| FEATURE OPTI M ZATI ON USI NG ENHANCED | NTERFERENCE MAPPI NG LI THOGRAPHY
Field of the Invention The present invention relates of a photolithographic
met hod for optimzing the intensity profile of a pattern to be fornmed on a
surface of a substrate to mnimze undesired printing (i.e., imaging).
Claimof Priority The present invention clains priority fromU. S
provi si onal application nunber 60/515,708, and entitled "Ei genfunction
Filtering for Interference Map Technol ogy,” filed COctober 30, 20083.
Background Lithographi c apparatus can bq used, for exanple, in the
manuf acture of integrated circuits (1Cs). In such a case, the mask may
contain a circuit pattern corresponding to an individual [|ayer of the IC
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The present invention claims priority from U.S. provisional application number 60/515,708,
and entitled “Eigenfunction Filtering for Interference Map Technology,” filed October 30,
2003.

Background

Lithographic apparatus can be used, for example, in the manufacture of integrated circuits
(ICs). In such a case, the mask may contain a circuit pattern corresponding to an individual
layer of the IC, and this pattern can be imaged onto a target portion (e.g., comprising one or
more dies) on a substrate (silicon wafer) that has been coated with a layer of radiation-
sensitive material (resist). In general, a single wafer will contain a whole network of
adjacent target portions that are successively irradiated via the projection system, one at a
time. In one type of lithographic projection apparatus, each target portion is irradiated by
exposing the entire mask pattern onto the target portion in one go; such an 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 Mtinmes that at which the nmask table is scanned. Mre information
with regard to |ithographic devices as described herein can be gl eaned, for
exanple, fromUS 6, 046, 792, incorporated herein by reference. In a
manuf acturi ng process using a |lithographic projection apparatus, a mask
pattern is inmaged onto a substrate that is at |east partially covered by a
| ayer of radiation-sensitive material (resist). Prior to this inmaging step,
the substrate may undergo various procedures, such as primng, resist
coating and a soft bake. After exposure,” the substrate may be subjected to
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beam of r %g{d%(l)no rcl:hergcr)] (rjne%:}lljanrl]cal 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.

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,
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conponents may al so be referred to below, collectively or singularly, as a
"l ens". Further, 3 the |ithographic apparatus nmay be of a type having two or
nore substrate tables (and/or two or nore mask tables). In such "nultiple
stage" devices the additional tables may be used in parallel, or
preparatory steps may be carried out on one or nore tables while one or nore
ot her tables are being used for exposures. Twin stage |lithographic apparatus
are described, for exanple, in US 5,969,441 and WO 98/ 40791, i ncor porated
herein by reference. The photolithograp@¢: masks referred to above conprise
geonetric patterns corresponding to the circuit conponents to be integrated
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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 the smallest space
between two lines. Thus, the CD determines the overall size and density of the designed

circuit.

Of course, one of the goals in integrated circuit fabrication is to faithfully reproduce the
original circuit design on the wafer (via the mask). Another goal is to use as much of the
semiconductor wafer real estate as possible. Even another goal is to optimize illumination
and enhance the contrast of an image on a wafer. Even yet another goal is to increase Depth
of Focus (DOF) and Exposure Latitude (EL). However, because of the increasingly
microscopic size of lithographic features, such as contact holes, it becomes increasingly
difficult to pass light through a corresponding hole on a mask. This in turn lessens the DOF
and EL. Conventional techniques to overcome this problem include placing assist features
on the mask so as to increase intensity of the light on the feature being created which also

will increase DOF and EL. However, there has yet to be created optimization and model




and EL. Conventional techniques to overcone this probleminclude placing
assist features on the mask so as to increase intensity of the |ight on the
feature being created which also wll increase DOF and EL. However, there
has yet to be created optim zation and nodel 4 nethods for determ ning the
nost optimal |ocation of assist features. Rather, assist features are

pl aced after human inspection of test substrates. As such, the correction
offered utilizing assist features is often limted by the skill and ability
of person/designer responsible for plaqpnent of the assist features. There
has further yet to be developed a way to optim ze assist feature size. This
has al so been limted to the skill and ability of the person/designer. The
foll owi ng description discusses novel method and apparatus for performng
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ei genfunctions. Assist feature definition based directly on these

ei genfunctions will have the greatest benefit in terns of maxi m zing
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i Nt rinsi Ckihing.CONtI NUOUS-tone mterference map to a discrete-tone mask.
Undesi red prin %I ng is mnimzed because the enhanced interference nmap, and
the mask generated therefrom mnimze |ocal inbalances of assist features
that cause undesired printing. The foregoing and ot her features, aspects,
and advant ages of the present invention wl|

Summary

The disclosed concepts include a method and program product for optimizing an intensity
profile of a pattern to be formed in a surface of a substrate relative to a given mask using an
optical system. This is accomplished by mathematically representing resolvable feature(s)
from the given mask and generating an interference map representation therefore. In
generating the interference map, characteristics of the optical system may be represented by
eigenfunctions. Assist feature definition based directly on these eigenfunctions will have the
greatest benefit in terms of maximizing intensity at the contact centers, but undesirable
printing often results. Nothing in this direct method prevents such printing, which may be
exacerbated by approximation errors introduced by converting from the intrinsically
continuous-tone interference map to a discrete-tone mask. Undesired printing is minimized
because the enhanced interference map, and the mask generated therefrom, minimize local

imbalances of assist features that cause undesired printing.

The foregoing and other features, aspects, and advantages of the present invention will
become more apparent from the following detailed description of the present invention when

taken in conjunction with the accompanying drawings.




beconme nore apparent fromthe foll ow ng detail ed description of the present
I nvention when taken in conjunction with the acconpanying drawi ngs. 5 Brief
Description of the Drawings Fig. | illustrates a plot of the first

ei genfunction of a given optical system Fig. 2 illustrates a conbi nation

I mage of the desired pattern of contacts, the nmask pattern and sinul ated
printing determ ned using the eigenfunction plotted in Fig. 1. Fig. 3
illustrates a plot of a filtered first eigenfunction of a given opti cal
systemin accordance with the disclosed concepts. Fig. 4 illustrates a pl ot
of the filtered first eigenfunction of Fig. 3 and the first eigenfunction

of Fig. 1. Fig. 5 illustrates a flow chart for generating assist features
utili zi ng&ﬁéﬁmma%sf_@a&wm ion in accordance with the disclosed
concepts. Fig. 6 illustrates an exenplary image of a first eigenfunction in
t he spat i &ig.daolwestrates @ platof thedirsteigenBipctiomoefia givénaptigalgystemr i1 | uni nati on.
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in accordance with the disclosed concepts.

Fig. 6 illustrates an exemplary image of a first eigenfunction in the spatial dornain for an
optical system utilizing quasar illumination.

Fig. 7 illustrates an exemplary image of the first eigenfunction in the spectral domain for the
optical system utilizing quasar illumination.

Fig. 8 illustrates an exemplary image of a second eigenfunction in the spatial domain for the
optical system utilizing quasar illumination.

Fig. 9 illustrates an exemplary image of the second eigenfunction in the spectral domain for
the optical system utilizing quasar illumination.

Fig. 10 illustrates an exemplary image of the first eigenfunction that has been filtered in the
spatial domain for the optical system utilizing quasar illumination.

Fig. 11 illustrates an exemplary image of the first eigenfunction that has been filtered in the
spectral domain for the optical system utilizing quasar illumination.

Fig. 12 illustrates a combination image of the desired pattern of contacts, the mask pattern
and simulated printing determined using the filtered eigenfunction plotted in Figs. 10 and 11.
Fig. 13 schematically depicts a lithographic projection apparatus suitable for use with a mask

designed with the aid of the current invention.



and sinmul ated printing determ ned using the filtered ei genfunction plotted
in Figs. 10 and 11. Fig. 13 schematically depicts a |lithographic projection
apparatus suitable for use with a nask designed with the aid of the current
i nvention. 6 Description U S. Patent Application No. 10/756,830 (U S. Patent
Application Publication No. Pending) filed on January 14, 2004, entitled
"Met hod and Apparatus for Providing Optical Proximty Features to a Reticle
Pattern for Deep Sub-Wavel ength Optical Lithography" (hereinafter referred
to as the '830 application) is incorporated herein by reference inits
entirety. U S. Patent Application No. 10/756,829 (U. S. Patent Application
Publicatigon No. Pending) filed on January 14, 2004, entitled "Method of

Opti cal PLSSUBRUON Correction Design for Contact Hole Mask" (hereinafter

referred to as the '829 application) is incorporated herein by reference in
its entirdLy. Parerd AmpdioatignoNo. cle(l/'?iﬁrﬁﬁe&bS i Ratent dpplirationtivblieationrNal dtegdinghi ng
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based on an "Interference Map", which defines whether each point in an
optical areferenee inrits@ntiegty.i nterferes constructively or destructively with
the desired target pattern. The '829 application describes ways in which the
desired feature printing can be enhanced by

The 830 application describes novel methods for determining assist features, which

simultaneously optimizes the desired feature imaging while minimizing the unwanted
printing of assist features themselves. Specifically, it teaches a method which allows a full-
pitch range of deep sub-wavelength mask patterns to be imaged using substantially any
illumination condition, including highly coherent on-axis (partial coherence < 0.4) and strong
off-axis illuminations (such as, for example, Quasar, double dipole, and single dipole
illumination). Assist features are added to a mask pattern that do not print on the wafer (i.c.,
sub-resolution or non-printing features), but which enhance the aerial image of the intended
mask features resulting in higher printing resolution with greater process latitudes.
Importantly, the placement of the assist features is determined based on an “Interference
Map”, which defines whether each point in an optical area of interest interferes

constructively or destructively with the desired target pattern,

The *829 application describes ways in which the desired feature printing can be enhanced by
determining assist features through generating an interference map that takes into account
certain characteristics of an illumination system. Such an interference map may be generated
by first developing a “goal function” that captures the essence of the desired imaging

behavior of a given mask. For contact printing, the goal function may consist of impulse




determ ning assi st features through generating an interference map that
takes into account <certain characteristics of an illumnation system Such
an interference nap may be generated by first devel oping a "goal function”
that captures the essence of the desired imagi ng behavior of a given mask.
For contact printing, the goal function may consist of inpulse functions,
each representing a contact or bright spot. Next, the eigenfunction that
represents the natural response for a given optical systemis convol ved
with the goal function. The resulting i7mage corresponds to an enhanced
interference map (taking into account optical systemcharacteristics) that
may be used for determ ning assist features, for focusing light intensity
in the areas that will be printed. For a Chronme Phase Lithography (CPL) mask
or a mask g k: [ | R4 I : fls St
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i mage intensity can be increased further by placing 180 assist features
(transmi sdntesityfin the@psay thahwilbbejprdatedict i ve i nterference occurs in the
interference map; hence creating a CPL mask. In other words, 180 assi st
features (transm ssion of -100% reverse the phase of destructive
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undesi rabl e printing caused by assi st features whjle naintaining the
benefits assist features (transmission” of —100%) where destructive interference occurs in the
interference map; hence creating a CPL mask. In other words, 180° assist features
(transmission of —100%) reverse the phase of destructive interference and cause destructive
interference areas to contribute constructively to the intensity. This phase reversal of the
destructive interference areas causes all areas of the mask to be used constructively which

maximizes the intensity for creating the feature/pattern.

While the concepts disclosed by the 830 and 829 applications do indeed describe novel
ways in which assist features may be determined, at times, there may be some undesired
printing caused by increased intensity or bright spots in the aerial image in the area(s) outside
of the feature to be printed caused by the assist features. The novel concepts discussed
herein overcome undesirable printing caused by assist features while maintaining the benefits
of utilizing assist features. The method described herein further differs from previous
methods in that the assist features are relatively large, and the 0-degree and 180-degree assist
features abut each other directly, rather than being small openings in an opaque (chrome)

background. These larger features may be easier to render accurately in a8 mask making
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of utilizing assist features. The nethod described herein further differs
fromprevious nethods in that the assist features are relatively large, and
t he 0-degree and 180-degree assist features abut each other directly,

rat her than being small openings in an opaque (chrone) background. These

| arger features may be easier to render accurately in a mask maeking 8
process, although this advantage is offset by the disadvantage that the
positioning of the edges between assist features is nore critical than that
bet ween an assist feature and its chrogf border. Recall that the

ei genfunction for a given optical systemrepresents the natural response of
the optical system It has been shown that a partially coherent imaging
system can be deconposed into a series of independent coherent inaging
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linmting 8" i %™ vention. The operator of the integral equation is
entirely determined by the optical inmaging system- wavel ength, NA,
I1lum nation Profi |l e, etc. Using this deconposition, the intensity function
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utilizes the coherent kernels, which are eigenfunctions of a characteristic integral function.
The optimal coherent decomposition method utilized herein shall not be limiting to this
invention. The operator of the integral equation is entirely determined by the optical imaging
system — wavelength, NA, illumination profile, etc. Using this decomposition, the intensity
function is as follows:
o 2
I(x,y)= IozlflM(x’y)*W:(x’YI
=1
where

I(x,y) = Intensity Function at the Projection (Wafer) Plane;

I, = Overall Illumination Intensity;

M(x,y) = Effective Complex Mask Transmission Function;

W, (x, y) =ih Eigenfunction of the Optical System; and

A, = Eigenvalue Corresponding to w,(x, ).
The eigenfunctions are conventionally numbered in order of decreasing eigenvalue. An
interference map can be computed using any eigenfunction, and the assist features derived
therefrom will “stimulate” the component of the imaging system that the particular
eigenfunction represents. However, the efficiency of this “stimulation” decreases as the

eigenvalue decreases, which makes the first eigenfunction, y,, be the one of greatest interest.




I nterference map can be conputed using any eigenfunction, and the assi st
features derived therefromw Il "stinulate" the conponent of the inmaging
systemthat the particular eigenfunction represents. However, the
efficiency of this "stinulation" decreases as the eigenval ue decreases,
whi ch makes the first eigenfunction, V,, be the one of greatest interest. 9
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The undersirable printing may be seen in Fig. 2, which illustrates a combination image of an
exemplary pattern of contacts, corresponding mask pattern and the simulated predicted
printing utilizing the first eigenfunction illustrated by Fig. 1. Referring to Fig. 2, the in-phase
mask area is designated by 12, out-of-phase mask area by 14, chrome mask area by 16,
contact pattern by 18 and predicted printing by 20. It will be noted that the eigenfunction of
Fig. 1 is not balanced: the positive side-lobes are larger than the negative ones. This fact,
combined with constructive interference from groups of closely-spaced contacts, results in an
interference map that causes more of the assist-feature area to be covered by 0-degree assist
features than by 180-degree assist features. This causes undesired printing on the substrate
which corresponds to the predicted printing area 20 outside of the intended contact pattern 18

as shown in Fig. 2.

To minimize undesired printing, the eigenfunction may be modified to encapsulate the

preference of not printing undesirable features, such as those caused by assist features. By




features than by 180-degree assist features. This causes undesired printing
on the substrate which corresponds to the predicted printing area 20

outside of the intended contact pattern 18 as shown in Fig. 2. To mnimze
undesired printing, the eigenfunction may be nodified to encapsul ate the
preference of not printing undesirable features, such as those caused by
assi st features. By 10 finely bal ancing i n-phase assist features and
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imbalances. These local imbalances are primarily the result of low spatial frequencies in the
eigenfunction. Thus, local imbalances can be minimized by examining the high spatial
frequencies and removing the low spatial frequencies from the eigenfunction. The low
spatial frequencies correspond to relatively large areas of the same phase that contribute
significantly to the local imbalances. “Local” relates to an average over a range on the order

of A/NA.

By removing the low frequency spatial frequencies from the eigenfunction, the DC
component is also removed. However, it is desirable to only filter the eigenfunction in the
side lobe areas. If the filtering is performed over the entire eigenfunction, then the main lobe
would be lost, and this is the area in which light intensity needs to be maximized. In other
words, filtering needs to ignore the main lobe and filter only the part of the function
representing the side lobes to remove the DC component and the low spatial frequencies.
This filtering will result in approximately an equal area of in-phase and out-of-phase assist
features, and can be seen in Fig. 3 illustrating a plot of a filtered first eigenfunction. It should
be noted that while tall peaks above zero result, the area of the peaks are balanced by the

wide shallow peaks below zero.




woul d be lost, and this is the area in which light intensity needs to be
maxi m zed. In other words, filtering needs to ignore the main | obe and
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where
(x,y) = Spatial Position (in microns)
R= Spatial Filter Radius (in microns)

(kx, k, )=Spectral Frequency (in radians per micron)

p = Spectral Filter Radius (in radians per micron)

Fig. 4 illustrates a plot of the filtered first eigenfunction and the unfiltered first eigenfunction.
The filtered eigenfunction is convolved with the mask transmission function. Once the assist
features are generated, a conventional OPC loop may be performed to achieve desired

contact sizes.

Fig. 5 illustrates a flow chart of the steps for generating a mask utilizing a filtered
eigenfunction. In Step 1, the mask pattern is represented by a mathematical expression
M(x,y), i.e, the effective complex mask transmission function, and in Step 2, the
eigenfunction for a given optical system is generated. As described above and in Step 3, the
eigenfunction is filtered in the side lobe areas to remove the DC component and low spatial
frequencies. In Step 3, more than one eigenfunction may be filtered, depending on the

accuracy desired. In Step 4 and as described above, the filtered eigenfunction from Step 3 is



Fig. Sillustrates a flow chart of the steps for generating a mask utilizing
a filtered eigenfunction. In Step 1, the mask pattern is represented by a
mat hemat i cal expression MX,y), i.e, the effective conplex mask

transm ssion function, and in Step 2, the eigenfunction for a given optical
systemis generated. As described above and in Step 3, the eigenfunction is
filtered in the side |obe areas to renove the DC conponent and | ow spati al
frequencies. In Step 3, nore than one eigenfunction nay be filtered,
depending on the accuracy desired. In ep 4 and as descri bed above, the
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the followi ng conditions: Wavel engt h: 248nm NA: 0. 85

In performing the above analysis, local imbalances that cause undesired feature printing may

be minimized. This is further illustrated by the example described below.

Example

The invention shall not be limited to the following examples Those of skill in the art will
understand and appreciated that various extensions and alternative embodiments are possible.

Consider the example of printing contacts with the following conditions:

Wavelength: 248nm

NA: 0.85
Illuminator: Quasar (sigma-out = 0.85, sigma-in = 0.61)
Contact Size: 80nm

Minimum Pitch: | 160nm

An image of the first eigenfunction, unfiltered, in the spatial domain is illustrated by Fig. 6,
and an image of the first eigenfunction, unfiltered, in the spectral domain is illustrated by Fig.
7. It can be seen that the positive and negative side-lobes are not well mixed -- along the x-
and y-axes, after a first positive side-lobe, there is a pair of negative side-lobes that almost

merge into one large lobe. Similar behavior can be seen along the diagonals.



['l'lum nat or: Quasar (sigma-out = 0.85, sigma-in = 0.61 Contact Size:80nm

M ni mum Pi tch: 160nm An i nage of the first eigenfunction, unfiltered, in the
spatial domain is illustrated by Fig. 6, and an image of the first

ei genfunction, unfiltered, in the spectral domain is illustrated by Fig. 7.
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positive and negative lobes; this is due to the spectral high-pass filtering. One can also
observe the effect of the spatial filtering step, in that the that the value of this function is low
on the central lobe at the origin, relative to the nearby lobes. The function value was exactly
zero at the origin after the spatial filtering step, but the following spectral filtering step

changed this slightly.

Fig. 12 illustrates a combination image of the desired pattern of contacts, the mask pattern
and the simulated predicted printing. The desired pattern of contacts correspond to that
illustrated by Fig. 2. Recall that in-phase mask area is designated by 12, out-of-phase mask
area by 14, chrome mask area by 16, intended contact pattern by 18 and predicted printing by
20. By comparison with Fig. 2, undesired printing has been eliminated from the simulated
predicted printing, and this has been accomplished by filtering the eigenfunction as described

herein, thus producing more nearly equal areas of 0-degree and 180-degree assist features.

Fig. 13 schematically depicts a lithographic projection apparatus suitable for use with a mask

designed with the aid of the current invention. The apparatus comprises:



and the sinulated predicted printing. The desired pattern of contacts
correspond to that illustrated by Fig. 2. Recall that in-phase nask area is
designated by 12, out-of-phase mask area by 14, chronme nask area by 16,

i ntended contact pattern by 18 and predicted printing by 20. By conparison
with Fig. 2, undesired printing has been elimnated fromthe sinulated
predicted printing, and this has been acconplished by filtering the

ei genfunction as described herein, thus producing nore nearly equal areas
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As depicted herein, the apparatus is of a transmissive type (i.e., 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 mirror array or LCD matrix.

The source LA (e.g., a mercury lamp or excimer laser) produces a beam of radiation. This
beam is fed into an illumination system (illuminator) IL, either directly or after having
traversed conditioning means, such as a beam expander Ex, for example. The illuminator IL
may comprise adjusting means AM for setting the outer and/or inner radial extent
(commonly referred to as g-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.

It should be noted with regard to Fig. 13 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




traversed conditioning nmeans, such as a beam expander Ex, for exanple. The
illumnator IL may conprise adjusting neans AMfor setting the outer and/or
i nner radial extent (commonly referred to as 6-outer and a-inner,
respectively) of the intensity distribution in the beam In addition, it
will generally conprise various other conponents, such as an integrator IN
and a condenser CO In this way, the beam PB i npi nging on the nask MA has a
desired uniformty and intensity distribution in its cross-section. It
shoul d be noted with regard to Fig. 13 that the source LA may be within the
housi ng of the [|ithographic projection apparatus (as is often the case when
the source LAis a nercury lanp, for exanple), but that it may al so be
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respect to the path of the beam PB, e.g., after mechanical retrieval of the mask MA from a
mask library, or during a scan. In general, movement of the object tables MT, WT will be
realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module
(fine positioning), which are not explicitly depicted in Fig. 13. However, in the case of a
wafer stepper (as opposed to a step-and-scan tool) the mask table MT may just be connected

to a short stroke actuator, or may be fixed.

The depicted tool can be used in two different modes:

- In step mode, the mask table MT is kept essentiaily 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 ¥ = Mv, in which



The depicted tool can be used in two different nodes: - In step node, the
mask table MI is kept essentially stationary, and an entire nask image is
projected in one go (i.e. a single "flash") onto a target portion C. The
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portion Cis not exposed in a single "flash". Instead, the mask table Ml is

novable in a given direction (the so-cgkled "scan direction", e.g., they
direction) wwth a speed v, so that the projection beamPB is caused to scan

over a mask, i e; .concurrently, the.sybsiratge t WI i s sinultaneously

noved in i?@tggﬁ’ég‘ﬁﬁcﬁ'ﬁﬂ(?g eée%’iprle@ : ya‘y 'abgﬂéi%s“ih’wan?% W:laéwelg’G Mis
the magni fiirediakRPp&tioh (Ccah BB Txfdsed, Withotthdving thcorhprbniiée chlredolutidh. t hi s manner,
a relatively large target portion C can be exposed, w thout having to

conprom se on resolution. The concepts disclosed herein may sinulate or

mat hemat i cal | y nodel. i C i gl f ' | ngt h
Foat ur o, THRconay ouisda FRI iy SRR RiBBMca Rl B Dachbile WRMRRETT.
capabl e ofsygdérR duc imdpimpE it sagslépto featiited, Rfid B8R rgbspeciniy Lssfulswitk emekging gi ng
technol ogi es .al ready in use include a 193nm wavel ength gener at ed Py an ArF
| aser, andmaging ehpelogisscapahds of predycing wavelengths (of 4 dncreasingly; sagller sizg.

(extreme lén&eg@ﬁ%}féc%%gi%k %&/r@%fg?irna%yinkﬁdg aPARLM %va%@ﬂﬁ Eilatl® b5 | AN

within a ran ng a synchrotron or ting a"materi al
(ei ther sddseq and EB57pl wavekengthi gdnetateghbye acihwyinellaset.r dugthém EWY dextremz pltraduce

hot it hin.thi . DSt terjials. b td it hi
i s r angdioled {hareanti s canable ot Prvung savR ek D o yesbed 2ot ol Yo 4
nul ti - st agimchfotrotr A a2 ekerbhll (eRIRD solld6r ApldsinaPivath thigh érepdy dledrons 40

| ayer pairs of Ml ybdenumand Silicon where the thickness of each |ayer is
a quart er oniev e erafupe plwters within| this sapgee| Beqguses mogtapatpdalp arsgehsemtivg ¢t r ay

{Agf/gfg;gf@{ns g, CilinYinatiBn SHAY BE Opro@iteli Sby $6ftkclife RERAHC ik a*Muft®Mack of
Molybdenum and Silicon. The multi-stack mirror has a 40 layer pairs of Molybdenum and
Silicon where the thickness of each layer is a quarter wavelength. Even smaller wavelengths
may be produced with X-ray lithography. Typically, a synchrotron is used to produce an X-

ray wavelength.

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.

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




Wil e the concepts disclosed herein may be used for inmaging on a substrate
such as a silicon wafer, it shall be understood that the disclosed concepts
may be used with any type of |ithographic inmaging systenms, e.g., those used
for imaging on substrates other than silicon wafers. Software
functionalities of a conmputer systeminvolve programm ng, including
executable code, may be used to i nplenent the above described i nmagi ng
nodel . The software code is executable by the general - purpose conmputer. In
operation, the code and possibly the associated data records are ‘stored

wi thin a general - purpose conputer platforn1 At other tinmes, however, the
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fiber optics, including the wires that comprise a bus within a computer system. Camer—wave

transmission media can take the form of electric or electromagnetic signals, or acoustic or
light waves such as those generated during radio frequency (RF) and infrared (IR) 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.

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

appended claims.



comuni cati ons. Common fornms of conputer-readable nedia therefore include,
for exanple: a floppy disk, a flexible disk, hard disk, magnetic tape, any
ot her magnetic nedium a CD-ROM DVD, any other optical medium |ess
commonly used nedia such as punch cards, paper tape, any other physi cal
mediumw th patterns of holes, a RAM a PROM and EPROM a FLASH EPROM any
other nenory chip or cartridge, a carrier wave transporting data or

i nstructions, cables or links transporting such a carrier wave, or any other
medi um from whi ch a conputer can read pﬁggranning code and/or data. Many of
these forns of conputer readable nmedia rmay be involved in carrying one or
nore sequences of one or nore instructions to a processor for execution.

Al t hough the pr en% i nvention has been described and illustrated in detail,
it isto derstood that the same is by way of illustration and

exanple only and is not to be taken by way of [imtation, the scope of the
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utilizingsepsofti cal system conprising the steps of (a) mathematically

representing a goal fyncti.on representing desired printin ehayvi ar .of the
gi ven mask: (bf genB}aﬁT"F}?Bc”g‘yﬂﬁeﬁ’ﬁ“éﬁ'ﬁ{"igcél g"éﬁé}“&'gl’ orﬁpﬁeé‘iﬁlr"g%e Fﬁg PEBHRS
char act er ipghdvict oPthe ditéd maki cal system (c) nodifying the mat hemati cal
expression of Step (b); (d) generating an interference map in accordance
with the resul (blof Senepting)a mathematiegd exptesgier repsesentiignéantying sharagteristigs of es
for the giﬂee&t%ssgstgased on the interference map
(c) modifying the mathematical expression of Step (b);
(d)  generating an interference map in accordance with the result of Step (c) and
Step (a)
(e) determining assist features for the given mask based on the interference map
of Step (d),
wherein modifying the mathematical expression of Step (b) minimizes

undesired printing in the surface of the substrate.

2. The method of optimizing an intensity profile according to claim 1, wherein
the mathematical expression generated in Step (b) is at least one eigenfunction representing

certain characteristics of the optical system.

3. The method of optimizing an intensity profile according to claim 2, wherein
modifying the mathematical expression of Step (b) includes filtering the at least one

eigenfunction.

4, The method of optimizing an intensity profile according to claim 3, wherein

the at least one eigenfunction is filtered relative to the sidelobes of the eigenfunction.




of Step (d), wherein nodifying the mathemati cal expression of Step (b)
mnimzes wundesired printing in the surface of the substrate. 2. The nethod
of optimzing an intensity profile according to claim1l, wherein the

mat hemat i cal expression generated in Step (b) is at | east one eigenfunction
representing certain characteristics of the optical system 3. The nethod
of optimzing an intensity profile according to claim?2, wherein nodifying
the mat hemati cal expression of Step (b) includes filtering the at |east one
ei genfunction. 4. The method of optinizhgg an intensity profile according to
claim3, wherein the at |east one eigenfunction is filtered relative to the

si del obes of the eigenfunction. 19 5. The nethod_of optim zi n intensity
profile accordPng tgﬁ?: F‘%ﬁrt\?ﬂdﬁp%'g}‘ﬂpﬁa“ﬂ‘ﬁﬁ‘_’sé‘? Hrgré\lgta%’ﬁé'“éitﬁéﬁﬁﬂg‘ct“ih(gﬁlq s
filtered qudsiche: dfe ideRfuiedioh isFherelloutsite FTikeRiiH TYel Fhe fgenfiliRtib®t hod of
optimzing an intensity profile according to claim3, wherein the filtering

renoves the DC conponent or certain | ow spatial frequencies of the

o N horabh 1 e Rt oot BRAib e ke ) € AR inB i S blalek LSRRG 1O ©

claim3, whererrnh t € ma unc or mMmnimzin
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features generated in Step (e). 8. The nmethod of optim zing an intensity
profile a@tﬂ@ﬁ@i‘ﬁ@?“ﬁo claim3, wherein the interference map in Step (d) is
generated by convolving the result of Step (a) with the result of Step (c).
9. The nmethod of optimzing an intensity profile according to claiml1,
wherein step (e) i iThé mbttsodsef aptiniizigg ian-ipthasity pasfile sitedrdiag te elimil wherein
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features and out-of-phase assist features generated in Step (e).

8. The method of optimizing an intensity profile according to claim 3, wherein
the interference map in Step (d) is generated by convolving the result of Step (a) with the

result of Step (¢).

9. The method of optimizing an intensity profile according to claim 1, wherein
step (e) includes selecting in-phase assist features and out-of-phase assist features

corresponding to the interference map.

10. A program product, comprising executable code transportable by at least one
machine readable medium, wherein execution of the code by at least one programmable
computer causes the at least one programmable computer to perform a sequence of steps for
optimizing an intensity profile of a pattern to be formed in a surface of a substrate for a given
mask utilizing an optical system, comprising:

(a) mathematically representing a goal function representing desired printing
behavior of the given mask;

(b)  generating a mathematical expression representing certain characteristics of
the optical system;

(c) modifying the mathematical expression of Step (b);




10. A program product, conprising executable code transportable by at |east
one nmachi ne readabl e nedium wherein execution of the code by at |east one
programuabl e conputer causes the at | east one progranmmbl e conputer to
perform a sequence of steps for optimzing an intensity profile of a
pattern to be fornmed in a surface of a substrate for a given mask utilizing
an optical system conprising: (a) mathematically representing a goal
function representing desired printing behavior of the given mask; (b)
generating a mathematical expression repggesenting certain characteristics of
the optical system (c) nodifying the mathemati cal expression of Step (b);
20 (d) generating an interference map in.accordance.Wwith the result. of Step
(o) and  Step (& Esnelsieh AIFHaraCerab if AorABee pap PhErsgl of Soksk Bl ed
on the inteedsf@ence map of Step (d), wherein nodifying the mathematical
expression of Step (b) mnimzes undesired printing in the surface of the
substrate. 11.(&he detemwdingrassiptfeatiees der te givien arask bpsadrair the dntgefersncsi HaP t o
claim 10, o\f@&éﬁ'@ﬂ t he mat hermati cal expression generated in Step (b) is at

| east one erg Onction representing certain characteristics of the optical
system 12. The net hberetd mgdifyingz ithty nethenmitiesls expregsion§ iof eStag o) dningmizes cl ai m
11, wherein_ npodifying the themati cal expression of Step (b) includes
filteringUnfsirsd prighng ndhesu F‘b‘é‘gﬁ% Y. 13. The nethod of optim zing an
intensity profile according to claim 12, wherein the at |east one
eigenfunction is filtered relative to the sidel obes of the eigenfunction.

14. The nethod1df ofhe mietiodpfaptimitienan ingensity profide ansomling toslaim 1), avherein,
wher ei n the mathematical expression generated in Step (b) is at least one eigenfunction representing

certain characteristics of the optical system.

12.  The method of optimizing an intensity profile according to claim 11, wherein
modifying the mathematical expression of Step (b) includes filtering the at least one

eigenfunction.

13.  The method of optimizing an intensity profile according to claim 12, wherein

the at least one eigenfunction is filtered relative to the sidelobes of the eigenfunction.

14.  The method of optimizing an intensity profile according to claim 12, wherein

the at least one eigenfunction is filtered outside of the main lobe of the eigenfunction.

15.  The method of optimizing an intensity profile according to claim 12, wherein
the filtering removes the DC component or certain low spatial frequencies of the

eigenfunction.

16.  The method of optimizing an intensity profile according to claim 12, wherein
the filtering enhances the eigenfunction for minimizing local imbalances of in-phase assist

features and out-of-phase assist features generated in Step (e).



the at | east one eigenfunction is filtered outside of the main | obe of the
ei genfunction. 15. The nethod of optim zing an intensity profile according
to claim12, wherein the filtering renoves the DC conponent or certain | ow
spatial frequencies of the eigenfunction. 16. The method of optim zing an
intensity profile according to claim12, wherein the filtering enhances the
ei genfunction for mnimzing |ocal inbalances of in-phase assist features
and out - of - phase assi st features generated in Step (e). 21 17. The net hod of
optim zing an intensity profile accordi to claim12, wherein the
interference map in Step (d) is generated by convolving the result of Step

(a) with the regsult of Step (c)..18. Th t hod,of optim zin intensity
profile accordilzg th‘hﬁpﬁﬁ}ﬂﬁlﬁ,OPW'éﬁ?P"g%”ﬁy (’ﬁ’%lq ?F(?P@ tos‘é?'&cﬁ’]hﬂ'efem phase
assi st f eqfelin@stfepende %HK iaf Step b s demdratbd b bW dding GR feSTPONGiePpdal WithliRe

interference map. 19. met hod "of "desi gni ng an optimal mask, conprising the

st eps of : rgsalt ofStepr(ek i ng an intensity profile of a pattern to be formed in a
surface of a substrate relative to a given mask utilizing an optical

system (b) mathematically representing a goal function representing desired
printing behauBor The ifeehodi ofiptinidkg ar itengity prodilld agorlingptohudaimt 105 atherein
expression representing certain characteristics of the tical, systenm (d)
modi fyi ng SERe (HaieHiAss ctlg&p&naﬁeﬁwswt deatyey apd putofgiRes ASFifty features

i nterf er engRedEBRihE IARE HtdlaRERe Wdph the result of Step (d) and Step (b) (f)
determ ning assist features for the given mask based on the interference map

of Step (e), wherein nodifying the mathenmati cal expression of Step (c)
LLLRLELS undeﬁ'b_r edA method of designing an optimal mask, comprising the steps of:

(a) generating an intensity profile of a pattern to be formed in a surface of a
substrate relative to a given mask utilizing an optical system;

(b)  mathematically representing a goal function representing desired printing
behavior of the given mask;

(c) generating a mathematical expression representing certain characteristics of
the optical system;

(d) modifying the mathematical expression of Step (c);

(e) generating an interference map in accordance with the result of Step (d) and
Step (b)

) determining assist features for the given mask based on the interference map
of Step (e), wherein modifying the mathematical expression of Step (c) minimizes undesired
printing in the surface of the substrate.

20,  The method of optimizing an intensity profile according to claim 19, wherein

the mathematical expression generated in Step (c) is at least one eigenfunction representing

certain characteristics of the optical system.

21.  The method of optimizing an intensity profile according to claim 20, wherein
modifying the mathematical expression of Step (c) includes filtering the at least one

eigenfunction.




printing in the surface of the substrate. 20. The nethod of optim zing an
intensity profile according to claim 19, wherein the mathemati cal
expression generated in Step (c) is at |east one eigenfunction representing
certain characteristics of the optical system 21. The nethod of optim zing
an intensity profile according to claim20, wherein nodifying the

mat hemat i cal expression of Step (c) includes filtering the at | east one

ei genfunction. 22 22. The nmethod of optim zing an intensity profile
according to claim21l, wherein the at ast one eigenfunction is filtered
relative to the sidel obes of the eigenfunction. 23. The nmethod of optim zing

an intensity profile,accaqrdi to.claim?2l,. wherein the at l.east qgne.
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the filtering renoves the DC conponent or certain |ow spatial frequencies of

the eigenfunction. 25. The nethod of optimzing an intensity profile

according to chaim rej e I i . i f on for
mnim zing Locdr | ikt A rborlig bl il REpRHCARERIG FUACH. WielaR ]
assi st f ealiaudtdasparaighimciion Stiteredioutsidetmf thenraindébead thef eiggpifunctian.ng an
intensity profile according to claim?21, wherein the interference map in
Step (e) is generated by convolving the result of Step (b) with the result

of Step (d). 234 Thenghidhem @fopARfilifls 44 ety bR Schiiny ©f didim ACWNerlig t o
claim 20, wherein step (fé@l ngl udes” sel ecting in-phase ‘assist features and
out - of - phdlse filtegingt refreaeurths DCoronepgrentdiongeariain Hewi spatinlf dregnernsiasapf the

eigenfunction.

25.  The method of optimizing an intensity profile according to claim 21, wherein
the filtering enhances the eigenfunction for minimizing local imbalances of in-phase assist

features and out-of-phase assist features generated in Step (f).

26.  The method of optimizing an intensity profile according to claim 21, wherein
the interference map in Step (e) is generated by convolving the result of Step (b) with the
result of Step (d).

27.  The method of optimizing an intensity profile according to claim 20, wherein
step (f) includes selecting in-phase assist features and out-of-phase assist features

corresponding to the interference map.




