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SYSTEMS, MASKS, AND METHODS FOR PHOTOLITHOGRAPHY
Field of Invention
Field relates to masks, also known as photomasks, used in photolithography processes and, more
particularly, to a method for finding the optimal photomask pattern to allow for production of wafer
patterns with minimal distortions or artifacts and to allow for the ability to constrain resulting contours to
rectilinear patterns.
Description of Related Art
Lithography processing represents an essential technology for manufacturing Integrated Circuits (IC) and
Micro Electro-Mechanical Systems (MEMS). Lithographic techniques are used to define patterns,
geometries, features, shapes, et al (“patterns”) onto an integrated circuit die or semiconductor wafer or
chips where the patterns are typicaliy defined by a set of contours, lines, boundaries, edges, curves, et al
(“contours™), which generally surround, enclose, and/or define the boundary of the various regions which
constitute a pattern.
Demand for increased density of features on dies and wafers has resulted in the design of circuits with
decreasing minimum dimensions, However, due to the wave nature of light, as dimensions approach sizes
comparable to the wavelength of the light used in the photolithography process, the resulting wafer patterns
deviate from the corresponding photomask patterns and are accompanied by unwanted distortions and
artifacts.
Techniques such as Optical Proximity Correction (OPC) attempt to solve this problem by appropriate pre-
distortion of the photomask pattern. However, such approaches do not consider the full spectrum of
possible photomask patterns, and therefore result in sub-optimal designs. The resulting patterns may not
print correctly at all, or may not print robustly. Accordingly, there is a need for systems and methods for
generating the optimal photomask patterns which result in the robust production of wafer patterns faithful

to their target patterns.

SUMMARY OF THE INVENTION |
An aspect of the present invention may provide a method for determining a photomask pattern optimized
for use in producing a pattern on a workpiece, such as a semiconductor wafer, drive head, optical
cormponent or otﬁer objects. The pattern may be optimized relative to a desired target pattern using a merit
function. )
Aspects may provide for initial photomask patterns or target patterns to be provided in a hierarchical
polygon representation, such aé GDSII or Oasis, and for the output photomask pattern to be provided in a
hierarchical polygon representation, such as GDSII or Oasis. Aspects may provide for any of the above
patterns to be converted between a polygonal representation and a functional representation of all or a
portion of the pattern.
Aspects may provide for all or a portion of any of the above patterns to be represented using mask
functions. In an example embodiment, a two dimensional function may be used to represent a contour. For
example, the function may be a distance function with values representing the distance to a contour of the
pattern. In some examples, the function may be a level set function.
Aspects may provide for the representation to be stored as function values at points acfoss the surface of all
or a portion of the photomask pattern, such as a grid of points. For example, the representation may be

stored as an array in memory. Aspects may provide for function values with more than three output values
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"6r ranges of output valtes Tepresenting different regions of a photomask pattern. For example, the function

values may be used to indicate the position of a contour with higher resolution than the grid size, such as
when the contour falls in between grid points at which the function is evaluated.

Aspects may provide for a photomask pattern or target pattern to be divided into blocks for processing. For
example, a polygon representation may be divided into blocks. For example, a block size of 1 micron by 1
micron up to 10 microns by 10 microns or more may be used, or any range subsumed therein, although this
may be varied depending upon the size of repetitive structures or other design features in the pattern.
Aspects may provide for overlapping halo regions to be included in the blocks. For example, the halo
regions may be determined based on the wavelength of light used for photolitho graphy, such as 193 nm
wavelength or other wavelength light. For example, the halo region may provide for an overlap in each
direction on the order of a few wavelengths. In some embodiments, the overlap in each direction may be
within the range of 0.5 to 2 microns or any range subsumed therein. In some embodiments, the distance for
the halo region may be in the range of 5% to 10% of the width or height of the block or any range

subsumed therein. The foregoing are examples and other ranges may be used in other embodiments. In

~example embodiments, 2 photomask pattern may have more than a million, or even more than ten million

gates, and may be divided into more than a million blocks,

Aspects may provide for blocks to be converted from polygonal representation to function Tepresentation
for optimization. Aspects may provide for a functional representation of all or a part of a pattern to be used
in evaluating a merit function or an aspect of a merit function, such as a derivative or gradient of a merit
function. A change function may be determined and added to the functional representation of the pattern.
For example, the change function may provide a small change value to be added to the functional
representation at each grid point for all or a part of the pattern. Aspects may provide for the function to be
modified iteratively. Aspects may provide for regularization or rectilinear projection for each iteration or
periodically for selected iterations or at the end when the final mask pattern is selected. Aspects may
provide for iteration to be continued until a desired threshold is reached with respect to a merit function,
until the change function is sufficiently small, until a desired number of iterations is performed or some
combination of these or other criteria.

Aspects may provide for blocks to be processed using any of the methods described above. In some
embodiments, blocks may be processed in parallel using multiple processors, blades or accelerator cards.
Aspects may provide for the blocks to be combined after processing to provide a mask pattern for an entire
layer of a semiconductor device or other workpiece. These aspects may provide for efficient full chip
optimization.

Aspects may provide a method of manufacturing a photomask in accordance with a photomask pattern
determined by any of the above methods. Aspects may provide a photomask with a pattern determined by
any of the above methods.

Aspects may provide a method of manufacturing a semiconductor wafer or integrated circuit device using
any of the above photomasks. Aspects may provide for developing a pattern in photoresist on a
semiconductor wafer or other workpiece using any of the above masks, as well ag etching, doping or
depositing materials based in such regions to form integrated circuits or other structures. Aspects may
provide for such wafers or other workpieces to be scribed into die and packaged to form integrated circuit
devices or other devices. Aspects may provide for a semicondvctor wafer or integrated circuit device

manufactured using any of the above methods or photomasks,

-



WO 2007/033362 PCT/US2006/035985

[0014]"

[0015]

[0016]

[0017]

[0018]

[0019]

[0020]

[0021]

[0022]

[0023]

[0024]

[0025]

Aspects may provide a design file 61 data structure in memory storing any of the above representations of a
pattern.

Aspects may provide a computer readable medium with instructions for any of the methods or method steps
described above or for storing or processing any of the patterns, representations, files or data structures
described above.

Aspects may provide a computer system with a processor for executing instructions for any of the methods
or method steps described above and for storing or processing any of the pattemns, representations, files or
data structures described above. In some embodiments, the computer system may include one or more of a
processor, accelerator board, memory, storage and a network interface. Aspects may provide for any of the
patterns, representations, files or data structures described above to be stored in memory or storage and
processed by one or more processors or accelerators in accordance with any of the method or method steps
described above. Aspects may provide for a system with a plurality of computer systems, server blades,
processors or accelerators to process all or portions of a photomask pattern in parallel or in blocks as
described above, which may include overlapping halo regions. Aspects may provide for an initial computer
system or processor to divide a photomask pattern or design file into blocks as described above for parallel
processing and to combine the processed blocks to generate a photomask pattern or design file for a mask
pattern for an entire layer of a semiconductor device or other workpiece.

It is understood that each of the above aspects of the invention may be used alone or in any combination
with one or more of the other aspects of the invention. The above aspects are examples only and are not

intended to limit the description or claims set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a diagram illustrating a simple example target pattern to be printed on a wafer using a
photolithography process, according to an embodiment of the present invention.
Figure 2 is a diagram illustrating a more complex example target pattern to be printed on a wafer using a
photolithography process, according to an embodiment of the present invention.
Figure 3 is a diagram illustrating a detail from the example target pattern of Figure 2 to be printed on a
wafer using a photolithography process, according to an embodiment of the present invention.
Figure 4 is a diagram illustrating an example photomask pattern in the (%, ¥) plane comprising regions,
aécording to an embodiment of the present invention.
Figure 5 is a diagram showing an example wafer pattern illustrative of what might print on a wafer using
the example photomask pattern of Figure 4 in a photolithography process, according to an embodiment of
the present invention.
Figure 6 is a diagram illustrating a more complex example photomask pattern comprising regions,
according to an embodiment of the present invention.
Figure 7 is a diagram showing an example wafer pattern illustrative of what might print on a wafer using
the example photomask pattern of Figure 6 in a photolithography process, according to an embodiment of
the present invention.
Figure 8a is a diagram illustrating a function representing the example photomask pattern of Figure 4 by
defining the contours which enclose the regions in the photomask pattern, according to an embodiment of

the present invention.
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“Figute 8b is'a diagram ilfusiratimg the finction representing the example photomask pattern of Figure 6 by

defining the contours which enclose the regions in the photomask pattern, according to an embodiment of
the present invention.

Figure 8c is a diagram illustrating the function of Figure 8a intersected with the zero plane parallel to the
(x.y) plane, according to an embodiment of the present invention.

Figure 9 is a flow chart illustrating a method for time-evolving contours of a photomask pattern in order to
minimize a Hamiltonian function, according to an embodiment of the present invention.

Figure 10a is a diagram illustrating a photomask pattern, according to an embodiment of the present
invention.

Figure 10b is a diagram illustrating a photomask pattern corresponding to a final function output by the
algorithm, according to an embodiment of the present invention.

Figure 10c is a diagram illustrating a wafer pattern as produced using the photomask pattern of Figure 10b
in a photolithography process.

Figure 10d is a diagram illustrating a final function output by the algorithm, based on the initial function
shown in Figure 8b corresponding to the initial photomask shown in Figure 6, according to an embodiment
of the present invention.

Figure 10e is a diagram illustrating a photomask pattern corresponding to the function of Figure 10d,
according to an embodiment of the present invention.

Figure 10f is a diagram illustrating a wafer pattern as produced using the photomask pattern of Figure 10e
in a photolithography process, according to an embodiment of the present invention.

Figure 10g is a diagram illustrating a rectilinear photomask pattern output by the algorithm based on the
initial photomask shown in Figure 6, according to an embodiment of the present invention.

Figure 10h is a diagram illustrating a wafer pattern as produced using the rectilinear photomask pattern of
Figure 10g in a photolithography process, according to an embodiment of the present invention.

Figure 11 is a diagram illustrating a 2-dimensional sub-space of an m-dimensional solution space of
Tunctions, showing Hamiltonian H as a function of Vs (xl , yl) and, according to an embodiment of the

present invention.

Figure 12 is a diagram illustrating a halo around a block of a photomask pattern according to an
embodiment of the present invention.

Figure 13 is an example computer system according to an embodﬁnent of the present invention.

Figure 14 is an example networked computer system according to an embodiment of the present invention.
Figure 15 is a diagram illustrating a wafer pattern and a photomask pattern for producmg the wafer pattern,
according to an embodiment of the present invention.

Figure 16 is a diagram illustrating a wafer pattern and a photomask pattern for producing the wafer pattern,
according to an embodiment of the present invention.

Figure 17 is a diagram illustrating a wafer pattern and a photomask pattern for producing the wafer pattern,
according to an embodiment of the present invention.

Figure 18A is a diagram illustrating a wafer pattern and Figures 18 B, C and D illustrate photomask
patterns for producing the wafer pattern, according to an embodiment of the present invention.

Figure 19A is a diagram illustrating a wafer pattern and Figures 19 B, C, D, E and F illustrate photomask

patterns for producing the wafer pattern, according to an embodiment of the present invention.
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patterns for producing the wafer pattern, according to an embodiment of the present invention.

DETAILED DESCRIPTION
As understood herein, the term “wafer pattern” is understood to include any polygon (rectilinear or non-
rectilinear) or other shape or pattern to be formed on 2 semiconductor or other material substrate, for
example digital or analog circuit structures or interconnect.
Figure 1 is a diagram illustrating an example target pattern 100 to be printed on a wafer using a -
photolithography process. Target pattern 100 comprises regions 101 enclosed by contours 102. In an
example embodiment, areas within regions 101 represent photoresist and the area outside regions 101
represents the absence of photoresist.
Figure 2 is a diagram illustrating a more complex example target pattern 200 to be printed on a wafer using
a photolithography process. The complexity of target pattern 200 is more illustrative of a pattern for
representing an integrated circuit design.
Figure 3is a diagram illustrating a detail target pattern 300 from the example target pattern 200 of Figure 2
to be printed on a wafer using a photolithography process, according to an embodiment of the present
invention.
Figure 4 is a diagram illustrating an example photomask pattern 400 in the (%, y) plane comprising regions
401 for printing a wafer pattern in a photolithography process. In an embodiment, an area within a
region 401 represents chrome and the area outside regions 401 represents glass on the photomask.
Alternatively, an area within a region 401 Tepresents a material other than chrome and the area outside
regions 401 represents a material other than glass on the photomask.
Figure 5 is a diagram showing an example wafer pattern 500 illusirative of what might print on a wafer
using photomask pattern 400 in a photolithography process. In an example embodiment, areas within
regions 501 represent photoresist and the area outside regions 501 represents the absence of photoresist.
Note that wafer pattern 500 differs from target pattern 100 due to distortions and artifacts produced by the
photolithography process. Figure 6 is a diagram illustrating a more complex example photomask
pattern 600 comprising regions, according to an embodiment of the present invention. Figure 7is a
diagram showing an example wafer pattern 700 illustrative of what might print on a wafer using the
example photomask pattern 600 of Figure 6 in a photolithography process, according to an embodiment of
the present invention. Example embodiments may generate a photomask pattern which, when used in a
photolithography process, produces a wafer pattern more faithful to the corresponding target pattern, the
wafer pattern having fewer undesirable distortions and artifacts.

Because we use contours to define regions in a photomask pattern, we use a mathematical description of
such contours. Figure 8a illustrates a function v (x, y) 800 representing example photomask pattern 400
by defining the contours which enclose the regions in photomask pattern 400. Figure 8bis a diagram
illustrating a finction w(x, y) 801 representing the example photomask pattern 600 of Figure 6 by
defining the contours which enclose the regions in the photomask pattern 600. W (JC, y) can be a function
which defines the contours implicitly in the sense that a two dimensional function is used to describe a set

of contours. Frequently, the function w(x, y) is thought of as a real-valued function that defines the
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comour accordmng to the value of the function along the contour. For example, in one embodiment the

mask function W(x, y) has the property that y/(x, y)

1. W(x, y) =0 everywhere along the boundary of a region;

2. W(x, y) >0 “inside” a region (for example, those regions corresponding to the chrome portions
of the mask);

3. W (x, y) <0, oris negative “outside” a region (for example, those regions corresponding to the

clear quartz portions of the mask).
In this case, the contours are defined by the “level-set”, i.¢. those values in the (x.) plane such that
(x, y) = 0. Figure 8c illustrates the level-set by intersecting the level-set function 800 with the zero
plane 802 parallel to the (x,y) plane. We may also call such a representation of a photomask an area based
representation, and in some embodiments, a pixel based representation.
In other embodiments, a variety of functional representation of the photomask, other than that described
above, can be used to represent a photomask, and would fall under the scope of this invention. We call a

two dimensional finction that defines the photomask contours a photomask function or mask function.

It is an aspect of the present invention to, given a target pattern, find a function /4 (x, y) such that

v (x, y) =0 defines a set of contours, which, when interpreted as the boundaries of regions of a pattern

on a photomask, correspond to the design of a photomask producing a wafer pattern with litile distortions

and artifacts compared to the target pattern, wherein the wafer pattern results from a photolithography
process using the photomask. The extent to which the set of contours defined by a mask functlon l//(x y)
is optimal is calculated using a functional known as the “merit function”, also referred to herem as the
“Hamiltonian” H. The Hamiltonian H of 2 mask function g//(x, y) is indicative of the degree of similarity
between the printed wafer pattern and the desired target pattern, the printed wafer pattern resulting from a
photolithography process using a photomask given by the contours defined by (x, y). (We call the
“merit function” the “Hamiltonian” by way of analogy to the Hamiltonian function used in classical

dynamics or quantum mechanics).

Mathematically, the Hamiltonian H is a functional which maps a function to a real number: ‘
H:CRH>R

Optionally, the Hamiltonian also depends upon a number of real parameters, or, as described below, is a

functional of multiple mask functions. The Hamiltonian is chosen so that the optimal solution has the

smallest value, i.e. we seek to find a mask function which minimizes the Hamiltonian. It follows that, once

an appropriate Hamiltonian is specified, the problem of finding an optimally designed photomask is

equivalent to the problem of finding a mask function which minimizes the Hamiltonian. It also follows that

the specification of an appropriate Hamiltonian is a valuable step in applying the prlnc1ples of our

invention, given that the form of the Hamiltonian functional will directly determine the contours which

result from the optimization problem.

Note that our description of the problem in terms of minimizing a Hamiltonian function is for purposes of

description and not by way of limitation. Equivalent alternatives are available to one of ordinary skill in

the art based on the presented description. For example, the problem can be formulated as a maximization
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“problemTather than a minimization problem. Alternatively, one could choose a different mask function

representation, for example, by assigning negative values to the function values at points on the inside of
enclosed regions and assigning positive values to the points on the outside of enclosed regions.
Alternatively, one could use the value ¥/ (x, y) =0 to describe chrome regions v (x, y) =1 to describe
glass regions, and intermediate values could be used to describe the fraction of a given pixel area which is
covered by glass. Yet another alternative would be to choose a level-set other than the zero level-set to
specify contours, or to have the function value that represents the location of the contours vary across the
photomask, possibly according to another function that defines the values which indicates the location of
contours.

Figure 9 is a flow chart illustrating a method for time-evolving contours of a photomask pattern in order to
minimize a given Hamiltonian function, according to an embodiment of the present invention, Figure 9
depicts the steps used to find a function which defines an optimal photomask for a given target pattern.

The function is found by iteratively refining an initial guess so that the refinements progressively result in
better “merit” values, i.e. decrease a Hamiltonian 7, wherein H depends on the target pattern, the particular
photolithography process under consideration, constraints on the photomask manufacturing, and other
factors to be described in detail below. We briefly describe the steps in Figure 9 prior to providing the
detail.

Start 901 with a set of initial inputs, which may include a target pattern, parameters describing the
particular photolithography process under consideration, mask manufacturing restrictions, and other factors |

10 be described in detail below. Initialize 902 ; = 0 and choose 903 an initial mask function

W, (X, y) =y, (X, y). Determine 904 whether i/, (X, y) is acceptable (details on determining this
below). If W, (X, y) is 905 determined to l;e acceptable, output 906 v/, (X, y) as the result of the
minimization, and finish. Otherwise 907, increment 908 i by one and choose 909 a next W, (X, y) 80 as to
gain an improvement (details on choosing next Y/ appear below), repeating until y/, (X, y) is determined
907 to have acceptable “merit”, and finishing by outputting 906 the final W, (X, y) as the result of the
minimization. Because the initial mask function ¥, changes through each iteration, it can be thought of as |

evolving with time, and it is convenient to think of each successive function v; (X, y) as a discrete
\

snapshot of a continuously evolving “time-dependent mask function” y/(x, ¥, z‘) of space and time (¢
denoting time). '

Figure 10a illustrates a photomask pattern 1002 corresponding to a mask function v; (X, y) after about
500 iterations of the algorithm. Figure 10b illustrates a photomask pattern 1003 corresponding to a final

mask function output by above optimization algorithm. Figure 10c illustrates a wafer pattern 1004 as
produced using photomask pattern 1003 of Figure 10b in a photolithography process.

Figure 10d illustrates a final mask function i/; (X, y) 1005 output by above optimization algorithm, based

on the initial function 801 shown in Figure 8b corresponding to the initial photomask 600 shown in Figure
6. Figure 10e illustrates a photomask pattern 1006 corresponding to function 1005 of Figure 10d. Figure
10f illustrates a wafer pattern 1007 as produced using photomask pattern 1006 of Figure 10e in a
photolithography process.
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[0063] In one embodiment, a succeeding function Vin (X, y) is chosen by adding a small change A, (X, y) to
the current mask function ¥/, (X, y), wherein A, (X, y) is another function over the same domain as
v.(x,y):

Wi-x-l(xay):Wi(x:y)+Ai(x’y) (1)
[0064] Inan embodiment, a succeeding function Wia (X, y) is chosen by first adding a small change A, (X, y) to

the current function W, (X, y) and then projecting the resulting sum onto a sub-space which constrains the

contours to be rectilinear (details on the projection appear below). Figure 10g illustrates a rectilinear
photomask pattern 1008 output by above algorithm based on the initial photomask 400 shown in Figure 4.
Figure 10h illustrates a wafer pattern 1009 as produced using rectilinear photomask pattern 1008 of
Figure 10g in a photolithography process.

[0065] In one embodiment of our invention, we calculate A (X, y) as follows:

oH
A@Ey)=Aty—  +Ru)tVy| @
Sy

w=y;
where At is a small constant hereinafter referred to as “time-step”, 5* is the Frechet derivative of the

Hamiltonian H, R(y/ ) is a “regularization term” which slightly modifies the evolution of the mask function

to improve mumerical stability, and IV 14 i, is the norm of the gradient of the function v, (X, y) . Each of

these terms as well as the projection operation will be described in more detail below.
[0066] Instill another embodiment of our invention, we use the continuous-time version of equation (2) above and

time-evolve the time-dependent level-set function according to the equation
0 oH
—w(x,y,t)={—+R Y 3
P CIR) {&” (V/)} vyl @

which can be implemented computationally using a variety of techniques different from the discretization

described in equation (2) above, but that are known to one of ordinary skill in the art.
[0067] Inan embodiment, and to facilitate computation, a mask function ¥/, (X, y) is represented by a discrete set

of m function values over a set of m points in the (%, y) plane. In one embodiment, the set of m points
comprises a grid spanning an area representing the photomask, in which case they may be thought of as

pixels. Alternatively, the set of m points is chosen according to a different arrangement in the area
representing the photomask. From this perspective, a mask fiunction V,; (X, y) and a “small change”

function A; (%, y) are determined by their values at the set of 7z points and consequently can be considered
as m dimensional vectors in “solution space.” Figure 11 is an illustration of the possible values for the first

two components of an m-dimensional vector representing a mask function, i.e., illustrating a 2-dimensional

sub-space of solution space. In the subspace shown, we plot H as a function of l//(xl, yl) and w(xz, yz).
For this example, both ;y(xl, yl) and l//(xz, yz) can vary between -1 and +1. The minimum in this

example is seen to occur at l//(xl, yl) =0.3 and Y (xz,yz) =-0.2. Starting with an initial guess at a

-8-
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function gz/; (X: y) , weapproachthe minimum by taking a small step (in step 509) in the direction of
“steepest descent” to obtain a new location which is closer to a minimum. By repeating this process we
quickly reach a minimum. Time-evolving the function according to above preferred embodiment is
analogous to the foregoing, except that the dimensionality of the entire “solution space” is much greater
than 2 (for example, it can equal the number of grid points  in the discretized version, or be infinite in a
continuous version).

From the above discussion, it is seen that one can find the minimum without actually calculating the
Hamiltonian. However, it may be useful to calculate the Hamiltonian in order to determine the “merit” of
the current mask function. For example, it may be reasonable to stop iterating, even before the algorithm
converges on an optimal solution, if a sufficient solution has been found. Similarly, one may wish to check
the Hamiltonian occasionally (every several iterations), or only at those times when an adequate solution’
seems likely to have been found, sﬁch as when the mask function evolution generates only small changes in
the succeeding mask functions.

At this point we shall reexamine the steps of the flow chart of Figure 9 in more detail:

The algorithm starts 901 with a set of inputs, among them a target pattern given in a particular format

(“pattern I/O formats™). The target pattern may be presented in a variety of formats, including, but not

limited to:

1. Image formats, such as bitmaps, JPEGs (Joint Photographic Experts Group), or other image
formats;

2. Semiconductor industry formats, such as GIF, GDSII, Oasis, OpenAccess; or

3. Proprietary formats, such as an Electronic Design Automation (EDA) layout database.

The target pattern itself may be a representation of various types of content, for example (but not limited
to):

1. One or more levels of an IC design for a particular IC type;

2. A pattern for a non-IC application (e.g. a MEMS device, or disk drive head, or optical
compouent);

3. A pattern which can be used as part of a larger design, such as a standard cell, or DRAM bit cell,
etc.

The algorithm also accepts one or more constraints as input, including (but not limited to) target pattern or

mask pattern constraints, which may be specified as rules (such as critical dimensions, tolerances, etc.); and

 target pattern or mask pattern constraints specified as additional images (in a “pattern I/O format™)

specifying for example maximal or minimal areas to be covered, or critical regions, etc.

It is contemplated that the teachings of the present invention can be used to refine a photomask pattern
determined through some other process, and that the output of the algorithm of present invention could be
fed, or otherwise used, as input into another technique or methodology for optimally providing a
photomask. In general, an iterative process is contemplated in which a mask pattern is taken through a
series of transformations, with the teachings of the present invention accomplishing a subset of those
transformations.

The teachings of the present invention can also be employed using a variety of possible input patterns for a
variety of possible purposes, including (for example, but not limited to) memory applications (such as
DRAM, SRAM, PROM, EPROM, Flash, EEPROM, etc.), microperipheral applications (such as systems
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[0075]

[0076]

‘support, communication, GPUs, mass storage, voice, etc.), microprocessor applications, digital signal

processor (“DSP”) applications, digital bipolar logic applications (general purpose, programmable logic,
application specific integrated circuits (“ASICs”), display drivers, bipolar memory, etc.), analog
applications, or other non-IC related applications (like MEMS, optical devices, etc.).

Other accepted inputs include parameters of the Hamiltonian function, including but not limited to
parameters of the physical model used to simulate the photolithographic process, and parameters indicating
the desired attributes of the eventual solution. These may include, for example, the number and type of
photomasks employed, the wavelength of a stepper machine, the type and properties of the illumination, the
type and properties of the photoresist, the type and properties of the lens, etc. Other parameters may
include properties of error sources, such as defocus, exposure, alignment, defects, etc.

In example embodiments, the present invention is applied to a variety of purposes, for example:

1. Various IC applications (DRAM, SRAM, microprocessors, etc.);

2 Various IC technologies (CMOS, MOSFET, copper, GaAs, etc.);

3. Various lithographic processes (double mask, CMP, resist types, damascene, etc.);

4 Various wavelengths (248nm, 193nm, etc.); or

5 Various masking technologies (chrome on glass, PSM, CPL, Att-PSM, etc.) resulting from various

mask writing technologies (ebeam, laser, raster-scan, shaped-beam, etc.).

INITIALIZATION

[0077]

[0078]

[0079]

[0080]

After receiving inputs in step 901 and initializing 902 i = 0, we initialize 903 the function ¥, . Intheory,

almost any initial function should be sufficient; however, initial conditions can have an impact on the time
required for convergence and therefore on the cost of the process. Moreover, it is possible that for
sufficiently poor initial conditions the algorithm will fail to converge.

A variety of ways to initialize the mask function will be apparent to one of ordinary skill in the art. In one
embodiment of the present invention, the initial function is chosen, according to an initial photomask

pattern comprising enclosed regions (to be chosen below), by assigning

1. the value +1 to (X, y) everywhere within the enclosed regions of the photomask pattern;

2.  the value -1 to ¥, (X, y) everywhere outside the encloysed regions of the photomask pattern; and
/
3. the value 0 to i, (X, y) at the boundaries (contours) of the regions of the photomask pattern.

However, it is desirable to have a smoother and approximately continuous function as the mask function.
In an embodiment of the present invention, the mask function is a “distance function,” wherein the value of
the function at a given point represents the (signed) distance of the point to the (nearest) boundary of a
region in photomask pattern (positive inside a region’s boundary, negative outside). Such a distance
function has a variety of useful properties. For example, in the context of the present invention, a distance
function allows for computations that depend not just on what is inside a region’s boundary or outside a
region’s boundary, but what is “near” the boundary, where “near” is functionally based on distance. As the
function evolves, it slowly loses its property as a distance function. However, this can be corrected using a
“re-distancing” process, known to one of ordinary skill in the art. A

It remains to determine an initial photomask pattern on which to base the choice of the initial function
W, (X, y) in step 903. A variety of possible choices are available including (but not limited to) the

following:
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[0081]

[0082]

[0083]

1. - Random. This is uniikely fo be the choice leading to fastest minimization, but it should be very
robust;
2. The target pattern. Especiaily for the case ofa single chrome and glass mask, choosing the initial

mask pattern to be equal to the target pattern is likely to perform fairly well. This is because it is
possible for the final mask pattern to be similar to the target pattern;

3. The result of heuristics applied to the target pattern. For example, an OPC algorithm is applied to
the target pattern, with the result used as the initial mask pattern. For multiple mask processes,
one approach is to use heuristics to split the pattern into multiple exposures, for example,
separating horizontal and vertical lines;

4. Results from previous solutions to the same or similar problems. These are likely to be similar to
the desired final pattern; or

5. Results from solutions to other similar regions on the mask, As above, these are likely to yield
similar solutions. One can imagine, for example, that the mask comprises individual mask areas.
As pattern on such individual areas are optimized, the solutions can be used as initial guesses for
other areas. Since the optimal solution for a given area will depend upon interactions with
neighboring areas, the solutions may not be the same. However, the optimal solution from one
area may serve as a good initial guess for another similar area.

In another embodiment, we exploit the fact that repeated patterns exist in an IC circuit design, some of

which patterns may themselves be composed of repeating patterns and so on in a hierarchy, to first

optimize a photomask segment or region on the bottom of the hierarchy (that is, the smallest pieces often
referred to as “standard cells”). Combinations of these solutions can then be used as the initial guesses for
solutions (in step 903) to larger pieceé, and combinations of these larger solutions can then be used és the
initial guesses for even larger pieces, etc. Applying the teachings of the present invention in a hierarchy
process may in some cases allow for very fast convergence, especially when local criteria are used to
determine convergence.

There are numerous ways to initialize an original target photomask pattern. The previous possibilities that

have been described are meant only as a partial list of possible alternatives.

In one embodiment, a mask function is stored as an array of values representing the value of the function at

fixed points on a 2-dimensional grid. Optionally, a more sophisticated approach (referred to as “local

level-set”) only stores the values near the boundaries; depending upon the pattern and the resolution, this
can be significantly more efficient. Other ways of representing and storing a mask function will be

apparent to one of ordinary skill in the art.

CHECKING THE “MERIT”

{0084]

[0085]

As seen in the flow chart, in step 904 the algorithm determines if it has converged upon a suitable set of
contours so as to provide an optimal photomask. In one embodiment, this check is performed after each
step in the evolution of the contours. Alternatively, this check is performed after two or more steps of the
evolution.

One simple method to determine whether an acceptable solution has been found (in step 504) is to calculate
the value of the Hamiltonian (Wl.) resulting in a “merit” of the current solution. Alternatively, a solution

is deemed acceptable based on the number of iterations performed. It may be advantageous to use locally
defined criteria to stop iterating in areas of the photomask where the solution is already acceptable, and to

continue iterating in areas where the solution has not yet reached an acceptable level of merit. In this
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context, “local” can mean on the level of a pixel, on the level of a small area (for example, an interaction
distance), on the level of a hierarchical subdivision of the mask area, or on other alternative levels.

[0086] Yet another indication of convergence is provided by the magnitude of the gradient (in “solution space™) or
Frechet derivative — as the contours approach an optimal state, the derivative decreases and approaches
zero. Similarly, the change in the shape of the contours from one iteration to another iteration provides an
indicator of convergence. Although we have described several indicators, one of ordinary skill in the art
will recognize other indicators as well.

TIME-EVOLVING CONTOURS

[0087] As described above, in an embodiment a mask function evolves in a series of steps in which we add to it a

small function A, (x, y) calculated via equation (2)

AR =843 LRy
v=y;
It is common for the optimization problem of example embodiments to be mathematically “ill-posed” in the
sense that the solution may be non-unique. In order to avoid inherent nmerical instabilities during the
time evolution we employ a “regularization” technique, adding a small term R(¥) to the Hamiltonian H in
order to help stabilize the time evolution. The resulting contours will have less “noise” and appear
smoother to the eye. There are many ways to add regularization which will be apparent to those skilled in

the art, including (but not limited to):

\%
. Rp)=ve X
7
Mean curvature regularization — Adding this term tends to reduce noise in the image by minimizing the
length of contours.
V Vi
2. R ((V ) ¥ —V o — (with the bar indicating average).
N IVWI

Average mean curvature — This tends to minimize the length of the boundaries while keeping the total area
of the enclosed regions fixed, giving preference to smoother contours and contours enclosing larger

regions, since larger regions have less boundary per unit area as compared to many small regions.

)=_a._ l//x +iﬁ.
Ox 'l/fxl Oy ‘l//yl

Wulf-crystal regularization or Wulf curvature. This is similar to curvature except that it prefers Manhattan
geometries. Other variations of Wulf regularization can be used preferring straight edges in Manhattan
geometries or 45 degree angles. Use of Wulf-crystal regularization may be helpful in the design of masks

with rectilinear contours, although it will not guarantee rectilinear geometries.

Oy |, o1¥ | Oly | Bly
4, R(W)— + l%‘ o }le +ay ‘Wyl

X

Average Wulf curvature — Combining aspects of average mean curvature and Wulf Curvature, this exhibits

a preference for rectilinear contours enclosing large regions.
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[0085]

[0089]

[0090]

[0091]

[0092]

[0093]

[0094]

-~ Inall of thé above regularization expressions, it is possible for the denominator in one or more of the

fractions to equal zero. In order to avoid dividing by zero, one can add a small constant to the denominator,
or set the expression equal to zero whenever both the numerator and denominator equal zero.

One of ordinary skill in the art will recognize other possibilities for regularization. It should be obvious
that it may be desirable for the amount or type of regularization to change with time as the contours evolve,
and that alternative ways of introducing regularization are apparent to those skilled in the art and are part of
the teachings of the present invention.

It is an advantageous aspect of example embodiments of the present invention that further desirable
properties of the resulting contours can be incorporated into the merit fonction. For example, it may be
desirable for a photomask to have a smaller number of larger features rather than a larger number of
smaller features. This may not improve the quality of the resulting printed photomask pattern, but it may
be easier or more cost effective to fabricate the photomask corresponding to the simpler contours and hence
offer commercial utility as an advantage in doing so. One can address this by adding additional terms to
the Hamiltonian so as to increase the “merit” of solutions of this nature (for example, so that contours
lacking fine details are preferred over contours with many fine details). Equivalently, adding such terms to
the Hamiltonian can also be thought of as adding “regularization”. In this way, regularization is used not
only to improve numerical stability, but also to yield desired attributes in the resulting contours, It is a
matter of personal preference and interpretation as to what aspects of the Hamiltonian are considered

“regularization” terms and which aspects are considered to be part of the optimization problem.
In equation (2), as well as in several of the regularization expressions, we need to compute IV l//' . The

way in which the gradient is computed can have important consequences in terms of mumerical stability. In

+ example embodiments, techniques for calculating gradients known to those skilled in the art as Hamilton-

Jacobi Essentially Non-Oscillatory (ENO) schemes or Hamilton-Jacobi Weighted Essentially Non-
Oscillatory (WENO) schemes may be used. Alternatively, other ways of computing the gradient are used,
as are known to one of ordinary skill in the art.

In 2 similar vein, the time evolution of the time-dependent mask function can be implemented using a
variety of numerical techniques. One embodiment described above uses what is known as “first order
Runge Kutta”. Alternatively, other variations such as third order Runge Kutta can be used as will be
obvious to those skilled in the art.

The method of gradient descent involves multiple iterations; the size of the function Ai (x, y) chosen as

part of performing step 509 is scaled by the “time-step” At appearing in equation (2). The larger the time-
step, the faster the system converges, as long as the time-step is not so large so as to step over the minimum
or lead to numerical instabilities. The convergence speed of the algorithm can be improved by choosing an
appropriate time-step.

There are numerous ways to choose the time-step Af. In one embodiment, we choose a time step that is
just small enough so as to guarantee that the system is stable. In an alternative embodiment, we start with a
large time step and gradually reduce the time step as the algorithm approaches a minimum. In an
alternative embodiment, we vary the time step locally and per sub-area of the photomask. Other
approaches will be known to those skilled in the art, or other means of adapting the time step to the specific

situation.
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[0095] "In anothér Enbodiment; ofié can Tsé what are known as implicit methods, optionally with linear-
preconditioning, in order to allow for a larger time-step. Still other variations will be known to one of
ordinary skill in the art.

[0096] Analogous to refining the time granularity by reducing the time-step, in one embodiment of the present
invention the granularity or placement of the grid of points on the photomask is adjusted in a time-
dependent fashion as the algorithm approaches convergence. By performing the initial iterations on a
larger grid, and increasing the number of grid points with time as greater accuracy is desired, a solution is
obtained more quickly. Other such “multi-grid” techniques will be apparent to those skilled in the art.
Another possibility is using an adaptive mesh technique, whereby the grid size varies locally.

[0097] It is possible that the process of time-evolving the contours arrives at 2 configuration from which there is
no “downhill” path in “solution-space” to a solution, or in which such paths are inordinately long or
circuitous. In such a state, convergence may require a large number of iterations. Also, the algorithm may
get “stuck” at a local (but not global) minimum. Some example techniques for handling such a situation
are as follows:

1. Changing the Hamiltonian, Various modifications can be made to the Hamiltonian in order to
bridge local minima in solution space; for example, regularization temls can sometimes be used
for this purpose; |

2. Addition of random bubbles. Adding random noise to a mask function will create new regions,
which can then time-evolve into the solution. Noise (that is distortion) can be purposefully added
at random or it can be targeted in specific regions (for example, known problematic target
geometries, or regions which are not converging on their own to acceptable errors, etc.);

3. Heuristic bubbles. Rather than adding random noise, a specific modification feature, known from
experience to generally help the system converge, is added; for example, if certain areas appear to
be evolving too slowly, one could add a constant to the level-set function in that area, thereby
making all the features in that area “bigger”;

4, Uphill steps. By making uphill moves, either at random, or specifically in places, the algorithm
avoids getting stuck in local minima and works toward a global minimum. Similar techniques
from discrete optimization or simulated annealing which are useful to the algorithm of the present
invention will be apparent to one of ordinary skill in the art.

[0098] Alternatives to the previous example techniques will be apparent to those of ordinary skill in the art.

PROJECTION OPERATOR

[0099] In many cases, it is desired to constrain the solution to rectilinear contours, for example to improve
manufacturability or reduce costs of the corresponding masks, The present invention enforces this
constraint by using a projection operator.

[00100] The projection operator can be understood by considering the solution-space of all possible contours, and
recognizing that the set of rectilinear contours is a sub-space of the solution-space. The projection operator
constrains the evolution of the contours to within the sub-space of rectilinear contours.

[00101] The projection operator takes a set of possibly curvilinear contours and approximates them with a set of
rectilinear contours. In one embodiment, choose a fixed grid size (possibly corresponding to

-manufacturing capabilities), and “round” every contour to the nearest grid. This is accomplished, for
example, by setting the level-set function to be positive if the majority of the points within a single grid-cell

are positive, negative if the majority of the points within a single grid-cell are negative, and zero along the
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‘bouridaties”” An altémative embodiment of the projection operator would involve scanning the m function
in the horizontal and vertical directions, looking for stretches with approximately constant value. Such
stretches can be reset to the average value along the length of the stretch, thereby straightening the contour.
Alternative implementations of the projection operator will be apparent to one of ordinary skill in the art.

[00102] In one embodiment of the present invention, the projection operator is applied to the mask function after
each time-step iteration. In this way, the contours are always constrained to be rectilinear. In an alternative
embodiment, the contours are allowed to evolve for multiple time-steps between applications of the
projection operator, in which case the contours may temporarily deviate from strict rectilinear form. The
frequency of projection may depend upon factors such as speed of computation, choice (or implementation)
of the projection operator, or the manner (or implementation) of the curvilinear time-evolution.

[00103] In an alternative embodiment of the present invention, a projection operator can be applied to the increment
function ‘A; (%, ¥), so that a rectilinear mask remains rectilinear. In yet another embodiment, the projection

- operator applied to the increment function A; (x, y) can take into account the current mask function, in
order to keep the number of rectilinear segments fixed.

[00104] The projection operator can also be used to take into account other constraints which are desirable for
manufacturability of the photomask. For example, in some cases it may be desirable for the segments that .
compose a rectilinear photomask to line-up across the photomask, so that if the mask is written with a
shaped-e-beam, the total number of shots is kept to a minimum (“Fracture friendly”). In one embodiment
of the invention, the projection operator would determine a set of rectilinear contours to minimize the
number of shots. Thjsvcan be accomplished using the scanning method described above by considering two
sides of a feature at the same time, and starting and ending segments on both sides of the feature such that
they are in alignment. In other embodiments of the invention, the projection operator could correct for
minimum spacing or sizing constraints.

[00105] Other embodiments of the invention may incorporate one or more of the goals of rectilinear masks, fracture
friendliness, minimum spacing, and minimum sizing, by incorporating these factors into the merit functlon

MERIT FUNCTION / HAMILTONIAN :

[00106] As illustrated, the optimization problem and the resulting contours are determined by a merit function
referred to as the Hamiltonian. There are many alternative ways to choose a merit function within the
scope of the present invention. In one embodiment, the Hamiltonian comprises a sum of two parts:

1. A first part, based upon mask contours themselves; and
2. A second part, based upon the resulting pattern which would be printed on a wafer or die given the
photomask corresponding to the mask contours.

[00107] The first part of the Hamiltonian may comprise one or more terms such that the resulting optimized
photomask pattern has properties‘ which are desirable from a manufacturing point of view; for example, the
“regularization” terms described above can be viewed as elements of the Hamiltonian that exhibit a
preference for contours corresponding to more easily manufacturable masks,

[00108] The second part of the Hamiltonian takes into consideration a model of the photolithographic process, i.c. a
method for calculating the wafer pattern resulting from a particular mask pattern (a “forward model”).
Following describes an example forward model for one embodiment of the present invention.

[00109] In a typical photolithographic process, light passes through the photomask and the lens, and then falls upon

the wafer, where the photoresist is exposed. For coherent illumination, the electric field falling upon the
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photomaskis approkimately constant. The clear regions of the mask pass the light, while the opaque

regions block the light. Tt follows that the electric field, just behind the mask, can be written as:

M (17)= {O chrome}

1 glass

where 7 = (x, y) is a point on the (x,y) plane. Corresponding to an embodiment of the present invention

wherein the regions in which the level-set function is positive indicate glass and the regions in which the

level-set function is negative indicate chrome (with the level-set equal to zero at the boundaries or

contours), one can write the previous expression as a function of a level-set function l//(x, y) as follows:

M(7)= Al (. 7))

wo-f, 72

Because an ideal diffraction hrmted lens acts as a low-pass filter, this will serve as a good approximation to

wherein £ is the Heaviside function:

the actual (almost but not quite perfect) lens used in a typical photolithographic process. Mathematically,

the action of the lens would then be written as follows:

AF)= 1 E Y
where A(?) indicates the electric field distribution on the wafer, f indicates a Fourier transform,

indicates an inverse Fourier transform, and C’ indicates the pupil cutoff function, which is zero for

frequencies larger than a threshold determined by the numerical aperture of the lens, and one otherwise:
- . 0 k>+k>2k
C(kx’ ky)= h( “max — [kxz + kyz])z x2 y2 2max
I k" +k)" <k’m
wherein k_, £ ,and k... represent frequency coordinates in Fourier space.

[00110] Finally, we determine the image in the photoresist upon the wafer. In one embodiment this process is
modeled using a “threshold resist”: in regions where the intensity is greater than a given threshold (which
we shall call 1), the resist is considered exposed; in regions below the threshold, the resist is considered
unexposed. Mathematically, this is handled once again with a Heaviside function:

I (r) h(]A(r)' 1,)

[00111] Combining the above, we find that:

£t )= (| el ) -1,

[00112] This is a self-contained formula which reveals the wafer pattern corresponding to the photomask pattern
defined by the level-set function, within the context of the model just described. It should be emphasized
that this is just one particular possible forward model that can be used within the scope of our invention,
chosen by way of example due to its relative simplicity. More sophisticated forward models also fall
within the scope of the present invention. Such models would take into account, by way of example but

not limitation, multiple exposures, various illumination conditions (e.g., off-axis, incoherent), the actual
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lectromiagnetics of the Tight field interacting with the photomask, various types of photomasks besides
chrome on glass (e.g., attenuated phase shifting, strong phase shifting, other materials, etc.), the
polarization of the light field, the actual properties of the lens (such as aberrations), and a more
sophisticated model of the resist (e.g., diffusion within the resist), such as a variable threshold model,
lumped parameter model, or a fully three dimensional first principles model. Models may also take into
account the vector nature of the electromagnetics field as it propagates through the system, including into
the resist stack., or even Maxwell’s equations as it applies to various parts of the lithographic process,
including the photomask or the resist stack. Forward models may include the use of parameters which are
determined by calibrating the model to a set of calibration patterns which have been previously printed on a
wafer and measured. In some embodiments, the forward model may take into account the effects of
immersion lithography. ‘

[00113] Because the inverse algorithm requires many iterations of the forward algorithm, the latter may be
implemented efficiently in example embodiments. However, as a general rule, more sophisticated models
are likely to run slower than simpler models. One embodiment of the present invention compensates for
this difference in model speed by beginning with a simpler model and then gradually introducing more
sophisticated models as the process converges, thereby postponing the full complexity until the last
iterations. In an alternative embodiment, a more accurate model is used during some iterations, and then a
simpler model is used to calculate the difference from the previous step. In an alternative embodiment,
switching between different models at different time steps obtains an averaging effect. For example, this
represents an efficient way to explore the space of error-parameters. Other variations will be apparent to
one of ordinary skill in the art.

{00114] In one embodiment, the Hamiltonian compares the pattern resulting from the forward model with the target

pattern in order to determine the figure of merit. For example, an L,-norm may be calculated:

Hlp(xy)=|Fl (s y)-T6 )

wherein 7' (x, y) indicates the target pattern. The I,-norm is indicative of the area of the non-overlapping

regions of the two patterns. This metric approaches zero as the two patterns converge. Other examples \‘of

determining a figure of merit are as follows:

1. Other Norms. These might include a cubic or other polynomial functions of the differences;

2. Level-set differences. By representing a resulting pattern as a level-set function one can calculate
the distance between the boundaries, integrated over the length of the boundaries;

3. Local variations. Different parts of the image may have different degrees of importance when it
comes to variations from the target pattern. For example, gates generally need to be much more
accuiately printed than interconnects. In one embodiment, a weighting function assigns more
weight to non-overlapping areas in the portions of the design having higher accuracy
requirements. A related approach gives priority to a measure of distances between curve, or to
other metfics; or

4, Semantics. Certain types of errors are considered more significant than other types. For example,

within small tolerances, variations from the target pattern are irrelevant, whereas variations

outside some tolerances are fatal, taking into account the intent of the design and not just the
geometry of the design, In one embodiment, use local weightings to account for errors. As an

example, consider a gate which must be printed within specific tolerances. Then the weighting
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‘Tactor becomes Targe for points outside the tolerances. Within tolerances, the weighting factor
would be smaller, and optionally still nonzero (so that the algorithm still prefers desigﬁs that are
closer to the target). Other ways of incorporating design semantics into the merit function will be
apparent to one of ordinary skill in the art.

[00115] One desirable property of the Hamiltonian function is a preference for contours representing masks which
are robust against errors in the mask fabrication or in the photolithography process. Such robustness is
known as “process latitude.” Errors which are likely to be most important and therefore likely to be
considered include exposure and defocus. However, other aspects of process latitude, such as mask
defects, alignment errors, lens aberrations, etc., are candidates for consideration. Process latitude can be
incorporated imto the merit function in a variety of ways. In one embodiment, the Hamiltonian Comprises a
sum of terms, each term representing the quality of the image printed under a set of error conditions. In an
alternative embodiment, the Hamiltonian is indicative of the probability that the pattern prints within
specified tolerances. Other ways of incorporating process latitude into the merit function will be apparent
to one of ordinary skiil in the art. In example embodiments, the merit function allows the flexibility to
determine what types of errors are important and how important they are. For example, one mask may
print perfectly when in perfect focus, but degrade rapidly when out of focus, while another mask may print
less accurately in focus, but be more robust against defocus errors. Therefore, in example embodiments,
the merit function allows for flexibility in preferring one mark over another.

[00116] Once again, it should be emphasized that the Hamiltonian can taken into account any desirable property of
the photomask and any model of the photolithography process. Optionally, an adjustment is provided to
the Hamiltonian according to empirical measurements of an actual fabrication process. The foregoing
Hamiltonian and variations described above are by way of example only, not by way of limitation.
Similarly, the photolithography process described above is by way of example only; the teachings of the
present invention can be applied to any photolithographic process that can be modeled with a Hamiltonian
function.

OUTPUT

[00117] - The flow chart shown in Figure 9 ends with an output of the resulting contours, representing a mask
suitable for one of the potential photolithography applications and conforming to the specifications and
constraints specified in a suitable “pattern I/O format.”

[00118] Other outputs in addition to the photomask pattern corresponding to the optimized contours are
contemplated. In one embodiment, the final value of the Hamiltonian function is output to indicate the
merit of the solution, optionally to be interpreted as a probability estimate that the resulting process w111
print within specification. Examples of other outputs include various process latitude parameters (e.g.
range of defocus), properties of the photomask itself (e.g. manufacturing cost estimate, phase assignments,
number of features, etc.), or other outputs apparent to one of ordinary skill in the art.

GENERALIZATIONS

[00119] Foregoing discussion frequently considers a single mask fimction representing contours on a single mask,
the interior of those contours corresponding to chrome regions, and the exterior corresponding to glass
regions. However, in many cases it will be desirable to find contours separating multiple types of regions
on the same mask, for example, chrome, glass, and phase-shifted glass, and/or either alternatively or
simultaneously to find contours corresponding to boundaries of regions on multiple masks, to be used in a

multiple exposure process. Both generalization fall within the teachings of our invention.
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[00120]"'1'0 allow for multiple masks it suffices to simultaneously optimize multiple mask functions, an algorithm
for which fdllows directly from above discussions: each mask function time-evolves according to an
equation analogous to (2), except that the terms on the right hand side now depend upon multiple mask
functions, instead of just on one.

[00121] One can easily allow for multiple types of regions in a similar manner to the way in which one handles
multiple masks, i.e., with multiple mask functions. However, with multiple-types of regions on the same
mask, one must prevent regions from overlapping. Consider an example where glass regions correspond to
those areas in which the first function is positive, phase-shifted regions correspond to those areas in which
the second function is positive, and chrome regions correspond to those areas in which both functions are
negative. Prohibiting the possibility for the same region to be both clear glass and phase-shifted glass, add
a constraint which prevents both functions from being positive in the same area, for example by adding a
“penalty” term to the Hamiltonian, the penalty term taking on a very large value whenever the two
functions overlap. Thus, as the system time-evolves, the contours move so as to remain non-overlapping.
It should be apparent that this concept can be extended in a trivial manner to more than two level sets and
more than three types of regions. Alternatively, one can allow both functions to evolve freely, and assign
precedence to one of them, e.g., if both are positive, define the region as clear glass. Other means of
representing multiple regions (also called “multi-phase flow” in the literature) will be apparent to those
skilled in the art, and fall within the scope of our invention.

[00122] Similarly, while the foregoing discussion refers typically to a mask consisting of only chrome and glass
regions, these types of regions should not be construed to limit the applicability of the present invention,
which is useful for any number of different types of regions. By way of example (but not limitation),
phase-shifted regions, regions covered with materials other than chrome (e.g., in an attenuated phase
shifting mask), and half-tone regions would all be within the teachings of the present invention.

[00123] In still another embodiment, a function can be used to represent the pattern of the illumination optics; as in
the foregoing discussion of multiple masks, this function can be optimized simultaneously with those
representing one or more photomasks. In yet another embodiment, various parameters of the Hamiltonian
can be optimized simultaneously with one or more mask functions, in an analogous manner.

SUB-GRID RESOLUTION

[00124] In an éxample embodiment, the mask function may have the following useful property: when such a
function is stored in a computer using a pixelized representation, that is, as a matrix of values sampled from
a grid in the (x,y) plane, the pixelized representation can specify the precise location of the contours at a
resolution substantially smaller than the pixel size. For example, if the pixels are stored in a computer using
32-bit floating point values, rather than the pixel size. This is an example only and the value of 2 mask
function may be specified with other resolutions as well, such as 64 bit values, 8 bit values or other vahies
which can be different that the resolution provided by the pixels.

[00125] When the mask function is represented by a discrete set of values, most commonly (but not necessarily)
arranged in a grid of pixels, it is often the case that the contour defining the boundaries between the regions
of the photomask pattern does not fall exactly on a pixel boundary. For example, if the mask function is
chosen as a level-set function with the zero level-set defining the boundary, than the value %0 &, v)=0
may not occur for any discrete x,y sampled by a particular pixel. In such a representation, one possibly

beneficial approach is to initialize the pixel values such that they indicate the position of the boundary with
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“sub-pixel resolution. For exampie, if the mask function is a distance function, then the value of the pixels
near the contour can be set to the signed distance to the contour corresponding to the initial pattern.

[00126] Similarly, when the final mask function is determined, it is often desired to output the result in a pattern I/O
format which is different from the internal representation of the mask function. It is accordingly an aspect
of the present invention that the output pattern, when described in a pattern I/O format, may have a
pre01s1on or resolution that is finer than the pixel density or grid size, if such an internal representation is
used, or the distance between sample points in 2 more complex representation. Frequently, converting an
output mask from a mask function representation into a pattern I/O format with sub-pixel resolution can be
accomplished by exploiting the fact that the mask function representation will often make use of several
bits per pixel, and these bits specify the accurate position of the contour within the pixel, thereby allowing
one to specify the pattern contour in the pattern I/O format with sub-pixel resolution.

[00127] It is also possible to represent the target pattern on a pixel based grid with a precision or resolution that is
finer than the pixel density or grid size, in a manner similar to the above. This may be useful in computing
the merit function in an efficient manner.

[00128] The above approach can also be applied when using multi-resolution or multi-grid techniques, or in an

‘ adaptive mesh approach, or in a local Ievel set approach, or virtually any other approach that Tepresents a
continuous mask function with a discrete set of values, even if the maék function is not represented by a
simple pixel map. Accordingly, alternative embodiments (such as alternative mask functions and means of
interpreting and representing mask functions) would also fall under the present invention.

[00129] A pattern I/O format may be used to read in the target, output the final photomask, or input or output other
patterns and images of masks, wafers, targets, heuristic information about the photomask (such as markings
of gate regions or other special regions), an initial guess that might be used an initial photomask in the
iterative process, or other 2-d pattern information. In one embodiment of the invention, the pattern /O
format used may be based on what we call a vector or polygon type description, by which we mean that the
description of the pattern contains the start and end points of varions lines, or the vertices of polygons, or
other means of describing the shapes of the pattern that are not inherently pixel-based. GDSII and Oasis
would be examples of such polygon-type descriptions. It is an aspect of an example embodiment of the
invention that such patterns upon input or output may be converted from polygon-type representations into
area or pixel based representations, or converted from area or pixel based representations into polygon—typé
representations. Such representations might include a representation based on binary pixels, or possibly a
mask function representation as described previously, which might include, for example, a distance
function representation. Such conversions between formats may take place at a resolution finer than the
pixel size or grid size of the area based representation, if it uses pixels or values sampled on a grid.

PARALLEL SYSTEM

[00130] It is often the case that a photomask will be quite large, in the sense of having a large number of contours.
Alternatively, in a pixelized representation, such a photomask would consist of a large number of pixels.
Computing the optimal design for an entire photomask at one time on a single CPU may be
computationally demanding. In such situations, it may be beneficial to divide the pattern into separate
regions, and process each region on a separate compute node in a cluster of machines.

[00131] There are several ways in which such parallelization can be accomplished. In one approach, the plane is
partitioned into non-overlapping regions, with each region to be solved on a particular compute node, and

each individual node communicates information about the region it is processing and its boundary
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“conditions to those nodes that are processing neighboring regions. An advantage of this method is that a
large number of processors can be used simultaneously to solve for the optimal mask function over a large
area, in such a manner that the solution obtained would be exactly the same as in the case in which all of
the work was accomplished on a single node.

{00132] In an alternative approach, the plane is divided into separate non-overlapping regions, but when such
regions are processed on individual compute nodes, the machines compute the optimal mask for each
region along with a halo region of a fixed thickness surrounding the given region. Because the impact of
one area of a photomask on another area of the same mask diminishes with distance, the mask function
found in this approach will be almost the same as if the entire mask was processed on a single compute
node, as long as the halo thickness is sufficiently large. Figure 12 illustrates a portion of a photomask
pattern divided into an array of blocks 1200, including block 1202. The block 1202 will have a target
pattern specified for a portion of the integrated circuit or other workpiece. The size of the blocks may
depend upon the features of the design, including the size of Tepetitive structure, boundaries that provide
processing efficiency, or other criteria. In some embodiments, a fixed block size may also be specified.
For instance, in an example embodiment, the blocks in F igure 12 may range from 1 micron by 1 micron to
10 microns by 10 microns, or any range subsumed therein. These are examples only and other block sizes
may be used. As shown by the dashed line at 1204, a halo may be defined around block 1202. This halo
overlaps with adjacent blocks 1206, 1208, 1210, 1212, 1214, 1216 and 1220. The halo extends beyond the
block 1204 by a distance d in each direction, The distance may be selected based on process parameters
and the level of expected interference from adjacent regions and computational complexity (since the halo
increases the size of each region that is be processed). While the size of the halo may vary, in some
embodiments, it may range from 0.5 microns to 2 microns or any rang subsumed therein or from 5% to
10% of the width or height of the block or any range subsumed therein. These are examples only and other
halo sizes may be used. ‘

[00133] An advantage of this method is that each region along with its halo can be processed completely
independently of all other regions. In yet another approach, the entire photomask is divided into regions
with halos as above, but the computer analyzes such regions in order to find repetition. If a particular
region of the target pattern, halo included, is identical to a similar area in another portion of the target
pattern, then this region need only be processed once, since both instances will yield identical results.
Since it often occurs that a single pattern repeats many times throughout a target design, using this
approach to eliminate repetition can be advantageous. Other approaches to parallelizing the problem are
also possible, depending on the computer architecture.

[00134] In one embodiment of the invention, the target design is provided as one of a set of inputs to a computer
system. The design could be sent over a network or it could be provided on tape or on a variety of
removable storage media. The computer system would begin by analyzing the design and breaking it into a
large number of individual pieces. In one embodiment, the design is stored in a file system, and one or
more servers that have access to the file system would perform this step. Alternatively, the file system may
be local to one or more of the servers (such as a local hard drive). The cutting up of the design could be
based upon a variety of criteria, as there are multiple ways of dividing a design into pieces. The pieces may
be square, or rectangular, or any other shape. It is usually preferable for the pieces to be non-overlapping
(not counting the halos, which if they are included, are overlapping by definition), but it is not necessary for

the pieces to be non-over-lapping. In some embodiments, the design may be stored in an intermediate
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[00135]

- [00136]

[00137)

format, different from the Criginal input format. In one embodiment, the design is “flattened” before
processing, so that the breaking of the design into pieces does not need to consider hierarchy. In another
embodiment, a partition is predetermined to guide the cutting processes, and as the input file is read,
polygons are divided into files according to which partition they would fall under. Still other approaches for
reading, analyzing, and breaking a design into pieces are possible within the scope of the invention.

Once the design has been broken into multiple pieces, each piece could then be sent to one or more servers
designed to process the pieces and solve for the optimal photomask for each piece. The second set of
servers may include the original set of servers, or may be a distinct machine or set of machines. The
transmitting of the data could include sending the data over Ethernet, or Myrinet, or Infiniband, or any
other method by which two or more computers can exchange information. Alternatively, the separate
pieces can be written to 2 file system which one or more servers can access independently, as a means of
transferring data from the original set of machines to the second set of machines. The data describing the
individual pieces could be based on a pattern I/O format, or another polygon-type representation, or it could
be a pixel or grid based representation, or an area based representation, such as a mask function or bit map.
Optionally, additional information could be included, such as process information, for example, the
wavelength or numerical aperture. In one embodiment of the invention, the individual pieces include halos
so that they can be processed separately. In an alternative embodiment, some pieces may not include halos
or may include halos on only some of the edges, and information is shared between pieces, as described
previously, in order to address the boundaries for the edges which are not padded by halos. Such an
implementation may be used, for example, on a shared memory multi-CPU machine, where information is
easily and efficiently transferred between simultaneously running processes.

As it may be advantageous to minimize the amount of processing that needs to be completed, in some
embodiments the system may optionally déterminc if there is repetition among pieces of the design to be
processed. One way in which this can be accomplished is to calculate a signature for each piece, and then
look for pieces with identical signatures. Another approach is to simply compare the pieces directly. In
one embodiment, this repetition analysis is done during the first step, before the pieces are sent to be
processed. Alternatively, in the second step, before a server begins to process a piece, it can look to see if
an identical piece has been processed previously. Other approaches are also possible and fall within the
scope of the invention. Because the decision as to how the pieces are cut will impact the amount of
repetition, in some embodiments it may be desirable to consider possible repetition in the design during the
cutting step. For example, if a design is based on cells, the pieces can be chosen to correspond to the
individual cells, which are likely to appear in more than one place. Another possibility would be to choose
rectangles which correspond to groups of such cells. Still another embodiment would arbitrarily cut the
design into strips in one direction, but within each strip, choose rectangular pieces which are aligned with
cell boundaries or other elements of the design, in such a way so as to maximize the possibility of finding
repetition.

Once all the individual pieces are processed, the results are transferred to a third set of servers, which may
be one or more servers and may or may not include one or more servers from the first and second set.
Transferring of data can take place by a variety of means and in a variety of format, as above, when the
pieces were originally sent to the second set of machines. F inally, the third set of machines assembles the

pieces back together into a complete photomask design. In one embodiment, the individual pieces of
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“optimized photomask are Sombinied into a single GDSTI file. In other embodiments, the output might be
multiple files, and it is possible to have a separate file for each piece in some embodiments.

[00138] It is possible that one or more of the steps outlined above could be executed in parallel on one or more
machines; for example, as the input design is processed, individual pieces could be sent to another machine
which would compute the optimal mask and then forward the piece to a third machine which would begin
assembling the pieces together. Such an approach could be considered a pipe-lined architecture. Similarly,
parts of one or more of the steps could be completed on one or more servers while others are working on
one or more of the other steps. In some embodiments, all of the steps would be performed on a single
machine, or a single multi-processor machine (i.e., a single machine with multiple CPUs).

[00139] In the foregoing discussion, the servers described above could be any one of a number of different
computing devices. One possibility would be standard blade servers; another possibility would be standard
1U rack mounted servers, or rack mount servers of various sizes, or another possibility would be a cluster
of standard desktop machines or towers. In one embodiment, the processing would take place on a general
purpose microprocessors, also called a GPU or CPU. For example, an Intel Pentium or AMD Opteron
could be used. In other embodiments, the computing could be done on an FPGA, DSP, or ASIC. In one
embodiment, some of the work would be done on a GPU and other parts of the work would be done
another device. For example, the GPU could be used to process polygons, transfer data, read and write
files, convert formats, and a variety of general tasks, and an FPGA could be used to perform the individual
steps of the optimization. It is possible that an FPGA or ASIC could be specifically designed to perform
operations on a mask function. One approach would be to use an FPGA, DSP, or ASIC to exploit the
parallelization inherent in processing large arrays of pixel values used to represent a mask fimction. For
example, a server could consist of a standard GPU along With a special accelerator board attached to the
server which contains one or more FPGAs, DSPs, or ASICs, along with local on board memory. Pieces of
designs could be passed to the GPU for processing, which would perform miscellaneous tasks as described
above, and then transfer arrays to the board containing the special purpose processors, which would then
perform computations on the nﬁask function. The resulting optimal mask function could then be transferred
back into the main memory of the mother board, allowing the GPU to perform any additional post
processing and/or transfer the results back to another server or set of servers, for assembly as in the third
step described above. It is also possible that the system could be designed such that the GPU has access to
the memory of the accelerator board as well as its own memory, and in some embodiments the GPU might
perform operations on the mask function interspersed with work performed by the FPGAs, DSPs, or
ASICs.

EXAMPLE SYSTEM ARCHITECTURES

[00140] Figure 13 is a block diagram showing the architecture of an example computer system, generally indicated
at 1300, according to an embodiment of the present invention. As shown in the example embodiment of
Figure 13, the computer system may include a processor 1302 for processing instructions, such as a Intel
Pentium™ processor, AMD Opteron™ processor or other processor. The processor 1302 is connected to a
chipset 1304 by a processor bus 1306. The chipset 1304 is connected to random access memory (RAM)
1308 by a memory bus 1310 and manages access to the RAM 1308 by the processor 1302. The chipset is
also connected to a peripheral bus 1312. The peripheral bus may be, for example, PCI, PCI-X, PCI Express
or other peripheral bus. In some embodiments, an accelerator card 1318 may be connected to the

peripheral bus 1312. The accelerator card 1318 may include ASIC o other hardware for accelerating
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"processing 1320. The accelerator card 1318 may also include on-board memory 1322. The computer
system 1300 also includes one or more network interface cards (NICs) 1314 connected to the peripheral
bus for providing network interfaces to a network. External storage 1316, such as a disk array or other non-
volatile storage, is also connected to peripheral bus 1312.

[00141] Software instructions for implementing any of the methods described above may be stored in memory
1308, storage 1316, on board memory 1322 or other computer readable media and may be processed by the
processor 1302 or accelerator card 1318. Representations of target patterns, photomask patterns or blocks
or portions of the foregoing and other inputs and outputs may also be stored in memory 1308, storage 13 16,
on board memory 1322 or other computer readable media and may be processed by the processor 1302 or
accelerator card 1318. These items may be stored in data structures or files or in other formats. In some
embodiments, as described above, a functional representation of a photomask pattern or portion of a
photomask pattern may be stored in an array, where the value of the function at grid points across the area
of the pattern are stored in the array. In some embodiments, the processor may process a photomask
pattern or portion of a photomask pattern in a polygon representation such as GDSII or Oasis and convert it
to a functional representation using a grid or pixelized representation. It may then be provided to on board
memory 1322 and processed by the accelerator card 1318. The accelerator card 1318 may include

-specialized hardware 1320 that efficiently processes the functional representation, merit function and
change function and can be used for iteratively adapting the pattern as described above.

[00142] Figure 14 is a block diagram showing a networked computer system 1400, according to an embodiment of
the present invention. In an example embodiment, each of the computers 1402a-i may have the
architecture shown in Figure 13 or other architecture and may be used for multi-processing to efficiently
process a large integrated circuit design. The system may have a network file system 1412 (corresponding
to external storage 1316 in Figure 13) that is shared by the computers. Tt will be understood that other
architectures may be used as well for multi-processing as described above, including a computer with
multiple processors, a server with multiple blades or other architectures. One of the computers, or a group
of computers 1404, may receive a target pattern for a layer of an Integrated circuit device. This group of
computers 1404 may convert the target pattern from hierarchical to flat format and divide the target pattern
into blocks, which may include halos as described above in connection with Figure 12.

[00143] In an example embodiment, the target pattern may be for a complex integrated circuit design with more
than 10 million gates. In an example embodiment, the first group of computers may divide this pattern into
1 million or more blocks for processing. In an example embodiment, the design may include a minimum
design feature size or pitch of 90nm, 65nm, 45nm or less. The target pattern for the blocks generated by
computers 1404 may be stored in files in file system 1412 or in data structures in memory and may be
accessed by other sets of computers 1406 and 1408 over network 1410. The first set of computers 1404
may assign blocks to queues in file system 1412 to be processed by individual computers 1402 d, e and f.
In this way, the load can be balanced and a large complex design can be efficiently processed using multi-
processing. '

[00144] A second set of computers 1406 may access the blocks for processing. Each computer 1402 d, e and f may
be retrieve blocks from its queue and process them. The second set of computers may select functional or
bit map representations for the patterns and iteratively adapt the patterns by evaluating merit functions.

Change values may be added to adapt the pattern until a final output pattern is generated as described
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above. The final pattern for the biock may be stored in file system 1412 and accessed by a third set of
computers 1408.

[00145] The third set of computers 1408 may assemble the blocks to generate the entire magk pattern, or a portion
thereof, and convert mask pattern into a polygon representation such as GDSII or Oasis or other format,
The resulting mask pattern may be stored as a file in file system 1412,

EXAMPLE MASKS AND INTEGRATED CIRCUITS

[00146] Photomasks may be manufactured using the mask pattern generated by the above systems and methods.
Chrome, clear or phase shifted regions may be formed on a photomask in accordance with the mask
pattern. For instance, Figures 15, 16, 17,18 B,Cand D, 19B, C, D, E and F and 20 B,C,DandE
illustrate sample patterns that result from systems and methods according to example embodiments of the
present invention. In these figures, the example patterns correspond to individual blocks of an overall
photomask, although it will be understood that blocks may be combined into an overall pattern to be used
in manufacturing a photomask, \

[00147] Figure 15 shows an example pattern for block 1500. This block is about one micron square. This block
has a target pattern 1502 that is an isolated rectangle of 100nm x 454nm. The process parameters (provided

. as inputs) include an illumination wavelength of 193 nm, a numerical aperture of 0.85, a point source of
illumination, an attenuated phase shift mask. The pattern is intended for a 65nm generation, but is not
limited to use with 65nm design rules. The mask pattern 1504 is generated by the system and method
according to an example embodiment. The mask pattern 1504 has two lobes protruding at each end of the
rectangular target pattern (wider than the target pattern), a wide region (wider than the target pattern) in the
middle and narrow regions (narrower than the target region) between the wide middle region and the Iobes
on each end. |

[00148] Figure 16 shows an example pattern for block 1600. This block has a target pattern with various contacts
1602. The process parameters (provided as inputs) are an illumination wavelength of 193 nm, a numerical

_ aperture of about 0.8, an annular source of illumination and an attenuated phase shift mask. Figure 16 also
shows grid points that may“ be used in processing the target pattern as described above. As shown in Figure
16, a mask pattern with a diamond shape (with top/bottom points and side points wider than the target
contact pattern) 1604 for isolated contacts may result. Contacts near one another may result in a mask
pattern over the contact with an asymmetric shape 1606 that extends longer on one side than the other, in a
tear drop shape.

[00149] Figure 17 shows an example pattern for block 1700. This block has a target pattern with parallel
rectangular regions 1702 that turn at an angle as shown at 1704. The Pprocess parameters (provided as
inputs) are an illumination wavelength of 193 nm, a mimerical aperture of about 0.8, an annular source of
illumination, an attenuated phase shifi mask. The pattern is intended for a 65nm generation; but is not
limited to use with 65nm design rules. The shaded regions 1706 show the mask pattern. As shown in
Figure 17, the mask pattern for each rectangular region alternatively curves inward (inside the target
pattern) as shown at 1708 and then outward (outside the target pattern) as shown at 1710. The wave-like
structures in this example have a characteristic periodicity which depends upon the effective wavelength of
the light source. These regions are somewhat offset between parallel rectangular regions (when a region of
a mask pattern protrudes outward over one target pattern, the mask pattern over the adjacent target pattern

tends to curve inward). At the corner where the target pattern turns at an angle, there is a larger outward
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protrusion at the outer corner of each turn as shown at 1712. The pattern varies such that each bend is
slightly different, according to the surrounding patterns and pitch (space between neighboring features).

[00150] Figure 18A shows an example target pattern 1800. Figures 18 B, C and D show sample mask patterns for
this target pattern using different process parameters. While the target pattern 1800 is shown as the same
for each process, it will be understood that the target pattern may be scaled to a different size for each of
the processes. Figure 18B shows the mask pattern for a binary chrome and glass mask, 130 nm design
rules, 193 nm illumination wavelength, numerical aperture of 0.7 and annular illumination. Figure 18C
shows the mask pattern for a binary chrome and glass mask, 85 nm design rules, 193 nm iltumination
wavelength, numerical aperture of 0.7 and annular illumination, Figure 18D shows the mask pattern for a
binary chrome and glass mask, 45 nm design rules, 193 nm illumination wavelength, numerical aperture of
0.7 and annular illumination.

[00151] Figure 19A shows an example target pattern 1900. Figures 19 B, C, D, E and F show sample mask pattems
for this target pattern using different process parameters. While the target pattern 1900 is shown as the
same for each process, it will be understood that the target pattern may be scaled to a different size for each
of the processes. Figure 19B shows the mask pattern for a binary chrome and glass mask, 130 nm design
tules, 193 nm illumination wavelength, numerical aperture of 0.7 and annular illumination. Figure 19C
shows the mask pattern for a binary chrome and glass mask, 100 nm design rules, 193 nm illumination
wavelength, numerical aperture of 0.7 and annular illumination, Figure 19D shows the mask pattern for a
binary chrome and glass mask, 80 nm design rules, 193 nm illumination wavelength, numerical aperture of
0.7 and annular illumination. Figure 19E shows the mask pattern for a binary chrome and glass mask, 65
nm design rules, 193 nm illumination wavelength, numerical aperture of 0.7 and annular illumination,
Figure 19F shows the mask pattern for a binary chrome and glass mask, 45 nm design rules, 193 nm
illumination wavelength, numerical aperture of 0.7 and annular illumination.

[00152] Figure 20A shows an example target pattern 2000. Figures 19 B, C, D and E show sample mask pattems
for this target pattern using different process parameters. While the target pattern 2000, is shown as the
same for each process, it will be understood that the target pattern may be scaled to a different size for each
of the processes. Figure 20B shows the mask pattern for a binary chrome and gléss mask, 130 nm design
rules, 193 nm illumination wavelength, numerical aperture of 0.7 and annular illumination. Figure 20C
shows the mask pattern for a binary chrome and glass mask, 90 nm design rules, 193 nm illumination
wavelength, numerical aperture of 0.7 and annular illumination, Fi igure 20D shows the mask pattern for a -
binary chrome and glass mask, 65 nm design rules, 193 nm illumination wavelength, numerical aperture of
0.7 and annular illumination. Figure 20E shows the mask pattern for a binary chrome and glass mask, 45
nm design rules, 193 nm illumination wavelength, numerical aperture of 0.7 and annular illumination.

[00153] In example embodiments, photomasks may be used to manufacture integrated circuit devices or other
workpieces using masks having patterns determined by any of the methods described above. These masks
may be used in lithography equipment to develop a pattern in photoresist on a semiconductor wafer or other
workpiece. Processing equipment may then be used for etching, doping or depositing materials based in
such regions to form integrated circuits or other structures. Photoresist may be stripped and additional
layers may be formed by repéating the above steps with a photomask for the additional layers. Processed
wafers or other workpieces may then be scribed into die and packaged to form integrated circuit devices or

other devices.
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[00154] Aspects of the present invention may be applied to solving for an optimal grayscale or continuous tone
photomask. Aspects of the invention may also be applied to maskless optical lithography, as well as
optical mask writers. In these embodiments, instead of solving for the “optimal photomask”, one would
merely solve for the optimal pattern to be used in controlling the maskless optical lithography tool or
optical mask writing tool,

[00155] Various elements and steps in the description and example embodiments above may be applied
independently or in various combinations. For example, a variety of methods for finding the optimal
photomask may be used in combination with aspects described above, including but not limited to the
method of Nashold projections, variations of Fienap phase-retrieval algorithms, coherent approximation
with deconvolution, local variations, descent searches, linear and nonlinear programming, pixel flipping,
quadratic optimization, linear and nonlinear least squares, Gerchberg-Saxton algorithmy, simulated
annealing, genetic algorithms. Aspects of the present invention which can be applied to such methods may
be so applied within the scope of the invention. For example, these methods may be used in combination
with one or more of the following aspects described above: any of the above merit functions, any of the
above pattern representations and associated conversion methods, any of the above parallel processing
fechniques including but not limited to dividing a pattern or file into blocks with halos for parallel
processing, or other aspects of the embodiments described above. For example, the parallel system
architecture described previously may be applied to a variety of photomask optimization methods.
Elements of the Hamiltonian function described above may also be applied to a variety of optimization
methods which can make use of 2 merit function. Other means of combining various aspects of the present
invention with other optimization methods are also possible.

[00156] Accordingly, while there have been shown and described above various alternative embodiments of
systems and methods of operation for the purpose of enabling a person of ordinary skill in the art to make
and use the invention, it should be appreciated that the invention is not limited thereto. Accordingly, any
modifications, variations or equivalent arrangements within the scope of the attached claims should be

* considered to be within the scope of the invention. In addition, the foregoing description of the principles
of our invention is by way of illustration only and not by way of limitation. For example, although several
illustrative embodiments of methodologies in accordance with the principles of our invention have been
shown and described, other alternative embodiments are possible and would be clear to one skilled in the
art upon an understanding of the principles of our invention. For example, several alternatives have been
described for various steps described in this specification. It should be understood that one alternative is
not disjoint from another alternative and that combinations of the alternatives may be employed in
practicing the subject matter of the claims of this disclosure. Certainly the principles of our invention have
utility apart from making photomasks for integrated circuits, some of which we have already mentioned.
Accordingly, the scope of our invention is to be limited only by the appended claims.

[00157] Foregoing described embodiments of the invention are provided as illustrations and descriptions. They are
not intended to limit the invention to precise form described.

[00158] In particular, it is contemplated that functional implementation of invention described herein may be
implemented equivalently in hardware, software, firmware, and/or other available functional components

or building blocks. Other variations and embodiments are possible in light of above teachings, and it is

-27-



WO 2007/033362 PCT/US2006/035985

thus 1nfended that the scope of invention not be limited by this Detailed Description, but rather by Claims
following.
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CLAIMS
WHAT IS CLAIMED IS:

1. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of reglons of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern;

determining a first function corresponding to the first mask pattern, wherein the range of the first function
has a cardinality that is greater than the number of distinct types of regions of the first mask pattern, and wherein the
domain of the first function corresﬁonds to the plane of the first mask pattern; and

generating a second function based, at least in part, on the first functlon wherein the second fiunction

corresponds to a second mask pattern.
2. The method of claim 1, further comprising extracting the second mask pattern from the second function.

3. The method of claim 2, wherein the extracting includes calculating a first group that includes one or more

regions corresponding to a first value of the second function.

4. The method of claim 3, wherein the exiracting includes calculating a second group that includes one or

more regions corresponding to a second value of the second function.

5. The method of claim 1, wherein the second mask pattern is constrained to be rectilinear.

6. The method of claim 1, wherein the generating is in accordance with a model of the photolithographic
process.

7. The method of claim 1, wherein the generating includes modifying the first function in accordance with a

model of the photolithographic process and wherein the model of the photolithographic process includes a resist

model and considers out of focus conditions.
8. ‘The method of claim 1, wherein the number of distinct types of regions of the fist mask pattern is 2.

9. The method of claim 8, wherein the distinct types of regions of the first mask pattern include a chrome

region and a glass region.

10. The method of claim 8, wherein the distinct types of regions of the first mask pattern include a region

having a transmissivity greater than a pre-determined value and an attenuating phase-shifting region.

11. The method of claim 1, wherein first mask pattern corresponds to a chrome-on-glass photo-mask, a phase-

shift photo-mask, an attenuated phase-shift photo-mask, or a multiple exposure photo-mask.

12. The method of claim 1, wherein the first function includes a level-set function.
13. The method of claim 1, wherein the first function is a grayscale or a bitmap representation of the first mask
pattern.
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14. * ™The metfiod of ciaim 1, Whereémn first function includes at least three values, and wherein a first value and a
second value correspond to regions of the first mask pattern, and a third value corresponds to a contour in a plane of

the first mask pattern.

15. The method of claim 14, wherein the regions corresponding to the first value and the second value are
distinct from each other.

le. The method of claim 1, wherein the generating is in accordance with at least the one of the subsets of the
target pattern, and wherein at least the one of the subsets of the target pattern corresponds to a physical layout of at

least a portion of an integrated circuit.

17. The method of claim 1, wherein at least the one of the subsets of the target pattern includes a format that is
compatible with GDSII or OASIS.

18. The method of claim 1, wherein the first function is a distance function in which a value of the first

function corresponds to a distance from a nearest contour in the plane of the first mask pattern.
19. The method of claim 1, wherein the first function has a pre-determined value on a contour in the plane.

20. The method of claim 1, further comprising adjusting the second fumction such that it is a distance function
in which a value of the second function corresponds to a distance from a nearest contour in a plane of the second

mask pattern.

21. The method of claim 1, wherein values of the first function indicate locations of boundaries between the
distinct types of regions in the first mask pattern with a finer resolution than corresponding locations in the plane of

the first mask pattern.

22, The method of claim 1, wherein values of the first function indicate a position of a

contour separating distinct regions on the photo-mask.

23. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;

determining a first function corresponding to the first mask pattern, wherein the range of the first function
has a cardinality that is greater than the number of distinct types of regions of the first mask pattern, and wherein the
domain of the first function corresponds to the plane of the first mask pattern; and

generating a second function based, at least in part, on the first function, wherein the second function

corresponds to a second mask pattern.

24. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a phurality of distinct types of regions having distinct optical properties, comprising:

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;

determining a first function corresponding to the first magk pattern, wherein the range of the first function
has a cardinality that is greater than the number of distinct types of regions of the first mask pattern, the domain of
the first function corresponds to the plane of the first mask pattern, and wherein values of the first function indicate
locations of boundaries between the distinct types of regions in the first mask pattern with a finer resolution than

corresponding locations in the plane of the first mask pattern; and
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-generating a second function based, at least'in part, on the first function, wherein the second function

corresponds to a second mask pattern.

25, A computer-program product for use in conjunction with a computer system, the computer-program
product comprising a computer-readable storage medium and a computer-program mechanism embedded therein for
determining a mask pattern to be used on a photo-mask in a photolithographic process, wherein the photo-mask has
a plurality of distinct types of regions having distinct optical properties, the computer-program mechanism
including:

instructions for partitioning a target pattern into subsets of the target pattern;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;

instructions for determining a first function corresponding to the first mask pattern, wherein the range of
the first function has a cardinality that is greater than the nurber of distinct types of regions of the first mask
pattern, and wherein the domain of the first function corresponds to the plane of the first mask pattern; and

instructions for generating a second function based, at least in part, on the first function, wherein the second

function corresponds to a second mask pattern.

26. A computer system, comprising:
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including:
instructions for partitioning a pattern into subsets of the pattern, wherein each subset corresponds
to an area of the photomask;
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the pattern;
instructions for determining a first function corresponding to the first mask pattern, wherein the
range of the first function has a cardinality that is greater than the number of distinct types of regions of the first
mask pattern, and wherein the domain of the first function corresponds to the plane of the first mask pattern; and
instructions for generating a second function based, at least in part, on the first function, wherein

the second function corresponds to a second mask pattern.

27. A computer system, comprising:

at least one processor;

at least one memory; and

at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct

optical properties, at least the program module including:
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instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;

instructions for determining a first function corresponding to the first mask pattern, wherein the
range of the first function has a cardinality that is greater than the number of distinct types of regions of the first
mask pattern, and wherein the domain of the first function corresponds to the plane of the first mask pattern; and

instructions for generating a second function based, at least in part, on the first function, wherein

the second function corresponds to 2 second mask pattern.

28. A computer system, comprising:
means for computing;
means for storing; and
at least one program module mechanism, the program module mechanism stored in at least the means for
storing and configured to be executed by at least the means for computing, wherein at least the program module
mechanism is for determining a mask pattern to be used on a photo-mask in a photolithographic process, and
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, at least the
program module mechanism including:
mstructions for partitioning a target pattern into subsets of the target pattern;
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern; \
instructions for determining a first function corresponding to the first mask pattern, wherein the
range of the first function has a cardinality that is greater than the number of distinct types of regions of the first
mask pattern, and wherein the domain of the first function corresponds to the plane of the first mask pattern; and
instructions for generating a second function based, at least in part, on the first function, wherein

the second function corresponds to a second mask pattern.

29. A photo-mask for use in a photolithographic process, wherein the photo-mask has a plurality of distinct
types of regions having distinct optical properties, and wherein a mask pattern to which the photo-mask corresponds
is determined in a process including the operations of:

partitioning a target pattern into subsets of the target pattern;

‘providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern;

determining a first function corresponding to the first mask pattern, wherein the range of the first function
has a cardinality that is greater than the number of distinct types of regions of the first mask pattern, and wherein the
domain of the first function corresponds to the plane of the first mask pattern; and

generating a second function based, at least in part, on the first function, wherein the second function

corresponds to a second mask pattern.

30. A photo-mask for use in a photolithographic process, wherein the photo-mask has a plurality of distinct
types of regions having distinct optical properties, and wherein a mask pattern to which the photo-mask corresponds
is determined in a process including the operations of:

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the

distinct types of regions of the photo-mask;
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“determining a first function corresponding to the first mask pattern, wherein the range of the first function
bas a cardinality that is greater than the number of distinct types of regions of the first mask pattern, and wherein the
domain of the first function corresponds to the plane of the first mask pattern; and

generating a second function based, at least in part, on the first function, wherein the second function

corresponds to a second mask pattern.

31. A semiconductor wafer, wherein the semiconductor wafer is produced in a photo-lithographic process that
includes a photo-mask, wherein the photo-mask has a plurality of distinct types of regions having distinct optical
properties, and wherein a mask pattern to which the photo-mask corresponds is determined in a process including
the operations of:

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern; »

determining a first function corresponding to the first mask pattern, wherein the range of the first fimction
has a cardinality that is greater than the number of distinct types of regions of the first mask pattern, and wherein the
domain of the first function corresponds to the plane of the first mask pattern; and h

generating a second function based, at least in part, on the first function, wherein the second function

corresponds to a second mask pattern.

32. A semiconductor wafer, wherein the semiconductor wafer is produced in a photo-lithographic process that
includes a photo-mask, wherein the photo-mask has a plurality of distinct types of regions having distinct optical
properties, and wherein a2 mask pattern to which the photo-mask corresponds is determined in a process including
the opératibns of:

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;

determining a first function corresponding to the first mask pattern, wherein the range of the first function
has a cardinality that is greater than the number of distinct types of regions of the first mask pattern, and wherein the
domain of the first function corresponds to the plane of the first mask pattern; and

generating a second function based, at least in part, on the first function, wherein the second function

corresponds to a second mask pattern.

33. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;
and

generating a second mask pattern based, at least in part, on the gradient of the function.
34, The method of claim 33, wherein the gradient corresponds to a Frechet derivative.
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35. " "IHe methiod of clatm 33, whefein the gradient is a closed-form expression.
36. The method of claim 33, wherein the gradient is calculated without calculating the function.

37. The method of claim 33, wherein the output of the function further depends on at least the one of the
subsets of the target pattern.

38. The method of claim 37, wherein another target pattern is modified to produce the target pattern.

39. The method of claim 37, further comprising converting a document that includes a polygon-based

representation of the target pattern into the target pattern.
40. The method of claim 37, wherein the format of the target pattern is compatible with GDSII or OASIS.

41. The method of claim 37, further comprising converting a document that includes an edge-based

representation of the target pattern into the target pattern.

42, The method of claim 33, wherein the function depends, at least in part, on a model of the photolithographic

process, wherein the model includes a resist model.

43, The method of claim 33, wherein the generating includes:
modifying a first representation of the first mask pattern to produce a second representation of the second
mask pattern in accordance with the gradient; and

extracting a second mask pattern from the second representation.
44, The method of claim 43, wherein the second mask pattern is constrained to be rectilinear.

45. The method of claim 43, wherein the first representation is a distance function in which a value of the first

representation corresponds to a distance from a nearest contour in a plane of the first mask pattern.

46. The method of claim 45, wherein the first representation has a pre-determined value on a contour in the
plane.
47. The method of claim 46, further comprising adjusting the second representation such that it is a distance

function in which a value of the second representation corresponds to a distance from a nearest contour in a plane of

the second mask pattern.

48. The method of claim 33, further comprising combining the second mask pattern with a third mask pattern,

wherein the third mask pattern is determined in accordance with pre-determined optical-proximity-correction rules.

49. The method of claim 33, wherein the function is a merit function that assigns different relative weights to
different regions of the first mask pattern.

50. The method of claim 33, wherein the function is a merit function that includes estimate of a process

window corresponding to the photolithographic process.

51. The method of claim 33, wherein the function is a merit function that includes a model of the

photolithographic process that includes out of focus conditions.

52. The method of claim 33, wherein the function is a merit function that indicates a degree of desirability of
the first mask pattemn.

53. A method for determining a mask pattern to be used on a photo-mask in.a photolithographic process,

wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:
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providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,

and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;

and

generating a second mask pattern based, at least in part, on the gradient of the function.

54" A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:
partitioning a pattern into subsets of the pattern, wherein each subset corresponds to an area of the photo-
mask;
providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern;
V calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated without determining the function; and

generating a second mask pattern based, at least in part, on the gradient of the function.

55. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:
providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;
calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated without determining the function; and

generating a second mask pattern based, at least in part, on the gradient of the function.

56. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising;

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that resulis from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is a closed-form expression; and

generating a second mask pattern based, at least in part, on the gradient of the function.

57. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:
providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the

distinct types of regions of the photo-mask;
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‘Calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is a closed-form expression; and

generating a second mask pattern based, at least in part, on the gradient of the function.

58. A method for determining a pattern for use in a photolithographic process, comprising:

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern, wherein the first mask pattern corresponds to at least one of the subsets of
the target pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and a model of
the photolithographic process, wherein the model of the photolithographic process includes a resist model and
wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function; and

generating a second mask pattern based, at least in part, on the gradient of the function.

59. A method for determining a pattern for use in a photolithographic process, comprising:

providing a first mask pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and a model of
the photolithographic process, wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

generating a second mask pattern based, at least in part, on the gradient of the function.

60. A computer-program product for use in conjunction with a computer system, the computer-program
product comprising a computer-readable storage medium and a computer-program mechanism embedded therein for
determining a mask pattern to be used on a photo-mask in a photolithographic process, wherein the photo-mask has
a plurality of distinct types of regions having distinct optical properties, the computer-program mechanism
including:
. instructions for partitioning a target pattern into subsets of the target pattern;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern; ‘

instructions for calculating a gradient of a function, wherein the function depends on the first mask pattern
and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion of the
first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for generating a second mask pattern based, at least in part, on the gradient of the function.

61. A computer system, comprising:

at least one processor;

at least one memory; and

at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including: ‘

instructions for partitioning a target pattern into subsets of the target pattern;
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‘mstructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;

instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for generating a second mask pattern based, at least in part, on the gradient of the
function.

62. A computer system, comprising:
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including:
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and
instructions for generating a second mask pattern based, at least in part, on the gradient of the
function.

63. A computer system, comprising:
means for computing;
means for storing; and
at least one program module mechanism, the program module mechanism stored in at least the means for
storing and configured to be executed by at least the means for computing, wherein at least the program module is
for determining a mask pattern to be used on a photo-mask in a photolithographic process, and wherein the photo-
mask has a plurality of distinct types of regions having distinct optical properties, at least the program module
including:
instructions for partitioning a target pattern into subsets of the 'target pattern;
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target battern; ‘
instructions for calculating a gradient of a function, wherein the fimction depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and
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"ineirictions for generatinga second mask pattern based, at least in part, on the gradient of the

function.

64. A method for determining a mask pattern to be used on a photo-mask ina photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target patiern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;
and

determining a second mask pattern based, at least in part, on the gradient, wherein the second mask pattern

is constrained to be approximately rectilinear.

65. The method of claim 64, wherein the second mask pattern includes piece-wise rectilinear patterns.
66. The method of claim 64, wherein the piece-wise rectilinear patterns are in accordance with a segment
length.

67. The method of claim 64, wherein the determining includes performing a rectilinear projection that

approximately conserves areas of enclosed contours in the second mask pattern.

68. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask; )

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in‘accordance with a formula obtained by taking a derivative of the function;
and

determining a second mask pattern based, at least in part, on the gradient, wherein the second mask pattern

is constrained to be approximately rectilinear.

69. A computer-program product for use in conjunction with a computer system, the computer-program
product comprising a computer-readable storage medium and a computer-program mechanism embedded therein for
determining a mask pattern to be used on a photo-mask in a photolithographic process, wherein the photo-mask has
a plurality of distinct types of regions having distinct optical properties, the computer-program mechanism
including:

instructions for partitioning a target pattern into subsets of the target pattern;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;

instructions for calculating a gradient of a function, wherein the function depends on the first mask pattern

and an estimate of a wafer pattern that resulis from the photolithographic pri)cess utilizing at Jeast a portion of the
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first'maSk patterss, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and
instructions for determining a second mask pattern based, at least in part, on the gradient, wherein the

second mask pattern is constrained to be approximately rectilinear.

70. A computer system, comprising:
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including:
instructions for partitioning a target pattern into subsets of the target pattern;
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of 2 wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and
instructions for determining a second mask pattern based, at least in part, on the gradient, wherein

the second mask pattern is constrained to be approximately rectilinear.

71. A computer system, comprising: '
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the prdgram module including:
| instructions for providing a first mask pattern that includes a phurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and ‘
instructions for determining a second mask pattern based, at least in part, on the gradient, wherein

the second mask pattern is constrained to be approximately rectilinear.

72, A computer system, comprising:
means for computing;
means for storing; and
at least one program module mechanism, the program module mechanism stored in at least the means for

storing and configured to be executed by at least the means for computing, wherein at least the program module is
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for determining a mask pattern to be used on a photo-mask in a photolithographic process, and wherein the photo-
mask has a plurality of distinct types of regions having distinct optical properties, at least the program module
mechanism including:

instructions for partitioning a target pattern into subsets of the target pattern;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;

instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for determining a second mask pattern based, at least in part, on the gradient, wherein

the second mask pattern is constrained to be approximately rectilinear.

73. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising;:

converting a first format of a target pattern into a second format;

partitioning the second format of the target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least one of the subsets
of the target pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function; -

and

determining a second mask pattern based, at least in part, on the gradient.

74. The method of claim 73, wherein the first format includes a format compatible with GDSII or OASIS.

75. The method of claim 73, wherein the first format includes a polygon-based representation.

76. The method of claim 73, wherein the second format includes an image-based representation.

77. The method of claim 73, wherein the second format includes a pixel-based representation.

78. The method of claim 73, wherein the first format includes an edge-based representation.

79. The method of claim 73, further comprising converting the second mask pattern into a third format,
wherein the third format specifies features in the second mask pattern with a finer resolution than a pixel size of the
second mask pattern.

80. The method of claim 79, wherein the features includes positions of edges in the second mask pattern.

81. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,

wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

converting a first format of a target pattern into a second format;
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providing a tirst mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at least a portion of the
target pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;
and

determining a second mask pattern based, at least in part, on the gradient,

82. A computer-program product for use in conjunction with a computer system, the computer-program
product comprising a computer-readable storage medium and a computer-program mechanism embedded therein for
determining a mask pattern to be used on a photo-mask in a photolithographic process, wherein the photo-mask has
a plurality of distinct types of regions having distinct optical properties, the computer-program mechanism
including:

instructions for converting a first format of a target pattern into a second format;

instructions for partitioning the second format of the target pattern into subsets of the target pattern;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;

instructions for calculating a gradient of a function, wherein the function depends on the first mask pattern
and an estimate of'a wafer pattern that results from the photolithographic process utilizing at least 2 portion of the
first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained By taking a
derivative of the function; and

instructions for determining a second mask pattern based, at least in part, on the gradient.

83. A computer system, comprising:
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including:
instructions for converting a first format of a target pattern into a second format;
instructidns for partitioning the second format of the target patiern into subsets of the target
pattern; ‘ ,
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinet types of regions of the photo-mask, wherein the first mask patiern corresponds to at
least one of the subsets of the target pattern;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for determining a second mask pattern based, at least in part, on the gradient.
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84. ™A Compuier system, comprising:
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including:
instructions for converting a first format of a target pattern into a second format;
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corrésponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least a portion of the target pattern;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for determining a second mask pattern based, at least in part, on the gradient.

85. A computer system, comprising:
means for computing;
means for storing; and
at least one program module mechanism, the program module mechanism stored in at least the means for
storing and configured to be executed by at least the means for computing, wherein at least the program module is
for determining a mask pattern to be used on a photo-mask in a photolithographic process; and wherein the photo-
mask has a plurglity of distinct types of regions having distinct optical properties, at least the program module
mechanism including:
instructions for converting a first format of a target pattern into a second format;
instructions for partitioning the second format of the target pattern into subsets of the target
pattern;
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern; ‘
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for determining a second mask pattern based, at least in part, on the gradient.

86. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:
partitioning a target pattern into subsets of the target pattern;
distributing the subsets of the target pattern to a phirality of processors; and
determining a set of second mask patterns each of which corresponding to one of the subsets of the target

pattern, wherein at least one of the second set of mask patterns is determined by performing operations including:
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“providing a first mask patiern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;
and

determining a second mask pattern based, at least in part, on the gradient.

87. The method of claim 86, wherein the operations performed on at least Some of the second mask patterns are

performed independent of each other.

88. The method of claim 86, wherein the operations for at least two of the second mask patterns are performed
concurrently.
9. The method of claim 86, wherein at least a portion of respective adjacent subsets of the target pattern

overlap each other.

90. The method of claim 89, wherein the overlap is less than a pre-determined multiple of a wavelength of a

source in the photolithographic process.

91. The method of claim 86, wherein a size of at least some of the subsets of the target pattern is less than 100
pr.

92. The method of claim 86, wherein a size of at least some of the subsets of the target pattern is less than 1000
p,

93. The method of claim 86, wherein a size of at least some of the subsets of the target pattern is greater than
10000 nmm’.

9%4. The method of claim 86, further comprising combining the set of second mask patterns to produce a third
mask pattern.

9s. A computer-program product for use in conjunction with a computer system, the computer-program

product comprising a computer-readable storage medium and a computer-program mechanism embedded therein for
determining a mask pattern to be used on a photo-mask in a photolithographic process, wherein the photo-mask has
a plurality of distinct types of regions having distinct optical properties, the computer-program mechanism
including: |

instructions for partitioning a the target pattern into subsets of the target patiern,

instructions for distributing the subsets of the target pattern to a plurality of processors; and

instructions for determining a set of second mask patterns each of which corresponding to one of the
subsets of the target pattern, wherein at least one of the second set of mask patterns is determined by performing
operations including:

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;

instructions for calculating a gradient of a function, wherein the function depends on the first mask pattern
and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion of the
first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a

derivative of the function; and
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instrictions for determining a second mask i)attern based, at least in part, on the gradient.

96. A computer system, comprising:
at least one processor;
at least one memory; and
at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module mechanism including;
instructions for partitioning a target pattern into subsets of the target pattern;
instructions for distributing the subsets of the target pattern to a plurality of processors; and
instructions for detexmining a set of second mask patterns each of which corresponding to one of the
subsets of the target pattern, wherein at least one of the second set of mask patterns is determined by performing
operations including:
instructions for providing a first mask pattern that includes a pluraﬁty of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

mmstructions for determining a second mask pattern based, at least in part, on the gradient.

97. A computer system, comprising:
means for computing;
means for storing; and
at least one program module mechanism, the program module mechanism stored in at least the means for
storing and configured to be executed by at least the means for computing, wherein at least the program module is
for determining a mask pattern to be used on a photo-mask in a photolithographic process, and wherein the photo-
mask has a plurality of distinct types of regions having distinct optical properties, at least the program module
mechanism including:
instructions for partitioning a target pattern into subsets of the target pattern;
instructions for distributing the subsets of the target pattern to a plurality of processors; and
instructions for determining a set of second mask patterns each of which corresponding to one of the
subsets of the target pattern, wherein at least one of the second set of mask patterns is determined by performing
operations including:
instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
paitern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for determining a second mask pattern based, at least in part, on the gradient.
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98, "A méthod for determininig 3 miask pattern to be used on a photo-mask in a photolithographic process,

wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising;

partitioning a target pattern into subsets of the target pattern;

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at Ieast one of the subsets
of the target pattern;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;
and

modifying a first representation of the first mask pattern to produce a second representation of a second
mask pattern in accordance with the gradient, wherein the modifying is performed iteratively until a convergence
condition is achieved; and

extracting the second mask pattern from the second representation.

99. The method of claim 98, wherein the modifying includes systematic under-relaxation or systematic over-
relaxation.
100. . The method of claim 98, whetein the convergence condition includes a relative value of 2 function of an

error between the estimate of the wafer pattern and at least the one subset of the target pattern, and wherein the error

is determined over a region corresponding to at least the one subset of the target pattern.

101. The method of claim 98, wherein the convergence condition includes an absolute value of an error between
the estimate of the wafer pattern and at least the one subset of the target pattern, and wherein the error is determined

over at least a region corresponding to at least the one subset of the target pattern.

102.  The method of claim 101, wherein sub-regions corresponding to at least the one subset of the target pattern

are assigned different relative weights when determining the absolute value of the error.

103. The method of claim 98, wherein the convergence condition includes a history of modifications to the

representation.
104.  The method of claim 98, wherein the convergence condition includes a stability metric.

105. The method of claim 98, wherein the convergence condition includes a pre-determined number of

iterations.

106. A method for determining a mask pattern to be used on a photo-mask in a photolithographic process,
wherein the photo-mask has a plurality of distinct types of regions having distinct optical properties, comprising:

providing a first mask pattern that includes a plurality of distinct types of regions corresponding to the
distinct types of regions of the photo-mask;

calculating a gradient of a function, wherein the function depends on the first mask pattern and an estimate
of a wafer pattern that results from the photolithographic process utilizing at least a portion of the first mask pattern,
and wherein the gradient is calculated in accordance with a formula obtained by taking a derivative of the function;
and

modifying a first representation of the first mask pattern to produce a second representation in accordance

with the gradient, wherein the modifying is performed iteratively until a convergence condition is achieved; and
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"gxttacting a Second mask pattsin Tt the second representation.

107. A computer-program product for use in conjunction with a computer system, the computer-program
product comprising a computer-readable storage medium and a computer-program mechanism embedded therein for
determining a mask pattern to be used on a photo-mask in a photolithographic process, wherein the photo-mask has
a plurality of distinct types of regions having distinct optical properties, the computer-program mechanism
including: 1

instructions for partitioning a target pattern into subsets of the target pattern;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;

instructions for calculating a gradient of a function, wherein the function depends on the first mask pattern
and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion of the
first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the function; and

instructions for modifying a first representation of the first mask pattern to produce a second representation
in accordance with the gradient, wherein the modifying is performed iteratively until a convergence condition is
achieved; and

instructions for extracting a second mask pattern from the second representation.

108. A computer system, comprising:

at least one processor;

at least one memory; and

at least one program module, the program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including:

instructions for partitioning a target pattern into subsets of the target pattern;

‘ instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern; |

instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
dérivativé of the function; and

instructions for modifying a first representation of the first mask pattern to produce a second
representation in accordance with the gradient, wherein the modifying is performed iteratively until a convergence
condition is achieved; and

instructions for extracting a second mask pattern from the second representation.

109. A computer System, comprising:
at least one processor;

at least one memory; and
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“at least oiie prograim module, the Program module stored in the memory and configured to be executed by
the processor, wherein at least the program module is for determining a mask pattern to be used on a photo-mask in
a photolithographic process, and wherein the photo-mask has a plurality of distinct types of regions having distinct
optical properties, at least the program module including;

instructions for providing a first mask pattern that includes a plurality of distinct types of regions
corresponding to the distinct types of regions of the photo-mask;

instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formmla obtained by taking a
derivative of the function; and (

instructions for modifying a first representation of the first mask pattern to produce a second
representation in accordance with the gradient, wherein the modifying is performed iteratively until a convergence
condition is achieved; and

instructions for extracting a second mask pattern from the second representation.

110. A computer system, comprising:
means for computing;
means for storing; and
at least one program module mechanism, the program module mechanism stored in at least the means for
storing and configured to be executed by at least the means for computing, wherein at least the program module is
for determining a mask pattern to be used on a photo-mask in a photolithographic process, and wherein the photo-
mask has a plurality of distinct types of regions having distinct optical properties, at least the program module
including: '
instructions for partitioning a target pattern into subsets of the target pattern;
instructions for providing a first mask pattern that includes a plurality of distinct types of re gions
corresponding to the distinct types of regions of the photo-mask, wherein the first mask pattern corresponds to at
least one of the subsets of the target pattern;
instructions for calculating a gradient of a function, wherein the function depends on the first mask
pattern and an estimate of a wafer pattern that results from the photolithographic process utilizing at least a portion
of the first mask pattern, and wherein the gradient is calculated in accordance with a formula obtained by taking a
derivative of the fimction; and
instructions for modifying a first representation of the first mask pattern to produce a second
representation in accordance with the gradient, wherein the modifying is performed iteratively until a convergence
condition is achieved; and

instructions for extracting a second mask pattern from the second representation.

111, A method for determining a pattern to be used in a maskless lithography process, comprising:
calculating a gradient of a function, wherein the finction depends, at least in part, upon a model of the
maskless lithographic process, and wherein the gradient is calculated in accordance with a formula obtained by

taking a derivative of the function; and

generating a pattern based, at least in part, on the gradient of the function.

112. The method of claim 111, wherein the function further depends upon a target pattern, wherein the target

pattern is represented with a resolution finer than a pixel size used in calculating the gradient.
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113." "Theé method of Claind 11T, Whetelfi the model of the maskless lithography process includes out of focus

conditions.

114. The method of claim 111, wherein the function is a merit function that indicates a degree of desirability of
the pattern.

115. The method of claim 111, wherein the model of the maskless lithography process includes a resist model.
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FIG. 18B
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FIG. 19F

FIG. 19E
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FIG. 20B

FIG. 20A
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