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ANALYZING AND UTILIZING LANDSCAPES 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001]This application claims the benefit of U.S. Provisional Patent Application 

No. 62/083,891 filed on November 25, 2014 and of U.S. Provisional Patent 

Application No. 62/100,384 filed on January 6, 2015, which are incorporated 

herein by reference in their entirety. 

BACKGROUND OF THE INVENTION 

1. TECHNICAL FIELD 

[0002] The present invention relates to the field of metrology, and more 

particularly, to reducing or eliminating the inaccuracy in overlay optical metrology. 

2. DISCUSSION OF RELATED ART 

[0003]Optical metrology technologies usually require that the process variations 

that cause asymmetry in the metrology signal be much smaller than some 

threshold so that their part of the asymmetry signal is much smaller than the 

signal asymmetry caused by the overlay. In reality, however, such process 

variations may be quite large (especially in the research and development phase 

of chip development) and they may induce sizeable errors in the overlay reported 

by the metrology. Optical metrology technologies have an accuracy budget which 

can be as large as a few nanometers. This is true for all types of optical overlay 

metrologies including imaging based, scatterometry based (where the detector is 

placed either in the pupil or the field) and derivations thereof. However, the errors 

from process variation may reach the nanometer regime, thereby consuming a 

significant part of the overlay metrology budget. 

[0004] Optical overlay metrology is a metrology of the asymmetry carried by the 

metrology signal that is due to the overlay between two lithography steps. This 

asymmetry is present in the electromagnetic signal because the latter reflects the 

interference of electric fields with relative phases that carry the overlay 

information. In overlay scatterometry (be it pupil scatterometry or field 
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scatterometry) the overlay mark is commonly a grating-over-grating structure and 

the overlay information is carried in the relative phase of the lower and upper 

gratings. 

[0005] In overlay scatterometry of the side-by-side type (see, e.g., WIPO 

Publication No. 2014062972, incorporated herein by reference in its entirety), the 

overlay mark (i.e., the metrology target) may comprise a grating next to a grating 

structure and the overlay information may also be carried in the relative phase of 

the lower and upper gratings. 

[0006] In overlay imaging the overlay mark (i.e., the metrology target) consists of 

separate marks for the separate layers and the overlay information is carried in 

the position of each individual mark on the detector which, in turns, is a result of 

interferences between different diffraction orders of the individual marks. 

[0007] Current methodologies for reducing measurement inaccuracies involve 

performing large scale recipe and target design optimizations for accuracy and 

TMU (total measurement uncertainty) which minimizes the overlay-induced 

asymmetry in the signal and the asymmetries caused by other process 

variations. For example, the best combination of recipe and target may be 

chosen out of a large variety of options in the form of a near-exhaustive search. 

In another example, optimization metrics are derived from the metrology signal or 

from external calibration metrologies. 

SUMMARY OF THE INVENTION 

[0008]The following is a simplified summary providing an initial understanding of 

the invention. The summary does not necessarily identify key elements nor limit 

the scope of the invention, but merely serves as an introduction to the following 

description. 

[0009] One aspect of the present invention provides a method comprising 

deriving, by simulation or in preparatory measurements, an at least partially 

continuous dependency of at least one metrology metric on at least one recipe 

parameter, analyzing the derived dependency, determining a metrology recipe 
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according to the analysis, and conducting at least one metrology measurement 

according to the determined recipe. 

[0010]These, additional, and/or other aspects and/or advantages of the present 

invention are set forth in the detailed description which follows; possibly inferable 

from the detailed description; and/or learnable by practice of the present 

invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] For a better understanding of embodiments of the invention and to show 

how the same may be carried into effect, reference will now be made, purely by 

way of example, to the accompanying drawings in which like numerals designate 

corresponding elements or sections throughout. 

[0012] In the accompanying drawings: 

[0013] Figure 1 presents an example for contour lines in simulated per-pixel 

overlay sensitivity, according to some embodiments of the invention. 

[0014] Figures 2A and 2B illustrate exemplary simulation results indicating the 

resonances, according to some embodiments of the invention. 

[0015] Figures 3A and 3B illustrate additional exemplary simulation results 

indicating the signals and inaccuracy, according to some embodiments of the 

invention. 

[0016] Figure 4 is an exemplary illustration of simulation results depicting the 

shifting of a landscape describing a metrology metric's dependency on 

parameters, under symmetric process variation, according to some embodiments 

of the invention. 

[0017] Figure 5 illustrates simulation results of an exemplary accuracy enhancing 

algorithm, according to some embodiments of the invention. 

[0018] Figures 6A and 6B are high level schematic illustrations of metrology 

metrics which are calculated with respect to metrology parameters, according to 

the prior art (Figure 6A) and according to some embodiments of the invention 

(Figure 6B). 
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[0019] Figure 6C is a high level schematic illustration of zero sensitivity contours 

and their utilization, according to some embodiments of the invention. 

[0020] Figures 7 A and 7B schematically illustrate target cells, having two 

periodic structures such as parallel gratings at different layers with intermediate 

layers, printed in a lithography semiconductor process, according to some 

embodiments of the invention. 

[0021] Figure 8 schematically illustrates pupil signals and differential signals of 

two cells with opposite offsets, according to some embodiments of the invention. 

[0022] Figure 9 is a diagram that schematically illustrates the calculation of 

fidelity metrics from a fitting curve between pupil functions for cells opposite 

designed offsets, according to some embodiments of the invention. 

[0023] Figure 10 is a diagram that exemplifies a result that indicates asymmetric 

overlay estimations around the center of the pupil plane, for a simulation 

performed on a stack with inaccuracy induced by process variation, according to 

some embodiments of the invention. 

[0024] Figure 11 is a high level flowchart illustrating a method, according to 

some embodiments of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] Prior to the detailed description being set forth, it may be helpful to set 

forth definitions of certain terms that will be used hereinafter. 

[0026]The terms "metrology target" or "target" as used herein in this application, 

are defined as any structure designed or produced on a wafer which is used for 

metrological purposes. Specifically, overlay targets are designed to enable 

measurements of the overlay between two or more layers in a film stack that is 

produced on a wafer. Exemplary overlay targets are scatterometry targets, which 

are measured by scatterometry at the pupil plane and/or at the field plane, and 

imaging targets. Exemplary scatterometry targets may comprise two or more 

either periodic or aperiodic structures (referred to in a non-limiting manner as 

gratings) which are located at different layers and may be designed and 

produced one above the other (termed "grating-over-grating") or one adjacent to 
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another from a perpendicular point of view, termed "side-by-side"). Common 

scatterometry targets are referred to as SCOL (scatterometry overlay) targets, 

DBO (diffraction based overlay) targets and so forth. Common imaging targets 

are referred to as Box-in-Box (BiB) targets, AIM (advance imaging metrology) 

targets, AIMid targets, Blossom targets and so forth. It is noted that the invention 

is not limited to any of these specific types, but may be carried out with respect to 

any target design. Certain metrology targets exhibit an "induced offset", also 

termed "design offset" or "designed misalignment", which is, as used herein in 

this application, an intentional shift or overlay between the periodic structures of 

the target. Target elements, such as features of the periodic structures, elements 

between features of the periodic structures (e.g., areas between grating bars) 

and elements in the background (i.e., lower or upper layers) may be segmented 

(for features) or dummyfied (for gaps between features), namely designed and/or 

produced to have periodic or non-periodic features at a smaller scale than the 

features of the periodic structures and commonly at a different orientation (e.g., 

perpendicular) to the features of the periodic structures. 

[0027]The terms "landscape", "performance landscape", "landscape signature" 

or "LS" as used herein in this application, are defined as a dependency of one or 

more metrology metric(s), e.g., scatterometry overlay (SCOL) metrics, on one or 

more parameter. The terms "sensitivity landscape", "accuracy landscape" and 

"accuracy signature" as used herein in this application, as examples for 

landscapes which relate to sensitivity or accuracy metrics, respectively. An 

example used throughout the description is of the overlay and Pupil3S variation 

as a function of process parameters, measurement parameters and target 

parameters. Using the overlay variation is merely a non-limiting example, which 

may be replaced by any other metrology metric. The landscapes or signatures 

are understood as a way to visualize the dependency of the metric(s) on the 

parameter(s) and are not limited to continuous dependencies, to analytical 

dependencies (expressible as functions) nor to specific ways by which the 

dependency is derived (e.g., experimentally, by simulation or analytically). It is 

noted that any of the parameters may be understood to have discrete values or 
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continuous values, depending on specific measurement settings. In certain 

embodiments, landscapes comprise an at least partially continuous dependency, 

or a densely sampled dependency, of at least one metrology metric on at least 

one recipe parameter. 

[0028] With specific reference now to the drawings in detail, it is stressed that the 

particulars shown are by way of example and for purposes of illustrative 

discussion of the preferred embodiments of the present invention only, and are 

presented in the cause of providing what is believed to be the most useful and 

readily understood description of the principles and conceptual aspects of the 

invention. In this regard, no attempt is made to 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. 

[0029] Before at least one embodiment of the invention is explained in detail, it is 

to be understood that the invention is not limited in its application to 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 out in various ways. Also, it is to be 

understood that the phraseology and terminology employed herein is for the 

purpose of description and should not be regarded as limiting. 

[0030]Current methodologies for reducing measurement inaccuracies, which 

were described above, have the following shortcomings, namely, (i) it is very 

hard to reliably estimate the inaccuracy of the metrology in train and nearly 

impossible to do so in run time using traditional recipe optimization. For 

example, one can use CDSEM after decap to calibrate the measurement, but this 

step can be done only infrequently and the SEM inaccuracy budget is possibly 

also at the nanometer level; (ii) the presence of process variations that are 

symmetric as defined below (for example a change in a certain layer's thickness 

of an overlay mark), may make the recipe optimization obsolete since, while in 

train, where recipe A showed to be best, in run (or research and development), 
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one finds that the process variations caused it to be poorly performing. Such a 

problem may also take place across the wafer (for example recipe A is optimal 

for the wafer center but very poorly performing at the edge); and (iii) specifically 

in the context of overlay field scatterometry there is a fundamental problem: the 

very nature of that metrology technique is to average pupil signals by hardware 

parameters (since it performs measurements in field plane). This is in contrast to 

pupil overlay scatterometry which averages the per-pupil-pixel overlay 

algorithmically. The direct hardware parameters average of the pupil signals 

leads to many situations of the dramatic loss in overlay sensitivity. In particular, 

because different illumination angles have different overlay sensitivities and 

because these sensitivities often vary in their sign and not only amplitude, the 

hardware parameters average of the pupil signal often averages the pupil overlay 

sensitivity to zero. This is despite the fact that the per-pixel sensitivity is often 

very good in absolute value and so, when treated algorithmically (as it does by 

pupil overlay scatterometry), this problem disappears. 

[0031]Advantageously, certain embodiments disclosed below overcome these 

difficulties in pupil overlay scatterometry by the use of hardware adjustments and 

algorithms, and overcome these difficulties in field overlay scatterometry with 

hardware adjustments. The disclosed methodologies improve the metrology 

overlay sensitivity and overlay performance, including accuracy, and achieve 

superior accuracy in optical metrology and deliver very small inaccuracies both in 

run time and train. 

[0032] Referring to the three common types of overlay targets (grating-over-

grating scatterometry targets; side-by-side scatterometry targets; imaging 

targets), the inventors note that the sensitivity of the signal (i.e., the extent by 

which the signal asymmetry is affected by the overlay) is primarily affected by the 

change in the size of the interference term in these signals. For example, in 

scatterometry targets some of the terms in the interference phase depend on the 

optical path difference between light scattered from the lower and upper gratings, 

which is linear in the thickness of the film stack separating them and inversely 

proportional on the wavelength. Hence, the interference term also depends on 
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other parameters like the angle of incidence, or reflectance, and on the 

polarization properties of the incident and reflected light; as well as on the target 

attributes and the electromagnetic characteristics of the stack and the gratings. In 

imaging targets, the interference phase is also linear in the tool's focus and 

depends on other parameters such as the incident angles. 

[0033] Disclosed solutions refer to an "accuracy landscape" or a "performance 

landscape", which describe the dependencies of the accuracy signature on the 

tool recipes like the wavelength of the light, the polarizer angles, and the 

apodization function, which result from the underlying physics governing the 

accuracy landscape of the stack. The disclosure analyzes universal structures 

which were found to govern accuracy landscapes at many specific cases. In 

contrast, current optimization procedures are not guided by any systematic rules 

related to the accuracy landscape. 

[0034] Observing how the sensitivity of the metrology tool depends on the tool 

parameters in a continuous fashion, and in particular on various differentials of 

many of the metrology characteristics (such as the first, second, and higher 

derivatives of the sensitivity on wavelength, focus, polarization, etc.) reveals the 

form of the performance landscape related to any nominal stack. The inventors 

discovered, using simulations and theory, that this landscape is universal in the 

sense that is largely independent of many types of process variations including 

all those that break the symmetry of the overlay mark and cause inaccuracy. 

While tool performances also include inaccuracies which, by definition, strongly 

depend on the asymmetric process variations as defined below, the inventors 

have found out that it is the accuracy landscape that determines at which sub­

sections of the landscape the sensitivity of the accuracy to the process variations 

is the strongest and at which sub-sections it is the weakest, and generally how 

the sensitivity can be characterized. The inventors have discovered, that to a 

large extent, the same regions that are sensitive to process variation of a certain 

type are also sensitive to all other types of process variations as determined by 

the sensitivity to overlay of a "nominal" stack (i.e., the stack with no asymmetric 

process variations). 
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[0035] Methods are provided of deriving, by simulation or in preparatory 

measurements, an at least partially continuous dependency of at least one 

metrology metric on at least one recipe parameter, analyzing the derived 

dependency, determining a metrology recipe according to the analysis, and 

conducting at least one metrology measurement according to the determined 

recipe. Extremum(ma) may be identified in the dependency of the metrology 

metric(s) on the parameter(s). The dependency may be analyzed in form of a 

landscape, such as a sensitivity landscape, in which regions of low sensitivity 

and/or points or contours of low or zero inaccuracy are detected, analytically, 

numerically or experimentally, and used to configure parameters of 

measurement, hardware and targets to achieve high measurement accuracy. 

Process variation may be analyzed in terms of its effects on the sensitivity 

landscape, and these effects may be used to characterize the process variation 

further, to optimize the measurements and make the metrology both more robust 

to inaccuracy sources and more flexible with respect to different targets on the 

wafer and available measurement conditions. Further provided are techniques for 

tuning the inaccuracy and process robustness by using different target designs or 

recipe designs across the wafer. Methods of controlling the inaccuracy due to 

process variations across wafer and increasing process robustness by an 

appropriate recipe choice are also provided. 

[0036] Figures 6A and 6B are high level schematic illustrations of metrology 

metrics which are calculated with respect to metrology parameters, according to 

the prior art (Figure 6A) and according to some embodiments of the invention 

(Figure 6B). In the prior art, metrology recipes are selected according to 

calculation of one or more metrology metric at one or more parameter settings. A 

metrology recipe is related to a set of metrology parameters PI..PN (types of 

parameters are exemplified in more detail below). One or more metrology metrics 

M-|..Mk are measured with respect to one or more values of one or more 

parameters Pi (1<i<n<N), commonly on a plurality of sites (x-|..xL) on the wafer, so 

that the recipe is selected according to a set of metric values Mj(pi, Xl..xL)(1<j<k), 

illustrated schematically in Figure 6A as a plurality of discrete points. In certain 
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embodiments, at least one metric may be measured at least partially 

continuously with respect to one or more of the parameters, as illustrated 

schematically in Figure 6B. The partial continuity refers to a certain range of one 

or more parameters. The dependency of the metric(s) on the parameter(s) may 

comprise points of discontinuity, and may be defined with respect to a large 

number of discrete parameters values within a small range. Examples for 

parameters may comprise discrete wavelengths, a discrete set of illumination 

and collection polarization directions, a discrete set of pupil coordinates, a 

discrete set of apodizations, etc. as well as combinations thereof. The inventors 

were able, by analyzing such sets of discrete measurements using algorithmic 

methods, to reveal the underlying physical continuity which is refered to as the 

landscape of the metrology accuracy and performance. It is noted that the 

sampling density of the discrete measurements may be determined by simulation 

and\or data and depends on the smoothness of the respective underlying 

physical continuous functions. Extrema (e.g., maxima, minima) may be identified 

on the at least partially continuous part of the dependency. The full set of 

parameter values (values of PI..PN) and the measurement recipe may be defined 

according to analysis of the at least partially continuous dependency of the at 

least one metric (Mi..Mk) on the at least one parameter (p-i..pn,1^n<N). 

[0037]The "accuracy landscape" can be understood as "accuracy signatures" of 

respective stacks, which arise in the presence of asymmetric process variations, 

and are determined by the appearance of contour lines (or more generally a 

locus) of vanishing overlay signal or "overlay sensitivity" in the space of 

respective recipe parameters. More specifically, and as a non-limiting example, 

in the case of the scatterometry (both in dark field scatterometry with the detector 

in the field plane, and in pupil scatterometry), these contours contain a set of 

connected components of angles which change continuously with the other 

parameters of the scattered radiation like its wavelength and polarization 

orientation (the parameters may be discrete or continuous). It is the detection of 

these contours in data, understanding the underlying physics which governs 

them, and their universal behavior in the space of asymmetric and symmetric 
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process variations, that opens the door to designing algorithmic and hardware 

methods that utilize or remove these groups of angles from the detected 

information, thereby making the metrology more accurate. In similar lines, in the 

case of imaging based overlay metrology corresponding contours may be 

identified in the space of wavelength and focus. 

[0038] Figure 1 presents an example for contour lines in simulated per-pixel 

overlay sensitivity, according to some embodiments of the invention, namely a 

grating-over-grating system. The two-dimensional per-pixel sensitivity function 

A(x,y) for a front-end stack is presented at a wavelength that contains a "zero-

sensitivity contour" in the pupil because of interference effects in the double-

grating and film system, which could be regarded as a generalized Wood's 

anomaly. The units are arbitrary normalized units (high values reaching 20 are at 

the left side of the illustrated pupil, low values reaching -20 are at the right side of 

the illustrated pupil and the zero contour is somewhat off the center to the left) 

and the x and y axis are normalized axes of the illumination pupil; i.e. x = 

kx/(2n/X), and y = ky/(2n/A) (kx and ky being the components of the wave 

vector and A being the wavelength). 

[0039]The inventors have discovered that quite generally, over different 

measurement conditions and measurement technologies, there are certain 

special points in the landscape, that can be determined experimentally or with 

the aid of simulations, where the signal contamination due to asymmetric process 

variations and the "ideal" signal that reflects overlay information, are completely 

decoupled and decorrelated (over the space spanned by another parameter, 

e.g., over the pupil), which results in special points in the landscape where the 

inaccuracy is zero. This occurrence is universal in the sense that at these points 

the inaccuracy associated with a variety of process variations (e.g., side-wall 

angle asymmetry or bottom tilt) becomes zero, roughly and in some instances, 

very accurately, at precisely the same point in the landscape. These 

observations apply to pupil overlay scatterometry, side-by-side pupil 

scatterometry, as well as in imaging overlay metrology, with the differences being 
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the major recipe parameters that determine the landscape major axis in these 

different cases. For example, in pupil overlay scatterometry the parameters are 

primarily the wavelength, the polarization, and the angle of incidence while in 

imaging overlay metrology the parameters are primarily the focus, the 

wavelength, the polarization, and the angle of incidence, any of which may be 

related to as being discrete or continuous, depending on specific settings. 

[0040]The inventors have identified these points from data and simulations by 

observing the behavior of the first and the higher derivatives of the metrology 

performance on the landscape. For example, in pupil overlay scatterometry as a 

non-limiting example, defining the pupil variability VarOVL of the overlay, it may 

be shown that upon the use of particular pupil weights for the per-pixel 

information, the inaccuracy obeys Equation 1 at a certain wavelength XR\ 

(d Var0VL \ = o Inaccuracy^/1 = 1R) = 0, Equation 1 
^ dX 

where the point(s) XR at which the phenomenon exemplified in Equation 1 takes 

place would be referred to as resonance point(s), for the reasons explained 

below. 

[0041]The inventors have further found out that the inaccuracy exhibits 

resonances (which may be expressed similarly to Equation 1) in other 

parameters as well, such as the angle of polarization at the entry or exit of the 

scatterometer, variation of the angle of polarization over the pupil, and/or any 

other continuous parameter that determines the tuning of hardware parameters 

and/or algorithmic parameters and/or the weighting of per-pixel / per eigenmode 

or principal component / per recipe information (which may be at the overlay or 

signal level). 

[0042] Other type of examples involve replacing VarOVL by other metrics of the 

metrology like the sensitivity or any other signal characterizing metric mentioned 

in U.S. Patent Application No. 62/009476, which is incorporated herein by 

reference in its entirety. The inventors have also discovered that Equation 1 

takes place in the context of imaging overlay metrology upon replacing the 

scatterometer VarOVL on the pupil by quantities that measure the variability of 
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the overlay results across the harmonics to which one can decompose the 

imaging signal, and by replacing the continuous wavelength parameter in 

Equation 1 by the imaging metrology focus. 

[0043]The inventors stress that Equation 1 was found to be valid in both the 

minima and the maxima of VarOVL and its other realizations discussed above. 

Moreover, the inventors have related the physics that underlies Equation 1 at 

the minima and maxima, in the scatterometry context, to different types of 

interference phenomena (either in the signal or in the sensitivity) inside the film 

stack that separates the two gratings in the target cell (i.e., the intermediate film 

stack functions at least partly as an optical cavity with the gratings functioning as 

its (diffractive) mirrors). The inventors note that these interference phenomena 

may be seen as resembling Fabri-Perot resonances in the film stack. Specifically, 

the inventors have observed the phenomena in simulations, and have developed 

models that explain the behavior of the ideal signal and its contamination due to 

asymmetric process variations, to show that these Fabri-Perot-resonances-like 

interferences determine the dependence of the signals across pupil points 

which, in turn, causes the signals to be decorrelated from the process-variations-

induced inaccuracy-causing contamination on the pupil and as a result to zero 

inaccuracy once the per-pixel information is weighted appropriately on the pupil. 

For example, such Fabri-Perot-like resonances reflect the fact that the phase 

difference between the electric field components carrying the information about 

the overlay of the bottom and top gratings is an integer multiple of TT (TT X n) for 

particular wavelengths and incidence angles. This phase difference is primarily 

controlled by the optical path difference separating the top and bottom gratings. 

This causes the appearance of special contours on the pupil signal where the 

overlay sensitivity is either zero or maximal (depending on the integer n), which 

indicates the resonance described and is referred to above. With certain pupil 

averaging it may be shown that the inaccuracy is proportional to the correlation 

expressed in Equation 2 between the signal contamination due to asymmetric 

process variations and the per-pixel sensitivity: 
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Overlay inaccuracy in scatterometry ~ / d2x (F(Sensitivity(x)) x 

H(Signal contamination (x))) Equation 2 

in which the integral is over the collection pupil coordinates. The inventors have 

discovered that when a Fabri-Perot-like resonance takes place, the integral in 

Equation 2 vanishes. For example, when a contour of zero sensitivity appears 

on the pupil the F(Sensitivity(x)) can be designed to cross zero whereas 

//(Signal contamination (x)) does not, and that this causes a cancellation of the 

per-pixel inaccuracy on the pupil to zero. This happens at wavelengths where 

there are maxima of VarOVL. A similar situation takes place at points where 

VarOVL is minimal and where "F(Sensitivity(x))" and 

"//(Signal contamination (x))" switch roles (i.e., //(Signal contamination (x)) 

crosses zero but F(Sensitivity(x)) does not), still causing the integral to vanish, 

since F(sensitivity(x)) is relatively flat, while the signal contamination is variable 

and hence Equation 2 vanishes to a good accuracy (see a demonstration in 

Figure 3B below). 

[0044] Figure 6C is a high level schematic illustration of zero sensitivity contours 

and their utilization, according to some embodiments of the invention. Figure 6C 
schematically illustrates an n dimensional space (illustrated by the multiple axes) 

of values of metric(s) with respect to various parameters, such as pupil 

parameters (e.g., pupil coordinates), illumination parameters (e.g., wavelengths, 

band widths, polarization, apodization etc.), algorithmic parameters (e.g., 

methods of calculation and used statistics) and target design parameters (e.g., 

target structures, target configurations, layer parameters etc.). It is noted that any 

of the parameters may be discrete or continuous, depending on specific settings. 

A zero sensitivity contour is schematically illustrated, as exemplified in more 

details in Figure 1, 2A, 2B and 3A- see below). The inventors have discovered 

that while the inaccuracy on the zero sensitivity contour may be very large and 

even divergent, metric values derived from weighted averaging at a region 

around the zero sensitivity contour (illustrated schematically as a box) may be 

very small or even vanish. It is noted that the region over which the metric(s) is 
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weightedly averaged may be defined with respect to any subset of the 

parameters (e.g., one or pupil coordinate and/or one or more illumination 

parameter and/or one or more target design parameter, etc.). This surprising 

result may be used to improve accuracy and measurement procedure, as 

exemplified by embodiments disclosed herein. 

[0045] Figures 2A and 2B illustrate exemplary simulation results indicating the 

resonances, according to some embodiments of the invention. Figures 2A and 

2B illustrate Pupil3S as V(VarOVL) and show that the inaccuracy vanishes at the 

extrema of VarOVL (indicated explicitly by the broken line in Figure 2B). The 

specific asymmetry that was simulated is a "side-wall-angle" asymmetry type for 

different front end processes. The same phenomenon is observed for other 

asymmetry types. 

[0046] Figures 3A and 3B illustrate additional exemplary simulation results 

indicating the signals and inaccuracy, according to some embodiments of the 

invention Figure 3A illustrates the inaccuracy and Pupil3S in pupil scatterometry 

versus wavelength in front-end advanced processes (indicating vanishing of the 

inaccuracy at maximal variance, similar to Figures 2A, 2B) and Figure 3B 

illustrates the per-pixel ideal signal (A) and signal contamination (10-5A), both for 

a cross section of the pupil signal from the middle band (|ypupa| < 0.05), where 

the y-axis is in arbitrary units. It is noted that in Figure 3B the ideal signal (A) 

crosses zero close to the resonance, while the signal contamination, termed 8A, 

remains of the same sign. 

[0047] In the following, the inaccuracy landscape is analyzed with respect to the 

symmetry of process variation effects. Overlay metrology technologies often 

measure the breaking of symmetry of a signal. Some imperfections due to 

process variations (PV) may induce asymmetry in the targets to be measured in 

addition to the asymmetry due to overlay. This leads to inaccuracies in the 

measurement of the overlay that may be critical when meeting the overlay 

metrology budget specifications required by the process. While the prior art 

methodology of overcoming those issues is to build a process robust target 
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design that is to be measured with a specific recipe (wavelength, polarization and 

apodization) in train, certain embodiments of the present invention propose 

analytic and experimental approaches to identify points or lines in the inaccuracy 

landscape in which the inaccuracy is expected to vanish and in general 

understanding the landscape in order to characterize the sources of inaccuracy. 

[0048] For example, a target comprising a grating-over-grating structure may be 

regarded as an optical device with specific properties, and a signature in the 

wavelength spectrum that defines its landscape. This landscape is sensitive to 

asymmetric process variations (PVs that break the symmetry inside the target 

such as cell to cell variations or intra-cell variations, grating asymmetry, etc.) as 

well as to symmetric process variations (PVs that do not break symmetry inside 

the same target, but that lead to variations between different targets such as 

different thickness, n&k variations of a layer between different targets etc.). The 

different symmetric process variations across a wafer may lead to a shifting of 

the landscape is such a way that the measured target design may not be 

anymore process robust at the edges of the wafer where important PVs (both 

symmetric and asymmetric) are to be expected in comparison with the center of 

the wafer. Inaccuracy arising from any of these factors, as well as by the target 

design itself that depends on duty cycles, pitch, etc., may be characterized by a 

signal having a unique signature in the wavelength spectrum. This signature, or 

landscape, can be revealed either by the sensitivity G and any pupil moment of 

the sensitivity and\or any monotonous function of the sensitivity, by the 

Pupil3S(A) (at the pupil plane) metric, or by other metrics. The landscape of the 

Pupil3S(A) can by grossly divided into two regions: regions of peaks where the 

inaccuracy behaves as dPupil3S(A)/dA, and flat regions between the peaks as 

shown in Figure 2A. Those different regions possess well-defined properties in 

the pupil that determine different accuracy behaviors. 

[0049]The signature of a target may be defined by: The number and succession 

of peaks and flat regions; the distances between the peaks; and the complexity 

of the peak that among other metrics is defined by the way it is transduced in the 

pupil image. The inventors note that different strengths of Pupil3S or of the 
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inaccuracy do not define different landscapes (or target signatures) but different 

strengths of the same asymmetric process variation. This observation is referred 

to as "LS invariance". 

[0050] Moreover, the inventors note that the process variations may be divided in 

two categories which, for the same targets would influence its landscape 

differently, namely symmetric process variations and asymmetric process 

variations. 

[0051] Symmetric process variations do not break the symmetry between the two 

cells of the same target and/or do not introduce any intra-cell asymmetry beyond 

the overlay and an induced offset. As an example, the thickness of one or more 

layers is varied in the target of a wafer's site relatively to the same target located 

in a different site. The optical path difference (OPD) between the scattered 

waves from those two different targets would lead to a global shift (up to a few 

tens of nanometers) of the landscape, keeping in first approximation the same 

properties defined here above. Figure 4 is an exemplary illustration of simulation 

results depicting the shifting of the landscape under symmetric process variation, 

according to some embodiments of the invention. Figure 4 illustrates that 

Pupil3S and the inaccuracy landscapes are merely shifted upon changing the 

magnitude of the symmetric process variation (PV, in the illustrated case a layer 

thickness variation) from 0 over 3nm and 6nm to 9nm. The correspondence of 

Pupil3S and vanishing points of the inaccuracy illustrated in Figures 2A, 2B and 

3A is maintained upon the shifting of the landscape and merely occurs at 

different wavelengths. It is also noted that process variation in the scale of 

several nanometers causes shifting of the landscape in the scale of tens of 

nanometers. The results for any given wavelength represent respective recipe 

results. It is further noted that process variation shifts the landscape from a flat 

region where the inaccuracy is low to a resonant region where the inaccuracy 

may be high, and may thus introduce a large inaccuracy into a recipe, which 

would be considered to have a low inaccuracy according to prior art 

considerations. 
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[0052]Asymmetric process variations are process variations which break the 

symmetry within the target. These may be divided in a non-limiting manner into 

different main categories, such as cell-to-cell variation, grating asymmetry, 

algorithmic inaccuracy, non-periodic process variation. Cell-to-cell variation 

represents a variation between the two cells of a target (e.g., thickness variation 

between two cells, different CD (critical dimension) between the cells, etc.), 

which may also shift the landscape proportionally to its strength but usually to a 

significantly lesser degree compared to symmetric PVs. The inaccuracy and the 

shift of the landscape due to cell-to-cell variation depend also on the overlay. 

Grating asymmetry is an asymmetry with the same period as the target's grating 

(e.g., SWA (side wall angle) asymmetry of a grating, asymmetric topographic 

variation, etc.), which in first approximation does not depend on the overlay. 

Algorithmic inaccuracy is due to a certain number of assumptions on the signal 

behavior, and its landscape behavior is the same as for asymmetric process 

variations. Non-periodic process variation breaks the periodicity in the target cells 

(e.g., diffraction from edges, light contamination by the surroundings due to the 

finite size of the cell, intra-cell process variation that induces grating profile 

change across the cell etc.) and can be effectively considered as a combination 

of process variation mentioned previously. 

[0053]These distinctions may be used in various ways to improve the accuracy 

of metrology measurements. For example, after mapping the expected process 

variations (e.g., in terms of the LS invariants) over the wafer (e.g., using 

measurement data or simulations) target designs over the wafer may be 

engineered to accommodate to the process variation by shifting the landscape in 

an appropriate direction with respect to the shift by the process variation (see 

Figure 4). In another example, different targets in the different locations of the 

wafer may be classified in train and then compared in terms of the LS features. 

Certain embodiments comprise adjusting the wavelength of illumination (or other 

suitable physical or algorithmic parameters) over the different sites in order to 

remain at the same location of the landscape, i.e., compensate for process 

variation by corresponding optical (illumination) variation. In certain 
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embodiments, certain regions of the landscape may be chosen to be measured 

with maximal accuracy, e.g., by adjusting the illumination wavelength or the 

illumination's spectral distribution or another physical or algorithmic parameter to 

optimize metrology accuracy as defined by a given metric. The inventors note 

that analyzing and using the understanding of the landscape enables to improve 

metrology resilience to the effects of process variation and optimize 

measurement recipes. 

[0054]Certain embodiments comprise assigning and optimizing pixel weights to 

reduce inaccuracy according to derived landscapes. Assuming at least two 

overlay scatterometry measurements, one of a scatterometry cell having a 

designed offset F1 and another of a scatterometry cell having a designed offset 

F2. In the linear regime, the ideal scatterometry signal exhibits a pupil asymmetry 

D which is only due to the offsets (e.g., between the gratings in the grating-over-

grating cell) and obeys D(x,y, OF) ~ OF, where the total offset of the cell, OF, 

equals F1+OVL and F2+OVL for the two scatterometry cells, respectively, and 

OVL denoting the overlay. 

[0055] Using the fact that all the illumination pixels represent independent 

components of the electromagnetic response of the wafer, one can measure the 

overlay on a per-pixel basis. The per-pixel overlay is correspondingly denoted by 

OVL(x,y), (x,y) being the pixel coordinate. While, in the absence of target 

imperfection and noise, each pixel has the same overlay value, the sensitivity of 

different pixels to the overlay varies and can be approximated by the per-pixel 

difference between the differential signals on each of the two cells, D1(x,y) and 

D2(x,y). To obtain the final estimate of the overlay, the values obtained from the 

many individual pixels are averaged using optimized per-pixel weights to improve 

accuracy. The following explains the derivation of the per-pixel weights, which 

may be expressed analytically, and may be carried out by train or in simulations. 

[0056]A specific sensitivity landscape may be derived and characterized, e.g., by 

identifying the following types of landscape regions, (i) Flat regions, having a flat 

pupil-per-pixel overlay dependency and thus a small derivative of the overlay with 

respect to respective variables, such as the illumination wavelength (as 
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illustrated e.g., in Figure 2A, between peaks). Flat regions are mostly also 

accurate, (ii) Resonance regions of the simple kind, which contain simple zero-

sensitivity pupil contours and a simple peak in the pupil overlay variability across 

wavelengths, have zero crossings of the inaccuracy (as illustrated e.g., in Figure 

2B). The inventors note that between any two resonance regions (as defined in 

(ii)) that have the same parity, defined as Parity(resonance) = sign [d°^ajl 
L QA J A=AR 

there is a "good" flat region, i.e., containing a zero crossing of the inaccuracy (as 

defined in (i)). Hence, integrating the overlay values along a flat region (i) 

between two same-parity resonance regions (ii) result in a very good estimate for 

the accurate overlay, i.e., the wavelength integral of the inaccuracy along an 

interval between the two same-parity resonance regions is very close to zero. 

Identifying these regions may be carried out by performing multiple 

measurements at multiple wavelengths to derive and improve per-pixel weights 

as well as for selecting the most accurate landscape regions. In certain 

embodiments, other illumination variables (e.g., polarization and apodization) 

may be used to characterize the inaccuracy landscape. This approach may be 

characterized as global in the sense that it analyzes the sensitivity behavior over 

a range of variable values to tune the pupil algorithms to point(s) with accurate 

reported overlay values as well as provide accuracy measures for any point in 

the variable value range. 

[0057]This integration may be generalized to comprise a different weighted or a 

non-weighted integral over any continuous axis in the landscape, like the 

wavelength, and\or performing a fit of the signals of the form discussed in 

Equations 2-4, with generalizing the pupil coordinates (x,y) to a generalized set 

of coordinates including other parameters like the wavelength, polarization, target 

design, apodization, etc. 

[0058] In addition to using the local properties of the landscape as described 

above, in certain embodiments more information is obtained by looking at 

properties of extended contiguous landscape regions and even at global features 

of the landscape. The known properties of a landscape (such as the sensitivity) 
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in various sparsely dispersed points may be used in order to determine which 

regions of the landscape need denser sampling and which do not. Algorithms are 

provided herein, which determine the sampling density required for different 

regions of the landscape. The existence of resonance and/or peaks may be used 

to decide which regions have to be sampled at higher densities and for which a 

lower density suffices - to enable efficient measurements of the landscape of 

various metrics. Certain embodiments comprise adaptive algorithms that map the 

landscape by measuring as few points as possible. It is noted that the landscape 

must not even be partially continuous as long as the sampling is carried out 

appropriately, according to the principles disclosed herein. 

[0059]The size(s) of the contiguous regions of the landscape that satisfy certain 

properties can serve as respective measure(s) to quantify the robustness of 

these regions to symmetric process variations. Examples for such properties 

comprise, e.g., a certain metrology metric being below or above a threshold; a 

size of the derivative of a metrology metric or even the size of the derivative of 

the overlay with respect to the continuous parameters spanning the landscape, 

etc. A symmetric process robustness measure may be defined using relative 

sizes of peak regions and flat regions. 

[0060]The relative signs of slopes of the landscape (e.g., of overlay or overlay 

variation values) at consecutive peaks (e.g., resonances) may be used to 

determine whether a respective intermediate flat region between the consecutive 

peaks is an accurate flat region. For example, the inventors have found out, that 

the number of sign flips of certain metrics (for example, the pupil-mean per-pixel 

sensitivity) is robust, almost invariant, to process variations and therefore can 

serve as means to make robust statements about the landscape. For example, in 

each simple resonance the sign of the pupil-mean per-pixel sensitivity changes. 

This can serve to detect whether a resonance is a double resonance rather than 

a simple one or whether a resonance has been missed by a sparse landscape-

sampling algorithm. The inventors have used this information to detect the 

existence of resonances between measurement points located relatively far from 

the resonances. The peaks may be identified according to a number of sign flips 
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of the metrology metric(s) and possibly characterized according to the number of 

sign flips of the metrology metric(s), e.g., as simple or complex peaks. 

[0061]Certain metrology metrics whose inaccuracy has been determined to be 

oscillatory in flat or resonant regions of the landscape can be integrated over the 

respective region type in order to obtain the value to a good accuracy. The 

metrology metric(s) (e.g., an overlay) may be integrated over one or more 

specified landscape region to enhance measurement accuracy. 

[0062] In certain embodiments, the correlation of certain metrology metrics in 

different, possibly far apart, regions of the landscape across sites on the wafer or 

over other parameter(s) is used to predict the degree of independency among 

the metrics, that is whether they behave differently under both symmetric and 

asymmetric process variations. Certain embodiments utilize independent regions 

that are inferred thereby to assess the validity of metrology metrics or the overlay 

measured on them. 

[0063]Certain embodiments comprise more specific approaches in the sense 

that a full analysis of the landscape is not required. For example, the per-pupil-

pixel overlay values may be averaged by optimizing the number and position and 

weights of the pupil pixels to find maxima and minima of the variability of the per-

pupil-pixel overlay values. For instance, to enable the optimization, zero 

sensitivity contour lines in the pupil may be detected and region(s) of interest 

(ROI) in the pupil may be defined in a certain way with respect to these lines, to 

achieve a maximum and to avoid obtaining a minimum. It is noted that the 

regions holding the pixels for averaging may or may not form connected 

components on the pupil. If they are not connected, their locations may be 

determined by the values of the sensitivity per-pixel and its sign which may be 

detected on the fly by observing the difference between the measured differential 

signals. In certain embodiments, pixel choice may be optimized by defining an 

optimization cost function as a monotonously decreasing function of the average 

sensitivity and/or as a monotonously increasing even function of the per-pixel 

sensitivity over the pupil. Simulations and theory show that both methodologies 

may be successful in different portions of the landscape since the inaccuracy 
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tends to cancel among pixels whose sensitivity have an opposite sign, the 

optimal cancelation being often indicated by the extremum of the per-pixel 

variability and/or the cost function. It is noted the choosing the pixels to be 

averaged may be carried out in run or in train and by algorithms or hardware (as 

per the light transmission modulators discussed in U.S. Patent Nos. 7,528,941 

and 8,681,413 and in U.S. Patent Applications Nos. 13/774025 and 13/945352, 

which are incorporated herein by reference in their entirety). In the latter case, 

the optimizations may also be carried out in field overlay scatterometry. 

[0064]Certain embodiments comprise allocating pupil weights geometrically by 

binning the signal and/or overlay value of physically motivated groups of pixels 

(like those with a common x-component of the incident k-vector) and then 

averaging these bins non-uniformly to compensate for the mismatch between the 

illumination pupil transmission function (determined by the choice of the 

illumination pupil geometry and/or amplitude transmission) on one hand, and the 

distribution of the OVL information content over the physical pupil on the other 

hand. As a non-limiting example, in many cases of the grating-over-grating SCOL 

target, the OVL information changes over the pupil primarily in the direction of the 

grating periodicity. Certain embodiments comprise properly chosen geometric 

weight(s) to accommodate for this. 

[0065]Certain embodiments comprise accuracy improvement algorithms which 

interpolate and/or extrapolate the landscape (signals and per-pixel overlay 

values) with respect to two or more measurement points, to generate a 

continuous artificial signal that depends on continuous parameter(s) that control 

the way the new signal is connected to the collected raw signals. Then, the 

continuous space of parameters may be explored as a landscape of a 

corresponding pre-chosen cost function, which may be optimized with respect to 

the interpolating/extrapolating parameters. Then, the optimization point defines 

an artificial signal, from which the accurate overlay is computed. Optimization 

functions may be composed of any metric relating to the artificial signal such as 

its averaged sensitivity, the sensitivity's root mean squared (RMS), the overlay 

pupil variability, the estimated precision of the overlay (as per a noise model of 
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the tool) and other pupil flags discussed in U.S. Patent Application No. 

62/009476, which is incorporated herein by reference in its entirety, and/or their 

respective inverse metrics. In the context of imaging overlay metrology, a similar 

methodology may be applied, with the replacement of the optimized functions by 

the overlay variability across the harmonics, and/or the image contrast, and/or 

the estimated precision of the measurements. The ultimate overlay which these 

algorithms report is the overlay of the approximated artificial signal which 

corresponds to the overlay on a special point in the landscape or generalization 

thereof, which was not actually measured but is accurate. 

[0066] Moreover, in certain embodiments, the landscape may comprise a more 

complex signal derived from two or more measurements, such as a parametric 

landscape which combines multiple measurements that may be weighted or 

tuned by using one or more parameters, or a multidimensional signal having 

contributions from different measurements at different dimensions of the signal, 

as two non-limiting examples. The multiple measurements may be raw or 

processed measurements, in the pupil, plane and/or in the field plane with 

respect to the target. In case of parametric landscapes, parameter(s) may be 

adjusted to (i) yield landscapes with specified characteristics, such as number, 

positions and characteristics of resonance peaks, (ii) optimize the parametric 

landscape with respect to specified metrics, and/or (iii) enhance the accuracy of 

the overlay measurements. The adjustment may utilize phenomenological 

model(s). The landscape may be seen as an artificial signal that is computed by 

combining multiple raw signals and/or processed signals (either in the pupil-plane 

or in the field-plane), possibly according to specified parameters. The generated 

artificial signal may be modified by changing the parameters. The artificial signal 

may be optimized according to certain metrics and used to make an accurate 

overlay measurement. The raw signals (either in pupil-plan or in field-plane) 

and/or the artificial signal may be fitted to phenomenological models to obtain the 

overlay and other metrology metrics, which serve as the fit parameters. For 

example, by using a phenomenological model of the deviation of the signal from 

the ideal one, the measured signal can be fitted to the model. In the fitting, the fit 
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parameters may comprise the overlay and the parameters describing the 

deviation from the ideal signal, and the accurate overlay and the deviation of the 

signal from the ideal one may be obtained from the fitting. 

[0067]Certain embodiments comprise accuracy improvement algorithms that 

treat a single signal in different ways that are all controlled by a change in one or 

few parameters. For example, the per-pixel weight may be changed in a 

continuous way and, while making it always a continuously increasing function of 

the per-pixel sensitivity, let the N parameters which define this function span a 

space V c RN and let the origin in this space be a special point to which one 

extrapolates (but in which one cannot measure due to tool issues). For example, 

that point may correspond to a point where only the most sensitive pixel in the 

image determines the OVL. The methodology described here is to extrapolate to 

the origin of V, and report the result of the overlay to be the overlay at that 

extrapolated point - e.g., when measuring the overlay with a pupil sampling that 

is centered around the point in the pupil that has a maximal sensitivity, and 

relating to the radius R that as a variable parameter - the expression OVL(R) = 

A + BXR + CXR2-\— may be calculated and fitted to the results, and then 

extrapolated to R=0, which means one quotes the new overlay to be equal to "A". 

[0068]Certain embodiments comprise accuracy improvement algorithms which 

perform fits of the data to models inspired by underlying physical models and/or 

simulation results of the measured layers and/or layers whose properties are 

similar. At least one measurement of at least one metrology metric may be 

carried out, by simulation or in preparatory measurements, using at least one 

recipe parameter. Then, the at least one measurement may be fitted to a 

phenomenological model that describes a dependency of the at least one 

metrology metric (in a non-limiting example, an overlay) on the at least one 

recipe parameter (see examples below), and from the fitting, at least one 

respective corrected metrology metric may be derived and used to determine a 

metrology recipe and to conduct metrology measurements according to the 

determined recipe. The at least one measurement may comprise an at least 

partially continuous dependency of the at least one metrology metric on the at 
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least one recipe parameter such as the landscape, but may also comprise single 

or discrete measurements. As described above, the model predicts how the non-

ideal signal should look as a function of the overlay and other parameters 

describing the factors leading to the inaccuracy, and by fitting the overlay as well 

as the parameters governing the inaccuracy may be derived from the 

measurement(s). 

[0069] In certain embodiments, the phenomenological model may describe a 

dependency of a signal type (such as specified pupil plane measurements, e.g., 

a pupil image, or specified field plane measurements) on the at least one 

metrology metric and on at least one deviation factor such as various factors that 

contribute to inaccuracies that may relate to recipe parameters. After carrying out 

at least one measurement related to a signal type, the phenomenological model 

may be used to fit the at least one measurement in order to derive at least one 

respective corrected metrology metric (e.g., a corrected overlay) and the 

corresponding deviation factor(s). 

[0070] In certain embodiments, a metrology recipe may be determined according 

to the at least one derived corrected metrology metric, and at least one 

(additional) metrology measurement may be conducted according to the 

determined recipe. 

[0071]The phenomenological model may be derived from an at least partially 

continuous dependency of the at least one metrology metric on the at least one 

recipe parameter that is derived by simulation or in preparatory measurements 

(e.g., any of the disclosed landscapes). 

[0072] For example, a fit of the differential signals may be performed to the form 

D(x,y, OF) = A(x,y) x OF + H(x,y; P1; P2, P3,...) x F(OF) Equation 3 

with F(OF) being a function of the offset OF and H(x,y;P1,P2,P3,...) being a 

function of the pupil coordinates (x,y) and the fitted parameters P£, in a linear 

space V of functions describing the measured attributes like the per-pixel 

sensitivity, derivatives of the per-pixel sensitivity along the landscape (for 

example, along variables such as polarization, angle, wavelength, possibly based 

on simulations and/or additional signal measurements along the landscape), and 
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pupil moments of the per-pixel sensitivity (e.g., pupil average, pupil RMS etc.). 

The functions which are included in the space V may be determined from 

simulations and/or further research. For example, the inventors have discovered 

that if the space V contains the above examples, then the inaccuracy in certain 

layers in the front-end process is greatly improved as demonstrated in Figure 5. 
Figure 5 illustrates simulation results of an exemplary accuracy enhancing 

algorithm, according to some embodiments of the invention. Figure 5 illustrates 

the inaccuracy in a front end layer of an advanced process with and without the 

fit-improving algorithms. 

[0073]The fit demonstrated in Figure 5 is carried out using a cost function which 

is generally an increasing function of the distance between the model for the 

signals, and their corresponding data. The norm (in the mathematical sense) for 

defining the cost function may be determined per use case, in non-limiting 

examples, L2 (Euclidean norm), Lx and/or (Maximum norm). The cost 

function may generally be an average across the pixels and may be calculated 

with a uniform weight or with any of the per-pixel weights described above. In 

particular, the weights may be composed of the functions forming a basis of the 

space V, defined after below. To avoid situations where the cost function has flat 

directions that are unrelated to the fit parameter of interest (which is the OVL and 

that is encoded in the offset of the cell OFcell = ((designed offset)cell + OVL), one 

can use the singular value decomposition or perform various such fits and, for 

each one, calculate the fit fidelity which is a monotonously increasing function of 

the fit's stability and of the estimate of the expected precision (given the 

metrology tool's noise model). The fit stability may be determined by a 

monotonously increasing function of the variance of the fit parameter as per the 

usual least squares method. Then, the final result for the OVL is the mean of the 

calculated fits and weighted according to the fit fidelities. The fits may be carried 

out in the space of the actual signals, or of any useful transformation thereof. For 

example, one may fit Dcell(x,y) to be linear OFcell plus a term linear in H(x,y) x 
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F(0F) and/or one may fit Dce1l(x,y) 

OFcell 
to be cell independent plus a term linear in 

[0074] In certain embodiments, any one or more parameters, and specifically not 

necessarily or not exclusively pupil coordinates may be used for the analysis, 

e.g., illumination parameters and/or target design parameter, may replace x 

and/or y in Equations 2-4. x and (x,y) in these equations may be replaced with a 

set of degrees of freedom which may be continuous and\or discrete with respect 

to each of the parameters and include parameters such as wavelength, 

polarization, apodization, other parameters the measurement recipe and 

parameters of the target design. 

[0075]Advantageously, algorithmic and hardware improvements are achieved, 

as well as better target designs, which improve the overlay accuracy 

performance. Moreover, metrology is made more resilient to the effects of 

process variation on the landscape, either by using different target designs, 

and/or different metrology recipes and/or the disclosed algorithms. 

[0076]Certain embodiments provide methods of deriving the ground truth of the 

overlay from the accuracy signature of the stack by using the way the inaccuracy 

changes across the spaces of tool recipes, turning optical overlay into an 

effective accuracy ruler. Certain embodiments enable using different target 

designs with the same recipe, or using different recipes with the same target 

design across the wafer in train, or using combinations of targets and recipes, 

utilizing the knowledge of the sensitivity landscape and respective overlay 

behavior. 

[0077]Certain embodiments provide methods that use the pupil signals and, 

more specifically, the contours of zero overlay sensitivity in the pupil (and in the 

general parameter space in the case of non-scatterometry techniques), to design 

algorithms that improve the overall metrology sensitivity to overlay, the accuracy 

of the overlay results, and the process robustness. 

[0078] Certain embodiments provide methods of characterizing overlay metrology 

accuracy as a function of illumination wavelength or illumination spectral 
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distribution by simulating metrology accuracy or pupil characteristics as a 

continuous or densely sampled function of wavelength. 

[0079]Certain embodiments provide methods of selecting metrology recipes by 

simulating overlay metrology accuracy or pupil characteristics as a continuous or 

densely sampled function of wavelength. 

[0080]Certain embodiments provide methods of overlay metrology target design 

by simulating metrology accuracy or pupil characteristics as a continuous or 

densely sampled function of wavelength. 

[0081]Certain embodiments provide methods of recipe selection or optimization 

by simulating metrology accuracy or pupil characteristics as a continuous or 

densely sampled function of wavelength. 

[0082]Certain embodiments comprise multiple scattering models that describe 

parts of the landscape and especially low in accuracy regions in the landscape, 

which may be used to identify these landscape features and implemented in 

respective algorithms and metrology methodologies, as well as to select 

measurement parameters which provide low inaccuracy as explained above. The 

models presented below were verified by simulation results. For example, in a 

non-limiting example, with parameters that correspond to logic 14nm node, a 

contour at the pupil center at AR = 477nm may be used to suggest the 

illumination wavelength that yields low inaccuracy. In a comparison of the results 

from the simple analytic model with complete RCWA (rigorous coupled-wave 

analysis) simulations, the latter suggest A=500nm as the low inaccuracy 

illumination wavelength, which is in close agreement to the result from the single-

scattering model 

[0083] The inventors have investigated the effect of the bandwidth of the 

illumination light and discovered that, for pupil overlay scatterometry, one can 

use the illumination bandwidth as an additional hardware parameter to control 

the landscape, change the landscape derivatives of the signal characteristics 

(e.g., of the overlay variance), and smooth the sensitivity if needed. 

[0084] In the imaging context this behavior is related to the way the correlation 

between the signal contamination and the ideal signal vanishes at certain focus 
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slices and the equations describing this remain the same as Equation 2 above 

(with the appropriate mapping of parameters). 

[0085]Certain embodiments may utilize these results by tuning the hardware to 

the resonant point using the metrics mentioned above and changing the 

hardware parameters that determine the proximity to the resonant point (like 

wavelength, polarization, quarter wave plate orientation, focus, etc.). 

[0086]Certain embodiments comprise measuring at different values of the 

hardware parameters that determine the proximity to the resonance and 

extrapolating or interpolating the overlay value and the optimizing metric (e.g. 

VarOVL or the sensitivity) to the resonant point. 

[0087] Generating new signals from linear combinations of signals at different 

values of the hardware parameters, measurement pixels or principal components 

of pupil signals. The linear combinations are governed by algorithmic parameters 

and finding the best algorithmic parameters which finds extrema of the metrics 

mentioned above. The inventors discovered that when the algorithmic 

parameters equal a value where the optimized metrics have extrema, one can 

determine whether the inaccuracy is small compared to its value derived from the 

original signals by comparing the values of the optimized quantities before and 

after the algorithmic tuning. 

[0088] Certain embodiments use the differentials of the signal characteristics (like 

VarOVL and the sensitivity) to distinguish between different regions in the 

landscape as explained above and according to the gradients on the landscape 

(left side of Equation 1) and to identify useful regions in the landscape for 

application of the disclosed methods. For example, the inventors discovered that 

the value of VarOVL itself, the OVL derivative with respect to the hardware 

parameters, and the derivative of VarOVL with respect to the hardware 

parameters are good indices for partitioning the landscape. The disclosed 

methodologies may be applied at run time for recipe optimization, and also to 

compensate for landscape shifts on the fly, e.g., due to symmetric process 

variations. The resonance points in the landscape are especially valuable 

indicators as they allow effective tuning on the fly. The inventors have further 
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discovered that the above phenomena become especially robust when the 

overlay mark is constructed from a single layer of films (lacking bulk material 

between the bottom grating and the silicon substrate). Metrology targets may 

hence be designed to minimize the electromagnetic penetration to below the 

bottom grating by using, e.g., dummifications (small scale structures) and 

segmentations of metallic depositions below and/or within the bottom grating of 

the target. 

[0089]The inventors have discovered that the in the presence of the Fabri-Perot-

like phenomenon the following relations, expressed in Equations 4, 5, may hold. 

dD(sensitivity(x)) _ x G(Signal contamination(x)) Equation 4 
uA 

fE(Signal con1amin,1ion(x)) = x p(Sensitivlty(3) ) Equation 5 
uA 

where c(A) and b(A) are scalars and D(x), E(x), F(x) and G(x) are some known 

functions, for example F(x) = x3. In certain embodiments, Equation 4 may be 

used to provide a per-pixel estimation of the signal contamination from data, by 

fitting the experimental VarOVL into the estimate of VarOVL based on Equation 

4. Since many of the zero-inaccuracy resonances have their landscape 

determined by the way the nominal stack and target design behavior rather than 

by the asymmetric process variations, certain embodiments provide target 

designs that produce landscapes that contain such zero crossings of the 

inaccuracy and that are easily identifiable by extrema of VarOVL (e.g., by tuning 

the target parameters to control the LS shift along the relevant parameter axis). 

In a non-limiting example, one can move resonances in the LS by addition of half 

pitch to the induced offset. 

[0090]Certain embodiments comprise the following methodology of separating 

process variations from overlay. Given the per-pixel differential signals D^pxl) 

and D2(pxl), the following x and y may be defined as: x = Dl~D2 and y = HilHi 
2f0 2f0 

The signal contamination of different sorts (like bar asymmetry or a film thickness 

change from pad 1 to pad 2 of the target) enters the signals as expressed in 

Equations 6: 
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xideal * xideal(Px0 Xm APm * fx,m(Px0 Equations 6 

Yideal * yideal(Px0 ^ ^ Pm * fy m(pxl) 
m 

with APmbeing the pixel-independent magnitude of the process variations from 

the nominal (ideal) stack, and fx,m>fy,m are the corresponding pupil dependencies 

of how that process variation affects x and y, which may be deduced, e.g., from 

simulations. Then, by optimizing, per site, the cost function of Equation 7, 

X2 = <((x - APm X fx,m(pxl)) - 6 X (y - APm X fy,m(pxl))) ) Equation 7 

where e = OVL/f0, the parameters e and APmmay be extracted from the fit.. 

[0091]Advantageously, certain embodiments allow tuning to zero inaccuracy 

points in the landscape on the fly and in train and provide process robust 

methods that do not break down in the presence of process variations and do not 

necessarily require simulations for recipe optimizations or a large effort for recipe 

optimization. Disclosed methods are applicable to imaging, scatterometry and/or 

|jDBO (IJDBO - micro diffraction based overlay, as described in U.S. Patent No. 

8,411,287). 

[0092] Figure 11 is a high level flowchart illustrating a method 100, according to 

some embodiments of the invention. Method 100 may be at least partially 

implemented by at least one computer processor, e.g., in a metrology module. 

Certain embodiments comprise computer program products comprising a 

computer readable storage medium having computer readable program 

embodied therewith and configured to carry out of the relevant stages of method 

100. Certain embodiments comprise target design files of respective targets 

designed by embodiments of method 100. 

[0093] Method 100 may comprise deriving and analyzing an at least partially 

continuous dependency of one or more metrology metric on one or more recipe 

parameter (stage 105) and determining one or more metrology recipe according 

to the analyzed at least partially continuous dependency (stage 128). Method 

100 may comprise selecting at least one parameter value for conducting at least 

one metrology measurement (e.g., an overlay measurement) according to at 
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least one identified extremum (stage 130) in a dependency of at least one 

metrology metric (e.g., an overlay variation measure) on at least one respective 

parameter of the measurement; and conducting the metrology measurement(s) 

with the selected parameter values(s) (stage 350). Method 100 may further 

comprise deriving the dependency (e.g., discrete points, a landscape and/or 

continuous function(s), any of which possibly multidimensional) by simulation or 

in preparatory measurements (stage 110), e.g., by deriving or measuring a 

dependency of one or more metrology metric(s) on one or more measurement 

parameter (s). Method 100 may further comprise identifying extrema in the 

dependency or in the landscape (stage 120), e.g., analytically by nullifying a 

derivative of a functional dependency of the metric(s) with respect to the 

parameter(s) (stage 122), or experimentally according to measurements and/or 

simulation results (stage 124). In certain embodiments, method 200 may 

comprise carrying out identification 120 on the fly, e.g., prior to the 

measurements (stage 126). In certain embodiments, method 200 may comprise 

adjusting parameters such as measurement parameters according to the 

identified extrema, possibly on the fly (stage 132). 

[0094] In certain embodiments, method 100 may further comprise identifying and 

categorizing regions in the landscape or generally in the derived or measured 

dependency. Method 100 may comprise characterizing the sensitivity landscape 

by distinguishing flat regions from peaks (stage 170) and/or quantifying the 

magnitude of sensitivity changes with respect to measurement parameters 

according to respective landscapes (stage 171). 

[0095] Method 100 may further comprise using relative signs of slopes of the 

landscape at consecutive peaks (e.g., resonances) to determine whether a 

respective intermediate flat region between the consecutive peaks is an accurate 

flat region (stage 172). Method 100 may comprise determining a required 

sampling density for different regions of the landscape according to peak 

locations in the landscape (stage 173). For example, method 100 may comprise 

sampling the landscape at a high density at peak regions and at a low density at 

flat regions (stage 174). 
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[0096] Method 100 may comprise measuring a symmetric process robustness 

using relative sizes of peak regions and flat regions (stage 175). 

[0097] Method 100 may comprise identifying the peaks according to a number of 

sign flips of the metrology metric(s) (stage 176) and optionally characterizing the 

identified peaks according to the number of sign flips of the metrology metric(s) 

as simple or complex peaks (stage 177). 

[0098] Method 100 may further comprise integrating the metrology metric(s) over 

landscape region(s) (stage 178) and possibly correlating multiple metrology 

metrics over specified landscape regions to validate the metrology 

measurement(s) (stage 179). 

[0099] Method 100 may comprise any of identifying points and/or contours of 

zero sensitivity in the landscape (stage 160), identifying resonances in the 

intermediate film stack between (especially layered) target structures (stage 162) 

and using single or multiple scattering models to identify the points and/or 

contours of zero sensitivity in the landscape (stage 164). Method 100 may 

comprise identifying the points or contours and adjusting parameters respectively 

on the fly (stage 165), e.g., shortly prior to consecutive measurements. 

[00100] Method 100 may further comprise binning signals from portions of the 

pupil or with respect to specified parameters (e.g., measurement recipe 

parameters) according to the identified points and/or contours of zero sensitivity 

in the landscape (stage 166). Method 100 may further comprise selecting an 

illumination wavelength and/or spectral distribution for which the inaccuracy 

vanishes (stage 168). 

[00101] In certain embodiments, the overlay metrology measurement may be of 

a grating-over-grating scatterometry target or a side-by-side scatterometry target 

and the at least one parameter may be related to an optical path difference 

between the gratings and comprise at least one of: a thickness of intermediate 

layers between the gratings, a measurement wavelength, an angle of incidence, 

an angle or reflectance, polarization properties of incident and reflected light, 

target geometric parameters and electromagnetic characteristics of the gratings 

and of intermediate layers between the gratings. In certain embodiments, the at 
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least one parameter may comprise at least one of: the measurement wavelength, 

the polarization of incident and/or reflected light, and the angle of incidence 

and/or reflection. 

[00102] In certain embodiments, the overlay metrology measurement may be of 

an imaging target and the at least one parameter may be related to an optical 

path difference between target structures and comprise at least one of: a 

thickness of intermediate layers between the target structures, a measurement 

wavelength, an angle of incidence, an angle or reflectance, polarization 

properties of incident and reflected light, target geometric parameters, 

electromagnetic characteristics of the target structures and of intermediate layers 

between the target structures, and measurement tool focus. In certain 

embodiments, the at least one parameter may comprise at least one of: the 

measurement tool focus, the measurement wavelength, the polarization of 

incident and/or reflected light, and the angle of incidence and/or reflection. 

[00103] In certain embodiments, method 100 may comprise applying one or 

more weight function(s) for averaging the metric(s) across the pupil pixels to 

achieve low inaccuracy (stage 150). For example, method 100 may comprise 

determining the weight function(s) with respect to the landscape (stage 152) 

(e.g., the sensitivity landscape). Method 100 may further comprise calculating the 

overlay or other metrics according to the weight function across the pupil (stage 

154). 

[00104] Method 100 may further comprise separating asymmetric process 

variation from symmetric process variation by simulating or measuring an effect 

thereof on the derived dependency (stage 140). Certain embodiments comprise 

quantifying landscape shifts caused by symmetric process variation (stage 190) 

and selecting measurement settings according to expected landscape shifts 

(stage 192). For example, method 100 may comprise selecting the measurement 

settings to exhibit low sensitivity to expected landscape shifts (stage 194), 

cancelling out expected landscape shifts by corresponding target or 

measurement designs which cause an opposite shift of the landscape (stage 

196), fitting measurement parameters to different target sites according to the 
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expected landscape shifts in the respective sites (stage 198) and/or selecting an 

illumination wavelength and/or spectral distribution (e.g., bandwidth) according to 

the expected landscape shifts (stage 200). 

[00105] Method 100 may comprise deriving the landscape as a parametric 

landscape, using one or more measurements, with respect to one or more 

parameter(s) (stage 180) and possibly adjusting the parameter(s) (e.g., using 

phenomenological model(s)) to optimize the parametric landscape with respect to 

specified metrics and/or to enhance overlay measurement accuracy (stage 182). 

[00106] In certain embodiments, method 100 may comprise interpolating or 

extrapolating a continuous artificial signal landscape from discrete 

measurements or data (stage 184), constructing the continuous artificial signal 

landscape by fitting discrete measurements or data to an underlying physical 

model (stage 186) and applying cost function(s) to the artificial signal landscape 

(stage 188). 

[00107] Method 100 may further comprise optimizing the metrology recipe and/or 

the hardware settings to achieve low inaccuracy according to the landscape 

(stage 210) (e.g., the sensitivity landscape) and/or tuning hardware parameter(s) 

to points and/or contours of zero sensitivity in the landscape (stage 212). 

[00108] In certain embodiments, method 100 may comprise estimating per-pixel 

signal contamination by comparing estimation and measurement data of 

metric(s) (stage 220). 

[00109] Method 100 may further comprise designing metrology targets to yield 

low inaccuracy (stage 230), for example, designing the metrology targets 

according to the simulated landscape (stage 232) (e.g., a simulated sensitivity 

landscape). In certain embodiments, method 100 may comprise configuring the 

intermediate film stacks to yield resonances at specified measurement 

parameters (stage 234) and/or minimizing electromagnetic penetration below or 

at the target's lower structure (stage 240), e.g., by designing the targets to have 

dummy-fill or segmentation at or below their lower layer (stage 242). 

[00110] Method 100 may further comprise measuring overlay and other 

metrology results around low or zero inaccuracy points or contours (stage 360), 
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performing metrology measurements at flat regions of the sensitivity landscape 

(stage 362) and/or performing metrology measurements of the design targets 

(stage 364). Additional steps of method 100 are explained below. 

[00111] In the following, methods and fidelity metrics are provided which relate to 

measured diffraction signals, comprising at least ±first diffraction orders at a pupil 

plane of a metrology tool, and derived from a target comprising at least two cells, 

each having at least two periodic structures having opposite designed offsets. 

Overlays of the target are calculated, from the measured diffraction signals of the 

cells, using differences between signal intensities of opposing orders measured 

at pupil pixels which are rotated by 180° with respect to each other, at each cell. 

Fidelity metrics may be derived from estimated fits between pupil functions, by 

integrating differential signals across the pupil, and by quantifying various 

asymmetries across the pupil. The fidelity metrics may be applied in preparatory 

stages to optimize the metrology recipe and during running time to indicate 

occurring production errors. 

[00112] Fidelity quantitative merits for scatterometry overlay metrology are 

presented, involving mathematical methods and statistical means. The fidelity 

metrics may have nanometer units to quantify the inaccuracy-related uncertainty 

of the measurement and allow optimal choice of recipe and target setup, flag 

inaccuracy issues in run, and enhanced accuracy. 

[00113] The inventors have found out that the introduced fidelity metrics are 

superior to prior art TMU (total measurement uncertainty) metrics which quantify 

repeatability estimates ('precision') and tool asymmetry contributions ('tool 

induced shift'). 

[00114] The presented metrics are applicable to scatterometry overlay targets 

and measurement procedures and recipes. Exemplary targets comprise two or 

more cells per overlay direction (e.g., x direction, y direction). Figures 7 A and 7B 

schematically illustrate target cells 90, having two periodic structures such as 

parallel gratings 91, 92 at different layers with intermediate layers 93, printed in a 

lithography semiconductor process, according to some embodiments of the 

invention. Figure 7A is a top view while Figure 7B is a cross sectional side view. 
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The overlay, offset or combined overlay and offset are indicated as OVL in 

Figures 7 A and 7B. It is noted that cells may have multiple periodic structures, 

and that the periodic structures may be located at a single physical layer 

(produced e.g., by multiple patterning steps and termed then a side-by-side 

target cell). Cells are commonly order pairwise, each cell of a pair having 

opposite designed (induced) offsets, denoted ±fo, each offset is between the 

upper periodic structure (usually called current layer) and the lower periodic 

structure (previous layer). One cell of a pair holds a +f0 nanometers offset and 

the other cell a -fo nanometers offset. In the non-limiting example presented 

below, it is assumed that the target comprises four cells, and similar procedure 

may be applied to any scatterometry overlay target. It is further noted, that the 

metrics relate to target measurements at the pupil plane of the optical system of 

the metrology tool. Diffraction signals of the cells are measured and the following 

differences between signal intensities of opposing diffraction orders (e.g., +1 and 

-1 diffraction orders) are measured at pupil pixels which are rotated by 180° with 

respect to each other, at each cell. These differences are termed "the differential 

signal" and are illustrated in Figure 8, which schematically illustrates the pupil 

signals collected from each of the cells (top left and top right of Figure 8) and the 

differential signals from each of the cells which are defined below (bottom left 

and bottom right of Figure 8). 
[00115] The differential signal is defined as the signal intensity of a pixel p in the 

1st order regime minus the corresponding intensity of the 180° rotated pixel, -p, 

in the -1st order regime. The per pixel signal differentials are denoted by D(p, 

offset) and may be approximated by the linear form expressed in Equation 8: 

0i,2(P« ±/o) = A(p)\OVL ± fo) Equation 8 

i.e.,D1(p,+f0) = A(p)XOVL +/„) and D2(p,-f0) = A(p)-(OVL - /„) 

[00116] The indices 1, 2 of the differential signal D, denote the cell on which the 

signal is measured, having an induced offset equal to ±f0. A(p) is defined over the 

pupil and is analyzed in more details below. 
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[00117] Figure 8 schematically illustrates pupil signals and differential signals of 

two cells with opposite offsets, according to some embodiments of the invention. 

Pupil images 95A and 95B are simulated measurement of cells 90 having 

designed offsets of +f0 and -f0 respectively. Each pupil image illustrates a central 

zeroth order diffraction signal and two first order diffraction signals marked -first 

and +first orders. The units are arbitrary and arrows indicate the correspondence 

of the dark areas to either of the two scale extremes. NAX and NAy denote the 

pupil plane relative coordinates. Differential signals 252A, 252B correspond to D-i 

and D2 as defined in Equation 8, with similar representation of the scale. 

[00118] Using the definitions of Equation 8, the per-pixel overlay (OVL) is given 

by Equation 9, with p denoting the pupil pixel of the imaging element (e.g. a 

CCD - charge coupled device): 

OVL(p) = Dl(fl+D2(flfo Equation 9 
D1(p)-D2(p)J0 ^ 

Equation 9 thus defines the per-pixel overlay pupil image. 

[00119] The pupil fidelity metrics are designed to quantify the validity of the 

assumptions that underlie the scatterometry overlay (SCOL) paradigm as 

explained below, and may be aimed towards finding best measurement 

conditions together with optimal target design for generating accurate overlay 

values, and towards providing estimates, in running time (RUN) or during a 

preparatory stage (TRAIN), for the inaccuracy induced (non-TMU) level of 

overlay confidence. 

[00120] In case of perfect accuracy, or zero inaccuracy, the differential signals 

are denoted by Equation 8, with A(p) being an identical per-pixel vector for both 

cells. In certain embodiments, the fidelity metrics may compare A-i(p) and A2(p) 

relating to the respective cells by deriving a per-pixel fit of Ai to A2 with Equation 

10: 

^1,2(p) = D1>2(p)/(OVL ± fo) Equation 10 

D-, (p) 
i.e.,i4i(p) = OVL + f0 and Az(^) = D2(P)/(°VL-fo) 

39 



WO 2016/086056 PCT/US2015/062523 

where the raw pupil images of the differential signals are denoted by D-I,2 and an 

estimate of the overlay is denoted by OVL. One estimate for the overlay can be, 

for example, the result of the nominal overlay algorithm. 

[00121] Figure 9 is a diagram 254 that schematically illustrates the calculation of 

fidelity metrics from a fitting curve 254B between pupil functions for cells 

opposite designed offsets, according to some embodiments of the invention. The 

pupil functions A1 and A2 are represented on the axes and the individual values 

are represented as dots 254A, to which curve 254B is fitted. In the ideal case, in 

which A-I=A2 over the whole pupil, curve 254B would be the identity fitting. The 

fidelity metrics may quantify the deviations from identity by measuring e.g., the 

slope of curve 254B (the closer to 1 the better), the R2 (the closer to 1 the better), 

the intercept (the smaller the better) as well as any statistical parameter of the 

correspondence of AT and A2 over the pupil pixels. The fit can be a least square 

fit which may or may not be weighted. 

[00122] In certain embodiments, pupil fidelity metrics may be derived from the 

fits described above in relation to Figure 5, where the fidelity metric(s) may be 

calculated with respect to the quality of fitting of curve to measurements, for 

example, the overlay obtained from the fit provides an alternative overlay value 

that can be compared to the nominal overlay algorithm result. A large difference 

reflects an existing inaccuracy of at least one of the two algorithms. Moreover, 

the level of sensitivity of the resulting overlayto the chosen per-pixel weight may 

be quantified, in [nm], to yield an additional pupil fidelity metric. 

[00123] Alternatively or complementarily, goodness of fit measures may be used 

as an indication of noise in the measurement, meaning a low quality pupil image. 

An additional fidelity metric may comprise the parameters of the function H and 

its distance from zero. 

[00124] In certain embodiments, the fidelity metric(s) may be derived by 

averaging the signals across the pupil, i.e., using the averages of the quantities 

as described above in relation to Figure 5, and performing a fit to these averages 

to obtain the overlay. In certain embodiments, higher statistical moments of the 

signals may be analyzed across the pupil. Higher pupil moments of the signals 
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may be used to avoid such a cancellation and extract the sign, if lost, from the 

first moment. The newly obtained OVL value may be compared with the nominal 

OVL value and the difference may serve as a pupil fidelity metric. Also, 

quantifying, in [nm], the level of sensitivity of the resulting overlay to the chosen 

per-pixel weight, results in additional pupil fidelity metrics. 

[00125] In certain embodiments, pupil noise may be used as a fidelity metric 

which combines several different overlay calculation methods in order to estimate 

the uncertainty of the overlay calculation, as exemplified below. 

[00126] Pupil noise metric(s) may be calculated as follows. A set of overlay 

calculation methods may be selected, e.g., a nominal SCOL algorithm, a 

modified fit (see above), a pupil integral method (see above), etc. A 

corresponding set of characteristic parameters for each overlay calculation 

method may be defined. One specific example would be to choose different 

weights (for example, a nominal weight and its qth powers, or thresholds. Then, 

the overlay may be calculated using each method and each parameter value 

once for data coming from 0° wafer rotation and once for 180° wafer rotation. 

Calculating both orientations is a desired but not necessary step. An estimate is 

then calculated for the statistical error for each overlay value received. For 

example, \°VL°-°VL™°\ may be used as an estimate. This step may be dropped, 

for example the overlay is not calculated in the 180° orientation. Finally, the 

overlay values obtained by modifying the weights may be explored, and 

corresponding metric(s) may be defined to express the variability of the overlay 

value in the space of variations. For example, the difference between the highest 

overlay value received and the lowest one may be calculated, using only values 

that have a low statistical error. The pupil noise metric is generating an 

uncertainty in nanometers units for each measurement point. 

[00127] In application, the fidelity metric(s) such as the statistics presented 

above may be analyzed across the wafer in a recipe optimization stage. These 

statistics can help fab owners to select the best measurement setup and the best 

target design per layer that results in accurate overlay values. The fidelity 
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metric(s) such as the statistics presented above may be also inspected during 

operation, in RUN, and flag(s) may be derived from them to indicate unstable 

process effects. 

[00128] In certain embodiments, fidelity metric(s) may reflect a gradient in the 

per-pixel overlay around k=0 (the center of the pupil plane). Simulations have 

shown, that an asymmetric structure exhibited by the per-pixel overlay around 

k=0, with a significant gradient of the overlay in some direction, indicates 

significant inaccuracy. Figure 10 is a diagram 258 that exemplifies a result that 

indicates asymmetric overlay estimations 258A around the center of the pupil 

plane, for a simulation performed on a stack with inaccuracy induced by process 

variation, according to some embodiments of the invention. The stack is of resist 

over silicon was simulated. The graphs show the per-pixel OVL profile in the 

center of the pupil at NA (numerical aperture) between -0.1 and 0.1, for a stack 

without process variations (bottom, thin line) and a stack with process variation 

(top, thick line). The asymmetric stack exhibit an asymmetry around k=0 

indicated by arrow 258A. Figure 10 thus illustrates the profile of the per-pixel 

overlay obtained at the center of pupil and shows that in case of inaccuracy 

inducing process variation in the stack, the center of the pupil exhibit a large 

asymmetry of the per-pixel overlay around k=0. 

[00129] In certain embodiments, pixels may be assigned weights in any of the 

calculations of fidelity metrics presented above. In certain embodiments, the per-

pixel weights may be defined in the space that is conjugate to the pupil space. 

Specifically one can choose to enhance the weight of features in the pupil (either 

in the overlay per-pixel map or in the differential signal per-pixel map, or in both) 

that have pupil length scales that are of a specific size. To achieve this, one can 

perform a Fourier decomposition of the overlay per pixel map (or the signals 

themselves) and modify the weight of Fourier components of the distribution that 

are in a certain regime of the pupil Fourier (conjugate) space. 

[00130] Such modifications of the per-pixel weights may generate different 

calculations of the overlay, which in turn may be compared and used to derive 
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additional fidelity metrics, and the difference between these calculations may be 

used as a flag for inaccuracy. 

[00131] In certain embodiments, fidelity metric(s) may be derived to indicate the 

regions of three sigma (a) of the respective distributions. Theoretically, each pixel 

within a per-pixel pupil image should report the same overlay value, as each pixel 

represents a different angle reflected from a single target cell. In reality different 

pixels report different overlay values due to inaccuracy. The magnitude of the 

variation between the pixels or between groups of pixels (which unlike single 

pixels satisfies a precision criterion) may be quantified and used as fidelity 

metric(s). It is noted that due to the carrying out of the measurements in the pupil 

plane, overlay and other measurements are independent for different pixels or 

pixel groups across the pupil, thus providing the opportunity to yield accurate 

estimation of the measurement inaccuracy to indicate process variation factors. 

[00132] For example, a Pupil3s metric may be defined as in Equation 11: 

Pupil3a = 3" I 1 Y.v(OVL(p) — OVL)2w(p) Equation 11 
•\JEpw(p) F 

with OVL = Ep OVL(p)w(p) and where p = pixel, OVL(p)= per pixel 

overlay and w(p) = per-pixel weight. 

[00133] In some cases, the weighted estimate of Pupil3s presented in Equation 
14 might have small correlation to accuracy because the Regions3s is a metric of 

variation across the per-pixel pupil only between averaged groups of pixels 

instead of per pixel variability. An example of such cases is when the pupil 

suffers from interference effects originating from known physical structures on 

the tool (aperture size) or on the wafer (target size). Another example is the 

presence of an asymmetry in the direction that is perpendicular to the grating. In 

the following, we present a metric that permits to reduce the Pupil3s due to this 

specific asymmetry. Those structures hold a small length scale on pupil such that 

the fluctuations cancel out when averaging across the pupil. A metric that 

disentangles this effect is the Region3s metric derived below, which may be used 

as a fidelity metric. The pupil is divided into regions with of pupil region « 
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A A — x — , where A is the wavelength the measurement is run with, and L is the 
L/Z L/Z 

physical length scale causing the phenomena. 

[00134] Each region's overlay may be calculated, using the per-pixel weightings, 

and averaged according to Equation 12: 
QVLR = EpaaWpjOVLpa £ „on 12 

EpxleR wpxl 

where R is a region and WR = EPX1ERV^PX1 . 
2,R2,pxleRwpxl 

[00135] Only regions which satisfy the following condition of a statistical error are 

used for the calculations: |OVL0~2OVLl80' < threshold [nm]. The estimate of the 

regions' pupil sigma is calculated as OVL = ^°^RWR to yield the definition of the 

Region 3s fidelity metric in Equation 13: 

RegionSs = 3 Equation 13 

[00136] Repeating the above algorithm for a variety of length scales, L, allows 

one to define a series of fidelity metrics, which, in turn, enable pinpointing the 

length scale that causes inaccuracy. For example, if the physical process that 

causes inaccuracy corresponds to a length scale L1 on the wafer, then the 

overlay per-pixel and signals per pixel are expected to have per-pixel fluctuations 

on the scale of A/L1. Then, by looking at the Regions3S for L < L1, fluctuations 

are integrated and the Regions3S fidelity does not contain any inaccuracy 

information. Therefore, the correlation of Regions3S to inaccuracy increases 

significantly for L=L1, thus indicating the size of the source of interference. 

[00137] Certain embodiments comprise using as fidelity metric(s) an asymmetry 

metric in a direction that is perpendicular to the periodic structures. In the 

following, the direction of the periodicity of the periodic structures (e.g., gratings) 

is denoted by X and the direction orthogonal to X is denoted Y, without any 

limitation of the generality of the proposed methods and metrics. A symmetry 

breaking in the direction of the gratings (X) may be detected across a pupil image 

and used to indicate an overlay error. However, a symmetry breaking in the 
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perpendicular direction to the overlay (Y) may indicate a different error that needs 

to be taken into account. This kind of symmetry breaking indicates possible 

process variation (for example, physical sidewall angle in the Y direction, target 

imperfection like an OVL in the Y direction between the segmentations in the top 

and top gratings), or any other symmetry breaking in the Y direction (for example 

diffraction\scattering effect of light from the edge of the target\target surrounding 

along the Y axis). The following fidelity metrics are termed Yasymmetry metrics, 

and are aimed to indicate and quantify the three latter errors that can happen on 

a semiconductor wafer. To put things in a more general perspective: for a SCOL 

target measuring the OVL in the "A" direction we use the Basymmetry flag which 

is checking for the symmetry in the pupil images of pixels that are reflected with 

respect to the B direction and that B is the orthogonal direction to A. 

[00138] In certain embodiments, fidelity metric(s) indicating orthogonal 

asymmetry may be derived by generating a pupil image (either a differential 

signal or per pixel overlay), flipping the pupil into the orthogonal direction to the 

overlay's direction and calculating average and 3a across the new flipped pupil. 

[00139] The Yasymmetry metric may be derived from a per-pixel calculation that 

can be applied to either the differential signals pupils or the overlay pupil image. 

While the Yasymmetry is generated in nanometers for the overlay pupil image, it 

has a percentage form on the differential signals pupil images. In the later 

fashion, Yasymmetry can pinpoint to the specific cell on which the process 

variation is more significant. 

[00140] The Yasymmetry metric may be calculated in real time and can be used 

as a culling parameter or a quality measure to distinguish between different 

measurement setups, target designs, special zones on the wafer or within the 

field. Its behavior and statistics across wafer can reveal process variations and 

can help in setting the optimal measurement conditions per layer, per wafer 

and/or per target design. 

[00141] Several algorithms may be applied for pupil averaging, though there's 

also an option of reporting the Yasymmetry per pixel. One of the algorithms for 

pupil averaging is proposed in the following. Taking as a starting point two 
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differential signals D1(px,py) and D2(px,py) (D1 belongs to a cell with induced 

offset +f0 and D2 to cell with induced offset -f0, as in Equation 8), and a per pixel 

overlay OVL(px,py). (px,py) denotes the pixels coordinates in mask or pupil 

plane; px in the direction along which the OVL is measured and py in the 

orthogonal direction. The asymmetry in the OVL (in nanometers) and the 

percentage per-pixel relative asymmetry in the differential signal, for cell i=1 and 

cell i=2, may be calculated by comparing the pupil image with its reflection in the 

perpendicular direction, i.e., (px,py) compared with (px,-py) as expressed in 

Equations 14: 
YasymPP(OVL)[px,py] = i(OVL[px,py\ — OVL[px,—py]) Equation 14 

UDilpx, py] — Di\px, —py]) 
YasymPP(Di)\px,py] = 100 x ;— \Di[px, py]\ 

which are per-pixel quantities defined only for py>0. 

The per pixel overlay cleaned from Y asymmetry can be calculated in the 

following way: 

YsymPP(OVL)[px,py] = i(OVL[px,py] + OVL[px, —py]) 

The per-pixel overlay is symmetrized. Following Equation 13, the Pupil3S 

reduced from Y asymmetry can be calculated. It permits to cancel the part of the 

inaccuracy on the Pupil3S that is due to Y asymmetry issues. 

[00142] Flags may be calculated by defining the weighted pupil average of a 

quantity(Q) = EPQ(P)M/(P); biit now the weights change with i=1,2 and the sum in 
2jp w (p) 

the averages is only on py>0. The flags are defined to be as expressed in 

Equations 15: 
Yasym(OVL) = (YasymPP(OVL))Wo, Equations 15 

Yasym(OVL)3S = 3 j(YasymPP(OVL)2)Wo — ((YasymPP(OVL))Wo) . 

Yasym(Di) = (Yasym(Di))w., 

Yasym(Di)3S = 3 (YasymPP(Di)2)w. — ((YasymPP(Di))wJ . 
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[00143] Another example for pupil averaging algorithm is as follows: the 

dependency of Yasymmetry on the overlay (in the orthogonal direction) can be 

almost nullified by using the following metric, expressed in Equation 16: 

,ADl(kx,ky)+AD2(kx,ky)x .. „ Yasymmetry = (ID1^/kr)MD2(kx^,,gMea Equation 16 

Where AD1 = Dl(kx, ky) — Dl(kx, —ky), AD2 = D2(kx, ky) — D2(kx, —ky). 
[00144] It is noted that the derivation presented above increases linearly as a 

function of the offset in the perpendicular direction to the direction of the overlay. 

It is further noted that the Yasymmetry metric may be used to identify outliers 

across the wafer. The Yasymmetry metric, in any of its embodiments may be 

calculated while omitting measurements that lie outside the statistical boundaries 

of mean ±3s. Since the Yasymmetry metric is a per-pixel metric, it can also be 

used as an outlier removal in the pixels level. One can apply the Yasymmetry 

metric to a pupil image, calculate mean and 3s of the Yasymmetry measure and 

set valid limits as mean ±3s. All pixels that lie outside the valid range between 

those two limits may be omitted from the pupil used for per-pixel overlay 

calculations, or the final overlay calculation. The difference between the two 

types of OVL calculations (with and without the omitted pixels) may serve as an 

additional magnitude for the effect symmetry breaking in the orthogonal direction 

has on the OVL measurement quality. 

[00145] In order to estimate the amount of uncertainty in Yasymmetry 

calculations, a validation stage may be added, in which the Yasymmetry metric is 

calculated in the standard manner, then with a shift by a pixel to the left and 

another shift by a pixel to the right. The variation between those three measures 

may generate the amount of uncertainty required for Yasymmetry metric 

calculations. 

[00146] Simulations of different types of Yasymmetry breakings like orthogonal 

pitch in both layers have shown that, for a given wavelength, there is a rather 

sharp cross-over behavior from orthogonal pitch size that does cause significant 

inaccuracies to orthogonal pitch size that does not. For example for wavelengths 
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in the blue regime such a cross-over behavior was observed to be around pitch 

~250nm. Such inaccuracy dependence on segmentation pitch may be used to 

restrict the contender list in metrology target design parameter space search. 

[00147] In certain embodiments, Yasymmetry metrics may be used to identify 

corrupted targets or cells within a target on the wafer, bad measurement setup 

and process variations. Yasymmetry metrics may also be used to identify 

measurement points which are out of statistical range as outliers, and omit 

corresponding pixels as well. In certain embodiments, Yasymmetry metrics may 

be used to quantify symmetry breaking and indicate target imperfections (down 

to cell level), biased measurement setup or different process variation. 

Yasymmetry units may be nanometers when applied to overlay pupil image and 

percentages when applied to raw signal pupil images. Yasymmetry metrics in 

nanometers may be used to estimate the effect of process problem on the 

overlay inaccuracy. Yasymmetry metrics may be calculated on the tool in real 

time while the overlay is measured. Yasymmetry metrics may be used as a 

culling parameter or a quality measure across wafer or field, distinguishing 

between measurement setups, different target designs, different fields, wafers or 

lots. 

[00148] Returning to Figure 11, method 100 may be at least partially 

implemented by at least one computer processor, e.g., in a metrology module. 

Certain embodiments comprise computer program products comprising a non-

transitory computer readable storage medium having computer readable 

program embodied therewith and configured to carry out of the relevant stages of 

method 100. 

[00149] Method 100 may comprise measuring a diffraction signal comprising at 

least ±first diffraction orders at a pupil plane of a metrology tool, the signal 

derived from a target comprising at least two cells, each having at least two 

periodic structures having opposite designed offsets ±f0 (stage 250), and 

calculating, from the measured diffraction signals of the at least two cells, an 

overlay of the target using differences between signal intensities of opposing 
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orders measured at pupil pixels which are rotated by 180° with respect to each 

other, at each cell (stage 260). 
[00150] In certain embodiments, the overlay may be calculated as OVL(p) = 

((°i(p) + D2(p))/(D1(p) - D2(p))yf0, with p representing the pupil pixel, fo 

denoting the designed offset, and with D-i and D2 denoting, corresponding to the 

opposite designed offsets, the differences between signal intensities of opposing 

orders measured at pupil pixels which are rotated by 180° with respect to each 

other. 

[00151] Method 100 may further comprise deriving at least one fidelity metric 

from an estimated fit between pupil functions, for the opposite designed offsets, 

derived from the differences between signal intensities of opposing orders 

measured at pupil pixels which are rotated by 180° with respect to each other 

(stage 270). For example, the at least one fidelity metric may be derived from a 

linear fit of D1(p) + D2(p) and D^p) - D2(p). 

[00152] Method 100 may comprise deriving at least one fidelity metric by 

comparing a nominal overlay value with an overlay value derived by integrating, 

across the pupil, the differences between signal intensities of opposing orders 

measured at pupil pixels which are rotated by 180° with respect to each other 

(stage 280). In certain embodiments, the derived overlay value may be 

calculated by integrating D^p) + D2(p) across the pupil, with p representing the 

pupil pixel, and D-i and D2 denoting, corresponding to the opposite designed 

offsets, the differences between signal intensities of opposing orders measured 

at pupil pixels which are rotated by 180° with respect to each other. Integrating 

280 may comprise integrating a first and/or higher moment(s) of these 

differences (stage 285). For example, the integration may be carried out with 

respect to an average of D1(p) + D2(p) as explained above, and/or the 

integration may be carried out with respect to a second or higher moment of 

Di(p) + D2(p). 

[00153] Method 100 may further comprise, in any of the embodiments, weighting 

the pupil pixels to derive the at least one fidelity metric (stage 310). For example, 
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in embodiments involving fitting a curve to multiple points (e.g., corresponding to 

different pixels), the at least one fidelity metric may comprise a weighted chi-

squared measure of the estimated fit. In certain embodiments, the weights may 

be defined in a conjugate space to the pupil (stage 315), such as the Fourier 

conjugate plane. 

[00154] In certain embodiments, method 100 may comprise deriving at least one 

fidelity metric using at least two overlay values, associated with corresponding 

parameters and derived by at least corresponding two of (i) deriving a nominal 

overlay value using a scatterometry algorithm (i.e., using prior art methods), (ii) 

estimating a fit between pupil functions, for the opposite designed offsets, 

derived from the differences between signal intensities of opposing orders 

measured at pupil pixels which are rotated by 180° with respect to each other 

(e.g., by stage 270), and (iii) comparing a nominal overlay value with an overlay 

value derived by integrating, across the pupil, the differences between signal 

intensities of opposing orders measured at pupil pixels which are rotated by 180° 

with respect to each other (e.g., by stage 280). The at least one fidelity metric 

may be defined to quantify a pupil noise that corresponds to a variability of the 

difference between the derived at least two overlay values under different 

parameter values (stage 300). For example, the parameters comprise different 

weightings of the pupil plane pixels. In certain embodiments, quantification 300 of 

the pupil noise may be carried out with respect to overlay differences at pupil 

pixels which are rotated by 180° with respect to each other (stage 305). 
[00155] Method 100 may comprise deriving at least one fidelity metric from a 

variation of the calculated overlay between groups of pupil pixels, wherein a size 

of the groups is selected according to a specified length scale related to an 

expected source of interference in an optical system of the metrology tool (stage 

320). The size of the groups may be selected in the scale of A/(L/2), with A the 

illumination wavelength and L the size of the expected source of interference 

(stag 325). 
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[00156] In certain embodiments, method 100 may further comprise selecting and 

optimizing a measurement recipe according to the at least one fidelity metric 

(stage 330). 

[00157] In certain embodiments, method 100 may comprise calculating an 

asymmetry metric of the overlay with respect to the center of the pupil plane 

(stage 290). 

[00158] Method 100 may further comprise calculating an asymmetry metric in a 

direction that is perpendicular to the periodic structures (stage 340), e.g., with 

respect to the measured diffraction signals and/or the overlay, and by applying 

statistical analysis of a pupil image that is reflected in the perpendicular direction 

- (px,py) compared with (px,-py). 

[00159] Advantageously, pupil fidelity metrics offer several methods for 

estimating a pupil's validity in its raw form (as a differential signal) and its final 

per-pixel overlay form. Most of those magnitudes are in nanometer units which 

simplify their interpretation and offer a measure of uncertainty. Some of the pupil 

fidelity metrics are quantifying the level by which the scatterometry overlay 

algorithm assumptions hold. Those metrics offer a theory check for use cases in 

which the process variation caused the target cells a corruption even to the 

extent of not allowing the theory assignment to the physical structures on the 

wafer. Those metrics can be used in a single measurement level and in a wafer 

level, helping fab owners find corrupted zones on the wafers, best measurement 

setup and target design per layer for achieving accurate overlay results. The 

pupil fidelity metrics can be calculated in real time, offering a per measurement 

point quality measures and a wafer statistics measures which will state optimal 

measurement setup and target design for maximizing the fab's yield by reporting 

accurate overlay values. 

[00160] In the above description, an embodiment is an example or 

implementation of the invention. The various appearances of "one embodiment", 

"an embodiment", "certain embodiments" or "some embodiments" do not 

necessarily all refer to the same embodiments. 
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[00161] 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 context of separate embodiments for clarity, the invention 

may also be implemented in a single embodiment. 

[00162] 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. 

[00163] Furthermore, it is to be understood that the invention can be carried out 

or practiced in various ways and that the invention can be implemented in certain 

embodiments other than the ones outlined in the description above. 

[00164] The invention is not limited to those diagrams or to the corresponding 

descriptions. For example, flow need not move through each illustrated box or 

state, or in exactly the same order as illustrated and described. 

[00165] Meanings of technical and scientific terms used herein are to be 

commonly understood as by one of ordinary skill in the art to which the invention 

belongs, unless otherwise defined. 

[00166] 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 exemplifications 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. 

[00167] 
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CLAIMS 

What is claimed is: 

1. A method comprising: 

deriving an at least partially continuous dependency of at least one 

metrology metric on at least one recipe parameter, by simulation or in 

preparatory measurements, 

analyzing the derived dependency, 

determining a metrology recipe according to the analysis, and 

conducting at least one metrology measurement according to the 

determined recipe. 

2. The method of claim 1, wherein the analysis comprises identifying at least 

one extremum in the at least partially continuous dependency. 

3. The method of claim 1, further comprising determining the metrology recipe 

analytically by nullifying a derivative of the at least partially continuous 

dependency. 

4. The method of any one of claims 1 to 3, wherein the deriving is carried out on 

the fly. 

5. The method of any one of claims 1 to 4, wherein the at least one metrology 

measurement comprises at least one overlay measurement. 

6. The method of claim 5, wherein the at least one overlay metrology 

measurement is of a grating-over-grating scatterometry target or a side-by-

side scatterometry target and the at least one recipe parameter is related to 

an optical path difference between the gratings and comprises at least one of: 

a thickness of intermediate layers between the gratings, a measurement 

wavelength, an angle of incidence, an angle of reflectance, polarization 

properties of incident and reflected light, target geometric parameters and 

electromagnetic characteristics of the gratings and of intermediate layers 

between the gratings. 

7. The method of claim 5, wherein the at least one overlay metrology 

measurement is of an imaging target and the at least one recipe parameter is 

related to an optical path difference between target structures and comprises 
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at least one of: a thickness of intermediate layers between the target 

structures, a measurement wavelength, an angle of incidence, an angle or 

reflectance, polarization properties of incident and reflected light, target 

geometric parameters, electromagnetic characteristics of the target structures 

and of intermediate layers between the target structures, and measurement 

tool focus. 

8. The method of claim 1, further comprising distinguishing asymmetric process 

variation from symmetric process variation by simulating or measuring an 

effect thereof on the derived dependency. 

9. The method of any one of claims 1-8, further comprising using an overlay 

variation measure as the at least one metrology metric. 

10.The method of any one of claims 1-9, further comprising calculating the at 

least one metric according to at least one weight function applied to a plurality 

of pupil pixels that are measured in the at least one metrology measurement, 

to achieve low inaccuracy, wherein the at least one weight function is 

determined with respect to the at least partially continuous dependency. 

11. The method of claim 10, wherein the at least one overlay metrology 

measurement is of a grating-over-grating scatterometry target or a side-by-

side scatterometry target and the at least one weight function is further 

determined with respect to a relation between an expected signal 

directionality and a given illumination directionality. 

12.The method of claim 1, further comprising identifying resonances in an 

intermediate film stack between target structures according to the at least 

partially continuous dependency. 

13.The method of claim 1, further comprising estimating a per-pixel signal 

contamination by comparing estimation and measurement data of the at least 

one metrology metric. 

14.The method of claim 1, wherein the at least partially continuous dependency 

is a sensitivity landscape of the at least one metric with respect to the at least 

one recipe parameter. 
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15.The method of claim 14, further comprising identifying points or contours of 

zero sensitivity in the sensitivity landscape and conducting the at least one 

metrology measurement at a region around the points or contours of zero 

sensitivity with respect to a set of parameters. 

16.The method of claim 15, further comprising using single or multiple scattering 

models to identify the points or contours of zero sensitivity in the landscape. 

17.The method of claim 15, further comprising binning signals from portions of a 

subspace spanned by the set of parameters. 

18.The method of claim 15, further comprising binning signals from portions of 

the pupil according to the identified points or contours of zero sensitivity in the 

landscape. 

19.The method of claim 15, further comprising selecting an illumination spectral 

distribution according to the identified points or contours of zero sensitivity in 

the landscape. 

20.The method of claim 1, wherein the at least partially continuous dependency 

is a landscape of the at least one metric with respect to the at least one recipe 

parameter. 

21.The method of claim 20, further comprising characterizing the landscape by 

distinguishing flat regions from peaks. 

22.The method of claim 21, further comprising using relative signs of slopes of 

the landscape at consecutive peaks to determine whether a respective 

intermediate flat region between the consecutive peaks is an accurate flat 

region. 

23.The method of claim 21, further comprising determining a required sampling 

density for different regions of the landscape according to peak locations in 

the landscape. 

24.The method of claim 21, further comprising sampling the landscape at a high 

density at peak regions and at a low density at flat regions. 

25.The method of claim 21, further comprising measuring a symmetric process 

robustness using relative sizes of peak regions and flat regions. 
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26.The method of claim 21, further comprising identifying the peaks according to 

a number of sign flips of the at least one metrology metric. 

27.The method of claim 26, further comprising characterizing the identified peaks 

according to the number of sign flips of the at least one metrology metric as 

simple or complex peaks. 

28.The method of claim 21, further comprising integrating the at least one 

metrology metric over at least one specified landscape region. 

29.The method of claim 28, wherein the at least one metrology metric comprises 

at least an overlay. 

30.The method of claim 21, wherein the at least one metrology metric comprises 

at least two metrology metrics, and further comprising correlating the at least 

two metrology metrics over specified landscape regions to validate the at 

least one metrology measurement. 

31.The method of claim 1, further comprising interpolating or extrapolating a 

continuous artificial signal landscape from discrete measurements or data of 

the at least partially continuous dependency. 

32.The method of claim 31, further comprising constructing the continuous 

artificial signal landscape by fitting the discrete measurements or data to an 

underlying physical model. 

33.The method of claim 31 or 32, further comprising applying at least one cost 

function to the artificial signal landscape for calculating a respective at least 

one metrology metric. 

34.The method of claim 20, further comprising deriving the landscape as a 

parametric landscape with respect to at least one parameter. 

35.The method of claim 34, further comprising adjusting the at least one 

parameter to optimize the parametric landscape with respect to specified 

metrics. 

36.The method of claim 35, wherein the adjusting is carried out to enhance an 

accuracy of an overlay measurement. 

37.The method of claim 35, wherein the adjusting is carried out with respect to a 

phenomenological model. 
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38.The method of claim 34, wherein the deriving is carried out with respect to a 

plurality of measurements. 

39.The method of claim 20, further comprising quantifying landscape shifts 

caused by symmetric process variation. 

40.The method of claim 39, further comprising selecting measurement settings 

according to the quantified landscape shifts. 

41 .The method of claim 39, further comprising selecting measurement settings to 

exhibit low sensitivity to the quantified landscape shifts. 

42.The method of any one of claims 39-41, further comprising cancelling out the 

quantified landscape shifts by corresponding target or measurement designs 

which cause an opposite shift of the landscape. 

43.The method of any one of claims 39-42, further comprising fitting 

measurement parameters to different target sites according to the quantified 

landscape shifts in the respective sites. 

44.The method of any one of claims 39-43, further comprising selecting an 

illumination spectral distribution according to the quantified landscape shifts. 

45.The method of claim 18, further comprising optimizing at least one of a 

metrology recipe and hardware settings to achieve low inaccuracy according 

to the landscape. 

46.The method of claim 45, further comprising tuning at least one hardware 

parameter to points or contours of zero sensitivity in the landscape. 

47.The method of claim 20, further comprising designing metrology targets to 

yield low inaccuracy according to the landscape. 

48.The method of claim 47, further comprising predicting resonances in an 

intermediate film stack between target structures according to the landscape 

and configuring the intermediate film stack to yield resonances at specified 

measurement parameters. 

49.The method of claim 48, further comprising minimizing electromagnetic 

penetration below or at a target's lower structure. 

50.The method of claim 49, further comprising designing the targets to have 

dummy-fill or segmentation at or below their lower layer. 
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51.The method of any one of claims 47-50, further comprising performing 

metrology measurements of the designed targets. 

52.The method of claim 51, wherein the landscape is a sensitivity landscape and 

further comprising measuring overlay at low or zero inaccuracy points or 

contours of the sensitivity landscape. 

53.The method of claim 47, further comprising performing metrology 

measurements at flat regions of the landscape. 

54.The method of any one of claims 1-53, carried out at least partially by at least 

one computer processor. 

55.A computer program product comprising a computer readable storage 

medium having computer readable program embodied therewith and 

configured to carry out at least partially the method of any one of claims 1-53. 

56. A metrology module comprising the computer program product of claim 55. 

57. A target design file of targets designed according to any one of claims 47-50. 

58.The landscape determined by the method of any one of claims 14-54. 

59. Metrology measurements of targets designed according to any one of claims 

47-50. 

60. A method comprising: 

measuring a diffraction signal comprising at least ±first diffraction orders 

at a pupil plane of a metrology tool, the signal derived from a target 

comprising at least two cells, each having at least two periodic structures 

having opposite designed offsets, and 

calculating, from the measured diffraction signals of the at least two 

cells, an overlay of the target using differences between signal intensities of 

opposing orders measured at pupil pixels which are rotated by 180° with 

respect to each other, at each cell. 

61.The method of claim 60, wherein the overlay is calculated as OVL(p) = 

((°i(p) + D2(p))/(D1(p) - D2(p))yf0, with p representing the pupil pixel, fo 

denoting the designed offset, and with Di and D2 denoting, corresponding to 

the opposite designed offsets, the differences between signal intensities of 
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opposing orders measured at pupil pixels which are rotated by 180° with 

respect to each other. 

62.The method of claim 60, further comprising deriving at least one fidelity metric 

from an estimated fit between pupil functions, for the opposite designed 

offsets, derived from the differences between signal intensities of opposing 

orders measured at pupil pixels which are rotated by 180° with respect to 

each other. 

63.The method of claim 62, wherein the at least one fidelity metric is derived 

from a linear fit of D^p) + D2(p) and D^p) - D2(p). 

64.The method of claim 62, further comprising weighting the pupil pixels to 

derive the at least one fidelity metric. 

65.The method of claim 64, wherein the at least one fidelity metric comprises a 

weighted chi-squared measure of the estimated fit. 

66.The method of claim 60, further comprising deriving at least one fidelity metric 

by comparing a nominal overlay value with an overlay value derived by 

integrating, across the pupil, the differences between signal intensities of 

opposing orders measured at pupil pixels which are rotated by 180° with 

respect to each other. 

67.The method of claim 66, the derived overlay value is calculated by integrating 

DiCp) + D2(p) across the pupil, with p representing the pupil pixel, and D-i and 

D2 denoting, corresponding to the opposite designed offsets, the differences 

between signal intensities of opposing orders measured at pupil pixels which 

are rotated by 180° with respect to each other. 

68.The method of claim 67, wherein the integration is carried out with respect to 

an average of D^p) + D2(p). 

69.The method of claim 68, wherein the integration is carried out with respect to 

a second or higher moment of D1{p) + D2(p). 

70.The method of claim 66, further comprising weighting the pupil pixels to 

derive the at least one fidelity metric. 

71 .The method of claim 60, further comprising: 
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deriving at least one fidelity metric using at least two overlay values, 

associated with corresponding parameters and derived by at least 

corresponding two of: 

(i) deriving a nominal overlay value using a scatterometry algorithm, 

(ii) estimating a fit between pupil functions, for the opposite designed 

offsets, derived from the differences between signal intensities of opposing 

orders measured at pupil pixels which are rotated by 180° with respect to 

each other, and 

(iii) comparing a nominal overlay value with an overlay value derived by 

integrating, across the pupil, the differences between signal intensities of 

opposing orders measured at pupil pixels which are rotated by 180° with 

respect to each other; 

wherein the at least one fidelity metric is defined to quantify a pupil noise 

that corresponds to a variability of the difference between the derived at least 

two overlay values under different parameter values. 

72.The method of claim 71, wherein the parameters comprise different 

weightings of the pupil plane pixels. 

73.The method of claim 71, wherein the quantification of the pupil noise is 

carried out with respect to overlay differences at pupil pixels which are rotated 

by 180° with respect to each other. 

74.The method of any one of claims 64, 65, 70, 72 and 73, wherein the weighting 

is defined in a space that is conjugate to the pupil space. 

75.The method of claim 74, wherein the conjugate space is the pupil Fourier 

conjugate space. 

76.The method of claim 60, further comprising deriving at least one fidelity metric 

from a variation of the calculated overlay between groups of pupil pixels, 

wherein a size of the groups is selected according to a specified length scale 

related to an expected source of interference in an optical system of the 

metrology tool. 
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77.The method of claim 76, wherein the size of the groups is selected in the 

scale of A/(L/2), with A the illumination wavelength and L the size of the 

expected source of interference. 

78.The method of any one of claims 62-77, further comprising selecting a 

measurement recipe according to the at least one fidelity metric. 

79.The method of claim 60, further comprising calculating an asymmetry metric 

of the overlay with respect to the center of the pupil plane. 

80.The method of claim 60, further comprising calculating an asymmetry metric 

in a direction that is perpendicular to the periodic structures. 

81.The method of claim 80, wherein the asymmetry metric is calculated with 

respect to at least one of the measured diffraction signals and the overlay. 

82.The method of claim 80, wherein the asymmetry metric is calculated by 

applying statistical analysis of a pupil image that is reflected in the 

perpendicular direction. 

83.A metrology module configured to carry out the method according to any one 

of claims 60-82. 

84.A computer program product comprising a non-transitory computer readable 

storage medium having computer readable program embodied therewith, and 

configured to carry out the method according to any one of claims 60-82. 

85. A method comprising: 

carrying out at least one measurement, related to a signal type, of at least 

one metrology metric using at least one recipe parameter, 

fitting the at least one measurement to a phenomenological model that 

describes a dependency of the signal type on the at least one metrology 

metric and at least one deviation factor, and 

deriving, from the fitting, at least one respective corrected metrology 

metric. 

86.The method of claim 85, further comprising: 

determining a metrology recipe according to the at least one derived 

corrected metrology metric, and 
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conducting at least one metrology measurement according to the 

determined recipe. 

87.The method of claim 85 or 86, wherein the phenomenological model is 

derived from a at least partially continuous dependency of the at least one 

metrology metric on the at least one recipe parameter that is derived by 

simulation or in preparatory measurements, 

88.The method of any one of claims 85-87, wherein the at least one metrology 

metric comprises a target overlay. 
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