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TARGET AND PROCESS SENSITIVITY ANALYSIS TO REQUIREMENTS

CROSS REFERENCE TO RELATED APPLICATIONS
{0001} This application claims the benefit of UK, Provisional Patent Application No.
61/914,950 filed on December 11, 2013, which iy incorporated herein by reference in

its entirety.

BACKGROUND OF THE INVENTION
1. TECHNICAL FIELD
j0002] The present inveniion relates to the feld of metrology, and more
particularly, to sensitivity analysis of metrology measurements fo targef, process

and measurement parameters,

2. DISCUSSION OF RELATED ART

{0063} Metrology invelves large numbers of parameters which are related io
targets, target metrology conditions and production processes. Target design,
production processes and metrology measurements exhibit varying degrees of
sensitivity to these parameters which make it hard to evaluate parameter settings

efficiently and make root cause analysis of metrology excursions difficult.

SUMMARY OF THE INVENTION
{0004} One aspect of the present lnvention provides a svstem comprising an input
module arranged to reccive a plurality of parameters relating to targets, target
metrology conditions and production processes, to generate farget data, a metrology
simulation unit arranged to simulate metrology measurements of targets from the
target data and to generate a plurality of metrics that quantify the simulated target
measurements, a sensitivity analysis module arranged to derive functional
dependencies of the metrics on the parameters and {o define required uncertainties
of the parameters with respect to the derived functional dependencies, and a target
optimization module arranged fo rank at least one of the targets and the target

metrology conditions with respect to the simulated target measurements.



WO 2015/089231 PCT/US2014/069617

{0085] These, additional, and/or other aspects and/or advantages of the present
invention are set forth in the detailed deseription which follows: possibly inferable

from the detailed description; and/or learuable by practice of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS
{0006} For a better understanding of embodiments of the invention and to show how
the same may be carried inte effect, reference will now be made, purely by way of
example, to the accompanyving drawings in which like numerals designate
corresponding elements or sections throughout.
[0007] In the accompanying drawings:
{0008] Figures | and 2 are high level schematic everview block diagrams of a system
and information generation and flow in the system, according {o some embodiments
of the invention.
{0009} Figure 3 presents noun-limiting illustrations for metrics that relate to target
and measurement features, according to some embodiments of the invention.
{0010} Figure 4 presents non-limiting illustrations for metrics and their
representations that relate fo target and measwrement features, according to some
embodiments of the invention.
{0011} Figure 3 schematically illustrates ranking examples, according to some
embodiments of the invention.
{0012} Figure 6 is a high level schematic flowchart ilustrating a method, according
to some embodiments of the invention.
j0013] Figure 7 is a high level schematic block diagram of the system, according to
some embodiments of the invention.
{0014] Figure 8 is a diagram exemplifving different sensitivities of a metrology
metric to different process variation parameters, according to some embodiments of

the invention.

DETAILED DESCRIPTION OF THE INVENTION
{0015] Prior to setiing forth the background of the related art, it may be helpful to

set forth definttions of certain terms that will be used hereinafter.
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[0016] The term "metric” as osed herein in this application, is defined as any
guantity related to given measurements, such as the raw measurenents themselves
{an identity metric), derived quantities relating to one or move measurement (ypes,
quantities relating to combinations or interactions of measurements, as well as
“meta metries” which are derived from one or more other meirics and possibly one
or more measurement types.

{0017} With specific reference now to the drawings in detail, it is stressed that the
particulars shown are by way of example and for purpeses of lusirative discussion
of the preferred embodiments of the present invention enly, and are presented in the
canse of providing what is believed fo be the mest useful and readily understood
description of the principles and conceptual aspects of the invention. In this regard,
no attempt is made fo show structural details of the invention in more detail than is
necessary for a fundamental understanding of the invention, the description taken
with the drawings making apparent to those skilled in the art how the several forms
of the invention may be embodied in practice.

{0018} Before at least one embodiment of the invention is explained in detail, it is to
be undersiood that the lnvention is not limited in its application fo the details of
construction and the arrangement of the components set forth in the following
description or illustrated in the drawings. The invention is applicable to other
embodiments or of being practiced or carried ont in various ways. Also, it Is to be
understood that the phrascology and terminology employed herein is for the
purpose of description and should not be regarded as limiting.

{0019} Metrology simulations are frequently used to allow metrology engineers to
predict the performance of metrology events and to evaluate the dependence of such
performance en multiple inpat pavameters. Examples of the inpuat parameters that
effect metrology performance include farget geomelric parameters, metrology
system configuration and the film stack and feature topography on the wafer {and
their tolerances) resultant from the semiconductor manufacturing process. In the
subsequent description the term “process parameters” relates specifically to said

film stack and feature topography and their tolerances.
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{0026] Systems and methods are provided for analyzing target geometry, and
metrology configuration sensitivities to a wide range of parameters, according to
external requirements or inner development and verification needs. Systems
comprise the following elements.

{0021} An input module is arranged to receive inpul parameters relating to targets,
target metrology condifions and process parameters and tolerances, to generate
farget data. In this context, “stack and tepography verification™ relates to the
procedure of verifving that the process parameters used in the simulation are an
accurate representation of the actual wafer stack and topography,

{0022} A metrology simulation  wnit is  arranged to  simulate  metrelogy
measurements of targets from the input parameters and fo generate raw simulated
measurement data and multiple derived metrics that quantify metrology
performance of the simulated target measarements.

{0023] A sensitivity analysis module is arranged to derive functional dependencies
of the raw stmulated measarement data or derived maetrics on the input parameters
and to defline required tolerances (due to either uncertainties or uncomtrolled
variations) of the process paramefers. The sensitivity analysis module may also
enable {i} stack and topography verification to focus on stack and topography
parameters of greatest influence, by identifying those for which small process
parameter variations result in large variations in one or more metrology metrics (i)
climination of process variation parameters which conversely show reduced impact
on metrology metrics {rom the subsequent target optimization procedure in order to
produce a computationally compact simulation, (ii1) guantitative analysis of the
impact of process parameter variations on metrology performance to support
decisions on manufacturing process medifications in order to subsequently reduce
impact on metrology, (iv) root cause analysis of metrology excursion by establishing
correlations between metrology metrics and process parameter variations, in the
presence or absence of feed forward metrology data from previous process steps and
{v} provide an indicator eof anticipated quality of simulation to measurement

matching.
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{0024] Finally, a target optimization module may be arranged to rank targets and
target metrology conditious with respect to the simulated target measurement
metrics. As a resoll, moltiple sensitivity responses of the simulated raw
measurement data or derived metrics to a wide range of process paraneters can be
overlaid and compared simuliancously, (o provide an effective analysis and design
platform.

{0025} Figures 1 and 2 are high level schematic overview block diagrams of a system
108 and information generation and flow In system 108, according fo some
embeodiments of the invention, System 160 may comprise aun input module 110, a
metrology simulation wnit 120, a sensitivity analysis module 130 and a target
optimization module 140, System 100 is configured to analvze target, metrology
sensor configurations and process parameters and parameter sensitivities according
to given requirements, production conditions and metrology specifications.

j0026] Input module 110 is arranged fo receive, e.g., from a wafer producer 98 or
from a target designer 90, a plarality of parameters relating to fargets (target
parameters 94), metrology conditions 96 and optionally to production process
{(process paramelers 98), and generate target design data and metrology sensor
configuration recommendations 119 therefrom. Non-Himiting examples for target,
metrology and process parameters 94, 96, 98 are provided in the following. Process
parameters 98 may comprise target resist profiles, stack and resist properties (e.g.,
materials, critical dimensions such as bar width, side wall angles, side wall angle
asynunetries, fopography, deposition, etching or polishing related topography, and
asynuneiries thereof, and further processing properties, process window
parameters, types and distributions of lithographic illumination and imaging
aberrations, Target parameters 94 may comprise, with respect to any of the target
layers and as pon-limiting examples, target geometrical parameters such as grating
pitch, offsets between layers, critical dimensions (D), segmentations, orthogonal or
parallel, chemical mechanical polish assist features, sub resolution {or resolved)
assist features and dummification features in same or different layers to the
metrology target features themselves, Metrology conditions 96 may comprise, as

non-limiting examples, illumination parameters, e.g., wavelength, bandwidth, angle
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of polarization, spatial and/or temporal coherence, angle of incidence, numerical
aperturve, ilumination pupil configuration, peak or average power, fluence and
other parameters such as geometrical optical configuration and optical information,
type of metrology {e.g., scatterometry or imaging) ete,

{0027} Inpul module 110 may be further arranged to receive and provide process
simulation resulis and/or process data relating to the target layers, e.g. to a previous
layer and a current laver, Auy combination of simulation and process data relating
to the targets and to the production processes may be provided by input module 118
to metrology simudation wnit 120, The data may comprise physical and optical
parameters of largels or any other structure on the wafer as well as simulated
process and target parameters and their variability over the wafer.

{0028] Metrology simulation wnit 120 iy arranged to simulate metrology
measurements of targets from target data 119 and to generate a plurality of
metrology metrics 124 and possibly process metrics 126 that quantify the simulated
target raw measurements or derived metrology mefrics. In certain embodiments,
metrology simulation unit 120 is arranged to generate data related to the simulated
farget structures and metrology results of the simulated targets, by applying an
optical simulation to the data provided by input medule 110, In certain
embodiments, a metrology metrics module 123 may be part of metrology simulation
unit 128 or associated therewith, and arvanged to calculate metrics 124, 126 from
raw simulation data generated by metrology simulation unit 120, Metrology metrics
module 123 {or metrology simulation unit 124} may provide process parameter
tolerances 129 to sensitivity analysis module, as exemplified below in Figure 8, The
optical simulation relates to various metrology parameters and measurement
process,

{0029] Meirology simulation unit 120 may be arranged to calculate a plurality of
metrology metfrics 124, In certain embodiments, wafer producer 20 may define the
identity of af least some metrics 124 or process metrics 126, as well as performance
constraints 127 and tolerance ranges and thresholds relating to metries 124, 126,
{0036} Non-limiting examples for metrics comprise various symmetry guality

merits, referring to different {eatures of the targets {e.g., different elements,
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different layers), geometrical merits sach as slopes and forms of elements and of
lavers, dimenstonal merits {e.g., structure critical dimensions CBs), correlational
merits that quantify structural relations between elements and layers, and process
efficiency merits relating e.g., to deposition or etching steps. Different metries may
be compared or combined to define further metrics, and metrics may be compared
to or combined with various data to yvield further metrics, e.g. a comparison of a
process window metric with the device process metric {e.g., a visual comparison
over a user interface) may be used as an additional metric. Further metrelogy
performance metrics 124 may comprise target diffraction efficiency, metrology
aceuracy {defined as the difference between the nominal geometric metrology result
and the simulated metrology result) or metrology accuracy flags such as guality
merits derived from Fourier analysis or decomposition of metrology signals, or
derived pupil distribution functions. Additional metrology performance metrics 124
may comprise precision, coutrast or sensitivity of raw or derived metrology signal to
overlay variation.

{0031} In certain embodiments, system 100 may comprise requirements 97 such as
various farget template sets 95, Input module 110 may be configured fo receive these
inputs and generate respective workbooks frome which farget characterization {iles
113, describing e.g., vespective tfirst order or higher order) reflectivities of the
inputted target These data may be used in a subsequent computation step, e.g., by
an overlay calculation module in simulator 120, to simulate the overlays of the
inputted target and their dependencies on the inputted process parameters and their
tolerances, Sensitivity analysis module 130 and target optimization module 140 may
derive and process metrology metries 124, process metrics 126 and yield a
prioritized Hst 160 of targets, tool setups and respective scores that allow optimizing
target designs, the production processes and the metrology measurements,

j0032} In certain embediments, sensitivity analysis module 130 may be configured
to enable stack and topography verification prior to target optimization te focus on
process parameters with the greatest influence on target metrics. In certain

embodiments, sensitivity analvsis module 130 may be configured to eliminate
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insensitive process variation parameters, prior fo target optimization and hence
provide 8 more compuiationally compact simulation process,

{0033} In certain embodiments, sensitivity analysis module 130 may be configured
to provide quantitative data on the impact of process variations on metrology
performance to support decisions on manufacturing process modifications in order
to reduce impact on metrology. In certain embodiments, sensiivity analysis module
130 may be configured to be used in conjunction with feed forward of metrology
data, for example, but not limited to film, critical dimension, stress, shapeorn & k
data from lavers from previous processing steps in order to anticipate a metrology
excursion during a subsequent metrology step. Furthermore, given the availability
of suich fed-forward data {or in its absence), sensitivity analysis module 130 may be
configured to enable root cause analysis of the subsequent meirology excursion by
correlating the observed metrology metric with a variation of a specific process
parameter. In certain embodiments, sensitivity analysis module 130 may be
configured to provide an indicator of anticipated quality of simudation fo
measurement matching.

{0034] In certain embodiments, the target contenders may be inputted in any format
{e.g.. GDSII {Graphic Database Svstem 1) format) and be used to derive target
profiles which are used together with process related data such as scanner
aberrations and pattern placement ervors (PPEs), illumination process window
parameters {e.g. depth of focus DOF and energy latitude EL) and other, eg.,
thickness related process window parameters — to compare the targets under
varions process conditions. Such comparison may be applied as an initial fidelity
simulation. In certain embodiments, methodology clements related to creating a
metrology target structure design for a reticle layvout may be incorporated from US,
Patent Neo. 7,925,486, which is incorporated herein by reference in ifs entirety.

jO035] In certain embodiments, simulator 120 may use any of the following
parameters to simulate the targets: apodization of metrology illumination beam{s),
pupil calibration, illumination types and patterns, noise models, masking types and
parameters, polarization, spectral characteristics etc. Simulator 120 may be

configured to calculate overlays, precision metrics, diffraction efficiency ete.
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{0036] Figure 3 presents non-limiting fllustrations for metrics that relate to target
and measurement features, according to some embodiments of the invention. Top
left example 124 Hlustrates an example for a process robustness metric which may
be used to estimates precision susceptibility to realistic process variations. Customer
or target designer 90 may set process variation parameters and process variation
range, and define the quality of interest, e.g., a level of precision degradation such as
gl{lon oumaxie, 64 / Ohome with g being the metric, o, o, being the standard
deviations for a a lower and an upper target element, respectively, and oy, being
the standard deviation for the nominal target, as indicated in Figure 3,

{0037} Bottom left example 124 Hustrates an example for a diffraction efficiency
{DE) metric 124 for zeroth order and first order pupil plane images. DE metric 124
may be calculated as sums or averages over all rays propagating in each of the §, £1
order hmages. DE metric 124 may be used to indicate accuracy risk, as low
diffraction efficiency elevates the accuracy risk, especially for small targets. DE
metric 124 may be derived with respect to a multitude of various parameters 94, 96,
98, such as fype and form of the illumination, optics, and masks, as well as target
design and process parameters. Performance consiraints 127 may be set upon
metrics 124 that are set to quantify these effects, e.g., by wafer producers or target
designers 90,

{0038} The right hand Hlustrations in Figare 3 illustrate irregularities resulting
from process features in the production of structures such as FinFET structures,
Top right example illustrates effects of dishing, resulting in an irrvegular boundary
between lavers (see arrow), while bottom right example illustrates irregularities in
the FInFET structures themselves and their borders fo a top laver {(see arrow),
These effects may be guantified as wetrology metrics 124 and process metrics 126;
and performance constraints 127 may be set thereupon,

{0039 An example for a precision metric 124 comprises an estimation of Adaptive
Noise Reduction Algorithm {ANRA) precision by generating noisy images using a
poise model, defining a quality of interest to be eg., 3o of the everlays and
calculating a metric which exhibits a high seusitivity around the specifications

{(spec), e.g.. {o)=0.5+arctan(10-(3o-spec)/(a-spec)) / n as a non-limiting example, with
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a as a tuning parameters, (o yield the high sensitivity {a steep slope around 0.5 in
representation 132). Similar metrics may be calculated for various parameters.
{0040] An example for an accuracy metric 124 an estimation of the overlay error
due to accuracy-breaking target variations such as target element dimensions and
geometric parameters. Customer or target designer 90 may set accurscy parameters
and reasonable variation ranges for the accuracy parameters, as well as accaracy
thresholds (allowed overlay inaccuracy) and define the quality of interest, eg., a
span of overlay values under the given variation with respect to the overlay
measured or simulated for nominal {accurate) targets.

j0041] Sensitivity analysis module 130 is arranged to receive data and/or meirology
metrics 124 and proeess metrics 126 {rom metrology simulation unit 120, Sensitivity
analysis modale 130 is further arranged to derive functional dependencies (131} of
metrology and process metries 124, 126 on parameters 94, 96, 98 and to define
regrired uncertainties (149) of the parameters with respect to the derived functional
dependencies {131}, In certain embodiments, sensitivity analysis module 130 may be
arranged to derive some or all of metrology and process metrics 124, 126, and/or
calcnlate additional metrics therefrom.

0042} Metrology metrics 124 may {urther comprise, as non-limiting examples,
process robustness, precision sensitivity, Diffraction efficiency, accuracy, precision,
lithography performance, algorithmic inaccuracy. In  certain  embodiments,
metrology metrics 124 may comprise a tool set up robustness metric, with tool set-
up comprising e.g. a sctting of polarization, wavelength and apedizer. Sets of certain
geometries and certain tool set ups, which share the same geometry but are paired
with different tool set up configurations, may be compared using system 100 and the
respective methods, The suggested metric may enhance the ranking for targets
which may be measured at different set-ups, Process metrics may comprise, a5 non-
limiting examples, printability, placement errors, and symmetry. Metrology and
process metries 124, 126 may be expressed in absolute measures {e.g, in
panometers, angle degrees) and/or in relative measures {e.g., on a zero to one scale),
{0043} Metrics 124, 126 may be compared or represented on a common scale which

is set aceording to specification requirements. Specific parameters 94, 96, 98 and
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sensitivities fo the parameters may then be analyzed tn view of all metrics together,
and different considerations may be balanced while overview is maintained.

{0044} Sensitivity analysis module 130 may be further arranged to generate data
and/or representations 132 relating to the dependency of metrology and process
metrics 124, 126 on parameters 94, 96, 98, Sensitivily analysis module 130 may be
arranged to derive functional dependencies of metrology and process metrics 124,
126 on parameters 94, 96, 98 and 0 represent received requirements {(e.g., from
wafer producer 90) with respect to the derived functional dependencies, lustrated
in & pou-Hmiting manner i representations 132,

[0045] Figure 4 presenis non-limiting Hlastrations for metrology and process
mictrics 124, 126 and their representations 132 that relate to target and
measurement features, according to some embodiments of the invention. The
metrics - parameters functional dependencies may be used for determining best
targets or settings. Figure 4 schematically illustrates four examples, for an accuracy
metric depending on the overlay error range over accuracy parameters (in
Angstroms), for a precision metric depending on the everlay 3o {in Angstroms}, for
a diffraction efficiency metric depending on the diffraction efficiency of a nominal
design (relative units) and for a process robustness metric depending on the ration
between the worst 3¢ and the nominal 3¢ over process variation.

{0046} Representations 132 may comprise graphs that illastrate the sensitivity of
any of metrology and process metrics 124, 126 on parameters 94, 96, For example,
the illustrated graph is a declining function of metric M as function of parameter P,
wherein an exemplary threshold (provided by wafer producer 90) is marked by the
dashed line. The dashed arrow indicates either a tolerance specified by wafer
proaducer 90 and/or an expression of the sensitivity of the value of metric M on
parameter P, as caleulated or estimated by sensitivity analysis module 130, For
example, a sensitivity to oxide laver thickness may be guantified by the diffraction
efficiency metric as a function of the laver thickness, measured over different
iHumination conditions. The resulting metrics may be compared and an oxide layer
thickness that provides specified metric values over the range of illumination

conditions may be selected. In certain embodiments, Hlumination conditions may be
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selected according to the comparison of the metrics, to provide a requirved sensitivity
fevel, In another example, sensitivity to poly laver thickness may be quantified by
the diffraction efficiency metric as a function of the layer thickness, measured over
different illumination conditions. The resulting metrics may be compared and a poly
laver thickness that provides specified metric values over the range of illumination
conditions may be selected. In certain embodiments, illumination conditions may be
selected according to the comparison of the metrics, to provide a required sensitivity
level, Any process parameter may be selected based upon the comparison of the
metrics (e.g., using represeniations 132).

{0047} Sensitivity analysis module 130 may be arranged io derive or estimate the
functional dependencies of various metrology mefrics 124 and process metrics 126
on parameters 94, 96, 98 (in any combination of either) to derive or estimate the
sensifivities of metrics 124, 126 to changes in parameters 94, 96, 98 as a
measurement for uncertainty levels involved the metrology and/or production
processes. These derivations or estimations may be used to adjust any of the target
parameter ranges and the process parameter ranges and/or any of the metrics and
the related thresholds and tolerances, and thus provide waler producer 90 a potent
tool for understanding the mterrelations between target and process parameters
and metrology and production outcomes. Improvements of required values and
weights for the metrics may be suggested according to the sensitivity analysis. The
suggested improvements may be seen as definitions of the reguired uncertainties
(149} of the parameters or as suggested amendments for metrology or process
specifications (set e.g.. by wafer producer 90),

{0048] For example, sensitivity analysis may be used to show that overlay error is
very semsitive to some accuracy parameter (for example, to side-wall angle SWA
asymmetry), For example, for a given asymmetry range {e.g., max SWape ~
SWAned= 2°) and a given accuracy thresheold (e.g., 6.5nm), an accuracy metric may
be used to indicate the ability to differentiate respective targets {e.g., metric=0 may
indicate absence of the ability to differentiate respective targets).System 100 may be
used {o improve targets or metric {o enable target differentiation, e.g., by providing

a tighter asymmetry range (Tor example, max [SWi - SWA = 0.5°% 1n case the
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value is realistic): by providing and imcreased accuracy threshold (for example, 2am
in case the value is realistic): by assigning a high weight to the accuracy metric; or
ignoring the information to remove the accuracy from being an important
parameter in target optimization.

{0049} In certain embodiments, svstem 100 is arranged to allow waler proeducers,
target designers and/or metrology providers 90 to effectively delfine metrology
targets and metrics, under consideration of their interrelations through the process
and measurements, as determined empirically or by simulation. Using system 100,
production and metrelogy requirements may be handled rationally, under
consideration of the revealed tradeoffs among parameters and requirements
provided by sensitivity analysis module 130,

{0056} Moreover, system 100 may be confignred to define or gemerate required
uncertainties of the parameters with respect to the derived functional dependencies,
which provide an understanding of the metrology and/er production process and
makes parameter selection more controllable and comprehensive.

{0051} In certain embodiments, input module 110 and/or simulator 120 may be
configured to apply an initial sorfing of the fargets to reduce the number of
simulated targets and/er of intensely simulated targets (in contrast to cursorily
simulated targets). System 100 may use brief, or coarse, characterization of targets
to rule out 8 large number of targets and leave only a smaller number of targets for
a detailed analysis {(e.g., simulation) and comparison. A coarse sorting out of
irrelevant target designs may be use to accelerate the evaluation process and focus
the process on a smaller set of relevant targets. In certain embodiments, the
sensitivity analysis may be performed on the basis of a single nominal target design
geometry, Clearly, the conrse characterization depends on the defined parameters
and may focus each run on the respectively relevant targets. The cearse
characterization may be carried out using a cursorily simulation, e.g., tracing just a
few rays instead of a full simulation or wsing just one or few basic signal harmonies
instead of a large number of harmenies (i.e. truncating the dispersion calculation) to
achieve efficient initial classification. Coarse characterization may be used te

enhance the computational efliciency of system 100,
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{0052] Figure 5 schematically lustrates ranking examples, according fo some
embodiments of the nvention. Svstem 100 may comprise a target optimization
module 140 arranged to receive data from sensitivity analysis module 130 and
derive a ranking of targets, metrology conditions and/or other wafer production
aspects {e.g., grating efficiency, inaccuracy, process robustness, precision, PPE
differential, printability, SCOL {riendliness) with respect to any of metrelogy and
process metrics 124, 126, as well as with respect to the functional dependencies of
metrology and process metrics 124, 126 on parameters 94, 96 obtained from
sensitivity analysis module 130, Target optimization module 140 may be configured
to define or generate reguired uncertainties {149) of the pavameters with respect to
the derived ranking, Figuve § illustrates sixteen fargets, each represented by a group
of adjacent and similarly-hatched columnas. Each column schematically represents a
different measurement and/or production recipe which determines the
measurement parameters and the production parameters which are used in the
simulation (in the non-limiting Hlustrated example, these are the wavelength and
polarization of the measurement illumination), Target optimization module 140 may
evaluate and rank each target at each recipe separately (vanking values on the ¥
axis) and then evaluate targets or recipes according fo the accumulated ranks {see 1,
2, and 3 at the top of the figare). Clearly, ranking may be carried out at multiple
levels and depend on a wide range of parameters,

{0033] For example, the ranking may account for the metrics’ sensitivities to various
parameters {e.g.. iargels, process andior measurement parameters). Target
optimization module 140 may be configured to weigh the sensitivities under defined
ranges of parameters and analyze which metrics and/or which targets are ranked
higher in view of the sensitivities. Ranking analysis may be carried out for any
metric 124, 126 and their combinations, and with respect to any parameters 94, 96,
98 and their combinations, thus providing a complex analysis of the production and
mefrology processes with respect fo the settings, definitions and requirement

provided by waler producer 90,
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{0054] System 100 may apply the described analysis repeatedly to approach
received requirements and/or o improve a matching between the reguirements
from the metries and the provided parameters.

[00SS] In certain embodiments, system 180 may further comprise a target design
module, arranged to design specific {argets according to specified design rules and
with respect to the ranking produced by target optimization module 140, which may
be a result of multiple iterations of the data processing process described above, In
ceriain embodiments, system 100 may forther comprise a design rules checker,
arranged to verify target compliance with specified design rules and/or suggest
madifications fo targel design to comply with specified design rales. Design rule
verification and adaptation may be applied fo the target or process parameters
and/or to the data from input module 110, Farthermore, the senstiivity analysis may
take into account required target adaptation to achieve design rules compliance and
estimate, calculate or represent the sensitivity of respective metric to such
adaptation. For example, additional parameters for finalizing the target design may
comprise cell composition and arrangement, additional customer specifications and
corrections related to design rule checking. The finalizing of these parameters may
alse be influenced by the functional dependencies, required uncertainties, the
ranking and the reiteration of the above described flows.

{0056} Figure 6 is a high level schematic flowchart illustrating a method 200,
according to some embodiments of the invention. Any of the duta processing stages,
calculations and control stages of method 200 may be party or fully implemented
by respective processors and algorithms may be implemented by respective
computer program product(s) comprising a computer usable medium having
computer usable program code tangibly embodied thereon, the computer usable
program code configured to carvy out at least part of the respective stages,

{0057} Method 200 may comprise any of the following stages: simulating
metrology measurements of targets with respect to a plurality of parameters related
to targets, target metrology conditions and production processes (stage 21,
generating a plurality of metrics to quantify the simulated target measurenients

(stage 220}, and deriving functional dependencies of the generated metrics on the
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parameters fo define or generate requived uncertainties of the parameters with
respect to the derived Tunctional dependencies {stage 230). At least a part of any of
sinmlating 210, generating 220 and deriving 230 may be carricd out by at least one
COmMPpULer processor.,

{0038} In ceriain embodiments, method 200 may further comprise defining
required uncertainties of the parameters with respect io the derived functional
dependencies (stage 240), Method 200 may forther comprise coarse-filtering the
targets according to initial simulation results (stage 250},

j003%]  Method 200 may further comprise ranking at least one of the targets and
the target metrology conditions with respect to the simulated target measurements
{stage 260). The method may further comprise generating suggested changes to at
least one of the parameters {stage 270).

{0066} In certain embodiments, method 200 may farther comprise at least one of
eliminating insensitive process variation parameters prior to the ranking to enhance
the simulation process {stage 262); providing quantitative data on an impact of
process variations on metrology performance (stage 264): and correlating observed
metrology metrics with & variation of a specific process parameter {stage 266},

{8061} In certain embodiments, system 100 may be configured to compare process
parameters and/or metrology conditions settings with given fixed targets. In such
cases, metrology simulation unit 120 may simulate the respective processes and
conditions with respect to known targets, and sensitivity analysis module 130 may
derive a subset of metrics which is relevant to the process parameters andfor
metrology conditions seftings {e.g. precsion and accuracy) and analyze their
sensitivity to the received parameters. Target optimization module 140 may be
configured to rank the respective processes or settings with respect to the analyvzed
sensitivities,

{0062} Figure 7 is a high level schematic block diagram of system 188, according to
some embodiments of the invention. In Figare 7 several additional non-limiting
methods of implementation are described in the broader framework of data flow in

the manufacturing and design flow in the fab.
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{0063] Metrology and tmages from metrology tools BS are delivered to a meirology
madeling server and database 111, which may be incorporated in input module 110,
Metrology medeling server and database 111 updates a metrology recipes database
165 which provides metrology recipes to metrology toels 85, In svstem 100,
Metrology modeling server and database 111 may further provide parameters 94-98
to target design simulation moedule 120, which wmay then provide recipe
recommendations 1589 to metrology recipes database 165, RCA (Root-Cause
Analysis) of metrology excursions back to metrology modeling server and database
111, and data to EDA (Electronic Design Automation) applications 151 as part of
fab EDA backbone 157, operating on GDSII target data 121, and being e.g., part of
the target fatlure diagnosis 150, used for fidelity simulations or {or any other part of
the design process.

{00064} One of the ouiputs from the target design process are one or more
recommendations 139 of an optimal measurement recipe, iLe., conditions of
measurement, This information is sent to a metrology tool recipe database 165, or
alternately directly to one or more metrology toels 85, Meirology data such as
overlay metrology resulis may be sent {rom individual metrology tools 88 to
metfrology modeling application 111, This modeling application (which may also
include a results database) analyzes the results including the {emporal or spatial
signature at both wafer and lithographic ficld level and sends correctibles or lot
dispositioning decisions to the fab APC (automated process control} system 155 of
the fab. Such information may alternately be sent directly to a processing or
patterning tool such as a lithography tool, gtch tool or deposition ool (not shown).
{0065] In certain embodiments, metrology modeling server 111, which may receive
metrology data from multiple metrology tools in the fab such as film metrology
data, wafer shape and stress data, CD metrology data ete,, collected subsequent to a
previous processing step may forward such data to a target designer {e.g., using
target design simulation module 120}, The target designer, and move specifically
sensitivity analysis module 130, may use this {real, not hypothetical) data to predict,
for a specific target design which actually exists on the waler, the impact on specific

metrology metrics. In this way, the metrology engineer may receive an early
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warning of an anticipated metrology excursion for a given waler or lot. In response
to this early warning, the recipe database manager (not shown) or metroelogy
modeling server 111 may choose to modify the metrology sampling in accordance
with anticipated excursion, fo minimize impact on metrology accuracy or metrology
robustness.

{0066} In certain embodiments, even in the absence of fed forward meirology data
from previcus metrology sieps, sensitivity analysis module 130 may be used to
establish a cansal relationship between specific process variations and actual
observed metrology metrics excursions. For example, a lot arriving to metrology
tool 85 and a targetl previously simulated by target designer may be measured by
mictrology tool 85, Specific metrology metrics for example, diffraction efficiency
resulis may then be observed to have significantly changed e.g. increase, while
scatterometry overlay sensitivity strongly decreases. These results are transferred to
target designer via modeling server or directly, and target designer isolates a small
subset of process variations {or a single process variation) e.g., a-5i {amorphous
silicon) film thickness, which is likely to produce the specific metrology excursion
desceribed above. The excursion may alse be a large cross-waler variation, e, it
could be that the excursion may have cither o spatial or temporal signature,

{0067} In certain embodiments, subsequent to target designer recommending a
specific target design and that design being printed on a wafer, said wafer may be
measured by metrology tool 85, In order to verify target desigoer performance
and/or to improve subseguent design ieration of the same or similar layer, the
metrology results, either raw measurement data or metrology metrics 124 as
measured by metrology tool 85 may be transferred back fo the target designer for
simulation 0 measurement matching (SIM), Such matching analysis may alse be
performed by metrology modeling server (e.g. in farget design simulation module
120}

{0068} The methodelogy described above may be applied to wmultiple types of
metrology targets including but not limited to overlay, CD, lithographic focus, does

and alignment targets, etch metrology targets ete.
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[0069] In certain embodimenis, system 180 may be wsed to compare meirology
systems amd metrology configurations by comparing their optical simulations with
respect to the derived functional dependencies and uncertainty relations between
the metric and the parameters. In certain embodiments, future metrology tools may
be compared with current tools, and suggestions concerning tool choice (e.g., with
respect to given settings, targets, parameters and metrics) may be generated. System
100 may thus assist in metrology tool optimization during development, by
comparing various metrology tool designs according to the procedures disclosed
above.

{0078} Figure 8 15 a diagram exemplifving different sensitivities of an exemplary
mictrology metric to different process variation parameters, according to some
embodiments of the invention. The diagram compares sensitivity of metrelogy
metric 124 to different process variation parameters 98 denoted by PI, P2, ... P19,
comprising parvameters such as dimensions of target features, deviation from
designed dimensions, symmetry characteristics and so forth. P1, P2, ..., P19 may
include target parameters 94 as well, which are inadvertently influenced by process
variation parameters 98, The diagram presenis a larger circle defining a nominal
value of a metric and a small circle defining 2 maximal allowed deviation of the
parameters from their nominal values which is allowed by the specifications. Given
parameter values yield the nominal metric values. Deviations from these parameter
values change the values of the metric respectively, with the metric exhibiting
different sensitivities to deviations in different parameters. For example, for the
illustrated extent of deviation, the metric is insensitive to parameter P2 - as the
metric does not change its value under the parameter deviation, while the metric is
very sensitive to parameter P3 - as the meiric does not change its value under the
parameter deviation, In case the metric is so sensitive o the parameter change that
it reaches the spec values, a fundamental design change may be required and
indicated by the system. Figure 8 thus exemplifies the system’s ability to finely
analyze the different levels of sensitivities of different metrics to different changes in
different parameters. The sensitivity analysis is then used to optimize design and

measurement process,
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{0071]  Advantageously, system 100 and method 200 are configured to provide
stmulation oufput estimation of the metrology rvesults as a function of fnpmt
parameter uncertainty, System 100 and the methods atm at achieving sufficiently
tow ancertainty in the input data, System 100 and the methods may be configured to
handling the design stage by defining an uncertainty threshold to characterize the
design, rather than defining parameter values and wmetric values without clear
understanding of their implications on the design,

[0072]  In certain embodiments, a segmentation methodology, te., methods of
dividing large features into small segments and of determining the geometrical
parameters of the segments and the interspaces, may be derived from the sensitivity
analysis and be configured with respect to specific target parameters, process
parameters and metrology parameters. A hierarchy of subdivisions of target
features may be derived as an extension of the segmentation methodelogy. The
segmentation methodology may relate to etch and spin effects and may be
differentiated into cases of conformal and non-conformal layers.

{0073} In the above description, an embeodiment is an gxample or implementation of
the invention. The various appearances of "one embodiment”, "an embodiment”,
"eertain embodiments” or "some embodiments” do not necessarily all refer to the
same embodiments,

{0074} Although various features of the invention may be described in the context of
a single embodiment, the features may also be provided separately or in any suitable
combination. Conversely, although the invention may be described herein in the
cantext of separate embodiments for clarity, the invention may also be mplemented
in a single embodiment.

{0075} Certain embodiments of the invention may include features from different
embodiments disclosed above, and certain embodiments may incorporate elements
from other embodiments disclosed above. The disclosure of elements of the
invention in the context of a specific embodiment is not to be taken as limiting their

used in the specific embodiment alone,
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{0076] Furthermore, it is to be understood that the invention can be carried ount or
practiced in various ways and that the invention can be implemented in certain
embodiments other than the ones outlined in the description above,

{0077} The rvention is not limited to those diagrams or to the corvesponding
descriptions. For example, flow need not move through each illustrated box or state,
or in exactly the same order as Hlustrated and described.

{0078] Meanings of techuical and scientific terms used herein are to be commonly
understood as by one of ordinary skill in the art to which the invention belongs,
wenless otherwise defined.

j0079] While the invention has been described with respect to a limited number of
embodiments, these should not be construed as limitations on the scope of the
invention, but rather as excmplifications of some of the preferred embodiments.
Other possible variations, modifications, and applications are also within the scope
of the invention, Accordingly, the scope of the invention should not be limited by
what has thus far been described, but by the appended claims and their legal

equivalents.
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CLAIMS

What is claimed is:

1. A system comprising:

an input module arranged to receive a plurality of parameters relating to
targets, target metrology conditions and production processes, to generate target
data,

a metrology simulation wunit arranged to simulate metrology
measurements of targets from the target data and to generate a plurality of
metrics that quantify the simulated target measurements,

a sensitivity analysis module arranged to derive functional dependencies of
the metrics on the parameters and to define required uncertainties of the
parameters with respect to the derived functional dependencies, and

a target optimization module arranged to rank at least one of the targets
and the target metrology conditions with respect to the simulated target
measurements.

2. The system of claim 1, wherein at least one of the sensitivity analysis module and
the target optimization module are arranged to generate suggested changes to at
least one of the parameters.

3. The system of claim 1, wherein the sensitivity analysis module is further
configured to enable stack and topography verification prior to target
optimization to focus on process parameters with a greatest influence on the
metrics.

4. The system of claim 1, wherein the sensitivity analysis module is further
configured to eliminate insensitive process variation parameters prior to target
optimization to enhance the simulation process.

5. The system of claim 1, wherein the sensitivity analysis module is further
configured to provide quantitative data on an impact of process variations on
metrology performance.

6. The system of claim 1, wherein the sensitivity analysis module is further

configured to operate in conjunction with fed metrology data.
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10.

11.

12.

13.

14.

15.

The system of claim 1, wherein the sensitivity analysis module is further
configured to correlate observed metrology metrics with a variation of a specific
process parameter.
A method comprising:

simulating metrology measurements of targets with respect to a plurality
of parameters related to targets, target metrology conditions and production
processes,

generating a plurality of metrics to quantify the simulated target
measurements, and

deriving functional dependencies of the generated metrics on the
parameters to define required uncertainties of the parameters with respect to
the derived functional dependencies,

wherein at least one of: the simulating, the generating and the deriving is
carried out by at least one computer processor.
The method of claim 8, further comprising ranking at least one of the targets
and the target metrology conditions with respect to the simulated target
measurements.
The method of claim 9, further comprising eliminating insensitive process
variation parameters prior to the ranking to enhance the simulation process.
The method of claim 9, further comprising providing quantitative data on an
impact of process variations on metrology performance.
The method of claim 9, further comprising correlating observed metrology
metrics with a variation of a specific process parameter.
The method of claim 8, further comprising generating suggested changes to at
least one of the parameters.
The method of claim 8, further comprising defining required uncertainties of the
parameters with respect to the derived functional dependencies.
The method of claim 8, further comprising coarse-filtering the targets according

to initial simulation results.
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16.

17.

A computer program product comprising a non-transitory computer readable
storage medium having computer readable program embodied therewith, the
computer readable program configured to:

simulate metrology measurements of targets with respect to a plurality of
parameters related to targets, target metrology conditions and production
processes,

generate a plurality of metrics to quantify the simulated target
measurements, and

derive functional dependencies of the generated metrics on the parameters
to define required uncertainties of the parameters with respect to the derived
functional dependencies.
The computer program product of claim 16, wherein the computer readable
program is further configured to rank at least one of the targets and the target

metrology conditions with respect to the simulated target measurements.
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