llum¡nat¡on system; and

o-", ¡s a rad¡al extent of the d¡str¡but¡on of a beam of light from the ¡llum¡nation source.

18. The computer readable medium of claim 15, where¡n the step of obta¡ning opt¡mal mask transm¡ssion

character¡st¡cs includes a step of determining a number of vert¡cal d¡ffract¡on orders of an opt¡mum mask to be

illum¡nated by an ident¡f¡ed ¡lluminat¡on system, where¡n the number of vert¡cal d¡ffract¡on orders ¡s determined

accord¡ng to the equat¡on

,,-ni{"ilry¡mJ.*

where n is the number of vertical d¡ffract¡on orders;

P,is the pitch of the repetit¡ve cell ¡n the mask ¡n the y d¡rect¡on;

À ¡s a wavelength of an ¡lluminat¡on source of the illumination system;

NA ¡s a numer¡cal âperture of project¡on opt¡cs of the ¡lluminat¡on system; and

o.," ¡s a rad¡al extent of the distr¡but¡on of a beam of light from the illum¡nat¡on source.




