
1 A METHOD, PROGRAM PRODUCT AND APPARATUS FOR MODEL BASED  SCATTERING BAR
PLACEMENT FOR ENHANCED DEPTH OF FOCUS IN  QUARTER-WAVELENGTH LITHOGRAPHY
CLAIM OF PRIORITY [01] This patent application, and any patent(s) issuing
therefrom, claims priority to U.S.  provisional patent application number
60/603,560, filed on August 24, 2005, entitled  "Method Of Model Based
Scattering Bars For Enhanced Depth Of Focus In Quarter- Wavelength
Lithography", which is incorporated herein by reference in its entirety.
TECHNICAL FIELD [02] The technical field of the present invention relates
generally to a method, program  product and apparatus for generation and
placement of assist features within a target pattern  to provide OPC and
improve overall imaging performance. BACKGROUND OF THE INVENTION [03]
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, 2  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 US  6,046,792, incorporated herein by reference. [04] In a
manufacturing process using a lithographic projection apparatus, a mask
pattern  is imaged onto a substrate that is at least partially covered by
a layer of radiation-sensitive  material (resist). Prior to this imaging
step, the substrate may undergo various procedures,  such as priming,
resist coating and a soft bake. After exposure, the substrate may be
subjected to other procedures, such as a post-exposure bake (PEB),
development, a hard bake  and measurement/inspection of the imaged
features. This array of procedures is used as a  basis to pattern an
individual layer of a device, e.g., an IC. Such a patterned layer may
then  undergo various processes such as etching, ion-implantation
(doping), metallization,  oxidation, chemo-mechanical polishing, etc.,
all intended to finish off an individual layer. If  several layers are
required, then the whole procedure, or a variant thereof, will have to be
repeated for each new layer. Eventually, an array of devices will be
present on the substrate 3  



(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.  105] 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 5,969,44
1, incorporated herein by reference. [06] The photolithographic masks
referred to above comprise geometric patterns  corresponding to the
circuit components to be integrated onto a silicon wafer. The patterns
used to create such masks are generated utilizing CAD (computer-aided
design) programs,  this process often being referred to as EDA
(electronic design automation). Most CAD  programs follow a set of
predetermined design rules in order to create functional masks.  These
rules are set by processing and design limitations. For example, design
rules define  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" 



4  (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. [071 "Assist features" in masks maybe used to improve
the image projected onto the resist  and ultimately the developed device.
Assist features are features that are not intended to  appear in the
pattern developed in the resist but are provided in the mask to take
advantage of  diffraction effects so that the developed image more
closely resembles the desired circuit  pattern. Assist features are
generally "sub-resolution" or "deep sub-resolution," meaning that  they
are smaller in at least one dimension than the smallest feature in the
mask that will  actually be resolved on the wafer. Assist features may
have dimensions defined as fractions  of the critical dimension. In other
words, because the mask pattern is generally projected  with a
magnification of less than 1, e.g., 1/4 or 1/5, the assist feature on the
mask may have a  physical dimension larger than the smallest feature on
the wafer. [08] Of course, one of the goals in integrated circuit
fabrication is to faithfully reproduce  the original circuit design on
the wafer (via the mask), which is improved with the use of  assist
features. Placement of these assist features generally follows a
pre-defined set of rules.  Following this method, designers determine how
to bias a line, for example, and placement  of assist features is
determined in accordance with a set of predetermined rules. When
creating the set of rules, test masks are exposed to different
illumination settings and NA  settings, which are repeated. Based on the
set of test masks, a set of rules is created for assist  feature
placement. 



5  [09] However, these rules are generated based on a one-dimensional
analysis or a one-and- a-half-dimensional analysis. Rules generated
utilizing a one-dimensional analysis are based  on an analysis of
parallel lines. Rules generated utilizing a one-and-a-half-dimensional
analysis take into consideration spacing between two parallel lines, line
width and lines in the  vicinity of the parallel lines. The
one-and-half-dimensional approach is often useful for non- uniform pitch
between parallel lines. Obviously, the more factors considered, the more
complex the rules become. [10] The rules-based approach does not adapt
itself well to complicated designs where a  two-dimensional analysis is
preferred. A two-dimensional analysis is based on all of the  factors
considered in the one-dimensional analysis and the one-and-a-half
dimensional  analysis, but is further based on a full analysis of the
surroundings, i.e., an analysis of the full  design layout or any portion
thereof. As a result, rules based on a two-dimensional analysis  are very
difficult to formulate and express, and generally lead to very
complicated multi- dimensional matrices. Often designers prefer to use a
one-dimensional or one-and-a-half  dimensional approach. [11] In a
pending application, namely, USP Application Ser. No. 10/756,830 filed on
January 14, 2004, which is hereby incorporated by reference in its
entirety, the applicants  disclosed a simple method for generating assist
features which takes into account a full  analysis of the surroundings of
the features to be imaged. More specifically, the applicants  disclosed a
method for utilizing an interference map to identify "seeding" sites
which define  where to place assist features or scattering bars (SB)
within the mask design. While this  



method allows for the reliable generation of SB for the full-chip data
processing, the 6  lithography printing performance utilized when
generating the interference map is assumed  to be the best focus setting.
[12] However, for IC design rules (expressed in half feature pitch)
beyond one-third of  illumination wavelength, X, such as 45  mn and 32 mn
technology nodes, conventional optics  (numerical aperture, or NA<1) can
no longer attain sufficient resolution and the desired depth  of focus
(DOF) for lithography manufacturing. Hyper NA optics (i.e. NA> 1) or a
lens in the  exposure tool with numerical aperture greater than 1.0 have
been proposed for IC  manufacturing. In theory, hyper NA can be achieved
when the printing medium is not under  air (with refraction index, n,
around 1.0) but under a medium, such as water, that has a  refraction, n,
greater than the one in air, or n>1.0. [13] Using immersion lithography
with hyper NA enables the printing of features at one- fourth of
illumination wavelength, per the following equation: Resolution (or
half-pitch CD) =  ki [(X / n) / NA] (1)  Assuming k, -0. 3, achievable
using phase-shifted mask (PSM) together with optical  proximity
correction (OPQ, 193 mn exposure wavelength, immersion with water (n=1.43
for  193 nm), with NA= 1.2, it is theoretically feasible to print half
pitch feature CD-3 3 mn. The  corresponded DOF can be calculated as: DOF
= k2 [(),)*(n)  / (NA)2] (2)  Given the same printing condition, for
k2-1.0 that is typically assumed for printing lines and  spaces, the
theoretical DOF expected is about 190 nm, or less than 0.2 pm. This is
barely 



7  adequate from the point of view of focal plane leveling capability
limit with advanced  mechanical wafer stage. [14] For printing a contact
hole mask, the typical k2 may be half of the achievable one for  printing
lines and spaces. At k2-0.5, the estimated DOF is no better than 0. 1
~Lm, which is not  good. Using linear polarized illumination perhaps can
improve k2 since it can enhance aerial  image contrast for the
directional ID features, such as lines and spaces. However, contact  hole
patterns are more or less a type of 2D structure. [15] Thus, as the
desired critical dimensions (CD) of features continue to decrease, it is
necessary to prevent the degradation of the DOF so as to allow the
printing of features having  such reduced CDs in a practical
manufacturing process. SUMMARY OF THE INVENTION [16] In view of the
foregoing, it is an object of the present invention to provide a method
which optimizes the placement and shape of SBs within the mask design so
as to enhance the  DOF and address the aforementioned problems. [17] More
specifically, the present invention relates to a method of generating a
mask  having optical proximity correction features disposed therein in a
manner so as to optimize  DOF performance. The method includes the steps
of. (a) obtaining a desired target pattern  having features to be imaged
on a substrate; (b) determining a first focus setting to be utilized
when imaging the mask; (c) determining a first interference map based on
the target pattern  and the first focus setting; (d) determining a first
seeding site representing the optimal  placement of an assist feature
within the mask relative to a feature to be imaged on the basis 



8  of the first interference map; (e) selecting a second focus setting
which represents a  predefined amount of defocus relative to the first
focus setting; (f) determining a second  interference map based on the
target pattern and the second focus setting; (g) determining a  second
seeding site representing the optimal placement of an assist feature
within the mask  relative to the feature to be imaged on the basis of the
second interference map; and (h)  generating an assist feature having a
shape which encompasses both the first seeding site and  the second
seeding site. [18] The method of the present invention provides important
advantages over the prior art.  Most importantly, the present invention
provides an OPC assist feature placement technique  that enhances the
resulting depth of focus even when imaging features having dimensions on
the order of a quarter of the wavelength of the imaging system. [19]
Moreover, the present invention provides a model-based method for
determining  where to place assist features within the design, thereby
eliminating the need for experienced  mask designers to perform OPC, and
also substantially reducing the time required to  determine an acceptable
OPC solution. [20] Another advantage of the present invention is that it
provides a model-based system  for determining the optimal (i.e.,
maximum) size of the assist features, thereby further  enhancing the
resulting OPC performance. [21] In yet another advantage, the present
invention provides a simple method for  identifying whether or not each
of the features of the target pattern to be imaged are "strong"  features
that will readily print within design tolerance, or if they are "weak"
features that will  



likely require further OPC treatment to print with design tolerance. 9
[22] Additional advantages of the present invention will become apparent
to those skilled  in the art from the following detailed description of
exemplary embodiments of the present  invention. [23] Although specific
reference may be made in this text to the use of the invention in the
manufacture of ICs, it should be explicitly understood that the invention
has many other  possible applications. For example, it may be employed in
the manufacture of integrated  optical systems, guidance and detection
patterns for magnetic domain memories,  liquid-crystal display panels,
thin-film magnetic heads, etc. The skilled artisan will appreciate  that,
in the context of such alternative applications, any use of the terms
"reticle", "wafer" or  "die" in this text should be considered as being
replaced by the more general terms "mask",  "substrate" and "target
portion", respectively. [24] The invention itself, together with further
objects and advantages, can be better  understood by reference to the
following detailed description and the accompanying  drawings. BRIEF
DESCRIPTION OF THE DRAWINGS [25] Fig. I is an exemplary flowchart
illustrating the method of applying assist features to  a mask pattern in
accordance with a first embodiment of the present invention. [26] Fig.
2a-2d  illustrate an example of applying assist features to a contact
hole in  accordance with the process of the first embodiment of the
present invention. [27] Fig. 3 illustrates an example of the result of
utilizing the foregoing process to place  



assist features within a mask pattern. 10  [28] Fig. 4 illustrates an
exemplary flowchart illustrating the method of growing the assist
features in accordance with the second embodiment of the present
invention. [29] Fig. 5a-5d illustrate an example of applying assist
features to a contact hole in  accordance with the process of the second
embodiment of the present invention. [30] Fig. 6 illustrates an example
of how an adjacent feature can effect the growth of a  given assist
feature. [31] Fig. 7 illustrates a flowchart describing the method of
defining features to be imaged  as either a weak feature or a strong
feature with respect to the imaging process in accordance  with a third
embodiment of the present invention. [32] Fig. 8a illustrates an
exemplary partial interference map for a given NA and  illumination
setting, and Fig. 8b illustrates the same partial interference map after
a correct  has been applied to improve imaging performance. [33] Fig. 9
schematically depicts an exemplary lithographic projection apparatus
suitable  for use with a mask designed with the aid of the disclosed
concepts. DETAILED DESCRIPTION OF THE INVENTION [34] As explained in more
detail below, the OPC SB placement technique of the present  invention
operates to enhance the resulting depth of focus even when imaging
features  having dimensions on the order of a quarter of the wavelength
of the imaging system. To  summarize the present invention, instead of
determining placement of the assist features  (SBs) based on a single
focal plane, typically the best focal plane, the process of the present 



11  invention determines optimal assist feature placement based on
multiple focal planes (i.e.,  multiple defocus settings. It has been
determined that the optimum assist feature placement  sites (also
referred to as seeding sites) for each subsequent de-focus setting is
slightly  different from the previous one. Depending on the illumination
and the location and shape of  the neighboring features or the
surrounding environment within the optical interference  range, the
optimum seeding sites for the assist features "move" when determined
under a  series of defocus settings. At each corresponding assist feature
seeding site, placement of an  assist feature at the given seeding site
produces the optimal printing performance for the  particular defocus
setting. As such, in order to enhance the overall DOF, it is necessary to
place assist features in all of the seeding sites. This can be
accomplished by tracing the series  of optimum seeding sites determined
for the various defocus settings and then grouping the  seeding sites
together so as to form a final assist feature structure that encompasses
all of the  seeding sites. The resulting single assist feature functions
to optimize DOF performance for  the imaging system. [35] Fig. 1 is an
exemplary flowchart illustrating the method of applying assist features
to  a mask pattern in accordance with a first embodiment of the present
invention. The first step  (Step 10) in the process is to identify the
target mask pattern and illumination system and  settings to be utilized
to image the pattern. An exemplary target pattern comprising contact
holes 210 is shown in Fig. 2a. The next step (Step 12) in the process is
to determine the  optimal focus setting for imaging the target pattern
utilizing the given imaging system. As is  known, the optimum focus
setting can be determined either by a calibration or simulation  



process. The next step in the process (Step 14) is to generate an
interference map (IM) for 12  the target pattern utilizing the optimum
focus setting. As noted above, the interference map  can be generated in
the manner disclosed in USP App. Ser. No. 10/756,830. Once the
interference map is generated, it is utilized to determine the optimal
seeding sites for the  assist features relative to each of the features
in the target pattern (Step 16) for the given  focus setting. Referring
to Fig. 2b, for the contact hole "x", the optimal seed site for the
assist feature at the optimal focus condition is indicated by location
"1" (which as noted  above is determined by analyzing the interference
map). It is noted that while the example  illustrated in Fig. 2b only
depicts the foregoing process being applied to a single contact hole,  in
an actual implementation the assist features would be disposed adjacent
to numerous  contact holes. [36] Continuing, the next step in the process
is to vary the defocus setting, recompute the  interference map for new
defocus setting and determine the optimal seeding sites for the  assist
features for the new defocus setting. Typically, the resulting
interference map will  change as the defocus setting changes, and
therefore the optimal placement of the assist  feature changes as the
defocus setting changes. It is noted that the number of defocus  settings
for which an interference map should be calculated is a minimum of two.
However,  if a greater the number of defocus settings are considered, a
more optimal result maybe  obtained. Typically, three or four defocus
settings would be considered adequate. The  variation between the defocus
setting is determined, for example, in accordance with the NA  of the
imaging system being utilized. As one example, assuming an NA of 0.85,
increments  



of 0.2 urn for the defocus adjustment would be typical. Assuming an NA of
0.93, increments 13  of 0. 15 um would be typical. It is noted that the
foregoing numbers are merely exemplary in  nature, and are not intended
to be limiting. [37] The foregoing process is depicted in Steps 18 and 20
of Fig. 1. Specifically, once the  optimal seeding sites for the assist
features are determined for the best focus condition, the  process
proceeds to Step 18 where it is determined if an interference map needs
to be  generated for another defocus setting. If yes, the process
proceeds to Step 20, where the  defocus setting is adjusted, and then the
process proceeds back to Step 14, where the  interference map is
recomputed utilizing the new defocus setting. The process then proceeds
again to Step 16 where the optimal seeding sites for the assist features
for the new defocus  setting is determined. This loop is repeated until
all of the defocus settings are processed.  [38] Referring again to Fig,
2b, the result of the foregoing process is depicted therein.
Specifically, in the given example, as noted above, location " 1 "
represents the seeding site  for the assist feature for contact "X" at
best focus (i.e., defocus. equals 0 um). Location "2"  represents the
seeding site for the assist feature for contact "X" at a first defocus
(i.e.,  defocus equals 0.075 um). Location "Y represents the seeding site
for the assist feature for  contact "X" ata second defocus (i.e., defocus
equals 0.150um). Location "4" represents the  seeding site for the assist
feature for contact "X" at a third defocus (i.e., defocus equals 0.225
UM). [39] Once the seeding sites are determined for the defocus
conditions under consideration,  the next step (Step 22) in the process
is to formed an assist feature encompassing each of the  



seeding sites identified for each of the defocus conditions. This result
assist feature represents the assist feature to be utilized in the actual
mask design. Referring to Fig. 2c, in 14  the given embodiment, the
assist feature is created by forming small square assist features  220
around each seeding site identified in die foregoing process. The small
squares 220 are  then grouped together to form one assist feature 230 as
shown in Fig. 2d. It is noted that the  finer the increments when varying
the defocus settings, the resulting assist feature will  exhibit less of
a stair-step shape. It is also noted that while the given embodiment
illustrates  the assist feature being formed by a group of square
features, it is possible to utilize any type  of shape to form the final
assist feature, with the restriction being that the all of the seeding
sites should be encompassed by the assist feature and the assist feature
must remain sub- resolution. [40] Fig. 3 illustrates an actual example of
the result of utilizing the foregoing process to  place assist features
within a mask pattern. Referring to Fig. 3, elements 320 represent SBs
(i.e., assist features) formed to encompass a group of seeding sites in
the manner set forth  above, elements 340 represent the intended contact
holes, and elements 360 represent the  intended contact holes
modified/treated with OPC. [41] Finally, it is noted that as disclosed in
USP Application Ser. No. 10/756,830, it is  possible to place assist
features in either one of or both constructive areas of interference or
destructive areas of interference. For placement of assist features in
areas of constructive  interference, the assist feature would be formed
so as to have the same phase relative to the  contact hole to be imaged,
whereas for placement of assist features in areas of destructive  



interference, the assist feature would be formed so as to have a x-phase
shift relative to the  contact hole to be imaged. Both types of assist
features are shown in Fig. 3. 15  [42] In a second embodiment of the
present invention, a process is disclosed for  optimizing the size and
shape of the assist features disposed in the target pattern. As is
known, for most robust assist feature performance, it is desirable to
form the assist features  as large as possible. Moreover, larger assist
feature dimensions result in an easier mask  manufacturing process.
However, as noted above, the assist feature must not be printable  under
nominal printing conditions for the CD target features. Known prior art
methods  typically utilized a traditional rule-based approach to define
the size of the assist feature,  where X & Y size limits where
predefined. While such approaches have been effective, it is  more
desirable to be able to tune the X and Y dimension of the assist feature
according to the  optical neighbors, especially when utilizing the assist
feature generation method discussed  above, which can produce assist
features having very irregular shapes, such as shown in Fig.  3. Indeed,
when utilizing the assist feature generation method of the present
invention, it  would be quite difficult to use predetermined rules
defining the X and Y size limits for the  assist features. [43] In
accordance with the second embodiment of the present invention, a
model-based  method is disclosed for maximizing the size and shape of the
assist features within the target  pattern. More specifically, utilizing
an aerial image analysis each of the assist features is  grown until the
assist feature reaches a predefined threshold, which is some percentage
less  than the printing threshold for the given imaging system and
process being utilized. 



[44) Fig. 4 illustrates an exemplary flowchart illustrating the method of
growing the assist  features in accordance with the second embodiment of
the present invention. The first step  (Step 4 10) in the process is to
define the target pattern and the illumination system to be 16  utilized.
The next step (Step 420) in the process is to determine the optimal
seeding sites for  the assist features relative to the features to be
imaged. Step 420 can be performed utilizing  the process disclosed in the
first embodiment of the present invention discussed above.  However, it
is noted that Step 420 can also be performed utilizing the seeding site
identification process disclosed in USP Application Ser. No. 10/756,830.
Once the seeding  sites have been identified, the next step (Step 430) is
to form an assist feature around the  seeding sites so that the assist
features have a size which is below the predefined threshold.  [45] It is
noted that the predefined threshold represents the maximum intensity that
any  assist feature may have so as to insure that the assist feature will
not image on the wafer.  Typically, as noted above, the predefined
threshold is set at some percentage below the  printing threshold for the
CD of the target feature. For example, if the nominal printing  threshold
for the CD target feature is 0.3 (with respect to open-frame exposure
intensity), the  maximum intensity for assist features (i.e., the
predefined threshold) can be set at 0. 15, which  is well below the
printing threshold. As would be understood by those of sUl in the art,
the  predefined threshold utilized in this process is dependent on the
imaging system being  utilized and the dimensions of the features to be
imaged. [46] Continuing, after completion of Step 430, assist features
are positioned about the  seeding sites, and the assist features are
sized so as to have an initial dimension that results in  



a corresponding image intensity that is less than the predefined
threshold. It is noted that the  image intensity of the assist features
can be determined utilizing known OPC simulation TM systems such as
MaskWeaver , offered for sale by ASML MaskTools, Inc. 17  [47] The next
step in the process (Step 440) is to select a first assist feature and
increase  the size of the assist feature until the image intensity of the
given assist feature reaches the  predefined threshold. The size of the
given assist feature corresponding to the image  intensity equaling the
predefined threshold defines the size of the given assist feature to be
utilized in the mask. Once the maximum size of the first assist feature
is determined, the  process proceeds to the next assist feature, and
increases the size of this assist feature until  the image intensity
associated with this assist feature equals the predefined threshold. This
process is continued until all of the assist features placed in the mask
pattern in Step 430  have been processed. This loop is represented by
Steps 440, 450 and 460 as shown in Fig. 4.  It is noted that the assist
features that are more sensitive (i.e., likely to print) will reach the
predefined intensity faster than those assist features that are less
sensitive, and therefore will  have a smaller size relative to the less
sensitive assist features in the final mask pattern. [48] In the given
embodiment, the assist features are increased in size utilizing the
following process. First, the size of the assist featured is increased in
the X direction and the  image intensity is monitored. As noted above,
the image intensity of the given assist feature  can be monitored
utilizing OPC simulation software. The size is increased in the
X-direction  until the X-limit is reached. Once the X-limit is reached,
the assist feature is then grown in  



the Y-direction. In a similar manner, the size of the assist feature is
increased in the Y direction until the Y-limit is reached. In addition to
the sub-resolution requirements, the X- limit and Y-limit are also
governed by the amount of space between the target pattern in the  design
and the minimum distance required between a target pattern and a
sub-resolution  assist feature. As noted above, the objective is to
maximize both the growth in X-direction 18  and the Y-direction but never
allow the overall assist feature size and shape to produce the  intensity
that is exceeding the predefined threshold limit. Also, although the
foregoing  example illustrates the assist feature being first grown in
the X-direction and then grown in  the Y-direction, the present invention
is not limited to this process. In a variation of the  foregoing, it
would be possible to first grow the assist feature in the Y-direction,
followed by  growth in the X-direction, or alternatively, grow both the X
and Y dimensions of the assist  feature simultaneously. [49] Figs. 5a-5d
illustrate the foregoing process of growing the assist features. More
specifically, Fig. 5a illustrates an exemplary contact hole 510 for which
assist features will be  generated to improve imaging (corresponding to
Step 410). Fig. 5b illustrates the seeding  sites 520 for placement of
assist features determined from the interference map in the manner  set
forth above (Step 420). Fig. 5c illustrates the initial assist features
540 placed around the  seeding sites (Step 430). Fig. Sd illustrates the
assist features grown to the maximum size  allowable. [50] Fig. 6
illustrates how an adjacent feature can effect (in this instance limit)
the growth  of a given assist feature. In the given example, a second
contact hole 610 is added to the  



pattern shown in Fig. 5a. As a result of this second contact hole 610,
the growth of the assist  feature 620 disposed between the first contact
hole 510 and the second contact hole 610 is  limited. [51] In a third
embodiment of the present invention, the interference map is utilized to
determine whether the given features in the target pattern represent
strong or weak features  with respect to imaging performance. More
specifically, the interference map is analyzed to 19  determine the
intensity of the interference at the locations of the features within the
mask.  Features located at positions having high levels of interference
are considered strong features  that will image easily. Alternatively,
features located at positions exhibiting reduced levels  of interference
may exhibit unacceptable imaging results. Once defined, as explained in
detail below, additional steps can be taken to ensure acceptable printing
of the weak features.  [521 Fig. 7 illustrates a flowchart describing the
method of defining features to be imaged  as either a weak feature or a
string feature with respect to the imaging process. The first step  (Step
710) is to define the target pattern and the illumination system to be
utilized. The next  step (Step 720) in the process is to generate an
interference map for the target pattern based  on the imaging system and
process to be utilized. Thereafter, the interference map is utilized  to
determine the magnitude of interference at each feature location (Step
730). In the next  step (Step 740), each feature to be imaged is defined
as either a weak feature or a strong  feature based on whether or not the
magnitude of interference at the given feature location is  above or
below a predefined interfrence value. Those features having an
interference  magnitude which is greater than the predefined interference
value are defined as strong  



features (and represent features that will print easily), while the
features having an  interference magnitude less than the predefined
interference value are defined as weak  features (are represent features
that will have difficulty printing). It is noted that the  predefined
interference value, which is utilized to define whether or not a feature
is a strong  interference feature or a weak interference feature, can be
determined utilizing a process  window simulation. For example, assuming
the interference map of the target pattern  exhibits an interference
magnitude ranging from 1.0 to 0.7 at the feature locations (where the 20
magnitudes of interference have been normalized to 1.0), by utilizing the
simulation  program, such as LithoCruiserTM, sold by ASML MaskTools,
Inc., it is possible to determine  that all features having an
interference magnitude greater than 0.8 will print well within
tolerance, and those features having an interference magnitude below 0.8
may exhibit. As  such, features having an interference magnitude greater
than 0.8 are defined as strong  features, and features having an
interference magnitude below 0.8 are defined as weak  features. [53] Once
the features have been defined, additional measures can be taken to
ensure that  the weak features will print within the process tolerance
requirements (Step 750). Such  additional measures include, but are not
limited to, adjusting the illumination and NA setting;  varying the
location and/or shape of the weak features within the target pattern; or
separating  the weak features and the strong features into two separate
exposure masks. After  performing any of the foregoing adjustments, the
process set forth in Fig. 7 can then be  repeated to determine if all of
the weak features have been eliminated. 



[54] Figs. 8a and 8b illustrate the use of the interference map for
identifying weak and  strong features. Specifically, Fig. 8a illustrates
a partial interference map for a given NA and  illumination setting. As
shown, the two outside features 810 and 820 are strong features that
will image easily, and the middle feature 830 is a weak feature relative
to the two outside  features. As such, the middle feature may not image
properly. By performing one of the  adjustments noted above, it is
possible to raise the interference magnitude of the middle  feature such
that it is a strong feature, as is shown in Fig. 8b. 21  [55] Fig. 9
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  NLA, (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. [56] 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. [57]
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 22
(commonly referred to as cr-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. [58]
It should be noted with regard to Fig. 9 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 current invention encompasses both of these  scenarios. [59]
The beam PB subsequently intercepts the mask MA, which is held on a mask
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 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. 9. However, in
the case of a wafer 23  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. [60] 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  VV7  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 115). In this manner, a relatively



large target portion C can be exposed, without having to compromise on
resolution. [61] Additionally, software may implement or aid in
performing the disclosed concepts.  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 24  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. (62] 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
platforms 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 (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 25  forms of computer
readable media may be involved in carrying one or more sequences of one
or more instructions to a processor for execution. [63] 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. 26 What is Claimed Is: 1. A method of generating a mask having
optical proximity correction features  disposed therein, said method
comprising the steps of. (a) obtaining a desired target pattern having
features to be imaged on a substrate;  (b) determining a first focus
setting to be utilized when imaging said mask; 



(c) determining a first interference map based on said target pattern and
said first  focus setting; (d) determining a first seeding site
representing the optimal placement of an assist  feature within said mask
relative to a feature to be imaged on the basis of said first
interference map; (e) selecting a second focus setting which represents a
predefined amount of defocus  relative to said first focus setting; (f)
determining a second interference map based on said target pattern and
said  second focus setting; (g) determining a second seeding site
representing the optimal placement of an assist  feature within said mask
relative to said feature to be imaged on the basis of said second
interference map; and (h) generating an assist feature having a shape
which encompasses both said first  seeding site and said second seeding
site. 2. The method of claim 1, wherein said first focus setting
represents the optimal  focus setting for imaging the target pattern. 27
3. The method of claim 1, wherein said assist feature has a size such
that said  assist feature is not imaged on said substrate. 4. The method
of claim 1, further comprising the step of placing additional assist
features within said target pattern, each of said additional assist
features being generated by  performing steps (b)-(h). 



5. The method of claim 1, wherein said interference map defines areas of
constructive interference and areas of destructive interference between
at least one of said  features to be imaged and a field area adjacent
said at least one feature. 6. The method of claim 1, further comprising
the steps of. determining a maximum image intensity level for said assist
feature, said maximum  image intensity defining an imaging intensity that
will not result in the imaging of said assist  feature on said substrate;
and adjusting the size of said assist features such that an image
intensity level associated  with said assist feature is equal to or less
than said maximum image intensity level. 7. The method of claim 4,
further comprising the steps o determining a maximum image intensity
level which defines an imaging intensity that  will not result in the
imaging of said assist features on said substrate; initially sizing each
of said assist features such that said assist features have an  imaging
intensity level which is below said maximum image intensity level; and
adjusting the size of each of said assist features such that the image
intensity level associated with said each assist feature is equal to or
less than said maximum image intensity  level. 28  8. A method of optical
proximity correction for use in a photolithography  process, said method
comprising the steps of. (a) obtaining a desired target pattern having
features to be imaged on a substrate;  (b) determining an interference
map based on said target pattern and said first focus 



setting; (c) analyzing said interference map to determine a magnitude of
interference for each  of a plurality of said features to be imaged; and
(d) categorizing each of said plurality of features to be imaged as
either a strong  feature or a weak feature based on whether or not said
magnitude of interference  corresponding to the given feature is greater
than or less than a predefined interference value. 9. The method of claim
8, wherein the magnitude of interference of a given  feature is
determined by the level of interference at the location of the given
feature on the  interference map. 10. A computer program product for
controlling a computer comprising a  recording medium readable by the
computer, means recorded on the recording medium for  directing the
computer to generate files corresponding to a mask for use in a
lithographic  imaging process, the generation of the files comprising the
steps of (a) obtaining a desired target pattern having features to be
imaged on a substrate;  (b) determining a first focus setting to be
utilized when imaging said mask; (c) determining a first interference map
based on said target pattern and said first  focus setting; 29  (d)
determining a first seeding site representing the optimal placement of an
assist feature within said mask relative to a feature to be imaged on the
basis of said first  interference map; (e) selecting a second focus
setting which represents a predefined amount of defocus  



relative to said first focus setting; (f) determining a second
interference map based on said target pattern and said  second focus
setting; (g) determining a second seeding site representing the optimal
placement of an assist  feature within said mask relative to said feature
to be imaged on the basis of said second  interference map; and (h)
generating an assist feature having a shape which encompasses both said
first  seeding site and said second seeding site. 11. The computer
program product of claim 10, wherein said first focus setting  represents
the optimal focus setting for imaging the target pattern. 12. The
computer program product of claim 10, wherein said assist feature has a
size such that said assist feature is not imaged on said substrate. 13.
The computer program product of claim 10, further comprising the step of
placing additional assist features within said target pattern, each of
said additional assist  features being generated by performing steps
(b)-(h). 14. The computer program product of claim 10, wherein said
interference map  defines areas of constructive interference and areas of
destructive interference between at  least one of said features to be
imaged and a field area adjacent said at least one feature. 30  15. The
computer program product of claim 10, further comprising the steps of:
determining a maximum image intensity level for said assist feature, said
maximum image intensity defining an imaging intensity that will not
result in the imaging of said assist  



feature on said substrate; and adjusting the size of said assist features
such that an image intensity level associated  with said assist feature
is equal to or less than said maximum image intensity level. 16. The
computer program product of claim 13, further comprising the steps of.
determining a maximum image intensity level which defines an imaging
intensity that  will not result in the imaging of said assist features on
said substrate; initially sizing each of said assist features such that
said assist features have an  imaging intensity level which is below said
maximum image intensity level; and  adjusting the size of each of said
assist features such that the image intensity level associated with said
each assist feature is equal to or less than said maximum image intensity
level. 17. A computer program product for controlling a computer
comprising a  recording medium readable by the computer, means recorded
on the recording medium for  directing the computer to generate files
corresponding to a mask for use in a lithographic  imaging process, the
generation of the files comprising the steps of: (a) obtaining a desired
target pattern having features to be imaged on a substrate;  (b)
determining an interference map based on said target pattern and said
first focus setting; 31  (c) analyzing said interference map to determine
a magnitude of interference for each  of a plurality of said features to
be imaged; and (d) categorizing each of said plurality of features to be
imaged as either a strong  



feature or a weak feature based on whether or not said magnitude of
interference  corresponding to the given feature is greater than or less
than a predefined interference value. 18. The computer program product
method of claim 17, wherein the magnitude of  interference of a given
feature is determined by the level of interference at the location of the
given feature on the interference map.(d) determining a first seeding
site representing the  optimal placement of an assist feature within said
mask relative to a feature to be imaged on  the basis of said first
interference map; (e) selecting a second focus setting which represents a
predefined amount of defocus  relative to said first focus setting; (f)
determining a second interference map based on said target pattern and
said  second focus setting; (g) determining a second seeding site
representing the optimal placement of an assist  feature within said mask
relative to said feature to be imaged on the basis of said second
interference map; and (h) generating an assist feature having a shape
which encompasses both said first  seeding site and said second seeding
site. 19. A device manufacturing method comprising the steps of: (a)
providing a substrate that is at least partially covered by a layer of
radiation- sensitive material; 32  (b) providing a projection beam of
radiation using an imaging system; (c) using a pattern on a mask to endow
the projection beam with a pattem in its cross- 



section; (d) projecting the patterned beam of radiation onto a target
portion of the layer of  radiation- sensitive material, wherein, in step
(c), said mask is formed by a method comprising the steps of:  obtaining
a desired target pattern having features to be imaged on said substrate;
determining a first focus setting to be utilized when imaging said mask;
determining a first interference map based on said target pattern and
said first focus setting; determining a first seeding site representing
the optimal placement of an assist feature  within said mask relative to
a feature to be imaged on the basis of said first interference map;
selecting a second focus setting which represents a predefined amount of
defocus  relative to said first focus setting; determining a second
interference map based on said target pattern and said second  focus
setting; determining a second seeding site representing the optimal
placement of an assist  feature within said mask relative to said feature
to be imaged on the basis of said second  interference map; and
generating an assist feature having a shape which encompasses both said
first seeding  site and said second seeding site. 


