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Gradient-Based Pattern and Evaluation Point Selection

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of US provisional application 61/653,790, which

was filed on May 31, 2012 and which is incorporated herein in its entirety by reference.

FIELD OF THE INVENTION
[0002] The description relates to lithographic apparatuses and processes, and more
particularly to tools for simultaneously or alternatively optimizing illumination sources, masks/

design layouts and projection optics for use in lithographic apparatuses and processes.

BACKGROUND
[0003] A lithographic projection apparatus can be used, for example, in the manufacture of
integrated circuits (ICs). In such a case, a mask may contain a circuit pattern corresponding to an
individual layer of the IC (“design layout™), and this circuit pattern can be transferred onto a
target portion (e.g. comprising one or more dies) on a substrate (e.g., silicon wafer) that has been
coated with a layer of radiation-sensitive material (“resist”), by methods such as irradiating the
target portion through the circuit pattern on the mask. In general, a single substrate contains a
plurality of adjacent target portions to which the circuit pattern is transferred successively by the
lithographic projection apparatus, one target portion at a time. In one type of lithographic
projection apparatuses, the circuit pattern on the entire mask is transferred onto one target
portion in one go; such an apparatus is commonly referred to as a wafer stepper. In an alternative
apparatus, commonly referred to as a step-and-scan apparatus, a projection beam scans over the
mask in a given reference direction (the "scanning" direction) while synchronously moving the
substrate parallel or anti-parallel to this reference direction. Different portions of the circuit
pattern on the mask are transferred to one target portion progressively. Since, in general, the
lithographic projection apparatus will have a magnification factor M (generally < 1), the speed F
at which the substrate is moved will be a factor M times that at which the projection beam scans
the mask. More information with regard to lithographic devices as described herein can be

gleaned, for example, from US 6,046,792, incorporated herein by reference.



10

15

20

25

30

WO 2013/178459 PCT/EP2013/059834

[0004] Prior to transferring the circuit pattern from the mask to the substrate, the substrate
may undergo various procedures, such as priming, resist coating and a soft bake. After exposure,
the substrate may be subjected to other procedures, such as a post-exposure bake (PEB),
development, a hard bake and measurement/inspection of the transferred circuit pattern. This
array of procedures is used as a basis to make an individual layer of a device, e.g., an IC. The
substrate may then undergo various processes such as etching, ion-implantation (doping),
metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish off the
individual layer of the device. If several layers are required in the device, then the whole
procedure, or a variant thereof, will have to be repeated for each layer. Eventually, a device will
be present in each target portion on the substrate. These devices are then separated from one
another by a technique such as dicing or sawing, whence the individual devices can be mounted
on a carrier, connected to pins, etc.

[0005] As noted, microlithography is a central step in the manufacturing of ICs, where
patterns formed on substrates define functional elements of the ICs, such as microprocessors,
memory chips etc. Similar lithographic techniques are also used in the formation of flat panel
displays, micro-electro mechanical systems (MEMS) and other devices.

[0006] As semiconductor manufacturing processes continue to advance, the dimensions of
functional elements have continually been reduced while the amount of functional elements,
such as transistors, per device has been steadily increasing over decades, following a trend
commonly referred to as “Moore’s law”. At the current state of technology, layers of devices are
manufactured using lithographic projection apparatuses that project a design layout onto a
substrate using illumination from a deep-ultraviolet illumination source, creating individual
functional elements having dimensions well below 100 nm, i.e. less than half the wavelength of
the light from the illumination source.

[0007] This process in which features with dimensions smaller than the classical resolution
limit of a lithographic projection apparatus are printed, is commonly known as low-k;
lithography, according to the resolution formula CD = k;xA/NA, where A is the wavelength of
radiation employed (currently in most cases 248nm or 193nm), NA is the numerical aperture of
projection optics in the lithographic projection apparatus, CD is the “critical dimension”—
generally the smallest feature size printed—and k; is an empirical resolution factor. In general, the

smaller k; the more difficult it becomes to reproduce a pattern on the wafer that resembles the
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shape and dimensions planned by a circuit designer in order to achieve particular electrical
functionality and performance. To overcome these difficulties, sophisticated fine-tuning steps are
applied to the lithographic projection apparatus as well as to the design layout. These include, for
example, but not limited to, optimization of NA and optical coherence settings, customized
illumination schemes, use of phase shifting masks, optical proximity correction (OPC,
sometimes also referred to as “optical and process correction™) in the design layout, or other
methods generally defined as “resolution enhancement techniques” (RET).

[0008] As one example, OPC addresses the fact that the final size and placement of an
image of the design layout projected on the substrate will not be identical to, or simply depend
only on the size and placement of the design layout on the mask. It is noted that the terms
“mask” and “reticle” are utilized interchangeably herein. Also, person skilled in the art will
recognize that, especially in the context of lithography simulation/optimization, the term “mask”
and “design layout” can be used interchangeably, as in lithography simulation/optimization, a
physical mask is not necessarily used but a design layout can be used to represent a physical
mask. For the small feature sizes and high feature densities present on some design layout, the
position of a particular edge of a given feature will be influenced to a certain extent by the
presence or absence of other adjacent features. These proximity effects arise from minute
amounts of light coupled from one feature to another and/or non-geometrical optical effects such
as diffraction and interference. Similarly, proximity effects may arise from diffusion and other
chemical effects during post-exposure bake (PEB), resist development, and etching that
generally follow lithography.

[0009] In order for the projected image of the design layout to be in accordance with
requirements of a given target circuit design, proximity effects are predicted and compensated
for, using sophisticated numerical models, corrections or pre-distortions of the design layout.
The article “Full-Chip Lithography Simulation and Design Analysis - How OPC Is Changing IC
Design”, C. Spence, Proc. SPIE, Vol. 5751, pp 1-14 (2005) provides an overview of current
“model-based” optical proximity correction processes. In a typical high-end design, most
features of the design layout typically require some modification in order to achieve high fidelity
of the projected image to the target design. These modifications may include shifting or biasing
of edge positions or line widths as well as application of “assist” features that are intended to

assist projection of other features.
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[0010] Application of model-based OPC to a target design requires good process models and
considerable computational resources, given the many millions of features typically present in a
chip design. However, applying OPC is generally not an “exact science”, but an empirical,
iterative process that does not always compensate for all possible proximity effect. Therefore,
effect of OPC, e.g., design layouts after application of OPC and any other RET, need to be
verified by design inspection, i.e. intensive full-chip simulation using calibrated numerical
process models, in order to minimize the possibility of design flaws being built into the
manufacturing of a mask. This is driven by the enormous cost of making high-end masks, which
run in the multi-million dollar range, as well as by the impact on turn-around time by reworking
or repairing actual masks once they have been manufactured.

[0011] Both OPC and full-chip RET verification may be based on numerical modeling
systems and methods as described, for example in, U.S. Patent App. No. 10/815 ,573 and an
article titled “Optimized Hardware and Software For Fast, Full Chip Simulation”, by Y. Cao et
al., Proc. SPIE, Vol. 5754, 405 (2005).

[0012] In addition to optimization to design layouts or masks (e.g., OPC), the illumination
source can also optimized, either jointly with mask optimization or separately, in an effort to
improve the overall lithography fidelity. Since the 1990s, many off-axis illumination sources,
such as annular, quadrupole, and dipole, have been introduced, and have provided more freedom
for OPC design, thereby improving the imaging results, As is known, off-axis illumination is a
proven way to resolve fine structures (i.e., target features) contained in the mask. However, when
compared to a traditional illumination source, an off-axis illumination source usually provides
less light intensity for the aerial image (AI). Thus, it becomes desireable to attempt to optimize
the illumination source to achieve the optimal balance between finer resolution and reduced light
intensity. The terms “illumination source” and “source” are used interchangeably in this
document.

[0013] Numerous illumination source optimization approaches can be found, for example, in
an article by Rosenbluth et al., titled “Optimum Mask and Source Patterns to Print a Given
Shape”, Journal of Microlithography, Microfabrication, Microsystems 1(1), pp.13-20, (2002).
The source is partitioned into several regions, each of which corresponds to a certain region of
the pupil spectrum. Then, the source distribution is assumed to be uniform in each source region

and the brightness of each region is optimized for process window. However, such an
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assumption that the source distribution is uniform in each source region is not always valid, and
as a result the effectiveness of this approach suffers. In another example set forth in an article by
Granik, titled “Source Optimization for Image Fidelity and Throughput”, Journal of
Microlithography, Microfabrication, Microsystems 3(4), pp.509-522, (2004), several existing
source optimization approaches are overviewed and a method based on illuminator pixels is
proposed that converts the source optimization problem into a series of non-negative least square
optimizations. Though these methods have demonstrated some successes, they typically require
multiple complicated iterations to converge. In addition, it may be difficult to determine the
appropriate/optimal values for some extra parameters, such as y in Granik’s method, which
dictates the trade-off between optimizing the source for wafer image fidelity and the smoothness
requirement of the source.

[0014] For low kj photolithography, optimization of both the source and mask is very useful
to ensure a viable process window for projection of critical circuit patterns. Some algorithms (e.g.
Socha et. al. Proc. SPIE vol. 5853, 2005, p.180) discretize illumination into independent source
points and mask into diffraction orders in the spatial frequency domain, and separately formulate
a cost function (which is defined as a function of selected design variables) based on process
window metrics such as exposure latitude which could be predicted by optical imaging models
from source point intensities and mask diffraction orders. The term “design variables” as used
herein means a set of parameters of a lithographic projection apparatus, for example, parameters
a user of the lithographic projection apparatus can adjust. It should be appreciated that any
characteristics of a lithographic projection apparatus, including those of the source, the mask, the
projection optics, can be among the design variables in the optimization. The cost function is
often a non-linear function of the design variables. Then standard optimization techniques are
used to minimize the cost function.

[0015] These algorithms that formulate a cost function typically require a large number of
full forward optical imaging model simulations before convergence on both optimal source and
mask is reached. Optimizing the lithographic projection apparatus using a clip (which is defined
as a portion of a design layout with calibration features that can be used for optimization of the
lithographic projection apparatus, as elaborated further in the detailed description section) of
medium complexity can take weeks or even months on latest standard PC hardware, which is

generally considered impractical.
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[0016] Relatedly, the delay of EUV lithography and the pressure of ever decreasing design
rules have driven semiconductor chipmakers to move deeper into the low k; lithography era with
existing 193 nm ArF lithography. Lithography towards lower k; puts heavy demands on RET,
exposure tools, and the need for litho-friendly design. The 1.35 ArF hyper numerical apertures
(NA) exposure tool will be the exposure tool for chip manufactures to use in the next two years.
To ensure that circuit design can be produced on to the substrate with workable process window;
source-mask optimization (SMO) is becoming an important RET that is used for 2x nm node.
[0017] A source and mask (design layout) optimization method and system that allow for
simultaneous optimization of the source and mask using a cost function without constraints and
within a practicable amount of time is described in a commonly assigned International Patent
Application No. PCT/US2009/065359, filed on November 20, 2009, and published as
WO02010/059954, titled “Fast Freeform Source and Mask Co-Optimization Method”, which is
hereby incorporated by reference in its entirety.

[0018] New development in hardware and software of lithographic projection apparatuses
provides more flexibility by making projection optics therein adjustable. The term "projection
optics" as used herein should be broadly interpreted as encompassing various types of optical
systems, including refractive optics, reflective optics, apertures and catadioptric optics, for
example. The term “projection optics” may also include components operating according to any
of these design types for directing, shaping or controlling the projection beam of radiation,
collectively or singularly. The term “projection optics” may include any optical component in
the lithographic projection apparatus, no matter where the optical component is located on an
optical path of the lithographic projection apparatus. Projection optics can include optical
components for shaping, adjusting and/or projecting light from the source before the light passes
the mask, and/or optical components for shaping, adjusting and/or projecting the light after the
light passes the mask. The projection optics generally exclude the source and the mask.

[0019] For example, adjustable parameters (“knobs”) of the projection optics make it
possible to shape light in more degrees of freedom (e.g., wavefront shape, intensity distribution,
etc.) and/or to accommodate a wider range of conditions of the source and the mask (namely to

provide a larger process window (PW)), than what is offered by the existing SMO techniques.
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[0020] However, optimizing these additional knobs entails very high computation cost.
Therefore, methods to simplify and accelerate optimization of these knobs related to the
projection optics jointly with knobs associated with the source and mask is desirable.

[0021] Therefore what is needed is a computationally-efficient comprehensive optimization
method for characterizing a lithographic process based on which the setting of a lithographic

apparatus (including setting of a projection optics system) is decided and a mask is designed.

SUMMARY
[0022] Described herein is a method for a lithographic process for imaging a portion of a
design layout onto a substrate using a lithographic imaging apparatus, the lithographic process
having a plurality of design variables, the method comprising: calculating a gradient of each of a
plurality of evaluation points or patterns of the lithographic process, with respect to at least one
of the design variables; and selecting a subset of evaluation points from the plurality of

evaluation points or patterns based on the gradient.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] Fig. 1 is a block diagram of various subsystems of a lithography system.
[0024] Fig. 2 is a block diagram of simulation models corresponding to the subsystems in
Fig. 1.
[0025] Fig. 3 is a flow diagram illustrating aspects of an example methodology of joint
optimization according to an embodiment.
[0026] Fig. 4A shows an embodiment of the alternative optimization method, according to an
embodiment.
[0027] Figs. 4B-D show various embodiments of the SMLO method, where pattern selection
or gauge selection is integrated into the optimization process.
[0028] Figs. 5-7 show example flowcharts of various optimization processes, according to
several embodiments.
[0029] Fig. 8 shows a flow chart according to a method in an embodiment.
[0030] Fig. 9 shows details of one step in Fig. 8.

[0031] Fig. 10 shows correlations of several evaluation points in an example.
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[0032] Fig. 11 shows exemplary selection of evaluation points based on proximity in real
space.
[0033] Fig. 12 is a block diagram of an example computer system in which an embodiment

can be implemented.
[0034] Fig. 13 is a schematic diagram of a lithographic projection apparatus to which an

embodiment is applicable.

DETAILED DESCRIPTION
[0035] Embodiments as described herein provide methods for improving or optimizing a
lithographic projection apparatus including improving or optimizing projection optics therein,
and preferably including the capability of improving or optimizing a source, a mask, and the
projection optics, simultaneously or alternatively. The projection optics is sometimes referred to
as “lens”, and therefore the joint optimization process may be termed source mask lens
optimization (SMLO). Another term used to describe the SMLO process is source mask pupil
optimization (SMPO), as in certain embodiments, lens optimization is done for the pupil plane of
the projection optics. However, the scope is not restricted to optimization in the pupil plane only.
SMLO is desirable over existing source mask optimization process (SMO), partially because
including the projection optics in the optimization can lead to a larger process window by
introducing a plurality of adjustable characteristics of the projection optics. The projection
optics can be used to shape a wavefront in the lithographic projection apparatus. According to
an embodiment herein, the optimization can be accelerated. Although adjustable characteristics
of the projection optics, the source and the mask are used in the description of an embodiment,
other adjustable characteristics of the lithographic projection apparatus, such as, dose and focus,
can be adjusted in the optimization.
[0036] An embodiment herein improve or optimize the lithographic projection apparatus by
minimizing a suitable cost function of design variables that can be characteristics of the source,
projection optics, and the mask. Non-limiting examples of the cost function are given. Other
forms of the cost function are also possible and can accommodate a wide variety of lithography

metrics. The cost function can be a linear or non-linear function of the design variables.
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[0037] Methods of simultaneous SMLO and alternative SMLO have been disclosed. The
SMLO process can be accelerated by combining the SMLO with a various pattern selection
methods.

[0038] Although specific reference may be made in this text to the manufacture of ICs, it
should be explicitly understood that many other applications are possible. For example, the
manufacture of integrated optical systems, guidance and detection patterns for magnetic domain
memories, liquid-crystal display panels, thin-film magnetic heads, etc. The skilled artisan will
appreciate that, in the context of such alternative applications, any use of the terms "reticle",
"wafer" or "die" in this text should be considered as interchangeable with the more general terms
"mask", "substrate" and "target portion", respectively.

[0039] In the present document, the terms “radiation” and “beam” are used to encompass all
types of electromagnetic radiation, including ultraviolet radiation (e.g. with a wavelength of 365,
248, 193, 157 or 126 nm) and EUV (extreme ultra-violet radiation, e.g. having a wavelength in
the range 5-20 nm).

[0040] The term “optimizing” and “optimization” as used herein mean adjusting a
lithographic projection apparatus such that results and/or processes of lithography have more
desirable characteristics, such as higher accuracy of projection of design layouts on a substrate,
larger process windows, etc.

[0041] Further, the lithographic projection apparatus may be of a type having two or more
substrate tables (and/or two or more mask tables). In such "multiple stage" devices the additional
tables may be used in parallel, or preparatory steps may be carried out on one or more tables
while one or more other tables are being used for exposures. Twin stage lithographic projection
apparatuses are described, for example, in US 5,969,441, incorporated herein by reference.
[0042] The mask referred to above comprise design layouts. The design layouts can be
generated utilizing CAD (computer-aided design) programs, this process often being referred to
as EDA (electronic design automation). Most CAD programs follow a set of predetermined
design rules in order to create functional design layouts/masks. These rules are set by processing
and design limitations. For example, design rules define the space tolerance between circuit
devices (such as gates, capacitors, etc.) or interconnect lines, so as to ensure that the circuit
devices or lines do not interact with one another in an undesirable way. The design rule

limitations are typically referred to as "critical dimensions" (CD). A critical dimension of a
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circuit can be defined as the smallest width of a line or hole or the smallest space between two
lines or two holes. Thus, the CD determines the overall size and density of the designed circuit.
Of course, one of the goals in integrated circuit fabrication is to faithfully reproduce the original
circuit design on the substrate (via the mask).
[0043] The term mask as employed in this text may be broadly interpreted as referring to
generic patterning means that can be used to endow an incoming radiation beam with a patterned
cross-section, corresponding to a pattern that is to be created in a target portion of the substrate;
the term “light valve” can also be used in this context. Besides the classic mask (transmissive or
reflective; binary, phase-shifting, hybrid, etc.), examples of other such patterning means include:
-a programmable mirror array. An example of such a device is a matrix-addressable surface
having a viscoelastic control layer and a reflective surface. The basic principle behind such an
apparatus is that (for example) addressed areas of the reflective surface reflect incident light as
diffracted light, whereas unaddressed areas reflect incident light as undiffracted light. Using an
appropriate filter, the said undiffracted light can be filtered out of the reflected beam, leaving
only the diffracted light behind; in this manner, the beam becomes patterned according to the
addressing pattern of the matrix-addressable surface. The required matrix addressing can be
performed using suitable electronic means. More information on such mirror arrays can be
gleaned, for example, from U. S. Patent Nos. 5,296,891 and 5,523,193, which are incorporated
herein by reference.

-a programmable LCD array. An example of such a construction is given in U. S.
Patent No. 5,229,872, which is incorporated herein by reference.
[0044] As a brief introduction, Fig. 1 illustrates an exemplary lithographic projection
apparatus 10. Major components are an illumination source 12, which may be a deep-ultraviolet
excimer laser source or other type of sources including extreme ultra violet (EUV) sources,
illumination optics which define the partial coherence (denoted as sigma) and which may include
optics 14, 16a and 16b that shape light from the source 12; a mask or reticle 18; and transmission
optics 16¢ that project an image of the reticle pattern onto a substrate plane 22. An adjustable
filter or aperture 20 at the pupil plane of the projection optics may restrict the range of beam
angles that impinge on the substrate plane 22, where the largest possible angle defines the

numerical aperture of the projection optics NA=sin(®max).
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[0045] In an optimization process of a system, a figure of merit of the system can be
represented as a cost function. The optimization process boils down to a process of finding a set
of parameters (design variables) of the system that minimizes the cost function. The cost
function can have any suitable form depending on the goal of the optimization. For example, the
cost function can be weighted root mean square (RMS) of deviations of certain characteristics
(evaluation points) of the system with respect to the intended values (e.g., ideal values) of these
characteristics; the cost function can also be the maximum of these deviations. The term
“evaluation points” herein should be interpreted broadly to include any characteristics of the
system. The design variables of the system can be confined to finite ranges and/or be
interdependent due to practicalities of implementations of the system. In case of a lithographic
projection apparatus, the constraints are often associated with physical properties and
characteristics of the hardware such as tunable ranges, and/or mask manufacturability design
rules, and the evaluation points can include physical points on a resist image on a substrate or
points on patterns in a design layout as usually interpreted in the lithography industry, as well as
non-physical characteristics such as dose and focus as broadly defined herein. For example,
these physical points can be points inside, outside, or on the edge of patterns on a resist image or
in a design layout.

[0046] In a lithographic projection apparatus, a source provides illumination (i.e. light);
projection optics direct and shapes the illumination through a mask and onto a substrate. The
term “projection optics” is broadly defined here to include any optical component that may alter
the wavefront of the radiation beam. For example, projection optics may include at least some of
the components 14, 16a, 16b and 16¢. An aerial image (Al) is the light intensity distribution on
the substrate. A resist layer on the substrate is exposed and the aerial image is transferred to the
resist layer as a latent “resist image” (RI) therein. The resist image (RI) can be defined as a
spatial distribution of solubility of the resist in the resist layer. A resist model can be used to
calculate the resist image from the aerial image, an example of which can be found in commonly
assigned U.S. Patent Application Serial No. 12/315,849, disclosure of which is hereby
incorporated by reference in its entirety. The resist model is related only to properties of the
resist layer (e.g., effects of chemical processes which occur during exposure, PEB and
development). Optical properties of the lithographic projection apparatus (e.g., properties of the

source, the mask and the projection optics) dictate the aerial image. Since the mask used in the
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lithographic projection apparatus can be changed, it is desirable to separate the optical properties
of the mask from the optical properties of the rest of the lithographic projection apparatus
including at least the source and the projection optics.

[0047] An exemplary flow chart for simulating lithography in a lithographic projection
apparatus is illustrated in Fig. 2. A source model 31 represents optical characteristics (including
light intensity distribution and/or phase distribution) of the source. A projection optics model 32
represents optical characteristics (including changes to the light intensity distribution and/or the
phase distribution caused by the projection optics) of the projection optics. The source model 31
and the projection optics model 32 can be combined, as explained later herein, into a
transmission cross coefficient (TCC) model 34. A design layout model 35 represents optical
characteristics (including changes to the light intensity distribution and/or the phase distribution
caused by a given design layout 33) of a design layout 33, which is the representation of an
arrangement of features on a mask. An aerial image 36 can be simulated from the transmission
cross coefficient 34 and the design layout model 35. A resist image 37 can be simulated from
the aerial image 36 using a resist model 37. Simulation of lithography can, for example, predict
contours and CDs in the resist image.

[0048] More specifically, it is noted that the source model 31 can represent the optical
characteristics of the source that include, but not limited to, NA-sigma (o) settings as well as any
particular illumination source shape (e.g. off-axis light sources such as annular, quadrupole, and
dipole, etc.). The projection optics model 32 can represent the optical characteristics of the of the
projection optics that include aberration, distortion, refractive indexes, physical sizes, physical
dimensions, etc. The design layout model 35 can also represent physical properties of a physical
mask, as described, for example, in U.S. Patent No. 7,587,704, which is incorporated by
reference in its entirety. The objective of the simulation is to accurately predict, for example,
edge placements and CDs, which can then be compared against an intended design. The intended
design is generally defined as a pre-OPC design layout which can be provided in a standardized
digital file format such as GDSII or OASIS or other file format.

[0049] From this design layout, one or more portions may be identified, which are referred to
as “clips”. In a specific embodiment, a set of clips is extracted, which represents the complicated
patterns in the design layout (typically about 50 to 1000 clips, although any number of clips may

be used). As will be appreciated by those skilled in the art, these patterns or clips represent small
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portions (i.e. circuits, cells or patterns) of the design and especially the clips represent small
portions for which particular attention and/or verification is needed. In other words, clips may be
the portions of the design layout or may be similar or have a similar behavior of portions of the
design layout where critical features are identified either by experience (including clips provided
by a customer), by trial and error, or by running a full-chip simulation. Clips usually contain one
or more test patterns or gauge patterns.

[0050] An initial larger set of clips may be provided a priori by a customer based on known
critical feature areas in a design layout which require particular image optimization.
Alternatively, in another embodiment, the initial larger set of clips may be extracted from the
entire design layout by using some kind of automated (such as, machine vision) or manual
algorithm that identifies the critical feature areas.

[0051] To reduce the overall computation burden, various ways of optimization can be
envisioned. In one embodiment, first a set of clips is selected by a pattern selection method
based on diffraction signature analysis or any other method, and then the SMLO process is
performed. Alternatively, first a full chip simulation is performed, ‘hot spots’ and/or ‘warm
spots’ are identified from the full chip simulation, and then a pattern selection step is performed.
The optimization is done based on the selected patterns. The pattern selection algorithm (based
on diffraction signature analysis or other methods) can be seamlessly integrated with the SMLO
process. These example methods are described further with respect to Figures 4B-4D.

[0052] In a lithographic projection apparatus, as an example, a cost function is expressed as
P
2
CF(ZpZz,“-,ZN):ZWpfp(Z17Z2’”°’ZN) (qu)
p=1
wherein (Zl 3% seee s N ) are N design variables or values thereof; fp (Z,%55-+52y) isa
difference between an actual value and an intended value of the p-th evaluation point (or
interchangeably “cost term”™) for a set of values of the design variables of (Z1 NVOTTRRTY N) .
w, is a weight constant assigned to the p-th evaluation point. An evaluation point or pattern
more critical than others can be assigned a higher w, value. Patterns and/or evaluation points
with larger number of occurrences may be assigned a higher w, value, too. Examples of the

evaluation points can be any physical point or pattern on the wafer, or any point on a virtual
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design layout, or resist image, or aerial image. The cost function may represent any suitable
characteristics of the lithographic projection apparatus or the substrate, for instance, focus, CD,
image shift, image distortion, image rotation, etc. Since it is the resist image that often dictates

the circuit pattern on a substrate, the cost function often includes functions that represent some
characteristics of the resist image. For example, f » (Z1,Z55++-2Zy) can be simply a distance
between a point in the resist image to an intended position of that point (i.e., edge placement
error EPE » (Zy>Z55+--»Zy)). The design variables can be any adjustable parameters such as

adjustable parameters of the source, the mask, the projection optics, dose, focus, etc. Preferably,
at least some of the design variables are adjustable characteristics of the projection optics. The
projection optics may include components collectively called as “wavefront manipulator” that
can be used to adjust shapes of a wavefront and intensity distribution and/or phase shift of the
irradiation beam. The projection optics preferably can adjust a wavefront and intensity
distribution at any location along an optical path of the lithographic projection apparatus, such as
before the mask, near a pupil plane, near an image plane, near a focal plane. The projection
optics can be used to correct or compensate for certain distortions of the wavefront and intensity
distribution caused by, for example, the source, the mask, temperature variation in the
lithographic projection apparatus, thermal expansion of components of the lithographic
projection apparatus. Adjusting the wavefront and intensity distribution can change values of the
evaluation points and the cost function. Such changes can be simulated from a model or actually
measured.

[0053] It should be noted that the normal weighted root mean square (RMS) of

1 & 5
S0 (215 235445 2y ) is defined as FZ w, fp (Z)52Z55+- 52y ) , therefore, minimizing
p=1

the weighted RMS of S » (245 Zgse-v0Zy) is equivalent to minimizing the cost function

P
_ 2
CF(215 230+ 2y) = D W, f 3 (21,2251 2x)  defined in Eq. 1. Thus the weighted RMS of
p=l

f p (Zl 5Z8nseees iy ) and Eq. 1 may be utilized interchangeably for notational simplicity

herein.
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[0054] Further, if we are considering maximizing the PW (Process Window), we can
consider the same physical location from different PW conditions as different evaluation points
in the cost function in (Eq.1). For example, if we are considering N PW conditions, then we can

categorize the evaluation points according to their PW conditions and write the cost functions as:

P U P,
2 2
CF(Z(,2y5-+-»2y) :prfp (zl,zz,...,zN)=Zzwpufpu(zl,zz,---,Z) (Eq. 1)
p=1

u=l p,=l1
Where [ P, (ZI, YETTRRTR 4 N) is the difference between an actual value and an intended value of
the p;-th evaluation point for a set of values of the design variables of (z,,z,,..., 2z, ) under the

u-th PW condition u =1,...,U . When this difference is the EPE, then minimizing the above cost

function is equivalent to minimizing the edge shift under various PW conditions, thus this leads
to maximizing the PW. In particular, if the PW also consists of different mask bias, then
minimizing the above cost function also includes the minimization of MEEF (Mask Error
Enhancement Factor), which is defined as the ratio between the wafer EPE and the induced mask
edge bias.

[0055] The design variables may have constraints, which can be expressed as

(24, 25,----2y) € Z , where Z 1is a set of possible values of the design variables.

[0056] The optimization process therefore is to find a set of values of the design variables,
under the constraints (z, z,,...,2y )€ Z , that minimize the cost function, i.e., to find

(Z,,Z45.- Zy) = arg mn CF (2,,2,5... ,2y) =

(21+29 4225 )EZ

P
. ) Eq.2
arg min E W, (2 Zaseee 5 2y ) (Eq. 2)

(21,205 ,28 JEZ p=1

[0057] A general method of optimizing the lithography projection apparatus, according to an
embodiment, is illustrated in Fig. 3. This method comprises a step 302 of defining a multi-
variable cost function of a plurality of design variables. At least some of the design variables
being characteristics of the projection optics, as shown in step 300B. Other design variables may
be associated with illumination source (step 300A) and the design layout (step 300C). In step 304,
the design variables are simultaneously adjusted so that the cost function is moved towards

convergence. In step 306, it is determined whether a predefined termination condition is satisfied.
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The predetermined termination condition may include various possibilities, i.e. the cost function
may be minimized or maximized, as required by the numerical technique used, the value of the
cost function has been equal to a threshold value or has crossed the threshold value, the value of
the cost function has reached within a preset error limit, or a preset number of iteration is reached.
If either of the conditions in step 306 is satisfied, the method ends. If none of the conditions in
step 306 is satisfied, the step 304 and 306 are iteratively repeated until a desired result is
obtained.

[0058] In a lithographic projection apparatus, the source, mask and projection optics can be
optimized alternatively (referred to as Alternative Optimization) or optimized simultaneously
(referred to as Simultaneous Optimization), according to embodiments. The terms
“simultaneous”, “simultaneously”, “joint” and “‘jointly” as used herein mean that the design
variables of the characteristics of the source, mask, projection optics and/or any other design
variables, are allowed to change at the same time. The term “alternative” and “alternatively” as
used herein mean that not all of the design variables are allowed to change at the same time.
[0059] In Fig. 3, the optimization of all the design variables is executed simultaneously. We
call such flow the simultaneous flow or co-optimization flow. Alternatively, the optimization of
all the design variables is executed alternatively, as illustrated in Fig. 4A. In this flow, in each
step, some design variables are fixed while the other design variables are optimized to minimize
the cost function; then in the next step, a different set of variables are fixed while the others are
optimized to minimize the cost function. These steps are executed alternatively until
convergence or certain terminating conditions are met. As shown in the non-limiting example
flowchart of Fig. 4A, we first obtain a design layout (step 402), then execute a step of SMO
(Source-Mask-Optimization) in step 404, where all the design variables from projection optics
are fixed while all the other design variables (from the illumination source and mask design
layout) are optimized to minimize the cost function. Then in the next step 406, an L.O (Lens
Optimization) is performed, where all the design variables from the illumination source and
mask design layout are fixed, while the design variables from projection optics optimized to
minimize the cost function. These two steps are executed alternatively, until certain terminating
conditions are met in step 408. Various termination conditions can be used, such as, the value of
the cost function becomes equal to a threshold value, the value of the cost function crosses the

threshold value, the value of the cost function reaches within a preset error limit, or a preset
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number of iteration is reached, etc. Note that we use SMO-LO-Alternative-Optimization as an
example for the alternative flow. The alternative flow can take many different forms, such as
SO-LO-MO-Alternative-Optimization, where we execute SO (Source Optimization), LO (Lens
Optimization), and MO (Mask Optimization) alternatively and iteratively; or we can first execute
SMO once, then execute [.LO and MO alternatively and iteratively; and so on. Finally the output
of the optimization result is obtained in step 410, and the process stops.

[0060] Persons skilled in the art will also appreciate that pattern selection algorithm, as
discussed before, may be integrated with the simultaneous or alternative SMLO. For example,
when an alternative SMLO is adopted, first a full-chip SMO can be performed, the ‘hot spots’
and/or ‘warm spots’ are identified, then an LLO or SLO (source-lens optimization) is performed.
Persons skilled in the art will appreciate in view of the present disclosure that numerous
permutations and combinations of sub-optimizations are possible in order to achieve the desired
optimization results.

[0061] In one example embodiment shown in the flowchart in Fig. 4B, pattern selection is
integrated into SMLO to further speed up the optimization process, which is especially useful for
full-chip (or whole design layout) optimization. If there are too many clips with too many test
patterns (also known as “gauges” or “gauge patterns”) and/or too many evaluation points, the
optimization may be too slow or require too much storage. Thus, in one embodiment, inorder to
reduce the computational cost for large design layout with many gauge patterns, we apply pattern
selection to all the gauge patterns. For example, in step 420 we can first identify some important
clips (e.g., based on the diffraction characteristics), then in step 422, we can do SMLO for all the
evaluation points in these clips, and then, in step 424, we can fix the illumination and projection
optics functions from SMLO results, and perform Mask Optimization for the entire design layout.
The process terminates in step 426 when the termination conditions are satisfied.

[0062] Alternatively, we can identify the gauges through hot spots or warm spots, i.e., the
defects or patterns which are almost defects. Such an alternative flow is shown in Fig. 4C. In
particular, we can first run a full-chip SMO (step 430) or MO only fixing at least the projection
optics characteristics, and identify the hot and warm spots in step 432. If the process window is
not good enough, as determined in step 434, the hot spots and warm sports are converted to
gauges in step 436. In step 438, a gauge selection or pattern selection method is performed to

reduce the number of gauges and add the selected gauges into a gauge pool. In step 440, SML.O
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is executed on the selected gauge pool. This process can be repeated if necessary. Note that these
two alternative flows of Figs. 4A and 4B can also be applied in combination with other
modifications. For example, we can first apply the first flow of Fig. 4A, then identify the
resulting hot and warm spots, then apply the second flow of Fig. 4B.

[0063] One example SMLO method according to an embodiment will be explained in
connection with the flowchart in Fig. 4D. A similar method can be found in commonly assigned
U.S. Patent Application Serial No. 12/914,946, filed October 28, 2010, the disclosure of which is
hereby incorporated by reference in its entirety. The difference between the ‘946 application and
the present application is that the ‘946 application emphasizes on SMO, while the present
application emphasizes on SMLO.

[0064] In Fig. 4D, a target design layout 4300 (typically comprising a layout in a standard
digital format such as OASIS, GDSII, etc.) for which a lithographic process is to be optimized
includes memory, test patterns and logic. From this design layout, a full set of clips 4302 is
extracted, which represents all the complicated patterns in the design 4300 (typically about 50 to
1000 clips). As will be appreciated by those skilled in the art, these clips represent small
portions (i.e. circuits, cells or patterns) of the design for which particular attention and/or
verification is needed.

[0065] As generally shown in 4304, a small subset of clips 4306 (e.g. 15 to 50 clips) is
selected from the full set 4302. As will be explained in more detail below, the selection of clips
is preferably performed such that the process window of the selected patterns as closely as
possible matches the process window for the full set of critical patterns. The effectiveness of the
selection is also measured by the total turn run time (pattern selection and SMLO) reduction.
[0066] In 4308, SMLO is performed with the selected patterns (15 to 50 patterns) 4306.
More particularly, an illumination source is optimized for the selected patterns 4306. This
optimization can be performed using any of a wide variety of known methods, for example those
described in U.S. Patent Pub. No. 2004/0265707, the contents of which are incorporated herein
by reference.

[0067] In 4310, manufacturability verification of the selected patterns 4306 is performed
with the source and projection optics obtained in 4308. More particularly, verification includes
performing an aerial image simulation of the selected patterns 4306 and the optimized source and

projection optics and verifying that the patterns will print across a sufficiently wide process
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window. This verification can be performed using any of a wide variety of known methods, for
example those described in U.S. Patent No. 7,342,646, the contents of which are incorporated
herein by reference.

[0068] If the verification in 4310 is satisfactory, as determined in 4312, then processing
advances to full chip optimization in 4314. Otherwise, processing returns to 4308, where
SMLO is performed again but with a different source or set of patterns. For example, the
process performance as estimated by the verification tool can be compared against thresholds for
certain process window parameters such as exposure latitude and depth of focus. These
thresholds can be predetermined or set by a user.

[0069] In 4316, after the selected patterns meet lithography performance specifications as
determined in 4312, the optimized source and projection optics 4314 will be used for
optimization of the full set of clips.

[0070] In 4318, model-based sub-resolution assist feature placement (MB-SRAF) and optical
proximity correction (OPC) for all the patterns in the full set of clips 4316 is performed. This
process can be performed using any of a wide variety of known methods, for example those
described in U.S. Patent Nos. 5,663,893, 5,821,014, 6,541,167 and 6,670,081.

[0071] In 4320, using processes similar to step 4310, full pattern simulation based
manufacturability verification is performed with the optimized source and projection optics 4314
and the full set of clips 4316 as corrected in 4318.

[0072] In 4322, the performance (e.g. process window parameters such as exposure latitude
and depth of focus) of the full set of clips 4316 is compared against the subset of clips 4306. In
one example embodiment, the pattern selection is considered complete and/or the source and
projection optics are fully qualified for the full chip when the similar (< 10%) lithography
performances are obtained for both selected patterns (15 to 20) 4306 and all critical patterns (50
to 1000) 4316.

[0073] Otherwise, in 4324, hotspots are extracted, and in 4326 these hotspots are added to
the subset 4306, and the process starts over. For example, hotspots (i.e. features among the full
set of clips 4316 that limit process window performance) identified during verification 4320 are
used for further source tuning or to re-run SMLO. The source and projection optics are
considered fully converged when the process window of the full set of clips 4316 are the same

between the last run and the run before the last run of 4322.
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[0074] Therefore, from the above non-limiting examples, the reader should appreciate that
SMLO is readily accommodated within the existing optimization framework in various forms.
We now revert to the mathematical background of a generic SMLO process.

[0075] As discussed before, optimization of the cost function (CF) is at the center of the
SMLO method. CF can be an RMS value of some lithographic metric. Of course,

CF(z,2,,...,2y) 1s not limited to RMS of f (z,2,,...,2y). CF(z,2,,...,2y) canbe in any

other suitable form.

[0076] Fig. 5 shows one exemplary method of optimization, where a cost function is
minimized. In step 502, initial values of design variables are obtained, including their tuning
ranges, if any. In step S504, the multi-variable cost function is set up. In step S506, the cost
function is expanded within a small enough neighborhood around the starting point value of the
design variables for the first iterative step (i=0). In step S508, standard multi-variable
optimization techniques are applied to minimize the cost function. Note that the optimization
problem can apply constraints, such as tuning ranges, during the optimization process in S508 or
at a later stage in the optimization process. Step S520 indicates that each iteration is done for the
given test patterns (also known as “gauges”) for the identified evaluation points that have been
selected to optimize the lithographic process. In step S510, a lithographic response is predicted.
In step S512, the result of step S510 is compared with a desired or ideal lithographic response
value obtained in step S522. If the termination condition is satisfied in step S514, i.e. the
optimization generates a lithographic response value sufficiently close to the desired value, and
then the final value of the design variables is outputted in step S518. The output step may also
include outputting other functions using the final values of the design variables, such as
outputting an wavefront aberration-adjusted map at the pupil plane (or other planes), an
optimized source map, and optimized design layout etc. If the termination condition is not
satisfied, then in step S516, the values of the design variables is updated with the result of the i-
th iteration, and the process goes back to step S506. The entire process of Fig. 5 is elaborated in
details below.

[0077] In a first exemplary optimization process, no relationship between the design

variables (z,z,,...,2y) and fp (24»25,---»2y) 18 assumed or approximated, except that

f,(21,2,5.-,2y) is sufficiently smooth (e.g. first order derivatives
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pr(zl,zz,...,zN)
dz

apparatus. An algorithm, such as the Gauss—Newton algorithm, the Levenberg-Marquardt

,(n=12,... N) exist), which is generally valid in a lithographic projection

n

algorithm, the gradient descent algorithm, simulated annealing , the genetic algorithm, can be
applied to find (Z,Z,,...2y) -
[0078] Here, the Gauss—Newton algorithm is used as an example. The Gauss—Newton

algorithm is an iterative method applicable to a general non-linear multi-variable optimization

problem. In the i-th iteration wherein the design variables (z,,z,....,2,) take values of

(2445 Zpis+++» Zy;) » the Gauss—Newton algorithm linearizes f,(z;,2,,...,2y) in the vicinity of

(Zu 5 Zpjseves L ) , and then calculates values (Zl(i+1) s 20 (i41)2+  * ZN(,'+1)) in the vicinity
of (Zu s Lpjseees ZNi) that give a minimum of CF(Zl 3 Lpsenns ZN) . The design variables
(Z1 38 seees ZN) take the values of (Zl(i+1) s Lo(itl)s = s ZN(i+1)) in the (i+1)-th iteration.

This iteration continues until convergence (i.e. CF (Zl VOTTRRTY S N) does not reduce any further)

or a preset number of iterations is reached.

[0079] Specifically, in the i-th iteration, in the vicinity of (ZH NV TTTRRY4 Ni) ,
Jo(Zis2gsenzy) = [ (20 20052y ) +

ZN: of , (2,255 52y)

n=1 aZn

(z,—2,,) (@©q3)

Z]ZZ”’Zz:Zzl"...,ZN:ZNi’

[0080] Under the approximation of Eq. 3, the cost function becomes:

P
2
CF(21 200 Zy) = D W, [ (23 Zaeves Zyy)
=1

P N af (Z17Z27°°°7ZN)
:ZWP fp(Zli’ZZi’°”’ZNi)+Z - 3 | (2, = Z,)
p=1 n=1 <

n — — —
474,272, »ANTEN,

(Eq. 4
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which is a quadratic function of the design variables (Zl W OTTRRTY N) . Every term is constant
except the design variables (Zl 3 8pseees ZN) .
[0081] If the design variables (Zl N ETIRREY SN ) are not under any constraints,

(Zl(i+1) s Lo (igl)se e ZN(i+1)) can be derived by solving by N linear equations:

OCF (Z,,Z0sees Zx)
la; = :O,wherein n=12,...N.

n

[0082] If the design variables (Zj»Z5. -+ Zy) are under the constraints in the form of J

N
inequalities (e.g. tuning ranges of (Zl,Zz,. .o ZN)) Z A w Cn < B i »forj=12,..J;and

n=1

N
K equalities (e.g. interdependence between the design variables) Z an iy = D ko,

n=1

fork =1,2,...K ; the optimization process becomes a classic quadratic programming problem,

wherein Anj , B i C.. ., D r are constants. Additional constraints can be imposed for each

iteration. For example, a “damping factor” A, can be introduced to limit the difference between
(Zl(i+1)’ Zo(it1y>e o ZN(,-H)) and (Z;;52,;5-+-»Zy; ) » S0 that the approximation of Eq. 3

holds. Such constraints can be expressed as Z,; — AD <z,8z,t AD.

(Zl(,-+1) 5 Zz(,-+1) seeey ZN(,-+1)) can be derived using, for example, methods described in

Numerical Optimization 2" ed.) by Jorge Nocedal and Stephen J. Wright (Berlin New York:
Vandenberghe. Cambridge University Press).

[0083] Instead of minimizing the RMS of S p (215295445 2y) , the optimization process can

minimize magnitude of the largest deviation (the worst defect) among the evaluation points to

their intended values. In this approach, the cost function can alternatively be expressed as

fo (202550005 2y)
CF (21,2550 s 2y ) = MaX — (Eq. ).
p

wherein CL, is the maximum allowed value for the p-th evaluation point. This cost function
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represents the worst defect among the evaluation points. Optimization using this cost function
minimizes magnitude of the worst defect. An iterative greedy algorithm can be used for this
optimization.

[0084] The cost function of Eq. 5 can be approximated as:

q
Pl fo(Zi5Z0seeesZy)
_ p 124529 »SN
CF(ZI’ZZ’”"ZN)_Z CL (Eq.6),
p

p=l1

wherein ¢ is an even positive integer such as at least 4, preferably at least 10. Eq. 6 mimics the
behavior of Eq. 5, while allowing the optimization to be executed analytically and accelerated by
using methods such as the deepest descent method, the conjugate gradient method, etc.

[0085] Minimizing the worst defect size can also be combined with linearizing of

fp (Zla Logeves ZN) . Specifically, fp (Zl 9 Znseees ZN) is approximated as in Eq. 3. Then the

constraints on worst defect size are written as inequalities E Ip < f P (Zl TR N) < EUp
wherein E;, and E,, are two constants specifying the minimum and maximum allowed

deviation for the p-th evaluation point. Plugging Eq. 3 in, these constraints are transformed to,

for p=1,...P,

N afp(ZpZza---’ZN)‘

Z 0z

n=l1

7z <E

n Up

n — — —
21 7214,82 7R, -+ » AN TN,

+i8fp(z1,§;,...,zzv)‘

n=l1

Cpi _fp(Zli’ZZi""’ZNi)

n — — _
174,22 =R04 -+ »ANTZNG,

(Eq. 6°)
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and

Al %(Zl,zz,..,zN)‘
n=l a‘zn

3 =R13,227%04, - - ANTRN,

<E, Z@‘ (szza ,ZN)\

n=1

Cni +fp(Z1i’Z2i" c 5 2;)

UQ7%4,%27%i, - - AN TN,

(Eq. 67")
[0086] Since Eq. 3 is generally valid only in the vicinity of (z,;,2,;,...,2y;)» I case the
desired constraints E;, < f,(z;,2,,...,2y) £ E;;, cannot be achieved in such vicinity, which can

be determined by any conflict among the inequalities, the constants £, and E,, can be relaxed

until the constraints are achievable. This optimization process minimizes the worst defect size in
the vicinity of (z,,2,;,-...,25;) - Then each step reduces the worst defect size gradually, and we
execute each step iteratively until certain terminating conditions are met. This will lead to
optimal reduction of the worst defect size.

[0087] Another way to minimize the worst defect is to adjust the weight w, in each iteration.

For example, after the i-th iteration, if the r-th evaluation point is the worst defect, w_can be

increased in the (i+1)-th iteration so that the reduction of that evaluation point’s defect size is
given higher priority.

[0088] In addition, we can modify the cost functions in Eq.4 and Eq.5 by introducing a
Lagrange multiplier to achieve compromise between the optimization on RMS of the defect size

and the optimization on the worst defect size, i.e.,

N 13950045 %
CF(Zl’Z2’°°°’ZN):(l_ﬂ')zwpfpz(Z17Z2, ,ZN)+ﬂvma fp( ! Z N)
p=1

1<p<P C LP

(Eq. 6™)
[0089] Where 4 is a preset constant that specifies the trade-off between the optimization on
RMS of the defect size and the optimization on the worst defect size. In particular, if =0, then
this becomes Eq.4 and we are only minimizing the RMS of the defect size; while if A=1, then this

becomes Eq.5 and we are only minimizing the worst defect size; if O<i<1, then we are taking
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both into consideration in the optimization. Such optimization can be solved using multiple
methods. For example, we can adjust the weighting in each iteration, similar to the one described
previously. Alternatively, similar to minimizing the worst defect size from inequalities, we can
view the inequalities of Eq. 6 and 6” as constraints of the design variables during solution of the
quadratic programming problem. Then, we can relax the bounds on the worst defect size
incrementally or increase the weight for the worst defect size incrementally, compute the cost
function value for every achievable worst defect size, and choose the design variable values that
minimize the total cost function as the initial point for the next step. By doing this iteratively, we

can achieve the minimization of this new cost function,

[0090] The linear approximation of Eq. 3 only holds in a small vicinity of (Zy;ZajoeeesTni)

It fp (Zl 3&psenesly ) is highly non-linear to the design variables (Zl 5% seees ZN) ,
optimization using the linear approximation of Eq. 3 may take too many iterations and/or lead to

a local minimum of the cost function CF(z,,2,,...,2, ) instead of a global minimum. This

problem can be alleviated by expanding the cost function CF (z,, 2,,..., 2, ) into higher order

polynomials of some design variables, especially those to which the cost function is highly non-
linear, such as cost functions involving aberrations introduced by the projection optics. Fig. 6
shows an example flow diagram illustrating key steps of the second optimization process. Many
of the steps of Fig. 6 are very similar to corresponding steps in Fig. 5, unless explained otherwise
here. One major difference is that in step S604, the multi-variable cost function is expressed as a
higher-order (such as quadratic) polynomial including fitting coefficients related to, for example,
partial derivatives of transmission cross coefficients (TCCs). In step S606 TCC is expanded
around starting point for each iteration, and in step S607, aerial image, resist image and edge
placement error (EPE) are expanded. The rest of the steps are similar to the corresponding steps
described in Fig. 5. From the elucidation above it will be apparent to the skilled person that in a
specific embodiment, the number of iterations may even be one, resulting in a single calculation
sequence. This may, for example, occur when the description of some design variables initially is
sufficient enough that the predefined termination condition is satisfied after the single calculation.

[0091] The example process flow of Fig. 6 is elaborated mathematically below. As an

example, fp (Zp YOXIRRT ZN) is expanded as:
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]l‘p(‘ZDZz’“"ZN)z

N N N
[ Gin 2o r 2a) ¥ D000 (20 = 2,0+ D, D Ay (2, = 2, (3, —2,,) B4
n=l1

m=l ny=1

The coefficients a,, and a,, , can be fitted from a set of known values of the design variables

n

and be derived as partial derivatives, details of which can be found in commonly assigned U.S.
Patent Application Serial No. 12/315,849, disclosure of which is hereby incorporated by

reference in its entirety. The non-linear approximation in Eq. 7 generally holds in a much larger

vicinity of (z;;,z,;,...,2,;) than that in which the linear approximation of Eq. 3 holds, and thus

leads to faster convergence and higher possibility of finding the global minimum, albeit at a
higher computational cost. It should be noted that we only use the 2-order polynomial
approximation as an example of in this disclosure. It is straightforward to extend the
methodologies to higher-order polynomial approximations or other non-polynomial

approximations.
[0092] In a second exemplary optimization process, according to embodiments, relationship
between the design variables (z;, z,,...,2,) and fp (24, 25,---»2y) specific to a lithographic

projection apparatus is harnessed to accelerate and simplify the optimization process.

[0093] In one example, the aerial image Al can be expressed as

Al =Y |awY, M (k'—k)L(k')exp(—jk'x)r

= ZkA(k)z[Zk.Zk,,M (k'=k)L(k')M *(k”—k)L*(k”)exp(—j(k'—k”)x)]

=S > 3 A LG+ kL (K + k)M ()M (k" exp(— j(k'—k")x) B9
=22 .TCC ..M (k" YM " (k") exp(— j(k'—k")x)

wherein TCCkv,k" = Zk A(k)zL(k + k')L*(k + k”) (Eq. 9)

[0094] Computation cost of TCC,.,. using Eq. 9 can be reduced by applying a Fourier

transform to both sides of the Eq. 9:
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Y TCC, . exp(—ja@ k'-a'k")
k' k"

=2 DAY Ltk +k"L (k+k")exp(-j@ k'-&'k")
= Z(A(k)z(z Lk +k"exp(—jw k’))(ZL*(k +k")exp(—ai'k")D

Z(A(k)z exp( j(a)’+ai')k)(z Lk+k"Yexp(ja (k+ k’)))(ZL* (k+k"yexp(-a' (k + k"))D

k

¥ . (@0+0" )W (@)Y, (-0
(Eq. 9",

[0095] wherein W 42 and W, are the Fourier transform of A(k) and L(k), respectively. In

Eq. 9°, the summation over (k’,k”") becomes a simple multiplication. IcC k' xv can be viewed

as an inverse Fourier transform of Eq. 9°. More details can be found in “Fast TCC Algorithm for
the Model Building of High NA Lithography Simulation,” by Roderick Kohle, Optical
Microlithography XVIII, Proceedings of SPIE, Vol. 5754, 918-929, which is hereby incorporated
by reference in its entirety.

[0096] Al (x) is the aerial image in the space domain. A(k) is the source amplitude from
point & on the source pupil plane. L(k) is the projection optics amplitude and phase function for

point k on the lens pupil plane. The projection optics function in the space domain represents
distortions caused by the projection optics to the light passing through the projection optics (e.g.,

distortions in amplitude, phase or both) as a function of location. M (k) is the mask function

(i.e., design layout function) in the spatial frequency domain, and can be obtained from the mask
function in the space domain by a Fourier transform. The mask function in the space domain
represents distortions caused by the mask to the light passing through the mask (e.g., distortions
in amplitude, phase or both) as a function of location. More details can be found in, for example,
in U.S. Patent No. 7,587,704, which is incorporated by reference in its entirety. A function in the
space domain can be transformed to a corresponding function in the spatial frequency domain
and vice versa by Fourier transform. Here, x and k are both vectors. It is further noted that
although in the given example, Eq. 8 is derived from a scalar imaging model, this formalism can

also be extended to a vector imaging model, where TE and TM or other polarized light
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components are summed separately. TCC.,., also called the Transmission Cross Coefficient, as

defined in Eq. 9, can be viewed as a matrix, which includes optical properties of the lithographic

projection apparatus excluding the mask.
[0097] Computation of the aerial image using Eq. 8 can be simplified if only dominant

eigenvalues of the TCC,.,. are used. Specifically, when the TCC,.,. is diagonalized and on the

largest R eigenvalues are retained, the TCC,. . can be approximated as:

R
CC v = Z /1r¢r(k')¢:(k”) (Eq. 9)
r=1

wherein 4 (r=1...,R) are the R largest eigenvalues and @, is the eigenvector corresponding to
the eigenvalue A .

[0098] Plugging Eq. 9 into Eq. 8,

Al(x)=)_ > TCC, .M (kM (k")exp(—j(k'=k")x)

=202 A0 (k) (k"M (k)M (k") exp(—j(k'=k")x)

I
]

A D 8 (OM (kKexp(=jk'x) Y @ (K" )M ™ (k") exp(jk" X) g, 10,

r

@, (x)f

I
]

A,

Il
—_

r

wherein P, (x) = Z k,¢r(k')M (k")exp( — jk'x) .

[0099] It is noted that Eq. 10 is exact when all terms are retained in the eigenseries expansion,

i.e., when R is equal to the rank of the TCC matrix.

[00100] The ce k', matrix has a fixed relationship to the design variables. Once the

1ce k'.k» as afunction of the design variables are known, the aerial image Al(x), the resist

image, the fp (Zl 3Znseeesly ) and the cost function can be computed by using Eq. 8, the

resist model, the specific definition of f,(z,,2,,... 2y ) and the specific definition of the
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cost function (e.g. Egs. 1, 5 and 6). Values of the design variables that minimize the cost

function can then be found by using the methods described above such as the Gauss-Newton
method. Computing the TCC .k as afunction of the design variables, however, can entail

significant computation cost, especially on the summation over & in Eq. 9.
[00101] We next use the design variables from projection optics which only affect the

projection optics function as an example to illustrate how to speed up the fitting process. In a
practical lithographic projection apparatus, the ce k. k" can be well approximated as
TCC k'k" (Zl 9 Z2 90 9 ZN ) =

N
TCC (210520050 5 2y0) T+ Z Arce wowrm (20 = Zpo)

n=1

N N

+ Z Z aTCC k'L k" ng,ng (Zn1 - ano)(znz - ZnZO)

ny=1n,=1

(Eq. 11).
[00102] TCC,. . (Z10,255-+-52n0)  Qrce onnn and ATCC k' kv ny o0, are

independent from the design variables. Therefore, once TCCkv,k" (Zlo’ Zrgse sl No) ,

A rec k' k",n and aTCC,k',k",nl,nz are computed, TCCkw(ZI,Zz,---,ZN) as a function

of the design variables are known. e Kk (Zw 5 %9055 < NO) can be directly calculated
from the nominal condition (Zlo, Zrgseesl NO) . The coefficients @ 7¢¢ k' k",n and

ach, k'.k".n,.n, can be fitted from a set of know values of the design variables or be derived as

partial derivatives, details of which can be found in commonly assigned U.S. Patent Application

Serial No. 12/315,849, disclosure of which is hereby incorporated by reference in its entirety.
Among all the TCCk',k”(ZIO’ Zogs+2Zn0) » Ayce &kt and Gree gkt ng a,

N(N+1 . .
(—)+N+1 are independent, since Arce ik, .0, =G1CC K K" 0y 00y -
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[00103] Once TCG(,’,{,, (Z10’ Zopse e ZNO) , ach,k',k",n and Arcc gk n,,n, are computed,
the computation of the aerial image Al can be further simplified from Eq. 10 using an expansion

with respect to the design variables (Zl VOTTRRTY4 N) :

Al(Z,255- -5 2y) =

N N N
Al(Zy0, 2905+ - 2 Zyo) + Za,’n(zn -2+ Zzalﬁnl,nz (an — ano)(zn2 _ano) (Eq. 12).

n=1 n =ln,=1
Each term on the right side of Eq. 12 is referred to as pseudo-aerial images. There are total

N(N+1)

1+ N + N’ pseudo-aerial images, among which + N +1 are independent.

[00104] Plugging Eq. 11 into Eq. 8,
Al (2,,255000,25,.X) = Zk,zk"TCC e (20 Zameen s 2y )M (KM " (k") exp( — j(k'—k")x)

N
TCC ;4o (Z155 295+ 5 Zyo) T Z Arce joirn(Zy = Znp)

IO

' N N
+ Z Z aTCC Lk n, (an - Zn10>(zn2 - Zn20>
1

M (kYM ™ (k")exp( - j(k'=k")x)
=3 3 CC (2102 2o Zwo) M (ROM " (K™ Yexp( = j(k'=k")x) +

DI Z Arec popnn (2, = W}M (k"M " (k"yexp( —j(k'=k")x) +

DI Zlam wrmn, (2o = 200 N2, = zW}M (k")YM * (k" yexp( — j(k'—=k")x)

nm=1ln,=

=3 3 CC (20 2 2y )M (KM (K™Y exp( = (k=K )x) +

S S e pienM OM " (K" yexp( - j(k'=k" ) |z, = 2,0) +

S S e g M KOM (K exp( = k=K 0Kz, = 2,02, = 200)

m=1n,=1

(Eq. 13).
[00105] Comparing Eq. 12 and Eq. 13, it can be seen that each pseudo-aerial image can be

computed from TCCk',k" (Zw s Zopseses ZNO) or one of the coefficients aTCC,k',k",n and
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A rcc k'.k".n,,n, . Namely,

A, =2 O e popeaM (KM T (K")exp( = j(k'=k")X); (g, 14

al,nl,n2 = Z : " aTCC,k',k",nl,nzM(k')M*(k")exp(_j(k'_k")x) (Eq. 15).

[00106] TCCkwv (Z105 Zags- - Zno) » ArcC k" and aTCC,k',k",nl ,n, can be fitted from a

plurality of 1CcC 1.k, k» of the lithographic projection apparatus respectively under L

distinctive sets of values of the design variables (z,z,,...,2y) . TCCZ,kv,k” is defined as

TCCl,k',k" = TCCk',k” L=y wherein p, is the value of z, in the [-th set of values of the design

variables, i =1,...,N, [ =1,...,L. Note that TCC Ik, are not functions of the design

variables (z,z,,...,2y). A fitting error (FER) can be defined in any suitable form. The fitting

process is to find TCCkv,k"(Zlo, Logaeees ZNo) , Arce g kn.n and aTCC,k',k",nl,nz that

minimize the fitting error (FER). An exemplary fitting error (FER) is shown below:

FER

N

. TCC | (2155 Za9 55 2y0) Z (P = Zno)lrcc kokom

n=1

_Z N N
=1

+ Z (plnl B Zrtlo)(pln2 B ZnZO)aTCC Jktng g, ree Lkk"

2

ng, n
(Eq. 16).

The nominal condition (z,y, Z,5....>Zy,) €an be empirically determined to give acceptable

performance to the lithographic projection apparatus. 7CC Kk (ZIO’ Zogareees’ NO) can be

directly computed from (z,,,2y....,2y) OF be fitted along with dye¢ g+, and aTCC,k',k”,nl,nZ .

We use the TCC computed from (z,4, Z5,...,Zy,) as an example in the following description.
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[00107] Lisatteast XY I Ly 41 ip TCCo (2105 Zagse -+ Zug) s fitted
with Qrce jirn and Grec k' k.m0, > Lis at least M+N if

TCCk',k" (Zw s Zogseves ZNO) is directly calculated from the nominal condition (z,y,Zy,---»Zxg) »

N(N+1)

and only aTCC,k',k",n and aTCC,k',k",nl,nz are fitted. 2 to 3 times of + N +1 may

be necessary for L in order to yield desired fitting accuracy. In an exemplary lithographic

projection apparatus, N is from about 64 to about 192, and L can be greater than 10000. If this

fitting is done directly, at least L 1cC 1.k, (I=1...L) are computed as

2 ' * "
TCC =D, AWK Li(k+ k)L, (k+k")  (Eq 17),
which requires substantial computation cost and/or storage cost , which may be impractical for a
large L, wherein A(k) is the amplitude function of the source, and L, (k) is the projection optics

function under the /-th set of values of the design variables.

[00108] A method of computing the coefficients for polynomial expansion of
TCC Kk (Z4s2ps-ve22y), according to an embodiment, that significantly reduces the

computation cost, is detailed below.

[00109] The method comprises the following steps. The method starts with selecting L
distinctive sets of values (P> Pja»---» Pjv ) of the design variables (Zl 53 seees ZN) wherein
P, 1s the value of z, in the [-th set of values of the design variables, n=1,...,.N, [=1,....L.

This step is followed by computing a projection optics function Z,(k) for each set of values
(p,l,plz,. . .,p,N) ,n=1...,N,[=1,...,L. Note that we consider the nominal design variable

values (Zlo, o0 e ZNO) as the 0-th set of values, i.e., Py; =%; forall n=1,...,N . The next step
is identifying the relationship between the projection optics function L(k) and the design

variables. We use a linear phase relationship (e.g., the Zernike design variables) as a non-limiting
example hereafter. For a linear phase relationship, identifying the relationship is equivalent to

identifying a plurality of functions P, (k) (n=1...N) that are the impulse responses of the



10

15

WO 2013/178459 PCT/EP2013/059834

33

design variables. That is, if the projection optics function is L,(k) when the design variables

take the nominal values (z,y,Z,5,..., 2y,), then when the design variables take the values

( Dits Prasee s p,N) , the projection optics function becomes:
N
L(k)= Ly ] expC (g = 2,00 P, (k) . 18)
n=1
[00110] The following step involves computing Arce g k., and Arec k'.k".n,,n, aslinear

combinations of TCCz,k',k" (/=1...L)in a form of

L
Arec kkrn = Z h, ,TCC | ;. 4 (Eq. 19) and
=0

h

l,ny,n,

TCC 4o i (Eq. 20)

L
Aree k' k" ony 0,
1=0

wherein hl,n and hl,npnz (I=0,....L,n=1....N, n=1...,.N, n,=1,...,N) are constants.
These constants can be solved by minimizing the fitting error FER in Eq. 16. In particular, they

are computed by solving linear equations of aTCC,k',k",n and A rcc Kk n, -

OFER d FER

=0

. As described in the commonly

and
0d ¢ Kk aaTCC kT

RN

assigned U.S. Patent Application Serial No. 12/315,849, it can be shown that ach,k;k",n and

Arcc k'kv,n,,n, Which minimize Eq. 16 can always be expressed in a form of Eq. 19 and Eq.

20. The next step is computing
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TCC k',k"(Zl’ZZ’... ,ZN) =

N
TCC ;1 (215520955 Zy0) T Z Aree kwrn 2y = Zpo)

n=1
N N
+ Z Z aTCC kktng L n, (an — anO )( an — anO )
n,=1n,=1
(Eq. 20%)
[00111] The following Eq. 21 and Eq. 22 are derived by plugging Eq. 18 into Eq.

17 and then into Eq. 19 and Eq. 20, respectively,

L A(k)* Ly (k+k )Hexp@' (4, — 2,0) P, (k+ kDL (k+k")
Areckn = Zhl,nTC Cew = Zhh y =l

§ T T Texpei(y —2a0) By (k+K"))
n'=1

t~

= Z{A(k)zlo (k+K)Ly (k+ k”)ZKhl,nHeXPO(CIM ~Zyo) (B, (k+k') =P, (k+ k”)))n

= n'=l
(Eq. 21)
AR Ly (k + k)

L N
Aree kkm,n, = Z h, s n2 Corpr Z h, 1 Z H exp( (g — 20 P, (k + k'))Lz (k+k")
n'=1

=1 =1

~

N

[Texp(=i(@y = 2,0) Pk + &™)

n'=1

= Z[A(k)zLo (k+ k"L (k + k)i{hz [T exp(i (g = 2,0 )(Pp (k + k') = P, (k + k")))D

k =1 n'=1

(Eq. 22).
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=1 n'=1

L N
[00112] Note that Z (h’l,nHeXp(j(qln' =2, ) (Bplk+ k") =P, (k+ k”)))j and

L N
Z [hl,nl,nz H exp(j (g, — 2y ) (P (k+k')— P, (k+k" )))] are only functions of k, &’
n'=1

I=1

and £~ and can be computed prior to the summation over k in Eq. 21 and Eq. 22. The

summation of Eq. 21 or Eq.22 over k is done only once for each Apcc g, and aTCC,k',k",nl,nz .

N(N+1)

In total, only at most + N +1 summations over k are need to compute each Urcc i iy

and ach Jk'.k".n,,n, - This significantly reduces the computation cost compared to

computation of L TCC 1.k k" » €ach of which requires a summation in Eq. 9 over &, wherein L

N(N+1)+

can be 2 to 3 times of N+1.

[00113] The computation cost can be further decreased by applying a Fourier transform (e.g.,
a fast Fourier transform algorithm) to both sides of each of Eqgs. 21-22, similar to Eq. 9°.

[00114] As we mentioned previously, P, (k) can be the Zernike polynomials. The Zernike
polynomials include even Zernike polynomials and odd Zernike polynomials. The even Zernike

polynomials are defined as Z" (p0,9) = R (p)cos(me); the odd Zernike polynomials are defined
as Z " (p,p) =R (p)sin(m@), where m and n are nonnegative integers with n>m, ¢ is the

azimuthal angle, and p is the radial distance, 0< p<1. The radial polynomials R,’l" (p) are defined

N (nzm)/2 (=D (n—k)! n-2k
as R =
 (P) kz(; Kt m)/ 2- N —my 12—kt

when (n-m) is even, and are

identically O when (n-m) is odd. For m = 0, the even definition of the Zernike polynomials is

used which reduces to R,? (p).

[00115]  An alternative method of computing TCCk,’kn (Z1 VETIRRIY 4 N) , according to another

embodiment, that also significantly reduces the computation cost, is detailed below.
[00116] The method comprises the following steps. The first step is identifying the

relationship between the projection optics function L(k) and the design variables. We again use
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a linear phase relationship (e.g., the Zernike design variables) as a non-limiting example
thereafter, thus Eq. 18 describes the response of the projection optics function from the design

variables. The next step is computing each aree py, a0d Gpee oo, . Using Eq. 23, Eq. 24 and

Eq. 25 shown below:
5 OQrecpin = Z(jA(k)zLo(k +kOL (k+k"(P.(k+k')— P (k+k"))) (Eq. 23)
k

1 . Y A " ' "
Arec i knn = 5 Z (]A(k)zLo (k+k")Ly(k+k")P,(k+k')—P (k+k ))2)), for any
k

n=n,=n (Eq.

aTCC,k',k",nl,nz -

— > AWK Ly (k+ kDL (k+k")(P, (k+k") = P, (k+k")(P, (k+k')~P, (k+k")))

10 forany n, #n, (Eq. 25).

The next step is computing

TCG (212555 2y) =

N N N
TCG 1 (245 Zaps- -+ Zyo) T ZaTCC,k',k”,n (Z, = 2,0)+ ZZaTCC,k',k”,nl 7y (an <0 )(Zn2 - Znzo)-

n=1 m=l =1
(Eq. 257)

[00117] In the computation of each Uycc g v, and Aree k'.k".n,,n, »the summation of

N(N+1)

15  Egs. 23-25 over k is done only once. In total, only at most + N +1 summations over k

are needed to compute each aTCC,k',k",n and A rec 1ok T I

[00118] The computation cost can be further decreased by applying a Fourier transform (e.g.,

a fast Fourier transform algorithm) to both sides of each of Eqgs. 23-25, similar to Eq. 9°.

[00119] Egq. 23, Eq. 24 and Eq. 25 are derived by considering @ yc¢c s, and

20 aTCC,k',k”,nl,nz as Taylor expansion coefficients of 1CC k" (Zl 3 Znseees Ty ) rather than the
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fitting coefficients disclosed in Eq. 19 and Eq.20. By Taylor expansion, ach,k',k”, n and

Arcc k' k".ny.n, then become the first-order and second-order partial derivatives, respectively.

In particular, we plug Eq. 9 into partial derivatives of TCC,,., then plug

L(k) = L,(k)] Texp(j(q, = 2,0) P, (k)) (Eq. 26), and
n=1

ATCC .. 0 AU Lk + k)L (k + k")
Aree ks = . =
0z 9z

n (210 5220 »--»Zn50 ) n

(210 220 »--+>Zx0)

A(k)*Ly(k +k")Ly(k + k")
= i z N
oz, | T | [T exp( j(q,, — 2,0 )P, (k+k) =P, (k+k")) ;
=1
(210,220 5--+2Zw0)

=" (JAGK)? Ly(k + k" YLy (k + k") P, (k + k") = P, (k + k"))

(Eq.
26%)
9°7CC,.,. 0> AU LUk + k)L (k +k")|
Arec ke gmnn = T = aZj
(210,290 +++-:2N0) (210,220 +++-22n0)
. A(k)* Ly(k + k")(Ly (k + k")
il Z N
20z | % exp( j(q, = 2,0)P, (k+k')=P, (k+k"))
=1
(210,290 +++-:2N0)

— _%Z(jA(k)zLo(k +k"YLo(k+k")P,(k+k')— P, (k+k")?)

10 (Eq. 26™")
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°1CC, . 8°> ALk +K)L (k+k")|
07,0z,

Aree k' mm, =

dz, 0z,

(21052205-»2N50) (2105220 5-»2x50)

= 3 GAKY> Ly (k + k) Ly (k + K" )P, (k+K') = P, (k + k")(P, (k + k') = P, (k + k"))

. (Eq. 26™)

[00120] Optimizing a lithographic projection apparatus can expand the process window. A
larger process window provides more flexibility in process design and chip design. The process
window can be defined as a set of focus and dose values for which the resist image are within a
certain limit of the design target of the resist image. Note that all the methods discussed here
may also be extended to a generalized process window definition that can be established by
different or additional base parameters in addition to exposure dose and defocus. These may
include, but are not limited to, optical settings such as NA, sigma, aberrations, polarization, or
optical constants of the resist layer (whose effects on the imaging process are included in the
optical model, i.e. the TCCs). For example, as described earlier, if the PW also consists of
different mask bias, then the optimization includes the minimization of MEEF (Mask Error
Enhancement Factor), which is defined as the ratio between the wafer EPE and the induced mask
edge bias. The process window defined on focus and dose values only serve as an example in
this disclosure. A method of maximizing the process window, according to an embodiment, is
described below.

[00121] In a first step, starting from a known condition (f,,&,) in the process window,

wherein f; is a nominal focus and ¢ is a nominal dose, minimizing one of the cost functions

below in the vicinity (f, £ Af,&, + Ag):

CF (20,255 52x55f0,E9) = (f’g)z(%ili(f,goﬂg)me;x |fp(z1,z2,... ,zN,f,€)|

(Eq. 27).

or

CF (2, 235052y Jor€0) = Z prfpz(zl’z2’°°°’zl\”f’8) (Eq. 27°)
(f )= fotAf £%Ae) p

or



10

15

20

25

WO 2013/178459 PCT/EP2013/059834

39

CF (Zl’zz’“' ’ZN’fo’go) =
1-2) > S ow, (22 2y [ E)

(f.e)=(foxAf.eqxAe) p

+ A max max| ZysZoseee s Ty s ,g|
(f.e)=(foxtAf,eqtAe) p fp( 1 2 N f )

(Eq.277)
[00122] If the nominal focus f; and nominal dose & are allowed to shift, they can be optimized
jointly with the design variables (z,, z,,...,2,) . In the next step, ( P AV - Ag) is accepted
as part of the process window, if a set of values of (z,,2,,...,2y,f,€) can be found such that the
cost function is within a preset limit.
[00123] Alternatively, if the focus and dose are not allowed to shift, the design variables

(2, 25...., Zy) are optimized with the focus and dose fixed at the nominal focus f, and nominal
dose &. In an alternative embodiment, ( fo A T Ag) is accepted as part of the process
window, if a set of values of (z,,z,,...,2,) can be found such that the cost function is within a

preset limit.

[00124] The methods described earlier in this disclosure can be used to minimize the
respective cost functions of Eqs. 27, 27°, or 27”. If the design variables are characteristics of the
projection optics, such as the Zernike coefficients, then minimizing the cost functions of Eqs. 27,
277, or 27" leads to process window maximization based on projection optics optimization, i.e.,
Lens Optimization (1.O). If the design variables are characteristics of the source and mask in
addition to those of the projection optics, then minimizing the cost function of Eqs. 27, 277, or
27 leads to process window maximizing based on simultaneous Source-Mask-Lens-
Optimization (SMLO), as illustrated in Fig. 3.

[00125] Alternatively, when a lithographic projection apparatus works at a fixed nominal

condition ( fo,go) in the process window, the actual focus f and dose ¢ can deviate from the
nominal focus fy and the nominal dose &;. The distribution of the focus f and dose ¢ can follow a
distribution (e.g. Gaussian distribution) around ( fo-& ). The design variables can be optimized
to minimize the probability that the resist image (e.g., solubility of the resist in the resist layer) at

any evaluation point p (RI,) falls out of a permitted range [TI,TZ] More details can be found in
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commonly assigned U.S. Patent Application Serial No. 12/642,436, the disclosure of which is
hereby incorporated by reference in its entirety.
[00126] Mathematically, the goal of this optimization is to find a set of values of the design

variables (z;,z,,...,zy) that minimize

max max max P(f,&
ax  max - mas (f,€) (Eq.29),

wherein P(f,&) is a probability density function of the actual focus fand dose ¢.

[00127]  For example, if the focus f and dose ¢ follow a Gaussian distribution, with a standard
deviation of f as o5, and a standard deviation of ¢ as o,, the probability density function of (f.¢)
is

P(f.€) =3 L expl -1 {M} +[ﬁ] (Eq. 29).

70 0,

[00128] Here, we assume that the focus f and dose ¢ are independent. However, other
distributions (even non-Gaussian distributions), thus other probability density functions, are also
possible.

[00129] In this example, minimizing Eq. 28 is equivalent to maximize

2 2

p Rie[,.T,] f.e Gf (o)

&

[00130] The resist image at the evaluation point p, RI,, is a function of the design variables

(z,,2,,...,2y) and the actual focus f and dose ¢. RI, can be expanded around the nominal
condition (f,,&,) as:

RI (2,255 2y, /)

= RI (215, 2505+ 2Zn05 J0:E0) H(E—E)a,, . (Eq. 30).
(L4 € =)y (2 Zgreees 2 = fo) F ayay (f = f)2 + 5 (200 Zgee s 2y)

Since the relationship between RI and the dose ¢ is essentially linear and the dose ¢ does not

typically deviate from & more than 10%, the quadratic term of the dose ¢ is omitted. Plugging Eq.

30 into Eq. 29 and approximating 1+ (£ —-¢&,) = Tl) ,as (€—¢&,)<<1,Eq. 29 can be
-(e-¢g,

further simplified as:
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2
f - f 0
Oy
min min min

6[1’2] f 2
p RIS s ap,le(Zl,Zz,...,ZNXf_f0>+ap,2f(f_fo>2+ap,22(zl’z2"“’ZN>+ap’g L
(Rlp(Zlo’Z20’-..,ZN0’f0’80>_ap,s_RIP(Zl’Zz""’ZN’f’8>)0€ O
(Eq. 31).

[00131] The methods described earlier in this disclosure can be used to minimize Eq. 31. If

the design variables are characteristics of the projection optics, such as the Zernike coefficients,
then minimizing Eq. 31 leads to process window maximization based on projection optics
optimization.
[00132] A method of maximizing the process window according to an embodiment, thus
comprises finding values of the design variables that minimize the maximum value of the
probability that the resist image (e.g., solubility of the resist in the resist layer) at any evaluation
point p (RI,,) falls out of a permitted range.
[00133] Fig. 7 shows one specific example of how a simultaneous SMLO process can use a
Gauss Newton Algorithm for optimization. In step S702, starting values of design variables are
identified. Tuning ranges for each variable may also be identified. In step S704, the cost function
is defined using the design variables. In step S706cost function is expanded around the starting
values for all evaluation points in the design layout. In optional step S710, a full-chip simulation
is executed to cover all critical patterns in a full-chip design layout. Desired lithographic
response metric (such as CD or EPE) is obtained in step S714, and compared with predicted
values of those quantities in step S712. In step S716, a process window is determined. Steps
S718, S720, and S722 are similar to corresponding steps S514, S516 and S518, as described with
respect to Fig. 5. As mentioned before, the final output may be a wavefront aberration map in the
pupil plane, optimized to produce the desired imaging performance. The final output may also be
an optimized source map and/or an optimized design layout.
[00134] As stated above, the cost function is not limited to a particular form such as Eq. 1.
The cost function thus can be generalized as CF(z;,2,,...,2y) = ZP: M, , (Eq. 100), wherein

=

LM , is the p-th evaluation point. A large number of evaluation points in the lithographic

projection system can lead to complexity of the cost function and high computation cost in

minimizing the cost function. A method of reducing the number of evaluation points while
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maintaining the effectiveness of the optimization is desirable. Such a method is disclosed in
commonly assigned U.S. Patent Application Serial No. 2011/0107280, filed on October 28, 2010,
which is hereby incorporated by reference in its entirety.

[00135] Each evaluation point LM , is a function of the design variables (z,,2,,...,2y) -

Again, the design variables (z,,z,,...,2y) can comprise any characteristics of the lithographic

projection apparatus, including those of the source, the mask, and the projection optics. In an
embodiment, at least some of the evaluation points are associated with one or more features in a

design layout. A gradient of evaluation point LM , with respect to a design variable z,

measures the sensitivity of that evaluation point LM , to changes of the design variable z;.

p
<

This gradient can be mathematically expressed as

, (Eq. 101). If an evaluation point

oLM

P

LM , is insensitive to changes of z,, i.e., is small, this evaluation point LM , may be

i
eliminated from the cost function without severely affecting the effectiveness of the optimization.
If several evaluation points have similar gradients, not all (e.g., one) of these evaluation points
may be kept in the cost function while the rest of these evaluation points eliminated from the cost
function without severely affecting the effectiveness of the optimization.

[00136] According to an embodiment illustrated in Fig. 8, a plurality of evaluation points may
be identified in step S801; a gradient of each of the plurality of evaluation points with respect to

a design variable is calculated in step S802; a subset of evaluation points is selected from the
plurality of evaluation points is selected based on the gradient.

[00137] In an embodiment, gradients of an evaluation point with respect to more than one

design variables (z SJE [1,2,...,N]) can be calculated. The more than one design variables can
include all or part of (z;,2,,...,zy) . For example, gradients of an evaluation point LM , with

respect to all design variables associated with the projection optics (e.g., the Zernike design

7.

oLM
variables). These gradients can be written into a vector form v, =£ 5 £.jell,2,....N ]] , (Eq.
J

102).
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[00138] In an embodiment, a characteristic value V, may be calculated from the gradients in
step S803. The characteristic value V, may be, for example, the magnitude of the vector v, the
maximum range of 17p across all values of (z i jelL2,...,N]), or the maximum change of LM ,
with respect to the change of (zj;je [1,2,....,N]).

[00139] In an embodiment, evaluation points with characteristic value V, within a certain

range may be eliminated from the cost function. For example, evaluation points with
characteristic value V, smaller than a threshold may be eliminated from the cost function.
[00140] In an embodiment, the evaluation points may be grouped in step S803 based on the

gradients of the evaluation points. In an example illustrated in Fig. 9, correlation between each

pair of the evaluation points is calculated in step S901. The correlation between evaluation point

i,V
LM , and evaluation point LM, can be mathematically expressed as =T, (Eq. 103). In
7, v
v, v,
step S902, if the correlation W is above a certain threshold, evaluation point LM , and
L 1%
pll"4q

evaluation point LM are placed in a same group. In step S903, at least one evaluation point is

selected from each group. For example, the evaluation point with the greatest characteristic

value V, is selected from each group. The selected evaluation point from each group form the

subset of evaluation points.

[00141] In an example, eight evaluation points LM, LM,, LM3, LMy, LMs, LMg, LM5, and
LMg are in the cost function. V=0.43, V,=0.37, V3=0.57, V4=0.72, V5s=0.40, V¢=0.85, V;=0.71,
and Vg=0.03. If all evaluation points with a characteristic value less than 0.1 is eliminated, LMy
is eliminated. Fig. 10 shows correlations among .M, LM,, L M3, LMy, LMs, LMg, and LM7. If
all evaluation points with correlation of at least 0.8 are grouped together, three groups are formed:
{ILM;, LM, }, {LM3, LMy, LM5}, and {I.Ms, LM7}. From each of these three groups, the
evaluation point with greatest characteristic value is selected to form the subset. Therefore, the
subset comprises LM, LMy, and 1.Mg.

[00142] In another example, at least one evaluation point is selected from each group in step

S903, based on their proximity in real space. As illustrated in Fig. 11, three groups 1110, 1120
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and 1130 each comprise several evaluation points 1111, 1121 and 1131. The three evaluation
points enclosed in area 1150 are the closest in real space and can be selected to be comprised by
the subset.

[00143] The method illustrated in Fig. 8 is not limited to optimization but can be used in
conjunction with any other suitable algorithms.

[00144] In an embodiment, some of the evaluation points are associated with patterns in the
design layout. For example, these evaluation points may be physical points on a resist image.
The physical points may be on the edge, inside, or outside the patterns in the resist image.
Selection among these evaluation points to be included in the cost function effectively is
selection of patterns of a design layout to be included in downstream algorithms such as SMO or
SMLO.

[00145] In one embodiment, the design variables may be associated with the projection optics.
For example, the design variables are Zernike coefficients or other adjustable characteristics of
the projection optics. The method in Fig. 8 can be used to select evaluation points that are
sensitive to design variables associated with the projection optics.

[00146] The embodiments described herein may also be used with other types of apparatuses
for imaging a design layout or a portion thereof onto a substrate, for example, with an electron
beam lithography apparatus. An apparatus configured to image a design layout or a portion
thereof onto a substrate can be generically referred to as a lithographic imaging apparatus.
[00147] Fig. 12 is a block diagram that illustrates a computer system 100 which can assist in
implementing the optimization methods and flows disclosed herein. Computer system 100
includes a bus 102 or other communication mechanism for communicating information, and a
processor 104 (or multiple processors 104 and 105) coupled with bus 102 for processing
information. Computer system 100 also includes a main memory 106, such as a random access
memory (RAM) or other dynamic storage device, coupled to bus 102 for storing information and
instructions to be executed by processor 104. Main memory 106 also may be used for storing
temporary variables or other intermediate information during execution of instructions to be
executed by processor 104. Computer system 100 further includes a read only memory (ROM)
108 or other static storage device coupled to bus 102 for storing static information and
instructions for processor 104. A storage device 110, such as a magnetic disk or optical disk, is

provided and coupled to bus 102 for storing information and instructions.
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[00148] Computer system 100 may be coupled via bus 102 to a display 112, such as a cathode
ray tube (CRT) or flat panel or touch panel display for displaying information to a computer user.
An input device 114, including alphanumeric and other keys, is coupled to bus 102 for
communicating information and command selections to processor 104. Another type of user
input device is cursor control 116, such as a mouse, a trackball, or cursor direction keys for
communicating direction information and command selections to processor 104 and for
controlling cursor movement on display 112. This input device typically has two degrees of
freedom in two axes, a first axis (e.g., x) and a second axis (e.g., y), that allows the device to
specify positions in a plane. A touch panel (screen) display may also be used as an input device.
[00149] According to one embodiment, portions of the optimization process may be
performed by computer system 100 in response to processor 104 executing one or more
sequences of one or more instructions contained in main memory 106. Such instructions may be
read into main memory 106 from another computer-readable medium, such as storage device 110.
Execution of the sequences of instructions contained in main memory 106 causes processor 104
to perform the process steps described herein. One or more processors in a multi-processing
arrangement may also be employed to execute the sequences of instructions contained in main
memory 106. In alternative embodiments, hard-wired circuitry may be used in place of or in
combination with software instructions to implement an embodiment. Thus, an embodiment are
not limited to any specific combination of hardware circuitry and software.

[00150] The term “computer-readable medium” as used herein refers to any medium that
participates in providing instructions to processor 104 for execution. Such a medium may take
many forms, including but not limited to, non-volatile media, volatile media, and transmission
media. Non-volatile media include, for example, optical or magnetic disks, such as storage
device 110. Volatile media include dynamic memory, such as main memory 106. Transmission
media include coaxial cables, copper wire and fiber optics, including the wires that comprise bus
102. Transmission media can also take the form of acoustic or light waves, such as those
generated during radio frequency (RF) and infrared (IR) data communications. Common forms
of computer-readable media include, for example, a floppy disk, a flexible disk, hard disk,
magnetic tape, any other magnetic medium, a CD-ROM, DVD, any other optical medium, punch

cards, paper tape, any other physical medium with patterns of holes, a RAM, a PROM, and
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EPROM, a FLLASH-EPROM, any other memory chip or cartridge, a carrier wave as described
hereinafter, or any other medium from which a computer can read.

[00151] Various forms of computer readable media may be involved in carrying one or more
sequences of one or more instructions to processor 104 for execution. For example, the
instructions may initially be borne on a magnetic disk of a remote computer. The remote
computer can load the instructions into its dynamic memory and send the instructions over a
telephone line using a modem. A modem local to computer system 100 can receive the data on
the telephone line and use an infrared transmitter to convert the data to an infrared signal. An
infrared detector coupled to bus 102 can receive the data carried in the infrared signal and place
the data on bus 102. Bus 102 carries the data to main memory 106, from which processor 104
retrieves and executes the instructions. The instructions received by main memory 106 may
optionally be stored on storage device 110 either before or after execution by processor 104.
[00152] Computer system 100 also preferably includes a communication interface 118
coupled to bus 102. Communication interface 118 provides a two-way data communication
coupling to a network link 120 that is connected to a local network 122. For example,
communication interface 118 may be an integrated services digital network (ISDN) card or a
modem to provide a data communication connection to a corresponding type of telephone line.
As another example, communication interface 118 may be a local area network (ILAN) card to
provide a data communication connection to a compatible LAN. Wireless links may also be
implemented. In any such implementation, communication interface 118 sends and receives
electrical, electromagnetic or optical signals that carry digital data streams representing various
types of information.

[00153] Network link 120 typically provides data communication through one or more
networks to other data devices. For example, network link 120 may provide a connection
through local network 122 to a host computer 124 or to data equipment operated by an Internet
Service Provider (ISP) 126. ISP 126 in turn provides data communication services through the
worldwide packet data communication network, now commonly referred to as the “Internet” 128.
Local network 122 and Internet 128 both use electrical, electromagnetic or optical signals that
carry digital data streams. The signals through the various networks and the signals on network
link 120 and through communication interface 118, which carry the digital data to and from

computer system 100, are exemplary forms of carrier waves transporting the information.
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[00154] Computer system 100 can send messages and receive data, including program code,
through the network(s), network link 120, and communication interface 118. In the Internet
example, a server 130 might transmit a requested code for an application program through
Internet 128, ISP 126, local network 122 and communication interface 118. In accordance with
an embodiment, one such downloaded application provides for the illumination optimization of
the embodiment, for example. The received code may be executed by processor 104 as it is
received, and/or stored in storage device 110, or other non-volatile storage for later execution. In
this manner, computer system 100 may obtain application code in the form of a carrier wave.
[00155] Fig. 13 schematically depicts an exemplary lithographic projection apparatus whose
illumination source could be optimized utilizing the methods described herein. The apparatus
comprises:

- aradiation system IL, for supplying a projection beam B of radiation. In this
particular case, the radiation system also comprises a radiation source SO;

- a first object table (mask table) MT provided with a mask holder for holding a mask
MA (e.g., a reticle), and connected to first positioning means for accurately positioning the mask
with respect to item PS;

- a second object table (substrate table) WT provided with a substrate holder for
holding a substrate W (e.g., a resist-coated silicon wafer), and connected to second positioning
means for accurately positioning the substrate with respect to item PS;

- a projection system (“lens”) PS (e.g., a refractive, catoptric or catadioptric optical
system) for imaging an irradiated portion of the mask MA onto a target portion C (e.g.,
comprising one or more dies) of the substrate W.

[00156] As depicted herein, the apparatus is of a transmissive type (i.e., has a transmissive
mask). However, in general, it may also be of a reflective type, for example (with a reflective
mask). Alternatively, the apparatus may employ another kind of patterning means as an
alternative to the use of a mask; examples include a programmable mirror array or LCD matrix.
[00157] The source SO (e.g., a mercury lamp or excimer laser) produces a beam of radiation.
This beam is fed into an illumination system (illuminator) IL, either directly or after having
traversed conditioning means, such as a beam expander Ex, for example. The illuminator IL
may comprise adjusting means AD for setting the outer and/or inner radial extent (commonly

referred to as ¢-outer and o-inner, respectively) of the intensity distribution in the beam. In
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addition, it will generally comprise various other components, such as an integrator IN and a
condenser CO. In this way, the beam B impinging on the mask MA has a desired uniformity and
intensity distribution in its cross-section.

[00158] It should be noted with regard to Fig. 13 that the source SO may be within the
housing of the lithographic projection apparatus (as is often the case when the source SO is a
mercury lamp, for example), but that it may also be remote from the lithographic projection
apparatus, the radiation beam that it produces being led into the apparatus (e.g., with the aid of
suitable directing mirrors); this latter scenario is often the case when the source SO is an excimer
laser (e.g., based on KrF, ArF or F; lasing).

[00159] The beam PB subsequently intercepts the mask MA, which is held on a mask table
MT. Having traversed the mask MA, the beam B passes through the lens PL., which focuses the
beam B onto a target portion C of the substrate W. With the aid of the second positioning means
(and interferometric measuring means IF), the substrate table WT can be moved accurately, e.g.
so as to position different target portions C in the path of the beam PB. Similarly, the first
positioning means can be used to accurately position the mask MA with respect to the path of the
beam B, e.g., after mechanical retrieval of the mask MA from a mask library, or during a scan.
In general, movement of the object tables MT, WT will be realized with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine positioning), which are not
explicitly depicted in Fig. 13. However, in the case of a wafer stepper (as opposed to a step-and-
scan tool) the mask table MT may just be connected to a short stroke actuator, or may be fixed.
[00160] The depicted tool can be used in two different modes:

- In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e., a single “flash”) onto a target portion C. The substrate table
WT is then shifted in the x and/or y directions so that a different target portion C can be
irradiated by the beam PB;

- In scan mode, essentially the same scenario applies, except that a given target
portion C is not exposed in a single “flash”. Instead, the mask table MT is movable in a given
direction (the so-called “scan direction”, e.g., the y direction) with a speed v, so that the
projection beam B is caused to scan over a mask image; concurrently, the substrate table WT is

simultaneously moved in the same or opposite direction at a speed V = My, in which M is the
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magnification of the lens PL (typically, M = 1/4 or 1/5). In this manner, a relatively large target
portion C can be exposed, without having to compromise on resolution.
[00161] The concepts disclosed herein may simulate or mathematically model any generic
imaging system for imaging sub wavelength features, and may be especially useful with
emerging imaging technologies capable of producing wavelengths of an increasingly smaller size.
Emerging technologies already in use include EUV (extreme ultra violet) lithography that is
capable of producing a 193nm wavelength with the use of an ArF laser, and even a 157nm
wavelength with the use of a Fluorine laser. Moreover, EUV lithography is capable of producing
wavelengths within a range of 20-5nm by using a synchrotron or by hitting a material (either
solid or a plasma) with high energy electrons in order to produce photons within this range.
[00162] While the concepts disclosed herein may be used for imaging on a substrate such as a
silicon walfer, it shall be understood that the disclosed concepts may be used with any type of
lithographic imaging systems, e.g., those used for imaging on substrates other than silicon wafers.
[00163] The invention may further be described using the following clauses:
1. A method for a lithographic process for imaging a portion of a design layout onto a
substrate using a lithographic imaging apparatus, the lithographic process having a plurality of
design variables, the method comprising:

calculating a gradient of each of a plurality of evaluation points or patterns of the
lithographic process, with respect to at least one of the design variables; and

selecting a subset of evaluation points or patterns from the plurality of evaluation points
or patterns based on the gradient.
2. The method of clause 1, wherein at least some of the plurality of design variables are
associated with an illumination source of the lithographic imaging apparatus, at least some of the
plurality of design variables are associated with imaging optics of the lithographic imaging
apparatus, and/or at least some of the plurality of design variables are associated with the design
layout.
3. The method of clause 1, further comprising grouping the plurality of evaluation points or
patterns into a plurality of groups based on the gradient.
4. The method of clause 1, further comprising calculating a characteristic value from the

gradient.
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S. The method of clause 4, wherein the subset does not include any evaluation point with
the characteristic value thereof is smaller than a threshold.
6. The method of clause 1, further comprising calculating correlation between gradients of a
pair of evaluation points or patterns in the plurality of evaluation points or patterns.
7. The method of clause 6, further comprising grouping the plurality of evaluation points or
patterns into a plurality of groups based on the correlation.
8. The method of clause 7, wherein a pair of evaluations points with correlation above a
threshold are placed in a same group.
9. The method of clause 3 or 7, wherein the subset comprises at least one member selected
from each of the plurality of groups.
10.  The method of clause 1, further comprising:

defining a cost function of the plurality of design variables, the cost function including
the subset of evaluation points or patterns; and

adjusting the design variables until a predefined termination condition is satisfied.
11. The method of clause 10, wherein the predefined termination condition includes one or
more of: minimization of the cost function; maximization of the cost function; reaching a preset
number of iterations; reaching a value of the cost function equal to or beyond a preset threshold
value; reaching a predefined computation time; and, reaching a value of the cost function within
an acceptable error limit.
12. The method of clause 1, wherein the adjusting of the design variables is performed with
constraints dictating the range of at least some of the design variables.
13. The method of clause 1 or 12, wherein at least some of the design variables are under
constraints representing physical restrictions in a hardware implementation of the lithographic
projection apparatus.
14. The method of clause 13, wherein the constraints include one or more of: rules governing
mask manufacturability, and interdependence between the design variables.
15. The method of clause 1, wherein the plurality of evaluation points or patterns are selected
from the following lithographic metrics: edge placement error, critical dimension, resist contour
distance, worst defect size, and best focus shift.
16. The method of clause 9, wherein the at least one member is selected from each of the

plurality of groups based on proximity of the at least one member in real space.
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17. The method of clause 9, wherein the at least one member is selected from each of the

plurality of groups based on a characteristic value calculated from the gradient .

18. The method of clause 10, wherein the adjusting is conducted by a method selected from a

group consisting of the Gauss—Newton algorithm, the Levenberg-Marquardt algorithm, the
gradient descent algorithm, simulated annealing, solving polynomials, solving a quadratic

programming problem and the genetic algorithm.

19. The method of clause 1, wherein the plurality of design variables comprises a Zernike
coefficient.
20. A computer program product comprising a computer readable medium having

instructions recorded thereon, the instructions when executed by a computer implementing the
method of any of the above clauses.

[00164] The descriptions above are intended to be illustrative, not limiting. Thus, it will be
apparent to one skilled in the art that modifications may be made to the embodiments as

described without departing from the scope of the claims set out below.
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WHAT IS CLAIMED IS:

1. A method for a lithographic process for imaging a portion of a design layout onto a
substrate using a lithographic imaging apparatus, the lithographic process having a plurality of
design variables, the method comprising:

calculating a gradient of each of a plurality of evaluation points or patterns of the
lithographic process, with respect to at least one of the design variables; and

selecting a subset of evaluation points or patterns from the plurality of evaluation points

or patterns based on the gradient.

2. The method of Claim 1, wherein at least some of the plurality of design variables are
associated with an illumination source of the lithographic imaging apparatus, at least some of the
plurality of design variables are associated with imaging optics of the lithographic imaging
apparatus, and/or at least some of the plurality of design variables are associated with the design

layout.

3. The method of Claim 1, further comprising grouping the plurality of evaluation points or

patterns into a plurality of groups based on the gradient.

4. The method of Claim 1, further comprising calculating a characteristic value from the
gradient.
S. The method of Claim 1, further comprising calculating correlation between gradients of a

pair of evaluation points or patterns in the plurality of evaluation points or patterns.

6. The method of Claim 6, further comprising grouping the plurality of evaluation points or

patterns into a plurality of groups based on the correlation.

7. The method of Claim 6, wherein a pair of evaluations points with correlation above a

threshold are placed in a same group.
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8. The method of Claim 3 or 6, wherein the subset comprises at least one member selected
from each of the plurality of groups.
9. The method of Claim 1, further comprising:

defining a cost function of the plurality of design variables, the cost function including
the subset of evaluation points or patterns; and

adjusting the design variables until a predefined termination condition is satisfied.

10. The method of claim 1, wherein the adjusting of the design variables is performed with

constraints dictating the range of at least some of the design variables.

11. The method of Claim 1, wherein the plurality of evaluation points or patterns are selected
from the following lithographic metrics: edge placement error, critical dimension, resist contour

distance, worst defect size, and best focus shift.

12. The method of Claim 8, wherein the at least one member is selected from each of the

plurality of groups based on proximity of the at least one member in real space.

13. The method of Claim 8, wherein the at least one member is selected from each of the

plurality of groups based on a characteristic value calculated from the gradient.

14. The method of Claim 9, wherein the adjusting is conducted by a method selected from a
group consisting of the Gauss—Newton algorithm, the Levenberg-Marquardt algorithm, the
gradient descent algorithm, simulated annealing, solving polynomials, solving a quadratic

programming problem and the genetic algorithm.

15. A computer program product comprising a computer readable medium having
instructions recorded thereon, the instructions when executed by a computer implementing the

method of any of the above claims.
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