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Abstract

The industry of semiconductors continues to evolve at a fast pace, proposing a new technology node around every two years. Each new technology node presents reduced feature sizes and stricter dimension control. As the features of devices continue to shrink, allowed tolerances for metrology errors must shrink as well, pushing the evolution of the metrology tools.

No individual metrology technique alone can answer the tight requirements of the industry today, not to mention in the next technology generations. Besides the limitations of the metrology methods, other constraints such as the amount of metrology data available for higher order analysis and the time required for generating such data are also relevant and impact the usage of metrology in production. For the production of advanced technology nodes, neither speed nor precision may be sacrificed, which calls for cleverer metrology approaches, such as Hybrid Metrology.

Hybrid Metrology consists of employing different metrology strategies together in order to combine their strengths while mitigating their weaknesses. This hybrid approach goal is to improve the measurements in such a way that the final data presents better characteristics than each method separately. One of the techniques that can be used to combine the data coming from different metrology techniques is called Data Fusion. There are a large number of developed methods of Data Fusion, using different mathematical tools, to address the data fusion process.

The goal of this thesis work is to evaluate the potential of the hybrid metrology, mainly focused in the dimensional control during lithography and etching steps in the context of the microelectronics industry.

In this work, the basics of state-of-the-art metrology techniques is presented and discussed. The focus is the CD-SEM, for its fast and almost-non-destructive metrology; the AFM-3D, for its accurate profile view of patterns and non-destructive characteristic; scatterometry, for its precision, global and fast measurements; and the FIB-STEM, as a reference on accuracy for any type of profile, although destructive. The strengths and weaknesses of these methods were discussed in order to introduce the need of Hybrid Metrology and to identify the role that each of those methods can play in this context.

Several experiments were performed during this thesis work in order to provide further knowledge about the characteristics and limitations of each metrology method and to be used as either inputs or reference on the different Hybrid Metrology scenarios proposed.

The selected method for fusing the data coming from different metrology methods was the Bayesian approach. This technique was evaluated in different experimental contexts, both for Height and CD metrology combining different metrology methods. Results were evaluated for both the debiasing step alone and for the complete fusion flow. In both cases, it was clearly advantageous to use a Hybrid Metrology approach for improving the measurement precision and accuracy.

The presented Hybrid Metrology technique may be used by the semiconductor industry in different steps of the fabrication process. This technique can also provide information for machine calibration, such as a CD-SEM tool being calibrated based on Hybrid Metrology results generated using the CD-SEM itself together with scatterometry data.

Résumé

Afin de respecter sa feuille de route, l'industrie du semi-conducteur propose des nouvelles générations de technologies (appelées noeuds technologiques) tous les deux ans. Ces technologies présentent des dimensions de motifs de plus en plus réduites et par conséquent des contrôles des dimensions de plus en plus contraints. Cette réduction des tolérances sur les résultats métrologiques entraine forcément une évolution des outils de métrologie dimensionnelle.

Aujourd'hui, pour les noeuds les plus avancés, aucune technique de métrologie ne peut répondre aux contraintes imposées. Les limitations se situent aussi bien sur les principes mêmes des méthodes employées que sur la quantité nécessaire de données permettant une analyse poussée ainsi que le temps de calcul nécessaire au traitement de ces données. Dans un contexte industriel, les aspects de rapidité et de précision des résultats de métrologie ne peuvent pas être négligés, de ce fait, une nouvelle approche fondée sur de la métrologie hybride doit être évaluée.

La métrologie hybride consiste à mettre en commun différentes stratégies afin de combiner leurs forces et limiter leurs faiblesses. L'objectif d'une approche hybride est d'obtenir un résultat final présentant de meilleures caractéristiques que celui obtenu par chacune des techniques séparément. Cette problématique de métrologie hybride peut se résoudre par l'utilisation de la fusion de données. Il existe un grand nombre de méthodes de fusion de données couvrant des domaines très variés des sciences et qui utilisent des approches mathématiques différentes pour traiter le problème de fusion de données.

L'objectif de ce travail de thèse est d'évaluer le potentiel de la métrologie hybride, en particulier pour la problématique du contrôle dimensionnel pendant les étapes de lithographie et de gravure d'objets microélectroniques.

L'état de l'art au niveau des techniques de métrologie est présenté et discuté. En premier lieu, le CD SEM pour ces caractéristiques associant rapidité et non destructibilité, ensuite l'AFM pour sa vision juste des profils des motifs et enfin la scattérométrie pour ses aspects de précision de mesures et sa rapidité tout en conservant une approche non destructive. Le FIB-STEM, bien que destructif, se positionne sur une approche de technique de référence. Les forces et les faiblesses de ces différentes méthodes sont évaluées afin de pouvoir les introduire dans une approche de métrologie hybride et d'identifier le rôle que chacune d'entre elle peut jouer dans ce contexte.

Plusieurs campagnes de mesures ont été réalisées durant cette thèse afin d'apporter des connaissances sur les caractéristiques et les limitations de ces techniques et pouvoir les inclure dans différents scénarii de métrologie hybride.

La méthode retenue pour la fusion de données est fondée sur une approche Bayesienne. Cette méthode a été évaluée dans un contexte expérimental cadré par un plan d'expérience permettant la mesure de la hauteur et la largeur de lignes en combinant différentes techniques de métrologie. Les données collectées ont été exploitées pour les étapes de debiaisage mais également pour un déroulement complet de fusion et dans les deux cas, la métrologie hybride montre les avantages de cette approche pour améliorer la justesse et la précision des résultats.

Avec la poursuite d'un développement poussé, la technique de métrologie hybride présentée ici semble donc pouvoir s'intégrer dans un processus de fabrication dans l'industrie du semiconducteur. Son application n'est pas seulement destinée à de la métrologie dimensionnelle mais peut fournir également des informations sur la calibration des équipements. Par exemple, le CD-SEM pourrait être calibré par une approche de métrologie hybride en combinant des résultats générés par le CD-SEM lui-même et des données issues de mesures scattérométriques.

Introduction Introduction

The industry of semiconductors continues to evolve at a fast pace, proposing a new technology node around every two years. Each new technology node presents reduced feature sizes and stricter dimension control in order to achieve better performance of the produced devices, either in terms of speed or power consumption. The International Technology Roadmap for Semiconductors (ITRS) estimates that a CD control of 3sigma of 1.5nm for flash memories on technology node 16nm/14nm in 2015 and 1nm for physical gate on 5nm node on 2021 [ITRS 2015] must be reached. Techniques such as multiple patterning adds the overlay and pitch walking measurement to also be critical [START_REF] Owa | Immersion lithography extension to sub-10nm nodes with multiple patterning[END_REF]. Table 1 show some extracts from the ITRS table published in 2015. These new challenges induce tight process tolerances and new complex processes & materials associated which require an accurate CD and profile metrology. Regarding these strong constraints, the metrology dedicated to the microelectronics industry has to reach a high level of performance in the measurement of 3D profile, in association with uncertainty, robustness and speed to obtain a solution [SENDELBACH 2014].

Variation on dimension pattern parameters such as gate width, height or Line Edge Roughness (LER) may lead to performance impact and, in the case of extreme excursions, to yield loss.

As the features of patterns continue to shrink, allowed tolerances for metrology errors must shrink as well. The importance of metrology on the semiconductor industry can hardly be overstated. It is thanks to the metrology that one may ensure that the design rules are being respected during the fabrication process, and, therefore, ensure that the circuit will work in terms of electrical characteristics and temporal aspects. Moreover, it enables the process control and advancements. In this case, the impact on the circuit dimensions (height or CD, for instance) can be identified as a function of a fabrication process parameter, such as the baking time, the chemical composition, the temperatures, etc. Finally, the metrology is also useful on the calibration of models for electrical simulation of circuits. Only with precise and repeatable measurements one may rely on simulations based on physical properties in order to improve the circuit designs. In this sense, one may see the importance of the dimensional measurements provided by the different metrology techniques as part of an improvement cycle that relies on electrical simulation and pattern designs, as illustrated in Figure 1. The dimensions that must be controlled during the fabrication process of semiconductors are the width, also known as critical dimension (CD), height, side wall angle (SWA) and line edge roughness (LER). Having a tight control of those dimensions is important because they have a direct impact on the fabrication process and on the performance of the produced devices. For instance, if we consider an example of a transistor gate, these four metrics have direct impact on the impedance of the gate, on its parasitic capacitances and so on.

The industry has developed different techniques for measuring feature sizes, the most widely used one being critical dimension-scanning electron microscopy (CD-SEM). CD-SEM is a fast and non-destructive method designed for inline metrology. However, CD-SEM does not provide feature height information, which is gaining importance in the more recent technology nodes. There are two main methods for determining the height of a pattern on the wafer, which may also provide CD information: scatterometry and the atomic-force microscope (AFM-3D).

Scatterometry is recognized as an alternative for inline CD metrology. Its high throughput, the statistical validity of the provided data and the obtained information about pattern profile make scatterometry attractive for process control. However, difficulties in the creation of a model related to correlated parameters, selection of model structure and optimization complexity are some of the limitations of this technique [START_REF] Silver | Fundamental Limits Optical Critical Dimension Metrology: A Simulation Study[END_REF]]. The AFM-3D presents high accuracy as long as there are no major geometric constraints (such as very small spaces), but presents speed limitations and only provides local data. On the other hand, scatterometry provides high precision since it is performed over a large area of the circuit, for which small local variations tends to compensate for each other. However, scatterometry may lack accuracy exactly due to the complexity of the employed models and the challenge of the calibration step. Another technique available is Scanning Transmission Electron Microscopy (STEM). This method provides very high-resolution imaging, with good contrast. Moreover, it provides a crosssection view, being ideal for understanding the shape of the sample. However, this technique can only cover a small area at a time and, although the imaging is fast, requires a specific sample preparation which is slow and destructive. Therefore, this approach seems to be not feasible for process control in production.

No individual metrology technique alone can answer the tight requirements of the industry today, not to mention in the next technology generations. Besides the limitations of the metrology methods, other constraints such as the amount of metrology data available for higher order analysis and the time required for generating such data are also relevant and impact the usage of metrology in production. For the production of advanced technology nodes, neither speed nor precision may be sacrificed, which calls for cleverer metrology approaches [ARNOLD 2013].

The strategy to employ different metrology strategies together in order to combine their strengths while mitigating their weaknesses is called Hybrid Metrology, which concept relies on "the use of any two or more metrology toolsets in combination to measure the same dataset" [START_REF] Vaid | [END_REF]]. The hybrid approach goal is to improve the measurements in such a way that the final data presents better characteristics than each method separately. One of the techniques that can be used to combine the data coming from different metrology techniques is called Data Fusion. Data fusion techniques are widely used in different domains such as aeronautics, geospatial information systems, biometrics, to mention just a few. In the same way, there are a large number of developed methods, using different mathematical tools, to address the data fusion process. The different definitions for the data fusion concept are discussed in more detail in chapter 4.

In the context of this thesis, data fusion is applied to hybrid metrology in microelectronics and nanotechnology applications. The strategy relies on Bayesian Data Fusion coupled to a Debiasing technique in order to cope with biased data.

This thesis work was developed in a collaboration between the LTM (Laboratoire des Technologies de la Microélectronique) and LETI (Laboratoire d'électronique et de technologie de l'information).

This thesis is organized as follows. In Chapter 1 the basic concepts of metrology are presented.

Chapter 2 presents in detail some of the most widely used metrology strategies. Chapter 3 presents some experimental results performed for further study the metrology methods.

Chapter 4 discusses the concept of Hybrid Metrology and presents a strategy on how to combine the strengths of different metrology techniques. Finally, Chapter 5 presents a design of experiment proposed to evaluate the presented Hybrid Metrology technique and the results obtained using such a technique. The last chapter presents the conclusions achieved during this thesis work.

Chapter I. Basic Concepts

Basic Concepts

In this chapter, some of the basic concepts regarding the metrology topic applied to microelectronics are presented. In section 1.1, the geometrical dimensions evaluated in this thesis work are presented and defined. In section 1.2, different strategies of outlier detection are presented while in section 1.3 and 1.4, the concepts of precision and accuracy are presented.

Measurements in IC Fabrication Flow

Most of the evolution of the integrated circuits comes from the increase in their density by the continuous reduction of the components and connections dimensions. From the 8-bit microprocessors containing a few thousand transistors, in the 1970's, to the more recent 64-bit transistors containing more than a billion transistors [MOORE 1965, MOORE 1975, MOORE 1995, SILVERMAN 2002], the circuit dimensions continue to shrink. Such miniaturization leads to parasitic effects and tighter requirements in dimension control in order to obtain circuits respecting their specifications. The International Technology Roadmap for Semiconductors (ITRS) estimates that a CD control of 3sigma of 1.5nm for flash memories on technology node 16nm/14nm in 2015 and 1nm for physical gate on 5nm node in 2021 [ITRS 2015]. One of the main challenges to achieve such a level of control is to obtain reliable measurements of such small features.

Some of the most relevant dimensions that must be controlled in the flow of fabrication of IC are: (i) the features width (or critical dimension -CD), (ii) the roughness of the features (Line Width Roughness (LWR) / Line Edge Roughness (LER)) and (iii) the height of the features. These three dimensions are described in the following sections.

Critical Dimension (CD)

Historically, the Critical Dimension (CD) is defined as the dimension of the smallest geometrical features (lines, contacts, trenches, etc.) which can be formed during semiconductor device/circuit manufacturing using a given technology. However, in recent decades it is more generally used to refer to the width of virtually any feature in the device. In many contexts, the CD definition may be extended to represent any dimension worth measuring, but is often used synonymously for structure width [START_REF] Dai | [END_REF]]. This dimension directly drives the integration density as well as the IC performance, thus the control and the determination of this dimension are then mandatory.

According to the type of information provided by the metrology method, there are different approaches for measuring the CD. For instance, if a top view metrology technique is used, such as the CD-SEM, the CD value may be obtained by the average value from a series of possible measurements, as illustrated in Figure 2(a). However, if the information is coming from a crosssection, the CD value may be measured in a single height of the profile, as illustrated in Figure 2(b). In profiles were the side walls present an angle different than 90°, it is important to well define the height where the CD is measured.

(a) (b) 

Line Width Roughness (LWR) and Line Edge Roughness (LER)

The patterns as exposed on a mask or a wafer present some variation on their edges. This variation, known as roughness, has an impact on the electrical characteristics of the circuits [START_REF] Shin | Variation-Aware Advanced CMOS Devices and SRAM[END_REF]]. For instance, the edge roughness in transistors may impact the leakage current and may increase the threshold voltage in a transistor, impacting directly the performance of the devices [START_REF] Oldiges | Modeling line edge roughness effects in sub 100 nanometer gate length devices[END_REF][START_REF] Díaz | An experimentally validated analytical model for gate line-edge roughness (LER) effects on technology scaling[END_REF][START_REF] Yamaguchi | Metrology of LER: influence of line-edge roughness (LER) on transistor performance[END_REF][START_REF] Lorusso | Impact of line width roughness on device performance[END_REF][START_REF] Chandhok | Impact of line width roughness on Intel's 65nm process devices[END_REF], in terms of timing and power consumption [KIM 2004, LEE 2004].

The roughness value may be quantified independently for each edge of the features or by evaluating the uniformity of different CD values. The first criteria refers to the evaluation of Line Edge Roughness (LER) while the second evaluates Line Width Roughness (LWR) The mathematical definition of the LWR is considered to be 3 times the standard deviation of different CD evaluations, as shown in (1).

𝐿𝑊𝑅 = 3𝜎 = 3√ 1 𝑁 ∑(𝐶𝐷 𝑖 -𝐶𝐷 ̅̅̅̅ ) 2 𝑁 𝑖=1 (1)
where n is the number of available CD measurements, CDi is the i th measurement value and 𝐶𝐷 ̅̅̅̅ is the mean CD value from all n available measurements.

The LER corresponds to the difference, also in terms of 3 times the standard deviation, of one edge of the pattern and the mean value of the obtained measurements at the same edge. For this reason, for a given line under evaluation, two different values of LER may be computed, one for the right edge (LERR) and another for the left edge (LERL). Their computations are shown in equations ( 2) and (3), respectively.

𝐿𝐸𝑅 𝑅 = 3𝜎 𝑅 = 3√ 1 𝑁 ∑(𝑒𝑑𝑔𝑒𝑃𝑜𝑠 𝑅 𝑖 -𝑒𝑑𝑔𝑒𝑃𝑜𝑠 𝑅 ̅̅̅̅̅̅̅̅̅̅̅̅̅ ) 2 𝑁 𝑖=1
(2)

𝐿𝐸𝑅 𝐿 = 3𝜎 𝐿 = 3√ 1 𝑁 ∑(𝑒𝑑𝑔𝑒𝑃𝑜𝑠 𝐿 𝑖 -𝑒𝑑𝑔𝑒𝑃𝑜𝑠 𝐿 ̅̅̅̅̅̅̅̅̅̅̅̅̅ ) 2 𝑁 𝑖=1 ( 3 
)
where n is the number of edges position available for the evaluation, edgePosi is the i th position of an edge and 𝑒𝑑𝑔𝑒𝑃𝑜𝑠 ̅̅̅̅̅̅̅̅̅̅̅̅ is the mean edge position from all n available points.

The relation between LWR and LER may vary according to the existence or not of correlation between the LER of each of the edges of a line. When the roughness of both edges are completely correlated (simultaneously fluctuate with same amplitude), the CD variation is zero, which leads to a LWR = 0, as exemplified in case (a) of Figure 4. When the roughness of both edges is in anticorrelation (edges simultaneously fluctuate with opposite amplitude), such as the example given in Figure 4 (b), the variation in CD equals 2 times the variation in edge, leading to LWR = 2 LER. Finally, the general case which is the most frequently observed is when the roughness of both edges are not correlated or present very small correlation. In this case, LWR = √2 LER, as shown in Figure 4 (c). This evaluation is performed both at wafer level and at mask level, but for different purposes.

On the wafer, controlling the roughness means improving circuit performance since these variations impact the electronic behavior of the features, such as transistors. On the mask level, LER is considered to be a significant contributor to the overall feature CDU, especially for small features [WYLIE 2009].

Pattern Height

Another important information about features in the process of fabrication of integrated circuits is their height. The height of a feature on an integrated circuit has direct implication on its electrical behavior (conductance, capacitanceboth intended and parasitic, …).

There are different ways to measure the height of a pattern. For instance, if the 3D profile of the line is available, in order to compensate for the roughness on the top of the line and eventual metrology errors, the height of the pattern may be computed as the mean value of several measurements, as shown in Figure 5 (a). If the information is coming from cross-section data, the height may be the value from the center point for instance, as shown in Figure 5 Metrology methods such as the AFM-3D, scatterometry and Transmission Electron Microscopy (TEMs) are frequently used for determining the height of a pattern.

Critical Dimension Uniformity (CDU):

As defined in section 1.1.1, Critical Dimension (CD) historically corresponds to the smallest dimension of a given pattern in a design. As previously noted, however, it may refer to any dimension that is considered critical for its importance on any design analysis. If one of the biggest challenges on the fabrication process of IC is achieving very small CDs, obtaining it in different spots of the mask or wafer in a uniform way is not a smaller challenge [START_REF] Postnikov | Critical dimension control in optical lithography[END_REF]]. Hence, the metric of Critical Dimension Uniformity (CDU) is used to designate the dispersion of CD values across a given set of measurements of the same pattern [START_REF] Yoshizawa | Analysis of critical dimension uniformity for LEEPL[END_REF]]. This metric is important in order to control the dispersion of CD values, both on mask and on wafer, which may lead to significant yield loss as well as reducing the optimal process window [WYLIE 2009]. The CDU can be qualitatively represented on a map describing the CD value on different places on the wafer. A CDU wafer exposure consists of exposing the same patterns across the wafer, repeating the same exposure conditions (dose and focus) in order to obtain CDU information on the wafer.

Figure 6 shows an illustration of a CDU map build from several measurements coming from different dies on a wafer. In order to illustrate the concept, consider the following example: the same pattern is exposed and measured seven times. Although this evaluation is usually performed for a much larger number of measurements, only seven are used for the sake of simplicity. Those values are shown in Table 2. The CDU information obtained from these seven points is: average: 99.76nm, standard deviation: 1.62, minimum value: 97.8, maximum value: 102.2 and range: 4.4. This information may be useful to future considerations in several different steps of the process flow, such as in the circuit electrical characterization, process control, etc.

Outliers

A given point in a data set is considered to be an outlier when it significantly differs from most of the other points in the data set. The task of determining if a given point in a set is an outlier is complex, especially when the data set is small. There are several approaches in the literature that usually rely on performing an analysis on the distribution of the data points, such as the Interquartile Range (IQR) and the Median Absolute Deviation (MAD) information.

Interquartile Range (IQR)

The Interquartile Range is the distance between the first and third quartiles of a distribution including 50% of the data centered on its median value (second quartile), as illustrated in Figure 8. IQR is calculated as presented in (4):

IQR = Q3 -Q1 (4) 
For instance, let us consider the distribution presented earlier in this chapter on Table 2. By ordering the data, we obtain The first and third quartiles are 98.4 and 101.3, respectively. The IQR value of this data set is 2.9.

The method to use this information to flag outliers, as first described by Tukey [TUKEY 1977], is based in evaluating each element in the data set and exclude those that are outside the range described in (5).

[Q 1 -ωIQR, Q 3 + ωIQR]

(5)

Where Q1 and Q3 are the first and third quartiles of the distribution and ω is a weighting factor depending on the aspired confidence level. The method describes two types of outliers: extreme outlier is the one outside the range described in (5) for a ω equal to 3, while a mild outlier is the one inside the extreme range but outside the range for ω equal to 1.5. From the example in Table 2, it is possible to consider extreme outliers any measurement below 89.7nm (98.4nm -3*2.9nm) or above 110nm (101.3nm + 3*2.9nm). Mild outliers would be any measurement below 94.05nm or above 105.65nm. Figure 9 illustrates the detection of mild outliers on the same bell distribution shown in Figure 8. Notice that this approach basically identifies as outliers any points presenting a behavior that significantly deviates from the middle 50% of the population. Although this may not be penalizing for Gaussian or near-Gaussian distributions, this method may be overly conservative (identify many outliers) for heavy-tailed distributions. In those cases, one should either adapt the weighting factor or adopt another strategy, which would consider the entire distribution, such as the Median Absolute Deviation, shown in the next section.

Median Absolute Deviation (MAD)

The Median Absolute Deviation (MAD) is a robust estimator of the variability of a distribution around its median value. It is defined as the median of the absolute deviations from the data median, calculated as presented in (6).

MAD = median (|𝑣𝑎𝑙 𝑖 -𝑚𝑒𝑑𝑖𝑎𝑛(𝑣𝑎𝑙)|) (6)
For instance, consider the set of seven measurements presented earlier in this chapter, ordered as in Table 2.

The median value of this set is 99.1nm. When computing the distance from each point to the median value, the result shown in And the median value of this set is 1.3nm. Therefore, the MAD value of the measurements set presented earlier is 1.3nm.

In order to use this value for identifying and removing outliers, only the data inside the range given by ( 7) is considered valid [START_REF] Seo | A Review and Comparison of Methods for Detecting Outliers in Univariate Data Sets[END_REF]]:

[𝑄1 -ω κ MAD, Q3 + ω κ MAD] (7) 
Where ω is a weighting factor depending on the aspired confidence level and κ is a constant scale factor used to estimate the standard deviation of a distribution from its MAD value.

For instance, a normal distribution has its κ factor equal to 1.4286, as demonstrated by [START_REF] Seo | A Review and Comparison of Methods for Detecting Outliers in Univariate Data Sets[END_REF]].

On the presented example, considering the hypothesis that the measurements presented in Table 2 are expected to respect a Gaussian distribution, an extreme outlier would be considered a measurement below 92.83nm (98.4nm -3*1.4286*1.3nm) or above 106.87nm (101.3nm + 3*1.4286*1.3nm) while a mild outlier ω = 1.5) would be below 95.61nm or above 104.09nm.

The main advantage of this approach, in comparison to the IQR based strategy, is that it accounts for the entire distribution, not only the centered 50% of it. However, this may also be considered inconvenient since outlier values are considered in the evaluation and may impact their own detection.

Precision

Precision is a term that refers to the closeness of agreement between different test results. This term is relevant because presumably identical experiments may yield non-identical results [START_REF] Diebold | Handbook of Silicon Semiconductor Metrology[END_REF]]. This fact gives rise to the concept of variability, which may be defined as the tendency of different measurement tests to produce different values under same conditions or conditions that are varying over time [NIST 2017]. The importance of precision is highlighted when observing changes or evolution in a process. For instance, when evaluating the effects of a change in the etching recipe or of the exposure strategy. Achieving a high level of precision, even with some inaccuracy, enables to follow the evolution or the drift of a process.

An illustration of two distributions, one (a) showing a low precision and another (b) showing a high precision is presented in Figure 10. The precision of any given method is usually presented in terms of standard deviation. The smaller the standard deviation, the more precise the method. For this reason, let us consider the precision as a metric for non-systematic error (also known as random error or statistical error). This type of error may be considered the result of process measurement fluctuation. Therefore, the larger the statistical error of a metrology method, the less precise it is.

The concept of precision is related to short-term and long-term variation of measurements and is also related to a way of distinguishing different types or sources of variation, which in turns is related to the concepts of repeatability and reproducibility [NIST 2017].

Apart from differences on the samples being measured, some other important factors are considered when evaluating the precision of a given method: 

Repeatability

Repeatability accounts for the variability measured under controlled conditions, that is, when the same operator measures multiple times using the same equipment, calibrated the same way under controlled environmental conditions over a short period of time (the definition of shortterm may vary according to the type of evaluation performed but, in the context of metrology it is typically considered to be within the same day). Short term and long term variability are important metrics of metrology stability. In this context, two types of repeatability, both of which are commonly used to characterize semiconductor equipment, can be described: static repeatability and dynamic repeatability [SENDELBACH 2010].

Static Repeatability

In a static repeatability exercise, the wafer is moved into the tool, alignment and pattern recognition are performed, and then multiple measurements are conducted while the wafer remains motionless, or "static"). The wafer is removed from the tool only at the end of the exercise. Static repeatability measurements are almost always conducted on a short-term basis, as it is impractical to keep a wafer inside a tool for a long period of time. Static repeatability can provide important information related to tool noise, for example, since all the other conditions are kept stable.

Dynamic Repeatability

As opposed to static repeatability, in a dynamic repeatability experiment the wafer is removed from the tool after each measurement (or after a set of measurements, with each measurement performed at a different location on the wafer). This is typically done by running the same measurement recipe multiple times. In this case, wafer alignment and pattern recognition variation will affect the measurement results. Thus, comparing static and dynamic repeatability results can give information about the effect of alignment and pattern recognition capabilities of the equipment on the measurement. In short, dynamic repeatability measurements can provide information regarding the robustness of the tool when repeating the same measurement under realistic situations.

Reproducibility

In contrast to repeatability, reproducibility is the total measurement precision, including the effects of long-term variability [NIST 2017]. It may include using different equipment, calibrated differently, under different environment conditions and so on. These situations are generally accepted to be less likely to generate similar results than if they are held constant (as is done for repeatability). In the semiconductor industry, the term "reproducibility" is not often used. This is due to multiple factors, including: a) manufacturing equipment is highly automated, making the "operator" variable less important;

b) variation due to equipment factors (type, calibration, etc.) falls under another separate category called "tool matching" [ZERBE 2007]; c) environmental conditions in which wafers are measured are tightly controlled, making this factor less important;

Accuracy

Although there are different definitions and types of accuracy, all of them imply the comparison of a measurement or set of measurements to some form of standard. This standard can sometimes be a value or set of values that are targeted by the experimenter using the equipment that produces the measurement samplesoften called the process equipment. For example, the values can be dose settings from a lithography system used to vary the CD among the samples, or etch times from an etch system used to create trenches of varying depths. In such instances, the parameter units from the process equipment are not necessarily the same as those that are measured by the metrology system. In the examples above, dose is often reported in units of (energy / area) and the etch time is in units of time, while the measurement systems measure the line CDs and trench depths in units of length.

More often, the standard comes from the measurement of the samples using a reference system, sometimes called a Reference Measurement System (RMS). Traditionally, the definition of accuracy is simply the difference in measurement value between the RMS and the measurement system being evaluated. This difference is also called the offset or bias. For a set of samples, the difference between the average measurement value from the RMS and the average measurement value from the system under evaluation is called the average offset [START_REF] Sendelbach | Scatterometry measurement precision and accuracy below 70 nm[END_REF]].

Although this definition of accuracy is a good start, it does not capture some important attributes of a good measurement. One of these attributes is the ability of the system under evaluation to be sensitive to changes in the parameter being measured. For example, if the RMS detects an increase in line CD from one sample to the next, the system under evaluation will also detect an increase. The tracking of the RMS measurements by the measurements of the system under evaluation is preferred to be linear, as both systems are nominally measuring the same thing [START_REF] Sendelbach | Integrated scatterometry in high-volume manufacturing for polysilicon gate etch control[END_REF]]. A representation of the concept is shown in Figure 11. Furthermore, when plotting both sets of measurements and determining a best-fit line between them, it is preferred that this line has unity slope. If the tracking is linear with a perfect correlation (R 2 = 1) and unity slope, then the offset between the systems is constant. Another important attribute of a good measurement is that it is insensitive to changes in secondary characteristics. Secondary characteristics are those parameters of the sample that ideally should not affect the measurement of the parameter of interest. Because many metrology methods in the semiconductor industry are susceptible to cross-correlations between measurement parameters, this attribute is not merely of academic interest, but is crucially important for modern semiconductor metrology systems. A common example of sensitivity to changes in secondary characteristics is the frequent effect of changes of sidewall angle of a line to the measurement of the line's CD, as measured by CD-SEM or scatterometry systems.

Adoption of these attributes of a good measurement provide a more comprehensive definition of accuracy; however, they also spawn two additional types of accuracy: relative accuracy [SENDELBACH 2010] and absolute accuracy. Relative accuracy incorporates both of these attributes (ability to track changes in the parameter of interest, preferably linearly and with unity slope, while being insensitive to changes in secondary characteristics) without regard to the average offset [START_REF] Sendelbach | Feedforward of mask open measurements on an integrated scatterometer to improve gate linewidth control[END_REF]]. Most semiconductor metrology systems in manufacturing need to detect shifts in the parameter of interest without the requirement of providing a minimal average offset, and thus are required to have good relative accuracy. Note that there is no overlap in definition between relative accuracy (where average offset is irrelevant) and the traditional definition of accuracy (where offset, or average offset, is the only characteristic that matters).

Like relative accuracy, absolute accuracy also requires the ability to track changes in the parameter of interest while not being affected by secondary characteristic changes. In addition, absolute accuracy takes into account the average offset between the RMS and the system under evaluation. Thus, in order for a system to have a good absolute accuracy, this average offset must be minimized. One example of this is when the decision, along with the resulting action, with respect to the set of samples depends on the average offset. One example in the semiconductor industry where absolute accuracy is important is the measurement of photoresist line CDs during the evaluation of an optical proximity correction (OPC) adjustment to a lithography reticle [RANA 2010].

Chapter II. Metrology Methods

Metrology Methods

Metrology is the science of performing measurements, i.e., assigning a numerical value to a characteristic of an object or event. Metrology tools and methods vary significantly according to the field of application and to the nature of the object or event to measure. The semiconductor industry is usually interested in measuring geometrical, electrical or magnetic quantities, among others. In this work, the term metrology usually refers to obtaining geometrical quantities of samples.

There are different metrology techniques available for the semiconductor industry to determine geometrical characteristics of patterns. All these techniques present strong and weak points that make them more suitable for some types of applications than for others. In this chapter, four of the most frequent metrology techniques used by the semiconductor industry are presented and discussed: CD-SEM, AFM-3D, scatterometry and FIB-STEM. Finally, a comparison among these methods is also presented.

CD-SEM

An electron microscope is a microscope that uses an accelerated beam of electrons to create an enlarged image of a sample. In comparison to an optical microscope using light, the usage of electrons ensures a much higher magnification and resolution. This is due to the effective wavelength of the electron beam (< 1nm) compared to the 400nm -700nm wavelength of the visible light used on optical microscopes. For this reason, the typical resolution of an electron microscope is of 0.5nm to 1nm, while the optical microscopes have typical resolution of 200nm [START_REF] Ikegami | Evolution and Future of Critical Dimension Measurement System for Semiconductor Processes[END_REF]]. The maximum magnification of the specimen's image is also very different.

While an optical microscope may reach typically between x1000 and x2000, an electron microscope may go beyond x100000.

Among several variants, a very popular one in the field of microelectronics is the Scanning Electron Microscope (SEM). This is an electron microscope which produces images by scanning the surface of the sample with an electron beam. As the beam scans the surface, the retrieved information by the sensors are stored according to the coordinates X and Y of the incident beam. This provides information about the topography and composition of the scanned sample.

A CD-SEM (Critical Dimension Scanning Electron Microscope) is the name given to a SEM system dedicated to measure the dimensions of fine patterns. These tools usually operate in low energy (1keV or less) in order to preserve the sample [START_REF] Sullivan | [END_REF]]. Moreover, these tools can provide automated measurements based on metrology recipes in order to provide fast measurements of different locations on the sample.

The literature proposes some very detailed books to explain the techniques of the Electron microscope [START_REF] Villarrubia | Dimensional Metrology of Resist Lines using a SEM Model-Based Library Approach[END_REF][START_REF] Cepler | Scanning electron microscopy imaging of ultra-high aspect ratio hole features[END_REF], MACK 2015]. In this section, some details on the electron-matter interactions and the different signals used for imaging samples (Secondary electrons and Backscattered electrons) are presented. Moreover, the basic structure of a CD-SEM and how the image is generated are presented as well. Finally, the advantages and disadvantages of this metrology technique are presented.

Electron-matter interactions

When the electrons from the primary incident beam strike the specimen, they penetrate inside the matter and interact both elastically and inelastically with the atoms of the sample [START_REF] Hovington | CASINO: A new Monte Carlo code in C language for electron beam interactionspart I: Description of the program[END_REF], BABIN 2003]. Elastic scattering is when the incident electron does not lose energy while interacting with the material. Inelastic scattering, in the contrary, are the interactions that cause energy loss. The electron-matter interactions generate different signals that can be detected by different sensors on the tool. Some typical examples are Auger electrons, secondary electrons (SE), back-scattered electrons (BSE), Photons (cathodoluminescence -CL) and characteristic X-rays. If the sample is thick, no electron will be transmitted but, in the case of thin samples, it is possible to detect electrons on the other side of the specimen, either the directly transmitted ones or the elastically or inelastically scattered ones [START_REF] Drouin | [END_REF]. Figure 12 The combining effects of elastic and inelastic scattering events control the penetration of the electrons into the sample [RIO 2010]. Moreover, those effects impact directly the generation of secondary and backscattered electrons, as well as the observed contrast. A particle model of the different events that may occur with incident electrons as they interact with the matter is shown in Figure 13, based on the Bohr atom model. Each incident electron is affected by multiple events in its way through the material. Elastic scattering events may produce backscattering electrons while inelastic scattering events lead to energy loss, slowing down the incident electron until it is absorbed, unless it is transmitted across the material [KYSER 1974]. Moreover, inelastic events also produce secondary electrons, Auger electrons and X-rays, among others.

As previously stated, as the scanning electron beam impacts the sample, several different signals are emitted. Each individual signal may be associated to a different region from which it is produced, called volume. This interaction volume of the primary electrons describes the range and the spatial distribution, and depends on the composition of the sample and on the accelerating voltage. Figure 14 shows an illustration of the interaction volume of the incident electron diffusion and the different signals it generates. In principle, any of the signals generated at the sample surface can be detected and used for different purposes, which enables the SEM tool to be applied to a wide range of applications in different fields. As it is illustrated in Figure 14, these particles come from different parts of the sample. Besides coming from different regions, these signals vary significantly in terms of the number of particles and their energy, as seen in the energy spectrum of electron emission N(E), in arbitrary units, presented in Figure 15. Figure 15 shows that there is a large number of electrons that are concentrated at the low energy part of the distribution, the secondary electrons. Moreover, backscattering electrons present a large range of possible energies and their interval also includes the energy levels of Auger electrons.

Scanning Electron Microscope Structure

In a typical SEM, an electron beam is emitted from a gun that contains a tungsten filament. A voltage is applied to the filament, acting like a cathode, which heats up. Electrons are emitted from the filament thermionically. An anode plate is present close to the filament, creating a strong electric force that causes the electrons to accelerate towards the anode plate. The electrons pass the anode plate and go down the column of the microscope.

The electrons are then focused by the electromagnetic lens to form a narrow beam over the sample. Finally, this beam passes by an electromagnetic deflector that controls the back and forth scan of the beam over the specimen that is over a stage inside the chamber, in vacuum. A schematic of a standard SEM is shown in Figure 16.

Finally, inside the chamber the sensors placed in different locations may collect the different signals coming from the sample in order to form the image. The way the image is formed is the topic of the next section. 

Image Formation

The image generated by a SEM is a 2D intensity map. Each pixel corresponds to a point on the sample, representing the intensity of the signal captured by the detector while the beam was striking that specific point. For this reason, a SEM image is an electron synthesis and not an optical transformation, as occurs in an optical light microscope. The beam is then moved to the next position where a new acquisition is performed. The beam scans the sample as indicated by the raster strategy, which may vary according to the scan mode selected. In a standard image acquisition, the scan is repeated a few times over the same sample. Each passage of the beam over the sample generates new data to the sensors, which store them as a new image frame. Each pixel value in the final image is actually the average of the pixel values from each scan.

Image Magnification and Resolution

Magnification

Counter to optical microscopes, the magnification in a SEM does not depend on the objective lens used. Instead, the magnification of a SEM image is generated by the ratio between the dimensions of the raster on the specimen and the raster on the display, as shown in Equation (8). Considering that the display size is constant, increasing the magnification means reducing the size of the specimen that is scanned.

𝑀𝑎𝑔 = 𝐷𝑖𝑠𝑝𝑙𝑎𝑦 𝑅𝑎𝑠𝑡𝑒𝑟 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑅𝑎𝑠𝑡𝑒𝑟 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 (8)
Figure 18 illustrates how a smaller scan area Figure 18 (a) leads to each pixel on the display to correspond to a smaller area of the specimen, increasing the magnification on the generated image. On the contrary, a larger scan area on the sample leads to larger pixel sizes, reducing the image magnification, as shown in Figure 18 (b). It is worth noticing that the limit to SEM magnification is given by its resolution. Any further increase on the number of pixels per nm will only result in the artifact of "empty magnification". Empty magnification is the effect of increasing the pixel resolution of a region without improving the acquired level of information. Its effect is equivalent to a digital zoom, i.e., one pixel of significant data is split in four pixels containing the same information.

Resolution

The resolution is defined as the ability to distinguish two neighboring points. The resolution of a SEM is driven by the beam spot size. The beam spot size itself is a function of the wavelength of the electrons and of the electron-optical system that generates the scanning behavior of the beam.

The limit resolution (r) may be described as shown in Equation ( 9):

𝑟 = 𝜆 2𝑁𝐴 (9)
Where λ is the wavelength of the beam and NA is the numerical aperture of the lens.

Considering the quantum mechanical properties of an electron, its wavelength (λ) is defined by the Broglie relationship, shown in Equation ( 10):

𝜆 = ℎ 𝑝 = ℎ √2𝑚 0 𝐸 ( 10 
)
Where h is the Planck constant, m0 is the rest mass of the electron, p is the electron momentum and E is the accelerating voltage.

Considering that the electrons moving on the microscope are at high speeds (defined by the accelerating voltage of the electron gun), the Equation ( 11) may be expressed with its relativistic version:

𝜆 = ℎ𝑐 √2𝐸𝐸 0 + 𝐸 2 (11)
Where E0 is the rest energy.

These equations show that the wavelength increases when the energy decreases. And, since the resolution is proportional to the wavelength (as shown in Equation ( 9)), it means that to improve the resolution, the energy must be as high as possible.

Figure 19 shows quantitatively the impact of acceleration voltage on the wavelength. For larger acceleration voltages (see Figure 19 (a) for energies above 5keV), the wavelength is below 20pm, while images acquired using 0.3kV would be limited to a wavelength of 71pm. This can be considered still a sufficiently small value, considering the target dimensions. However, the wavelength is not the only limitation on resolution, as it is presented in the next section. Other factors include the aperture size and the working distance, for instance.

SEM Signals for Image Formation

Among the different signals generated by the electron beam striking the sample material inside the chamber of a SEM, the most frequently used to generate images are the backscattered electrons (BSE) and the secondary electrons (SE). Those two signals are discussed in the next two sections. Other signals, such as x-rays, photons, etc., may also provide significant information of the specimen in some circumstances. These signals are briefly discussed in the next sections as well.

Backscattered Electrons

Backscattered electron (BSE) signal is generated by the incident beam electrons after undergoing elastic and inelastic scattering events on the sample material as shown in Figure 13.

The ratio between the number of electrons sent by the primary beam and the ones that leave the sample with an energy above 50eV (threshold below which electrons are no longer considered backscattered) is known as the backscattering coefficient (η). The SEM sensor for BSE counts the number of electrons detected, and not their energy. Therefore, the detected signal is proportional to the backscattering coefficient.

BSE signals are usually used for imaging what is known as compositional contrast. Since areas with different composition will produce a different number of backscattered electrons, one may rely on this information to identify different areas.

The behavior of backscattered electrons can be separated in two cases, one for energies higher than 5keV and another for energies below 5keV. In the first case, the backscattering coefficient increases monotonically with the incident angle of the beam, with the increasing atomic number of the sampling material (Z), as shown in Figure 20 [REIMER 2013]. In this case, regions of high average atomic number (Z) will appear bright relatively to regions with average low atomic number. The contrast (C) between two regions A and B may be determined as the difference between their backscattering coefficients, ηA and ηB, as shown in Equation ( 12):

𝐶 = (𝜂 𝐴 -𝜂 𝐵 ) 𝜂 𝐵 (12) 
However, for energies below 5keV, the behavior is not monotonic and varies significantly according to the specimen material. This change in behavior is mainly due to the elastic crosssection. Figure 21 shows the coefficient of backscattered electrons as a function of the energy for energies below 2keV for different materials. These trends indicate that image contrast can be somewhat complicated on such low energies, making it more difficult the image interpretation. For this reason, backscattered signals are usually not employed for generating images at low energies.

Secondary Electrons

In most SEM tools, the image is generated using secondary electron signals. This signal is acquired by one or more detectors that may be installed on the chamber where the specimen is sampled or in the beam column itself. The synthesized image represents a map of the number of secondary electrons that reach the detectors while the incident beam is in a given position.

The more secondary electrons that reach the sensor, the brighter the pixel is.

Secondary electrons are generated during the scattering of the incident beam electrons with the atoms in the material, as discussed in section 2.1.1. Those electrons present very low energy, below 50eV. Since their energy is low, they cannot travel large distances inside the sample. For this reason, secondary electrons usually come from a depth no bigger than 10nm inside the material. Thanks to this low energy, these electrons may easily be deflected to be collected in large numbers by the detector.

Each incident electron may generate several secondary electrons that may be used to generate the image. In comparison, backscattered electrons are only a fraction of the number of incident electrons. The large amount of generated secondary electrons allows a large signal/noise ratio. Another advantage of the secondary electrons signal in comparison to the backscattered electrons one is that since they come from a very superficial depth of the sample, they are sensitive to the variations on the shape of the sample. A small variation on the surface may significantly impact the number of secondary electrons collected by the detector.

The number of generated secondary electrons vary according to the angle at which the primary beam hits the surface of the sample or, in other words, considering a static beam, on the specimen topography. Figure 22 shows the interaction volume for the generation of secondary electrons on different configurations of specimen topologies. Notice that on edges, the surface from which secondary electrons may escape the sample is larger than on the flat regions. In this way the edges will produce more secondary electrons than the flat regions. Secondary Electron Detector: The detection of secondary electrons is usually performed using a detector called Everhart-Thornley.

A positively charged Faraday grid (200V to 400V) attracts the secondary electrons that are emitted to the chamber. The generated electric field is sufficient to attract most of the secondary electrons, which have low energy, but present little effect over the backscattered electrons, which have higher energy. The electrons attracted to the Faraday grid are collected by the scintillator, which is a thin plastic disk coated with a short-persistence phosphor. This phosphor converts the energy contained in the electrons into ultraviolet light photons. The outer layer of the scintillator is coated with aluminum, biased with an energy of 10keV. This coating accelerates the electrons to the scintillator surface. The aluminum layer also works as a mirror reflecting the produced photons down the light guide. When the photons get to the photomultiplier tube, they hit a photocathode that converts them back into electrons. Those electrons are accelerated to a series of dynodes, which are in a cascade to multiply the number of electrons inside the tube until they finally strike the anode. Figure 23 shows a schematic of the structure of an Everhart-Thornley detector. It is worth noticing that the same detector may be used to evaluate backscattered electrons. For this usage, the Faraday grid is negatively charged (around -50V), which is enough to repeal low energy secondary electrons but has no effect over backscattered electrons, that will be collected when hitting the sensor.

One may divide the secondary electrons generated during the SEM imaging process into three different groups. The first group, SE1, correspond to the secondary electrons generated directly by the incident beam. The amount and position where those secondary electrons are generated depends both on the material of the specimen and of the acceleration voltage of the incident beam [EGERTON 2005]. This dependency is illustrated in Figure 24. Backscattered electrons will also generate secondary electrons, either as they scattered their way out of the material (SE2) or when they hit the walls of the SEM chamber (SE3). The yield of secondary electrons will decrease as the acceleration voltage increases since the primary electrons with higher energies will suffer fewer inelastic collisions and will, therefore, generate fewer secondary electrons in the escaping distance. The yield of secondary electrons coming from backscattered electrons, however, may increase since the higher the energy, the more electrons backscatter. A large value of SE2 and SE3 reduces the contrast of the image, affecting the measurements of the CD-SEM. Therefore, the industry has shown increased interest in low voltage electron microscopy in order to improve contrast. The drawback of this approach is the increase in chromatic aberration and susceptibility to stray magnetic fields as the acceleration voltage goes down [START_REF] Goldstein | [END_REF]].

The way a measurement is performed over an acquired image is the subject of the next section.

Other SEM signals

X-Ray signal: Characteristic x-rays are emitted from the sample when an electron in the inner shell of an atom is ejected and an electron from the outer-shell fills its place. This x-ray is called characteristic since it presents a specific pattern for each material. SEM tools that contain sensors to perform energy-dispersive spectroscopy map the distribution of the x-ray signals in order to estimate the chemical composition, density and thickness of the samples.

Photons: Another signal generated while striking a sample with the electron beam are the photons. Also known as cathodoluminescence, the emission of light occurs when the highenergy electrons excite atoms to their ground state. Photon detectors may detect light emitted by the sample or analyze the wavelengths emitted by the sample and display its spectrum.

Image Resolution Limitations

As each signal coming from sensor, the SEM images are subject to adverse effects which will disturb the signal and induce systematic errors in the result. This section will briefly present some phenomena that may affect a SEM image; experimental illustrations will be shown on experimental results given in Chapter 3.

Acquisition Noise

SEM images are impacted by acquisition noise. This noise comes from the random nature of the scattering events not coming from the specimen to be detected. Noise may have a direct impact on the measurements performed using a CD-SEM. More details are presented later in this chapter.

One way to address the noise issue is to increase the number of frames used to generate the SEM image. This allows the random noise to be averaged away and therefore increases the signal to noise ratio. Figure 26 shows the difference between two extreme images: (a) for a single frame acquisition and (b) for 256 frames. Another way to address the noise of a SEM image is to increase the energy of the electron beam, as shown in Figure 27. This strategy improves the quality of the acquired signal and, therefore, improves the signal to noise ratio. In a similar way, the increase of the scan time allows the beam to spend more time over each pixel. This is analogous to increasing the energy of the beam, since the total energy used to acquire a pixel is a function of the beam energy and the exposure time.

These strategies, although being performed in real time, do not come without a cost. First, they increase the image acquisition time. Second, the interaction between the electron beam and the materials may change the structure of the sample. This actually changes the subject of the metrology effort, leading to other sources of errors. Experimental measurements shown in Chapter 3 will highlight and quantify these phenomena for patterns at post-litho and post-etch steps.

Nevertheless, in order to reduce noise while minimizing the impact on the measurement result, image processing techniques are also proposed. These techniques are performed offline as part of the post-processing analysis. More about this topic is presented in Annex I (discussion on software/algorithms of image processing and filtering).

Charging Effect

With SEM imaging, samples must be electrically grounded in order to prevent the accumulation of charge. For highly conductive materials, this is sufficient and the charge is usually dissipated. However, in a non-conductive specimen, charging effects arising from electron irradiation is unavoidable [KIM 2010].

The charging effects can be separated into two types, static and dynamic. Static charging depends on the net charge balance in the sample (amount of charging sent to the sample minus the amount dissipated to the ground). Dynamic charging happens due to the charges that are generated inside the sample itself from electron-hole pairs.

Positive charges are usually closer to the surface and are related to the emitted electrons from this region. Negative charges usually occur deep inside the sample and are related to the electrons from the beam that do not backscatter, nor are transmitted. Moreover, induced charge occurs throughout the interaction volume and may be either positive or negative. Charging on the surface of the sample may impact the way the secondary electrons scatter from the specimen, for instance. The negative charges would also reduce the landing energy of the incident electrons, and it would increase the field between the surface and secondary electron detector. On the other hand, positive charges will re-collect the secondary electrons [JOY 1996].

The main effect of charging is the appearance of artifacts on the SEM image, such as darker and lighter areas usually associated with the variation of the profile of the features. The charging effect may also have an impact on the final measurement result. In Figure 28 As for the previous section on acquisition noise, the charging effect will be quantified in detail with the experimental measurements shown in Chapter 3 for patterns at the post-litho and post etch steps.

Sample Damage

One of the drawbacks of using SEM for generating images is the exact interaction of the electrons with the sample. Striking a sensitive sample with a beam of electrons at a high speed can cause changes in the material under evaluation. For microelectronics wafer metrology, according to the process step where the wafer is, the material may present higher or lower sensitivity to the effects of the electron beam.

For instance, using a SEM for measuring a wafer containing photoresist (post-litho step) is a challenge due to the resist shrinkage when exposed to an electron beam. Silicon wafers (postetch step) are much less sensitive but may still be impacted [START_REF] Sullivan | [END_REF]]. These changes depend on the acceleration voltage and on the number of frames used. Therefore, one could expect that a measurement presenting a larger number of frames should be more precise, due to the improvement of the signal to noise ratio. However, the accuracy of this measurement is reduced since the measurement itself modifies the sample.

Chapter 3 will show experimentally the shrinkage effect. It is quantified using both SEM images and also AFM-3D measurements.

Performing Measurements

On a CD-SEM, besides the hardware that performs the acquisition of the images (the SEM per se), there is also a software component. The software module is responsible for extracting the measurement information from the image generated by the hardware. It also usually enables the creation of a metrology recipe that is able to use a set of coordinates to navigate the stage between several metrology points. At each metrology point an image is acquired. The CD-SEM software is also able to compensate for stage movement imprecisions by using pattern recognition based on the intended pattern to position the sample to the closest possible desired placement. Therefore, besides the dependence on the quality of the image used as input, the algorithm for detecting the features plays an important role in the final quality of the measurement result.

Once the image is acquired, the CD measurement is also performed automatically by evaluating the profile from the image. There are several different algorithms for extracting the CD information from an image. For instance, consider the image containing a single line pattern where the pattern width is the target measurement, such as the pattern shown in Figure 28(b) and its profile, as shown in Figure 29(b). Some simple ways to determine the line pattern CD are to detect the distance between the edges of the line based on some profile characteristic [START_REF] Reimer | Image formation in low-voltage scanning electron microscopy[END_REF]]. A given threshold may be used on the signal intensity (shown in Figure 30(a)). In this case, the measured CD is the distance between those two points. In a similar way, the maximum intensity values may be used, as shown in Figure 30(b), or the distance between the two points of maximum slope may be used, as shown in Figure 30(c). Another approach is to use image processing techniques in order to extract a contour from the images [START_REF] Gonzalez | [END_REF]]. This strategy relies on edge detection methods in order to identify a contour of the pattern on the SEM image and, by measuring the distance between the two detected edges, determine the CD value of the feature. Image processing algorithms for contour detection may be based on convolution of a matrix filter over the image, in order to enhance the edges, such as Sobel and Prewitt [PREWITT 1970]. Another class of edge detection algorithms relies on Gaussian filters, such as Canny [CANNY 1986].

In more recent years, in order to improve the robustness of the metrology result, more sophisticated methods have been proposed for measuring the CD value from a SEM image. These strategies are based on empirical models of the CD-SEM profile [FRASE 2007, FRASE 2009[START_REF] Babin | Simulation of scanning electron microscope images taking into account local and global electromagnetic fields[END_REF], MACK 2015[START_REF] Mack | [END_REF][START_REF] Mack | [END_REF].

In a nutshell, the empirical models are used to describe a function similar to the experimental profile of the CD-SEM. For instance, the model parameters can be optimized based on a cost function that is the square difference between the image profile and the model. Optimizers such as Levenberg-Marquardt [LEVENBERG 1944, MARQUARDT 1963], the Simplex algorithm [NELDER 1965] and the Efficient Global Optimization (EGO) algorithm [JONES 1998] can be used for this purpose. Figure 31( Notice that, if the model is flexible enough to describe the features observed in the SEM profile, this approach may be used to remove the noise and any outlier points of the profile, providing clean data for the edge detection algorithm.

Once the model parameters are calibrated, the measurement can either be obtained directly (in the case where the CD value is one of the model parameters) or indirectly, by either performing mathematical operations on the model parameter values or by using one of the previously mentioned measurement methods over the simulated profile. The main advantage of using a simulated profile is that it is more robust to noise. The main drawback is that the measurement requires extra effort.

Yet another technique for extracting CD measurements from a SEM image is based on libraries.

In this approach, an image is compared to a library of simulated patterns and the features of the closest simulated image are defined as the measurement result [START_REF] Villarrubia | Unbiased Estimation of Linewidth Roughness[END_REF]].

Independent of the strategy used for detecting the edge positions and measuring the CD, the precision must not be limited to the image pixel size. Those strategies will use interpolated pixel values in order to obtain a finer granularity than the pixel size. This is usually performed by considering the slope of the points immediately to the right and left of each detected edge. This may increase the resolution of the measurement result.

During this thesis, a software implementing an edge detection algorithm applied to CD-SEM metrology was developed. It implements different image filtering strategies as well as edge detection algorithms. It also includes outlier detection in order to ensure better quality results. More details of the developed software are presented in the Annex I of this document.

The next section describes another metrology technique that is able to obtain a representation of the specimen profile, the AFM-3D.

AFM-3D (CD-AFM)

Atomic-Force Microscopy (AFM) is a metrology technique of the Scanning Probe Microscopy (SPM) type. SPMs are based on a sharp probe that scans across a surface while the interaction between sample and probe is monitored. The first AFM tool was proposed in 1986 in a joint publication between Edward L. Ginzton Laboratory from Stanford University and IBM [START_REF] Binnig | Atomic Force Microscope[END_REF]].

On the AFM, the probe is a tip attached to the end of a cantilever, which acts like a spring. As the scan is performed, atomic forces between the tip and the surface of the scanned material lead to the deflection of the cantilever. The deflection of the cantilever is detected using a laser spot which is reflected from the top of the cantilever surface into a photodiode. This information is used to rebuild the scanned surface. Figure 32 shows a schematic of an AFM tool scanning a surface. The AFM senses the forces between the atoms of the tip and of the sample. Variations of less than 0.1nm may be detected. This allows identifying surface steps of only one atom high to be resolved. Lateral resolution is also possible on the same scale, providing the AFM with atomic resolution in all three dimensions. Another interesting feature of AFM is that it is not necessary to be performed in a vacuum chamber. Most of AFM acquisitions are performed in air and may even be performed under water or other liquids.

The applications of AFM are not limited to the dimensional metrology but information on different features of samples can be determined, such as mechanical, thermal, magnetic, electrical, chemical. Moreover, the tip can be functionalized for specific applications. These different aspects will not be addressed in this part and the AFM is considered here "only" as a metrology tool dedicated to profile determination.

As the probe scans a line over the sample, the variations of the cantilever position are translated into a signal. After processing, the single line profile of the feature is produced. An example of a signal acquisition of a single scan-line is shown in Figure 33. AFM-3D data allow to reconstruct a fully 3D view of the sample, being useful for measuring the CD, height and roughness of patterns, for instance. By performing many scan-lines over the sample, it is possible to obtain images such as the one shown in Figure 34. AFM tools may operate in different modes concerning the distance between the probe and the sample. This is presented on the next section.

AFM Operation Modes

Contact Mode: The tip is constantly in contact with the sample, as illustrated in Figure 35. This mode measures the repulsion between the probe and the sample. The cantilever deflection is kept constant by a feedback from the detected repulsion force. A constant force pushes the tip against the sample during the entire scan. The height of the sample is determined by the voltage required to keep such force constant. The main drawback of such mode is the excessive tracking forces applied by the tip to the sample, risking to damage both or even leave material residuals on the tip, disturbing further measurements. This mode is also called the static mode. Intermittent Contact Mode: The tip oscillates in a large amplitude, in comparison to the noncontact mode, and touches the sample at the end of every oscillation cycle. This method is illustrated in Figure 37. The vertical oscillation by which the probe is lifted is of the order of tens to hundreds of thousands of cycles per second. The measurement is based on the variation of the amplitude oscillation. For the profile metrology, this mode is usual. This is based on this mode that the measures presented in this thesis have been made. From the three modes presented in this section, the contact mode works with repulsive forces at very close distances (below 0.5nm), while the non-contact mode relies on detection of attractive forces at larger tip to sample distances (between 1nm to 10nm) and the intermittent mode relies on repulsive forces at distances between 0.5nm to 2nm. As a result, the contact AFM has the highest resolution, while using forces between 1µN to 1nN, which may damage the sample. The non-contact uses much less force (as low as 1pN), which is more suitable for delicate surfaces. The intermittent mode uses high force (as the contact mode) but reduces the damage of the material by reducing the friction as the tip is not always in contact with the sample.

Some of the forces, measured in an AFM, include the van der Waals forces, mechanical contact force, and capillary forces, among others. Figure 38 shows a summary of the different tipsurface forces according to the tip-surface distance, indicating the different scan mode of the AFM. At very small tip-sample distances (a few angstroms) a very strong repulsive force appears between the tip and the sample atoms. This is represented in the red region presented in Figure 38. The origin of such force is the exchange interactions due to the overlap of the electronic orbitals at atomic distances. When the predominant force is repulsive, the tip is considered to be in contact with the sample. When the tip is further apart from the sample surface, a low intensity interaction between the sample and tip is observed. This attraction force, presented in Figure 38 in purple, coming from the polarization interaction between atoms, is known as Van der Waals. This happens when the instantaneous polarization of an atom induces polarization of nearby atoms, attracting them.

AFM tools propose different modes to scan the sample surface. This is the topic of the next section.

AFM Scan Modes

Tapping Mode: This mode uses the Z feedback only with a constant speed, reducing to a minimum the interaction with the sample.

Deep-trench (DT) Mode:

This mode is similar to the tapping mode, but with a variable speed in order to better explore deeper structures.

Critical Dimension (CD) Mode:

This mode uses both the feedback from Z and from X axis.

During the scan, both the speed and the angle are optimized in order to increase the profile sensitivity, depending on geometrical characteristics of the structure under analysis.

Figure 39 shows an illustration of the three different modes presented in this section. From the example presented in Figure 39, it is possible to see the scan time impact of each mode. While, in this example, the tapping mode takes 6 seconds to scan the entire pattern, regardless of the structure present on the sample, the DT mode takes 9 seconds, slowing down on the trench area. Finally, the CD mode takes 11 seconds, since the scan is using the feedback in both directions Z and X and, for this reason, the side walls of the trench make the scan time longer.

Besides the selected scan mode, another aspect that plays a key role on the quality of the produced data and how the acquired profile may be explored is the tip selection. This is discussed on the next section.

AFM Tips

The ability to obtain different profile information as well as the limitations of on which type of patterns AFM data may be acquired depends strongly on the shape of the tip. The first two main characteristics are the effective tip length and its width. Those two characteristics will determine the maximum trench depth and width on which this tip may be used. Two other characteristics, which are present on flare-shaped tips are the overhand and the edge height.

The overhang is how much the bottom of the tip exceeds its top width, allowing the tip to measure structures that are larger on top than on the bottom. The edge height, on this case, will limit the data resolution on the bottom part of the measured feature. Figure 40 illustrates such characteristics. Based on these characteristics, a series of different types of tips exist. Typically, the smaller the width of the tip is, the higher is the resolution. However, tips with smaller widths are usually more fragile. The same applies for the effective tip length. The longer the tip is, the easier it breaks. For this reason, larger and shorter tips find their applications in measuring larger structures. Figure 41 shows four examples of commonly used tips. Knowing the shape of the tip precisely is important for determining the feature profile. This is necessary because the obtained profile is a function of both the geometry of the sample and the geometry of the tip. Therefore, in order to reconstruct the final sample profile, a deconvolution of the tip profile must be performed. In order to characterize the profile of a tip as precisely as possible, it is a common practice to scan one or more standard structures. These structures must be well known, either by being previously characterized or by being a certified structure. By using the deconvolution strategy, it is possible to determine the geometry of the tip by considering it the only unknown value of the equation (both the acquired profile and the actual pattern profile are known). 

AFM-Tilt

Besides all the variations in operation modes, scan modes and tip profiles, an angle difference between the sample and the probe can be adjusted [FOUCHIER 2013a, DAI 2014[START_REF] Lee | [END_REF].

By changing the angle, different areas of the sample surface become accessible, increasing the profile resolution in those areas. This angle difference is produced by either changing the angle of the probe (as illustrated in Figure 45 This approach is particularly useful to provide a detailed scan of the side wall of features. Information such as side wall angle, line-edge roughness and foot and top rounding are easily obtained by this approach. The drawback is that, for a constant angle, only one side of the feature is scanned properly, leaving important information such as CD out of the reach of this approach.

AFM Resolution Limitations

Even though it is possible to combine different modes with different tips to obtain precise topologies of samples in very diverse situations, AFM still present severe resolution limitations in some specific configurations.

For instance, a measurement of a rectangular hole using a triangular tip. As the tip attempts to enter the pattern, it is blocked by the side of the tip touching the substrate, as shown in Figure 47 Notice that in this example, the tip size is large compared to the pattern dimensions. In current technologies, this is often the case. After the scan, the generated AFM signal is identical for the three patterns, as illustrated in Figure 48(c). Since the signal is the same, the tip deconvolution may only produce a sole resulting signal for the three patterns, as illustrated in Figure 48(d). This indicates that the AFM method using the tip presented in Figure 48 From the example in Figure 49 it is possible to see the limitation of the AFM tool in measuring trenches or holes with dimensions of the same order of the tip size. In this case, the proper feature height is impossible to be retrieved.

Besides the impact of the couple tip shape, geometry and scan mode, another factor that impacts the resolution of AFM is the cantilever. Its resonance frequency is given by Equation ( 13).

𝑓 = 1 2𝜋 ( 𝑘 𝑚 0 ) 0.5 ( 13 
)
Where m0 is the effective mass of the lever, and k is the spring constant given by Equation ( 14).

𝑘 = 𝐸𝑤𝑡 3 4𝑙 3 (14)
Where E is the Young module, t is the thickness, l is the length and w is the width of the cantilever.

The smaller the k (meaning a softer lever), the more sensitive to deflection. However, it is a compromise because it requires a smaller mass to keep the high frequency (as shown in Equation ( 13)).

Conclusion

As it was briefly described in this chapter, there are several different variants of AFM approaches by varying the scan mode, the operation mode, the tips and even the angle. Nonetheless, it is possible to make some general considerations about the strong and weak points of AFM methods applied to metrology for semiconductors. First, it presents high accuracy when not close to its limit of resolution. By using a high sensitivity cantilever and selecting the most adequate scan mode and tip, one may obtain measurements that are real close to the reality. For this reason, AFM measurements are often used as a reference metrology in semiconductors. One the other hand, AFM measurements are slow compared to other metrology techniques, mainly due to the low speed scan, and only a small surface can be covered in a feasible time. This gives little statistical information, reducing the precision of this method as different acquisitions performed in different locations are likely to be impacted by local variability. Moreover, AFM tips may wear off or simply break during measurements, adding wrong information to the acquisition, further impacting its accuracy.

Scatterometry

The optical response of a sample, over which a light beam is launched, is directly linked to the properties of such sample. This means that the dimension of the shape but also the materials of which the sample is made will impact what is called the optical signature. For this reason, if the optical indices of the materials are perfectly known, it is possible to reconstruct the geometrical shape of the pattern. This is the basis of the scatterometry, which is also known as Optical Critical Dimension (OCD).

Scatterometry is an indirect metrology technique. This means that the performed measurement does not provide a direct image of the profile under evaluation. Such profile is rebuilt thanks to a parametric modeling procedure. The simulated signature is compared to the measured one.

Usually the creation of the simulated signature with a parametric model is called "direct problem" and the comparison step between the simulated model and the measurement to reach the parameters values is called "inverse problem".

Experimentally, the scatterometry technique may be performed either by reflectometry, which corresponds to the analysis of the intensity of the diffracted light, or by ellipsometry, when the signal analysis is based on the polarization change in the diffracted signal.

The list of advantages of the scatterometry is long since it consists of a non-destructive, fast, easy and cheap method. It allows the evaluation of the dimensions of patterns that are hidden by other layers of materials. Moreover, it is very sensitive to the relative variation of parameters, allowing the detection of very small dimensional changes (to less than a nanometer [START_REF] Kodadi | Développement des techniques de scatterométrie en temps réel pour le suivi des procédés de gravure plasma[END_REF]).

However, scatterometry also presents some drawbacks since it required previous knowledge of the shape of patterns under study. Theoretically, it is possible to imagine a strategy obtained by a completely random model with would converge to the correct solution. Nonetheless, this strategy would require an extremely long runtime in order to achieve convergence, even in simple cases. Moreover, this strategy opens the question to the meaning of "correct solution" since scatterometry does not assure to present a unique solution for the inverse problem, which may lead to two different structures for the same measurement result. this risk is avoided with the knowledge of the global shape but also by increasing the number of acquisitions and the number of different measurement configurations (different angles, different wavelengths, etc.).

For the application of scatterometry in the field of metrology, it is possible to use an approximation of the pattern shape in order to limit the number of parameters and their variation range during the inverse problem resolution. This approach allows reducing the computation effort as well as allows obtaining the "correct solution" with a reduced number of acquisitions [START_REF] Soulan | Développement de la scatterométrie dynamique pour le suivi en temps réel de procédés. Application à la microélectronique[END_REF][START_REF] Fuard | S-Genius, a universal software platform with versatile inverse problem resolution for scatterometry[END_REF]]. This topic is further discussed in the paragraph about solving the inverse problem.

Another drawback of scatterometry is that the pattern under evaluation must be periodic. Moreover, the indices of the materials that present impact over the spectroscopic signature must be known, including the law of dispersions of the used index.

Figure 50 shows a schematic of the principle of the scatterometry. On the left the experimental measurement is represented while on the right side the modeling and direct problem solution by simulation are represented. These two parts generate the optical signatures that are treated by the inverse problem resolution in order to determine the dimensions of the actual sample. These values are determined by adjusting the geometrical parameters of the simulated model until the signature coming from the parametric model matches the experimental one. This figure shows two distinct aspects of the scatterometry measurement. One is the experimental side that requires scatterometry measurements and is mainly focuses on the hardware aspects. The other one is the modeling aspect which relies on software implementation to perform numerical simulations (based on the parametric modeling) and to solve the inverse problem.

Hardware

The experimental step consists of the signal acquisition, which can be done by using a spectroscopic ellipsometer. This tool is composed of a light source that is polarized to be directed into the sample. The light reflects and is captured back by a detector or sensor. A schematic of an ellipsometer is show in Figure 51. Basically, ellipsometers are used to determine the thickness of material layers, using previous knowledge of the optical indices of each material. This approach may also work the other way around as, by previously knowing the thickness of a given layer, it is possible to determine the optical index of its material.

The wavelength of the light is varied inside a given range (usually from ultra-violet (UV) to infra-red (IR) wavelengths), generating a signature that can help describe the sample composition and shape.

The optical index (n) or refractive index is defined as how light propagates through that medium as is defined as the ratio of the speed of the light in vacuum (c) and the phase velocity of light in the evaluated medium (v), as shown in Equation ( 15).

𝑛 = 𝑐 𝑣 (15)

Where n is the refractive index, c is the speed of light in vacuum and v is the phase velocity in the medium.

The ellipsometer measures the light polarization change after reflecting over a surface in an inclination given by an incident angle (Φ). The incident beam is linearly polarized and becomes elliptical after reflection. The incident Electric Field E i can be decomposed into two components, one parallel to the incident plan Ep i and another perpendicular to such plan, Es i , as presented in Equation ( 16). The decomposition scheme is represented in Figure 52. Where rp and rs are called the Fresnel coefficients and may be inferred from the continuity of the tangential components of the electrical and magnetic fields on the interface of the Medium 0 (superstrat), characterized by an index N0 and the Medium 1 (layer to characterize), characterized by the index N1 (by default the indices are defined as complex indices). They represent the non-null terms of the Jones formalism [START_REF] Jones | A new calculus for the treatment of optical systems, I. Description and Discussion of the Calculus[END_REF]] in an isotropic medium, described in Equation ( 18):

[ 𝐸 𝑝 𝑟 𝐸 𝑠 𝑟 ] = 𝐽. [ 𝐸 𝑝 𝑖 𝐸 𝑠 𝑖 ] = [ 𝑟 𝑝 0 0 𝑟 𝑠 ] . [ 𝐸 𝑝 𝑖 𝐸 𝑠 𝑖 ] (18) 
These physical quantities are complex and may be described in their traditional form given by Equations ( 19) and ( 20):

𝑟 𝑝 = |𝑟 𝑝 |. 𝑒 𝑖𝛿 𝑝 (19) 𝑟 𝑠 = |𝑟 𝑠 |. 𝑒 𝑖𝛿 𝑠 (20)
The magnitude expresses the change over the amplitude of the electric field while δi represents the phase shift between the incident wave and the reflected one for the parallel and perpendicular components.

From Equations ( 19) and ( 20) one may obtain ρ, which express the ratio between the two Fresnel coefficients as in Equation ( 21):

𝜌 = 𝑟 𝑝 𝑟 𝑠 = tan(𝛹)𝑒 𝑖∆ (21) 
The angles Ψ and Δ are characteristics of the pattern under evaluation and are called ellipsometric angles.

The phase difference induced by the reflection of the incident light is defined as Δ and computed as shown in Equation ( 22).

𝛥 = 𝛿 𝑏𝑟 -𝛿 𝑎𝑟 (22)
Where 𝛿 𝑏𝑟 is the phase difference between components of the electrical field before reflection and 𝛿 𝑎𝑟 is the phase difference after reflection. Δ values range from 0 to 2π.

The module of the ratio between the parallel and perpendicular reflection coefficients is defined as Ψ and computed as shown in Equation ( 23).

Ψ = 𝑎𝑟𝑐𝑡𝑔 |𝑟 𝑝 | |𝑟 𝑠 | (23)
The value of ρ not only depends on the sample that is under inspection but also of the experimental conditions, such as the incident angle and the light wavelength. In order to obtain the information regarding the sample, one will vary one of these two conditions inside a given range. Based on the choice of strategy, one may present different types of ellipsometry techniques:

Spectroscopic Ellipsometry is the name given to the strategy that varies the wavelength of the source to scan the sample material, the spectroscopic ellipsometry presents a broad band light source which may usually vary from the infra-red to ultraviolet spectral regions.

Variable Angle Ellipsometry is the strategy where different angles theta (θ) are used to perform measurements over the sample. On this case, the wavelength is kept constant.

Variable Angle Spectroscopic Ellipsometry (VASE) is the measurement strategy that combines variable angle and variable wavelength to provide more information on the optical parameters, reducing their interdependence [START_REF] Merkulov | Generalized Ellipsometry of Anisotropic Media[END_REF]].

In any case, scatterometry presents significant sensitivity to perturbation on the optical instruments. A technique based on phase modulation was proposed in order to improve scatterometry robustness. This technique is described on the next section.

Principles of phase modulation

Phase modulation consists in placing on the trajectory of a light beam a modulator that is able to create periodical and sinusoidal phase shift between the parallel and perpendicular components of the electric field. This modulator is a block of glass submitted to mechanical constraints produced by a piezoelectric system, as illustrated in Figure 53. This element becomes birefringent (the light propagates in an anisotropic manner regarding the different axis), having its optical index on the constrained axis ñ1 modulated compared to the index on the perpendicular axis ñ0. A monochromator, which is an optical device that transmits a mechanically selectable narrow band of wavelengths of light, is also used. It allows selecting the wavelength entering the light sensor. The received intensity is a function not only of the modulation frequency but also of the parameters of the ellipsometry. These parameters are the values one is aiming for during the acquisition This type of system, as represented in Figure 54, presents several advantages, such as:

1. The incident light beam, coming from the source, does not need to be polarized or monochromatic since a polarizer and a monochromator are present on the measurement flow. 2. The acquisition frequency of the ellipsometric parameters is high (50kHz). Several hundreds of measurements per second are possible. However, in order to achieve better precision, it should consider spending more time per measurement in order to use an average of several acquisitions to reduce the measurement noise. 3. This system presents low sensitivity to parasitic movements of the optical instruments. This approach leads to the calibration of the modulator. To reach an efficient calibration step, the modulator should also be kept under a controlled temperature and piezoelectric tensions must be adapted to the wavelength. In order to properly perform scatterometric measurements one must combine the spectral measurement of the diffraction and the electromagnetic resolution of the simulated structure. Such spectral measurement, also called signature, is composed of a couple of values. The two popular couples are (Ψ,Δ) defined in equations ( 21), ( 22) and ( 23) and (Is,Ic).

The couple Is, Ic

The light intensity detected by the sensor of the ellipsometer, in a modulation phase system, may be expressed as shown in Equation (24):

𝐼(𝑡) = 𝐼 0 + 𝐼 𝑆 sin(𝛿(𝑡)) + 𝐼 𝐶 cos(𝛿(𝑡)) (24)
Where 𝛿(𝑡) is the sinusoidal phase shift between the components of the electrical field and is given by Equation (25):

𝛿(𝑡) = 𝑎 sin(𝜔(𝑡)) (25)
δ(t) represents the phase shift between the electric fields created by the piezoelectric element. The term a is a coefficient that depends of the equipment (coefficient Q), of the applied tension on the piezoelectric (V) and on the wavelength (λ), as shown in Equation ( 26):

𝑎 = 𝑄. 𝑉 𝜆 (26)
In the expression of I(t), since δ(t) is the argument of a sine and cosine, one may use the Bessel functions as shown in Equation ( 27):

{ 𝑠𝑖𝑛(𝛿(𝑡)) = 2 ∑ 𝐽 2𝑚+1 (𝑎). 𝑠𝑖𝑛[(2𝑚 + 1)𝜔𝑡] ∞ 𝑚=0 𝑐𝑜𝑠(𝛿(𝑡)) = 𝐽 0 (𝑎) + 2 ∑ 𝐽 2𝑚 (𝑎). 𝑐𝑜𝑠 [(2𝑚)𝜔𝑡] ∞ 𝑚=1 (27) 
In practice, only the harmonics m=0, 1 and 2 are unneglectable. Therefore, I(t) can be expressed as shown in Equation (28):

𝐼(𝑡) = 𝐼 0 + 𝐼 𝑆 [2𝐽 1 (𝑎) sin(𝜔𝑡)] + 𝐼 𝐶 [𝐽 0 (𝑎) + 2𝐽 2 (𝑎) cos(2𝜔𝑡)] (28) 
From the Bessel curves, the function J0 cancels itself for a value of a = 2.405. Therefore, J0 may be canceled before each measurement since a depends directly of the wavelength. One may adjust the tension V in order to keep a constant and cancel J0. Finally, the intensity I(t) may be formulated as presented in Equation ( 29):

𝐼(𝑡) = 𝐼 0 [1 + 𝑅 𝜔 sin(𝜔𝑡) + 𝑅 2𝜔 cos(2𝜔𝑡)] (29) 
This expression includes a continue component, I0, which corresponds to the intensity of the incident beam. It also includes two harmonics corresponding to the pulses ω and 2.ω generated by the presence of the modulator on the way of the light beam. These harmonics present amplitudes denoted Rω et R2ω which are functions of the terms IS and IC. They may be described as shown in Equation ( 30):

{ 𝑅 𝜔 = 𝐼 𝑆 2𝐽 1 (𝑎) 𝐼 0 𝑅 2𝜔 = 𝐼 𝐶 2𝐽 2 (𝑎) 𝐼 0 (30) 
Is and Ic may therefore be obtained by retrieving the two harmonics from the signal received by the ellipsometer.

It is also important to notice that I0, IS and IC are directly dependent of the Polarizer, Analyzer and Modulator configuration. These elements may be expressed as shown in Equations ( 31), ( 32) and ( 33)):

𝐼 0 = 𝐵(1 -cos 2Ψ cos 2𝑃 + cos 2(𝐴 -𝑀) cos 2𝑀(cos 2𝑃 -cos 2Ψ) + sin 2𝑃 cos Δ cos 2(𝐴 -𝑀) sin 2Ψ sin 2𝑀) (31) 
𝐼 𝑠 = 𝐵(sin 2(𝐴 -𝑀) sin 2𝑃 sin 2Ψ sin Δ)

(32) 𝐼 𝑐 = 𝐵(sin 2(𝐴 -𝑀) [(cos 2Ψ -cos 2𝑃) sin 2𝑀 + sin 2𝑃 cos 2𝑀 sin 2Ψ cos Δ]) (33)
B can be expressed as shown in equation ( 34):

𝐵 = 𝐸 0 2 4|𝑟 𝑝 2 + 𝑟 𝑠 2 | (34)
A, M and P represent the orientation angles of the analyzer, of the modulator and of the polarizer, respectively. Those orientations may be adjusted to some specific values in order to allow the determination of the parameters Ψ and Δ. There are two configurations:

• Configuration 1: M = 0°, P = 45° et A-M = 45° In this case the expressions of I0, IS and IC are simplified and may be rewritten as shown below (normalized in relation to B):

I0 = 1 IS = sin2Ψ.sinΔ IC = sin2Ψ.cosΔ • Configuration 2: M = 45°, P = 45° et A-M = 45°
In this case the expressions of I0, IS and IC are simplified and may be rewritten as shown below (normalized in relation to B):

I0 = 1 IS = sin2Ψ.sinΔ IC = cos2Ψ
In both configurations above, the terms Ψ and Δ may present double solutions. Ψ for Configuration 1 while Δ for configuration 2. If the goal of the study is to obtain the precise values for these angles, both configurations must be performed. Since for the scatterometry usage the values that are employed are IS and IC, one may skip one of the two configurations and still obtain the required data.

Regarding the ellipsometry equipment used, the considered signatures can be the couple (IS, IC) or the couple (Ψ, Δ). Whatever the couple, the data are both determined at different frequencies. There are called spectroscopic signatures. These signatures are obtained directly by the data processing software that is used with the equipment. At this point, the experimental measurements are already performed, which leads to building a parametric model that simulates the theoretical signatures from such model, to compare these theoretical signatures with the experimental ones and adjust the model parameters in order to obtain the closest signatures possible.

Software

As it was previously mentioned, the scatterometry is a metrology technique that is based on building a parametric model in order to obtain the desired measurements. Figure 50 shows a schematic view of this technique roughly separated into two steps, one that is experimental and another that relies on modeling and simulation. For this second part, it is necessary some software development. In the industry, most of the equipment that are dedicated to scatterometry measurements provide a set of tools both experimental and software that enable the data acquisition and handling the building of the model and the determination of the desired values.

The software part of the scatterometry measurements enables determining the previously mentioned tasks by solving both the direct problem and the inverse problem. The so called direct problem corresponds to building the scatterometry model and determining its theoretical signatures. The inverse problem refers to obtaining the model parameters that are the closest possible to the experimental ones.

The direct problem

Solving the direct problem consists of building a geometrical model with a given set of parameters and solve the Maxwell equations in order to determine the electric field E and finally obtain the corresponding optical signals.

The Maxwell equations can be solved using the MMFE (Modal Method by Fourier Expansion) method. This method consists of a development in Fourier series of the dielectric permittivity of a diffractive pattern. This pattern is periodic and must be decomposed in elementary rectangular patterns if the studied pattern is not rectangular. This method allows determining the amplitudes of the incident and reflected electric fields outside and inside the periodic pattern. Using these data over an angular configuration it is possible to return to the equations that allow determining the optical signatures.

In this PhD work the scatterometry technique has been used as a metrology tools and no specific development on this technique has been made. The MMFE is then not detailed and more information on the principle of this technique can be read on different articles [START_REF] Moharam | Diffraction analysis of dielectric surface-relief gratings[END_REF]].

The geometrical model has a certain number of variable parameters. These parameters values may be adjusted to converge to a geometrical solution of the model. The goal is to obtain the parameter values that make the geometrical solution the closest possible to the shape of the original pattern.

The inverse problem

Once the signatures coming from the electromagnetic computation (result of the direct problem) are determined, the next step consists to compare them with the actual experimental data. One way to compare these signals is the mean square error (MSE). It allows to find the set of parameter values that are more likely to describe the geometrical structure present on the sample by minimizing the cost function. this cost function, represented by χ 2 , may be expressed as shown in Equation ( 35):

𝜒 2 (𝑝) = ∑ ( 𝑦 𝑖 -𝑓 𝑖 (𝑝, 𝑞) 𝜎 𝑖 ) 2 𝑛 𝑖=1 (35)
Where yi represents the experimental data, with i ϵ [1,n], n being the number of experimental points (number of wavelengths used on the spectrum of measurements, for instance). The signature presented as f(p,q) and its dimension n, comes from the parametric modeling characterized by a vector p of m variable parameters p≡(p1,…..,pm) and a vector q of k fixed parameters q≡(q1,…..,qk). The σi corresponds to the measurement noise for each wavelength. This noise comes from the equipment and can be determined by experimental way. It is carried out by a huge repetition of measurement in the same conditions and measure the standard deviation. The difference yifi(p,q) represents the distance between the experimental data and the simulated one. In a perfect system, the goal would be to find a cost equal to zero. However, taking into account the noise over the measurements and the uncertainties associated to the model, this is not reachable. Therefore, the ultimate goal of the inverse problem solution is to find the minimum reachable value of the cost function by using optimization algorithms.

In the literature it is possible to find several different optimization algorithms that allow converging to the minimum value of the cost function. Some examples are Levenberg-Marquardt [LEVENBERG 1944, MARQUARDT 1963], the Simplex algorithm [NELDER 1965], Efficient Global Optimization (EGO) [JONES 1998] and simulated annealing [KIRKPATRICK 1983].

Each of those algorithms vary significantly on their performance and robustness and some of them are much more adapted to be employed in scatterometry applications. For instance, the number of parameters to calibrate when describing complex structures is large, requiring algorithms that can manage large solution spaces in a fast pace. Moreover, a global algorithm should be used in order to avoid the local minima. On the case of scatterometry, a poor result on the model calibration impacts directly the quality of the measurement.

Another strategy consists of, instead of using a model and performing an optimization, to use a library [START_REF] Soulan | Développement de la scatterométrie dynamique pour le suivi en temps réel de procédés. Application à la microélectronique[END_REF]]. This strategy relies on previously computed results for a large set of different structures, building a library of signals. For each measurement using this method a search is performed over the library and the structure presenting the closest signal to the experimental one is used as the reference for metrology.

FIB-STEM

In transmission electron microscope (TEM) a very thin specimen (less than 100nm thick) is irradiated by an electron beam. The beam energy may vary from a few kV to hundreds of kV. The measurement must be performed in high vacuum. A schematic of a traditional TEM configuration is presented in Figure 55. The TEM allows examination of specimens with a higher resolution than a SEM (around an order of magnitude higher); the resolution of a nonaberration corrected TEM with field emission source is ∼1.2 Å, whereas contemporary aberration corrected systems have been shown improve resolution down to 0.5 Å [BELL 2012]. An image acquisition using a TEM system would follow the sequence below (in a simplified view):

1. Electrons are emitted from an electron gun. High acceleration voltages (up to 200 kV) are required. 2. The electron beam passes a series of magnetic and condenser lenses and apertures in order to be focused and have its brightness and shape controlled. 3. Electrons travel through the objective lens pre-field. 4. Electrons travel through the specimen. 5. The objective lens post-field focuses transmitted electrons onto the image plane. 6. The image plane is projected by intermediate lenses and projector lenses onto the viewing screen.

Although the basic principle of a TEM system is similar to the one of a SEM, however the types of signals available are different. A schematic of the detectable signals of a TEM system is presented on Figure 56. A Scanning TEM (STEM) combines the characteristics of a TEM and of a SEM. Like the TEM, a STEM requires a thin sample and will build the image using primarily the electrons transmitted by the sample. One advantage of the STEM over the TEM is that the first enables the use of signals that can be spatially correlated, such as secondary electrons, scattered electrons, x-rays and so on. Like the SEM, the STEM performs a very fine scan using a focused beam of electrons. The interactions between the electrons and the sample generate a serial signal, which can be correlated with the beam position to build an image. Its main advantage compared to the SEM method is its higher spatial resolution [BELL 2012].

Figure 57 shows a cross section of a simplified schematic of a STEM tool. Notice how similar from a TEM tool (Figure 55) it is. The main different is the presence of scan coils and the absence of projector lens. A focused ion beam (FIB) microscope is similar to a SEM, but irradiates the specimen with ions (usually Ga+) instead of electrons. The incident ions remove atoms, ions and molecules from the specimen. Secondary ions and secondary electrons may be used for imaging. Secondary ions may be used for characterizing the composition of the sample.

Moreover, a FIB may be used to modify the sample. One of the ways to modify the sample is sputtering, where the ion beam is used for milling the surface of the specimen. Gases can also be used to aid material deposition.

Figure 58 shows a simplified schematic cross-section of a FIB tool. In a FIB-STEM metrology flow presents two beams, one of ions (FIB) and another of electrons (STEM). In a classical operation of a FIB-STEM tool one would rely on the FIB for preparing the sample cross-section and on the STEM for the image acquisition.

This method provides very high-resolution imaging, with good contrast. Moreover, it provides a cross-section view, being ideal for understanding the geometry of the sample. Figure 59 shows an example of a FIB-STEM acquisition of a 280nm periodic line space grating. The main drawback of this technique is that it can only cover a small area at a time. Moreover, although the imaging is fast, it requires specific sampling preparation that makes this approach not feasible for process control in production. Sample preparation is a long and complex task, since most tools are not automated. Moreover, the obtained results using this method may vary significantly according to the quality of the obtained sample. The TEM, as well as the aforementioned SEM, may damage sensitive materials, such as in the case of resist samples. This kind of sample requires extra preparation in order to protect the material before imaging it. Finally, the sampling preparation step is destructive in the area from where the sample is extracted.

Metrology Methods Comparison

In this section four different metrology strategies were presented in more details: CD-SEM, AFM-3D, scatterometry and FIB-STEM.

The CD-SEM strong points are its fast measurements and time to solution (not requiring advanced calibration or modeling). For this reason, it is the workhorse of the industry for CD measurements. On the other hand, the CD-SEM metrology presents strong drawbacks such as providing only a top view and, for this reason, giving very limited information about the profile of the measured patterns. It is also destructive, being more or less aggressive according to the material and acquisition conditions. Moreover, CD-SEM measurements may present errors depending on the pattern profiles.

AFM-3D metrology strategy present as its main advantages its high accuracy, the fact that it is not destructive and provides most profile information. On the downside, AFM-3D method is local and slow compared to CD-SEM. It is also limited to some geometries since in narrow spaces the tip may not scan the surface.

The scatterometry method is really fast in providing measurements and is able to provide a global view of the sample. It is also capable of measuring not only the CD but also most profile information, including materials in underneath layers. Finally, scatterometry is non-destructive being the workhorse of the industry for inline measurements of CD and profile. The main limitations of the scatterometry are the need of periodic gratings as elements to measure. Besides, scatterometry presents a long setup time, including the model calibration.

Finally, the FIB-STEM method presents high accuracy and precision, being often used as an absolute reference by the industry. Moreover, it can measure any type of geometry and provides full profile information. The FIB-STEM method, however, is destructive for preparing the sample and takes hours to days in order to provide measurements. Moreover, since the measurements are very local and time consuming, it does not provide statistical significance to the measurements.

A summary of the advantages and disadvantages of the discussed methods is presented in Table 6. As one can see, all those methods present strong advantages and disadvantages. Those conclusions are reinforced by the experimental results presented in Chapter 3. In order to answer the increasing levels of exigence of the industry for the future technology nodes one would definitely like to be able to combine the strengths of those methods and mitigate their weaknesses. For this propose, the techniques of hybrid metrology have been proposed in order to fusion data coming from different metrology methods. This is the subject of Chapter 4.

Metrology Methods Evaluation

The previous chapter has provided information on different metrology methods, on theoretical aspects as well as hardware tools. It has clearly underlined the fundamental differences between these methods. This chapter presents a study based on experimental measurements from a Design of Experiments (DoE). It will allow evaluations and comparisons to be made in order to study different characteristics and responses of the previously presented metrology methods, with the hope that a) the difference between the results of the different methods can be highlighted, and b) any limitations of these methods for the applications under study might be detected.

In order to reach such goal, five different methods were used. Three of those methods require no special sample preparation, which are, the CD-SEM, AFM-3D and scatterometry. The other two methods, for which some preparation was required previous to the evaluation, are the AFM-Tilt [FOUCHIER 2013a, FOUCHIER 2013b] and the FIB-STEM; the former consists of using a traditional AFM approach with a tilted sample, as described in section 2.2.4. The later allows a direct cut view of a small slice of the pattern, providing clear information of the patterns profile, as described in section 2.4.

In section 3.1, the DoE is presented, including the different measurement tools and the data acquisition strategies. Section 3.2 presents the experimental observations of some effects described in Chapter 2. Note that each comparison study will not use all the metrology methods. The main reason is that it was not always possible to use the samples in different equipment. Finally, the last section (3.3) presents the conclusions drawn from the experimental observations.

Design of Experiment (DoE)

The first important consideration for this experiment is that the post-etch and post-litho information are to be compared. Since a single wafer is used, and that some methods are destructive, only half of the wafer has to be etched, protecting the resist on one side with a cover. This allows the wafer to be measured in both post-litho and post-etch conditions before being measured by destructive methods. This is illustrated in Figure 60. The main purpose of performing the experiments presented on this chapter over both post-litho and post-etch patterns is to observe the response of different metrology methods over different materials and their sensitivity to profile changes. The etching step on itself may impact the profile of the patterns under evaluation, producing geometric differences between post-etch and post-litho samples. This difference may be further accentuated by the different responses that some metrology methods present when performing measurements over silicon or photoresist, for instance.

As an illustration, two profiles acquired using an AFM-tilt tool are shown in Figure 62. -etch). Notice that the AFM-tilt data on post-litho presents a more rounded top and more rounded foot than the post-etch one. This is a typical case where the etching step impacted the feature profile and the metrology method (AFM-tilt) was sensitive to those profile changes. According to the metrology method used, a different number of measurements are performed.

Many of the studies presented on this chapter regards evaluating the CD-SEM measurements under different acquisition conditions. The images presented in this chapter are acquired using a beam acceleration voltage of 300V, except when stated otherwise. This is notably the case when this work studies the impact of the acceleration voltage, where acquisitions at 300V are compared to acquisitions at 500V and 800V as well. Moreover, in order to vary the number of frames used, different measurements were performed using, in most cases, from 4 frames to 256 frames. In order to have some repetition, 3 different chips were acquired for each condition, totaling 21 chips for post-etch and 21 chips for post-litho, as illustrated in Figure 63. The scatterometry data acquisition tool is the Nanometrics Atlas® XP+. The scatterometry measurement data was obtained using the S-Genius platform [FUARD 2013]. Those measurements were performed relying on data acquired from 21 chips.

FIB-STEM data is acquired on a single chip. For the FIB-STEM measurements, the tool Helios Nanolab 450s from FEI, with an additional STEM detector, was used. For each measurement, a small slice of the pattern is extracted. For this process, there are a series of steps applicable only for the sample preparation. More information on this topic is provided in Annex II.

Finally, for the AFM-Tilt, a Bruker Dimension Icon AFM tool was used. A modified sample holder was added in order to allow tilting of the sample. AFM-Tilt data was acquired on a single chip for each different number of frames used on the CD-SEM image acquisition, totaling 7 chips.

The sample was tilted 45° while the scan angle was 90°. The scan was performed on an area that was 2x2µm, in tapping mode. 

Experimental Results

This section presents some of the studies performed in order to obtain new information or reinforce previously available information about the strengths and weaknesses of the evaluated methods.

Shrinkage effect induced by CD-SEM

As discussed in Chapter 2, the interaction of the electrons from the CD-SEM beam with the sample material may have a significant effect on the later, causing damage to the sampleshrinkage, for example. Although this effect may be observed in any material, it is much more significant for the post-litho samples, demonstrating that the resist is highly sensitive to this effect. For this reason, using a CD-SEM for measuring patterns of photoresist is a challenge itself since the pattern observed on the image is changing while being observed [BUNDAY 2009]. In this section, the shrinkage effect is evaluated both by using the CD-SEM itself and by using AFM-3D measurements over an area previously measured by CD-SEM.

Shrinkage Observed on CD-SEM measurements

In order to observe, in a qualitative manner, the shrinkage effect using a CD-SEM, consider the acquisition of two images by a CD-SEM. First, the CD-SEM is used to scan a small area of a line pattern, using a large zoom. The acquisition of this image is intended to cause the shrinkage. This image is acquired using 32 frames, in order to enhance the effect. The resulting image of this first acquisition is shown in Figure 66 In Figure 66 (b) it is easy to observe the shrinkage caused by the previous image acquisition (Figure 66 (a)). Notice that the shrinkage is not presented as an abrupt change on the line with, but as a smooth effect. This is caused by the scattering of the SEM electrons outside the area of the first image acquisition.

Another way to evaluate the impact of the number of frames in the resist shrinkage is to acquire many images from the same pattern using different number of frames. A visual impression of the shrinkage effect over an isolated line of 100nm in resist (post-litho) may be seen in Figure 67. Notice that as the number of frames increases, the line width seems to decrease. The signal to noise ratio of the image seems to improve, and one may expect to obtain more precise measurements over images acquired with a larger number of frames. In Section 3.2.2 a CD-SEM noise analysis will be presented. By comparing Figure 67(a) with Figure 67(e), for instance, some change in the width of the line may be observed.

(a) (b) (c) (d) (e) (f) (g) (h)
The graph presented in Figure 68 shows the measurement values resulting from the images in Figure 67 as a function of the number of frames used. Notice that in this case, which is based on a post-litho sample, the measurement result varies from almost 70nm to as low as 57nm.

Even across a more restricted range of frames, but still using a standard number (such as 8 or 32 frames), the measurement difference can be above 5nm. Observe that, in one sense, by increasing the number of frames one may expect to have less noise and, therefore, improve the precision of the performed measurement. However, due to the impact on the measuring itself on the sample, the measurement has its accuracy reduced.

Shrinkage Observed using AFM-3D

Besides observing the shrinkage using the CD-SEM itself, an interesting exercise is to perform AFM-3D acquisition on a sample that was previously measured using a CD-SEM. For this purpose, a region where a CD-SEM acquisition at 32 frames was performed was also measured using an AFM-3D tool. This AFM measurement included also a portion of the feature not impacted by the CD-SEM, as schematically shown in Figure 69 On the AFM-3D measurement, one can clearly see the difference in height between the portion of the pattern that was also submitted to CD-SEM measurements and the area where no previous measurement was performed. This effect agrees with the results presented in the previous section, but with the added effect here of showing the height change as well as the CD change.

Such study was extended to cover a larger area, including more lines of the LS Grating pattern.

A large AFM-3D acquisition scan was performed with the goal of fully covering (and exceeding) the area of acquisition of CD-SEM images (from the experiment described in section 3.2.1.1). The analysis was performed on a LS Grating of 70nm/280nm CD/pitch, where CD-SEM acquisitions were performed using 32 frames. A 3D view of the acquired AFM-3D data is shown in Figure 70. It is easy to visually observe the impact of the CD-SEM imaging from these data, especially of the height of the patterns. This can also be observed and quantified from the AFM-3D signal measurement both in terms of CD and height, as shown in Figure 71. In the profile presented in Figure 71 it may be observed that the group with no e-beam impact (first four lines of the profile) and the group with 32-frames e-beam impact (all other lines to the right-hand side of the graph) present different CD and height characteristics. For the first line of each group, the measured width varies from 65.68nm to 57.04nm while the measured height difference is 5.15nm.

Notice that these differences caused by the e-beam exposure will reflect in variation on the CD-SEM measurement result since what is measured is no longer the desired feature (it has been damaged and therefore changed).

Shrinkage Observed using AFM-Tilt

Another way to observe the CD-SEM shrinkage effect is to perform AFM-Tilt measurements over areas previously exposed to CD-SEM image acquisition, at different frames. This was performed for post-litho patterns, and it is shown in Figure 72. From the profiles presented in Figure 72 one can see a significant difference between the unexposed pattern and the ones under different exposure conditions from the CD-SEM. It is possible to observe the impact on the profile and that the height of the line is significantly reduced.

This effect can also be seen on Figure 73, which presents a profile acquired over a LS grating where part of the line was previously exposed to a CD-SEM image acquisition and part was not. A schematic of the image acquisition is also presented in Figure 73. Notice that the profile shown in Figure 73 presents a significant change, mostly visible on the sidewall roughness but also on the height.

Table 7 summarize the impact of the shrinkage on the dimensional parameters of the patterned lines (CD and height). The impact of the previous 32 frames SEM exposure is observed both by the SEM and AFM-3D measurements. Such impact is significant (9.8nm for the SEM and 8.76nm for the AFM-3D). The impact over the pattern height is also significant (AFM-3D observed 5.15nm while the AFM-tilt observes 8.4nm). These results also illustrate the impact of the metrology method used for measurement, since SEM and AFM-3D CD measurements present over 1nm difference while AFM-3D and AFM-Tilt present over 3nm height measurement difference. The CD measurement difference may be explained by factors such as the SEM threshold used for measurement (80%) may not correspond to the height of the profile used by the AFM-3D to measure the line width. The differences between AFM-3D and AFMtilt may be explained by the different tips used (tip shape, tip deconvolution process, etc.). 5.15nm ΔH with AFM-tilt 8.4nm * This value is computed using an image which already exposed the pattern at least 2 frames since it is not possible to perform CD-SEM image acquisition without exposing the region

CD-SEM noise analysis

From the acquired data in this experiment it is also possible to quantify the effect of some CD-SEM acquisition parameters over patterns both in post-litho and in post-etch data. Those images are acquired at 300eV. The noise is quantified as the standard deviation of the pixel values on a region that was supposed to provide a uniform value (without any pattern). Figure 74 illustrates a region where the noise was evaluated. A first analysis was performed over the data acquired post-litho. The number of image frames for acquiring the image was varied from 1 to 256 and the noise level was evaluated. Figure 75 shows the different images while Figure 76 shows a plot of the different noise levels for each of the number of frames used. If we ignore the surface roughness that exist in the material, one may consider that all pixel variation comes from the noise.

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)
A similar evaluation was performed on post-etch data. In this case, different acceleration voltages were also considered (300V, 500V and 800V). Therefore, for this evaluation, a matrix of different number of frames and different acceleration voltage was produced. Figure 77 shows the different images of such acquisition while Figure 78 shows a table of the different noise levels depending of the number of frames and the acceleration voltage. The noise level values presented on Figure 78 correspond to the standard deviation of the gray level of the pixels of the image for different number of frames and different acceleration voltages. The data presented on Figure 78 may also be represented as the graph shown in Figure 79. Notice that the number of frames is the preponderant parameter for the image noise. However, a second order improvement by increasing the acceleration voltage is observed as well. This improvement in the noise level is paid as the higher energy has more impact on the signal as well. This is a discussion for the next section.

(c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) (n) (o)
Finally, the post-etch and post-litho data is compared, considering the same acceleration voltage for both acquisitions (500V), as shown in Figure 80. The post-litho data presents more noise than post-etch data. This is basically due to the different material and their interaction with the CD-SEM electron beam [START_REF] Sullivan | [END_REF]]. 

CD-SEM charging effect

During a CD-SEM image acquisition, some electrons may stay trapped on the sample, charging it. This charge will eventually interfere with other electrons that are supposed to generate the image. This is known as the charging effect. This effect happens during the acquisition of a single image, during the acquisition of a single frame (intra-frame charging effect), between two frames (inter-frame charging effect) but also between two image acquisitions (inter-image charging effect). The more frames are acquired, more charges risk to stay on the material and cause larger interference.

In order to evaluate the impact of charging from the acquisition of one image to another image, acquired close to the first one, the following experiment is proposed: fifty CD-SEM images are acquired, one close to the other, divided in ten groups of five images. All other steps such as addressing, pattern recognition and auto focus, are performed elsewhere, in order to avoid further charging impact on the evaluation. The images were acquired using a post-etch sample, which is supposed to be much less impacted by the electron-beam, using 64 frames, in order to present more probability of charging. Figure 81 illustrates the experiment. First, the 1 st Group has its images acquired, starting from #1 and going to #2, #3, #4 and #5. When all images for the 1 st Group are acquired, the acquisition of the images for the 2 nd Group start, respecting the exact same order from #1 to #5. The five images for each group are presented in Figure 82. The other eight groups are acquired on the same fashion. Notice from Figure 82 that the both 1 st and 2 nd Groups presented lighter gray values on the left of the first pattern for image #1 than for any other images of the groups. One may assume that the darker gray levels on the other images are coming from the charging generated during the acquisition to the image immediately to its left (the order for which those images were taken). Since image #1 had no image acquired on its left, they did not present this effect.

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j)
From averaging all lines of the image into a single signal one may observe the average profile for each image. This is presented in Figure 83 Notice on Figure 83 (a) that not only the profile for image #1 is brighter (higher gray level) on the left side (first 100 pixels) compared to the other four images. It also presents a higher first peak, compared to the other images. Moreover, it is also possible to observe that the right "foot" of the left line darker for image #1 than for the other images of the same group. These results are in accordance to the effects described in section 2.1.3.3 Image Resolution Limitations.

The next analysis is to check the impact of such profile variation on the measurement results.

For this purpose, the patterns on images of both 1 st and 2 nd Groups had their CD values extracted. The result of the average of both line patterns present on the image is presented in Figure 84. Each average CD value (in nm) is grouped first per Image number from #1 to #5 and then by Group number, from 1 to 10. Notice that, on Figure 84, the average CD is not different for images #1 compared to the other image numbers. All measurements are basically representing a certain process variability and metrology noise, but there is no clear trend. This indicates that, for this case, the induced charging from one image to the next has no clear impact on the measured CD.

However, the charging between images is only one type of charging observed on the CD-SEM. Another type is regarding the acquisition of one pixel to the next, either on inter-frame or intraframe. This is usually observed according to the beam scan direction.

For instance, on these 50 images presented on this chapter, the scan direction was from the left to the right, from the top to the bottom of the image. Since each image has two lines, one may compare the observed CD on the left line (LL) to the one observed on the right line (RL). This is presented on Figure 85, where for each image all ten groups were averaged. As shown in Figure 85, there is a clear difference in the average of the left line and the right line of this experiment. This average difference between those two lines for the 50 images is of around 0.4nm. This systematic effect can be attributed to the charging during image acquisition as well as of image distortion and some asymmetry on the tool stage or gun. In any case, this can be seen as an additional challenge for the metrology using CD-SEM as the required precision for future technology nodes are below such variation.

A second evaluation for the charging effect was performed. This time, post-litho data was used in order to observe the charging effect between images acquired close to each other. The goal is to observe the effect of the SEM beam electrons over the resist material and how they cumulate from one image to the next. For a single chip, 50 images are acquired, using 32 frames. The image acquisition is performed in ten different rows, for five columns, in the same way as for the post-etch data, as shown in Figure 81.

The average for each of the five images is computed, taking into consideration the ten groups for each chip. Three different chips were evaluated. The graphs for those values are shown in Figure 86. Notice that each point on those graphs represent the average of ten measurements of either the left line (LL) pattern or the right line (RL) pattern present on those images. Notice that there are two different phenomena observed on Figure 86. The first occurs when comparing IM1 to the other images. The left line is larger than for the other images. A second effect is that for each image (from IM2 to IM5) the average CD value grows, for both the LL and the RL. This is probably related to the charging caused by the image acquisition of the previous images on the same row. This hypothesis is privileged in comparison to process systematic variation or chamber asymmetry because this effect is not observed on post-etch data.

Pitch Measurement Using Different Metrology Methods

Different exposure and metrology techniques may generate/provide different CD values for the same targeted feature. However, one metric usually assumed to be constant and generally used as a reference, is the pitch size of a grating pattern. The reason why the pitch is considered constant is that most effects that will decrease the width of a line will, by the same amount, increase the width of the space right close to it and vice-versa.

The goal of this evaluation is to check different methods for pitch measurement. Considered targeted pitch is 280nm on a LS Grating pattern. This evaluation is performed over silicon pattern (post-etch) in order to work with a more stable sample. The first evaluated method was the FIB-STEM. A measurement of a single pitch is shown in Figure 87. Notice that the measured pitch on the middle of the line height is of 284.6 nm instead of the expected 280nm. This difference of 4.6nm is rather large compared to the expected precision of this method. The measurement location and roughness as possible sources of the difference between the expected and observed pitch may be considered. In order to check this hypothesis, seven pitches were evaluated in a single measurement, as shown in Figure 88. The obtained result, as shown in green in Figure 88, is 285nm. Notice that even averaging seven pitches the measured pitch value is not the theoretical one. This contradicts the hypothesis of the pitch being an absolute reference, at least on the presented conditions.

Another method tested on this experiment on the evaluation of the pitch value was the CD-SEM. Three chips were used in this evaluation. Each chip had 50 images acquired, making a total of 150 images. Each image presented only two lines of the LS Grating. The theoretical pitch of the LS Grating is of 280nm. The images were acquired at 8 frames and the CD-SEM measurement performed at 80% of the signal maximum intensity. Although it is known that the number of frames and the threshold value used may impact the CD measurement, they are expected to have no impact on the pitch value itself. The result of the pitch measurements is shown in Figure 89. Notice that most observed pitch values vary within 1nm range between the different images, although for some cases it may go as low as 282.4nm and as high as 284nm. This indicates the precision of this method for pitch measurement. The average pitch value over these 150 measurements is 283.4nm. This value is 3.8 nm higher than the expected pitch value of 280nm.

Assuming the theoretical pitch as a reference, one may see an accuracy error of 3.8nm on this measurements.

Another evaluation was performed checking the average pitch value for CD-SEM image acquisitions using different number of frames to integrate the image. The resulting average is shown in Figure 90. Notice that the average pitch presents an almost constant value, only showing a slight decrease on the large number of frames (starting from 64 frames). This reassures the idea of the pitch as a constant reference, although it is different from the expected 280nm.

Finally, the AFM-3D tool was used in order to measure the pitch of the same 280nm theoretical pitch pattern. Figure 91 shows a profile of a few lines scanned using AFM-3D. By measuring the pitch over the presented profile, it is possible to obtain as average a pitch of 281.35nm. This pitch value is the closest to the nominal of 280nm, as presented on the nominal layout, but it still differs over 1nm.

For a metric that is supposed to be stable, using etched silicon patterns, the expectation was to observe values closer to the nominal one for all methods.

The same evaluation of pitch for different methods was performed on post-litho data, i.e., over resist. The measurements on this case are expect to be less stable than the previous data acquired over silicon. This is due to the sensitivity of the resist to the interaction with the electrons.

Considering the measurements using the CD-SEM, one may expect that the charging effect will produce a great impact on the measurements themselves, but one could expect the pitch to be preserved.

First observation is performed checking the different measurements over the region acquired using 8 frames. This is shown in Figure 92. Notice that on this graph it is possible to see a great impact from the charging, in spite of the previous expectation, on the pitch measurement. It is clear from Figure 92 the three regions, which represents the measurements over three distinct chips. Inside each chip, it is possible to see that the measured pitch value grew as the measurements advanced.

A second evaluation consisted of checking the relation between the average pitch value measured over the images acquired using different number of frames. This result, for post-litho data, is shown in Figure 93. In the case presented in Figure 93, it is possible to see that the number of frames also has a significant impact on the measured pitch, as oppose of what was observed on the post-etch data. Observe that the measured pitch value grows from the 4 frames to the 64 frames acquisition. This trend is inversed on the average pitch measurement for 128 frames and 256 frames.

The large pitch measurement variation observed inside a chip using the same number of frames (as shown for the three chips measured at 8 frames shown in Figure 92) and the pitch measurement variation due to the change on the number of frames (as shown in Figure 93) serve as warnings of the impact of using the CD-SEM for measuring post-litho data.

On the case of the AFM-3D, 23 pitch measurements were performed over the data. The profile of the data as acquired over an area including the previous exposure of CD-SEM is shown in Figure 94 while the measured pitch values over such data is shown in Figure 95. The measurements were performed using 5 or 10 pitches, in the non-exposed and exposed areas separately, and in 23 pitches including exposed and non-exposed areas. Notice that the difference between the pitch value measured using 10 unexposed lines compared to 10 CD-SEM exposed lines is 0.24nm. Moreover, the pitch value for all 23 lines on the profile is very close to the theoretical one (280.02nm). Fluctuations of values, in this case, are usually due to the roughness of the lines, which indicates that the more lines used on the average for pitch, closer to a stable value it is supposed to be. Finally, the pitch value detected by the AFM-3D is the most accurate of the studied methods in this chapter.

CD Measurement Using Different Metrology Methods

The data used for pitch analysis may also be employed for measuring CD values. In this study, the goal is to evaluate the different values of CD measured by different methods. Since the goal is to evaluate the metrology strategies themselves, post-etch patterns were used in order to provide a more stable data.

The four different metrology methods evaluated were: CD-SEM, AFM-3D, OCD and FIB-STEM. For the CD-SEM measurements, data using different number of frames (from 4 to 256 frames) were used. Each number of frames were measured 3 times, in different chips. Figure 96 shows the 21 measurements performed for the CD-SEM analysis. In a similar way, 21 measurements were also performed for OCD. On this case, patterns that were not imaged by the CD-SEM. The measurement numbers correspond to the same presented on Figure 96, with the single difference that the number of frames has no impact here.

Finally, a single measurement for AFM-3D and for FIB-STEM were performed. Those are also performed over unexposed patterns.

In Figure 97, the measurements for the four different methods are presented. Measurements for CD-SEM are performed both at the 100% and 80% heights of the signal, and the 21 different measurements are presented on the abscissa axis. In a similar fashion, the 21 measurements for OCD are presented on the graph. For the single AFM-3D and FIB-STEM measurements, a line was drawn on the graph for comparison, although it is important to remark that no relation to the abscissa axis is given. Those measurements were performed on the chip where CD-SEM measurement #10 was performed. Three values are provided for both the AFM-3D and the FIB-STEM measurements, and those are equivalent to the top, middle and bottom of the pattern measurements. Notice that the AFM-3D measurements present a much larger deviation between top and bottom in comparison to the FIB-STEM one. This is a good indicator that the slope measurement between those two methods may be significantly different. Moreover, it indicates the importance of the definition of how the CD value is measured, especially on the case of 3D measurement strategies.

A trend between the three different columns of chips on the wafer is observed. Measurements of the first column (#1, #4, #7, …) are higher than measurements of the second column (#2, #5, #8, …) and so on. Technically, those patterns were expected to be identical and this variation is probably explained by a systematic process variation.

Observing the scatterometry signal one can see that measurement #19 escapes the trend. It would be expected to present a larger CD value compared to measurement #20, both considering the previous measurements on OCD itself as well as by regarding the CD-SEM measurements. This is likely an outlier measurement on the scatterometry side.

Finally, it is possible to see the large difference in CD measurement values for the different methods. This shows the difference in accuracy of those methods. For instance, there is no threshold value for the CD-SEM signal that would provide measurement values close to the scatterometry ones. It is important to notice that each CD measurement is obtained at a given height of the pattern, independently of the method used. For some methods, it is difficult to control the exact position of the height used and, therefore the comparison of CD measurements for different techniques are expected to present some differences.

Pattern profile measurement using different metrology methods

As discussed on the chapter describing the AFM data acquisition, the deconvolution of the tip profile over the acquired signal mitigates the error due to the dimension of the tip itself. However, in some cases this information can be misleading, depending on the geometry of the sample under analysis and the AFM tip being used. By comparing both signals, the angles on the top of the pattern are not properly identified by the AFM-3D profile. On the other hand, the AFM-3D signal of the bottom of the line is very similar to the FIB-STEM image. The difference observed on the top of the pattern may be explained by resolution limitations of the AFM-3D, as discussed in section 2.2.5.

However, if the AFM-Tilt strategy is used instead, the profile changes significantly. As shown in Figure 99 , the AFM-Tilt profile is close to the observed on the FIB-STEM.

Roughness Measurements

As previously discussed on this thesis, pattern roughness is another important metric to evaluate the quality of fabrication processes and are a useful metric to estimate how the fabricated devices will operate after integration. From the discussed metrology methods, both CD-SEM and AFM are the most commonly used for roughness estimation, both on LER and on LWR measurements. In this section, some results are presented for both techniques.

Edge Roughness observed using CD-SEM

Measuring the roughness using a CD-SEM presents some challenges. For instance, CD-SEM images are not always aligned with the original intended patterns. One example of rotated image is shown in Figure 100. Although the rotation may be minimal, it is easily identified when evaluating the position of the detected edges on the image, as shown on the graph in Figure 101. The graph on Figure 101 shows that, besides the roughness and the noise, an underlying trend is identified. This trend has implications on the roughness calculation when it comes to LER.

If the method used for LER is based on the distance to the average position of the edge (as discussed in Chapter 2), this rotation induces to a wrong roughness estimation. By using such trend to rotate the image on the opposite direction, one may obtain the straight lines required for such computation of LER. The resulting rotated image is shown on Figure 102. Another important aspect is the detection of wrong edge placement points, the outliers. When evaluating a CD value, if some lines of the image are not properly detected, generating a wrong placement of the edge at a single point, it could be compensated by other outliers in the opposite direction and by the average that is computed over several lines. In the case of the roughness estimation, this is no longer true if the roughness is estimated by the distance between every two subsequent lines of the image. An algorithm detecting outliers and removing them from the roughness calculation enable a more accurate evaluation of the roughness of the patterns.

Figure 103 shows the result of the edge placement detection by an image processing algorithm and the points which were considered outliers. Notice that on Figure 103, the resulting edge roughness would be significantly impacted by the outliers, especially when using any estimation based on square of the distance, as described on Chapter 2. Figure 104 shows two detections and their respective LER value. Without outlier detection, the final edge roughness would be of 4.96nm instead of 4.59nm on the example presented on Figure 104. With this detection, some pixels that are not part of the contour could be not detected as outliers and some pixels which are part of the edge roughness could be detected as outlier. It means that this detection is not optimal but in first order cleaning of outliers already aids the LER value to be closer to the actual roughness. This example shows that simple choices such as the image filter used and the outlier detection algorithm can impact directly on the LER measurement result.

Figure 105 shows the average LER over post-litho patterns detected for each different number of frames (from 4 to 256). Each point on the graph represents the average of the measurement over 150 images. This data was collected using both presented post-processing steps in order to obtain more accurate results on the roughness measurement. Figure 106 shows exactly the same evaluation, but over post-etch patterns. For both the post-litho (Figure 105) and post-etch (Figure 106) data, the roughness measurement is significantly impacted by the number of frames used. There are two main causes for this phenomenon. One is the image noise present on the images, which is higher for images with smaller number of frames. The second effect is the interaction of the CD-SEM electrons on the matter that may impact the effective LER, for the post-litho patterns. However, in this roughness measurement approach, the noise of the image plays a significant role on the LER value, being responsible for 10% or more of the measured roughness, in some conditions [START_REF] Yamaguchi | Influence of Image Processing on Line-Edge Roughness in CD-SEM Measurement[END_REF].

For addressing the effect of noise on the roughness estimation, a method for disregarding the high frequencies of edge placement variation while maintaining the lower ones may be used.

One of such methods is the Power Spectral Density (PSD) [START_REF] Azarnouche | Unbiased line width roughness measurements with critical dimension scanning electron microscopy and critical dimension atomic force microscopy[END_REF], MACK 2011].

The PSD method relies on the description of the detected LER signal as a series of frequencies.

Then, when converting back to the spatial domain, a low pass filter is used in order to remove all LER coming from noise.

The signal detected by the implemented edge detection algorithm was used as input of the PSD method in order to extract the LER value. The obtained results are presented in Figure 107 for the PSD method over post-litho patterns while Figure 108 show the same results for post-etch patterns. The comparison between the PSD with the standard CD-SEM LER measurements shows that the PSD values are smaller. These differences are higher for the small number of frames. This is due to strong impact of noise on the CD-SEM LER measurement, which has much less impact (if any) on the PSD approach. As the number of frames increases (between 16 and 32 frames) the distance becomes almost constant, although the PSD results continue to present a LER around 0.25nm lower than the standard CD-SEM LER measurement.

Notice that for the post-litho results, shown in Figure 107, both the PSD trend and the CD-SEM trend continue to reduce the LER as the number of frames on image increase. This is strongly related to the damage made by the electron-beam over the resist material. By comparing this result to the post-etch trends (shown in Figure 108), one may observe that the LER does not vary as the number of frames increases.

Edge Roughness observed using AFM-Tilt

Another evaluation was performed using the AFM-Tilt strategy, as previously described. The goal was to employ this technique in order to compare with the previous PSD result and also as a reference for future studies of the usage of CD-SEM data for LER measurements.

The AFM-Tilt data was acquired on both post-etch and post-litho stacks. The post-litho data was acquired both on areas that were not exposed by CD-SEM measurements and areas where CD-SEM images were acquired on different number of frames. For post-etch data, only areas where CD-SEM images were previously acquired are available.

The AFM-Tilt method allows a 3D view of the LER, being the sidewall profile roughness information available as well. Figure 109(a)-(f) shows the profiles for different data acquisition on a post-litho configuration for patterns either unexposed by a CD-SEM or after being exposed to a CD-SEM for 4, 8, 16, 32 and 256 frames, respectively. As a first impression, one may observe that the Figure 109(a), which shows the unexposed pattern, presents more roughness than the others. This is indicated by the presence of a larger amplitude of variation and the presence of higher frequencies on the variation of the edge position.

Figure 110 shows three examples of profiles acquired using the AFM-tilt metrology strategy for post-etch patterns. In order to better evaluate the sidewall roughness of those profiles, the LER value was evaluated for each height point. This was performed by computing the LER for all coordinates of the profile sharing the same height value (Z coordinate). This allows the construction of graphs of LER as a function of the height of the pattern. Observe that the LER profile for the post-litho, shown in Figure 111 (a), is higher than the postetch LER, shown in Figure 111 (b). It is also possible to see that the post-etch pattern presents less roughness on the bottom of the pattern (Z value between 0nm and 10nm). The post-litho pattern presents the exact opposite behavior on this height. Another difference is that, in the post-litho pattern, one can see a significant difference in LER between the unexposed pattern and the exposed ones.

In order to extract a single value of LER from the AFM-Tilt data, the acquisition on LER considered the average of roughness observed on different sectors of the line pattern profile, as illustrated on Figure 112. First, from Figure 112 one may realize that this method provides yet another dimension of roughness, which is averaged (or non-existent) on CD-SEM top view images. This information is the analysis of roughness on different heights of the pattern profile.

Two different regions were used to evaluate roughness. The first, shown in Figure 112 (a), covers an area from 10nm height to 70nm height of the pattern. This region was selected as large in order to cover a larger area of the side wall and still avoid to measure regions too close to the top or the bottom of the pattern to reduce the risk of measurement artifacts. A second region, shown in Figure 112 (b) was selected going from 15nm to 60nm. This second region may be seen as a more conservative approach to further reassure the measurement for the absence of artifacts.

On both regions, AFM-Tilt data was acquired over regions where CD-SEM images were previously acquired for different number of frames (CD-SEM images acquired using 4, 8, 16, 32 and 256 frames). Moreover, AFM-Tilt data was also acquired over a control region, where no CD-SEM data was acquired or, in other words, where 0 frames were acquired. The resulting LER measurement over resist patterns for these different CD-SEM previous conditions is shown in Figure 113 for both sidewall regions. Notice that there is a difference of 0.2nm between the sidewall region 10nm to 70nm and the one 15nm to 60nm. This can be explained either by some measurement artifact or by an increase of the roughness on the extremities of the pattern height. Moreover, it is a nearly constant difference for all different measurements, reassuring the conclusions that may be taking by using the data from any of these regions.

Moreover, one can see a difference of around 1nm on LER measurements on the region where no CD-SEM data acquisition was performed in comparison to the other regions. This is mostly related to the CD-SEM electrons impact on the resist material.

Some AFM-tilt measurements were also performed over etch patterns. This data was acquired over the same sidewall regions as the previous one, but for a reduced number of CD-SEM preexposed areas. Except for the area that was unexposed, the other areas available were measured by CD-SEM data using either 4, 8, 16 or 32 frames. Figure 114 shows the LER measurement results. Notice that when comparing the side wall regions of 10nm to 70nm height and 15nm to 60nm height the results are almost identical. This is a first difference in comparison to the resist data shown in Figure 113. This indicates that post-etch patterns present a more uniform roughness along the height of the pattern, at least on those ranges. One can also see that the variation on the LER measurement is smaller over etch patterns than over resist patterns. This is mostly related to the electron interaction with the sample material. Finally, the average LER value for resist is larger than for etch patterns.

A last comparison may be performed in order to see the measurement difference between the CD-SEM method and the AFM-Tilt one. Some cases of such comparison are shown on Figure 115. From the graph on Figure 115, it is possible to observe that the AFM-Tilt and the PSD method, in general, present a high level of agreement. Nonetheless, three things call for attention. The first is that the post-litho CD-SEM PSD roughness value observed for 4 frames to be larger than the one observed on 32 frames. A possible explanation is that it is related to a real higher roughness value, since it is in line with the AFM-tilt result. The second attention point is that, for the values observed on post-litho for 32 frames, the roughness estimated by the PSD method is higher than the one from the CD-SEM measurement. This trend was not expected. Finally, there is a significant difference between the PSD LER measurement and the AFM-Tilt one for the 4 frames etch images. This could possibly be explained by the very low signal to noise ratio on those images.

Conclusion

In this chapter, several different experimental analysis of the studied metrology methods were performed in order to show how it is complicated to extract same numerical values of same samples from different metrology techniques.

As a primary goal, the CD-SEM metrology strategy was evaluated, since it is the workhorse of the metrology systems in semiconductors industry. The characteristics of sample damage (the so-called shrinkage effect) was evaluated using the CD-SEM itself as well as AFM tools, either the AFM-3D and the AFM-Tilt approaches. The CD-SEM noise was also characterized as a function of the number of frames. Moreover, the charging effect caused by close image acquisitions was evaluated as well. All those effects were studied as the potential weaknesses of the CD-SEM approach and which should be considered for improving its results on a hybrid metrology approach.

As a standard way to compare different methods, pitch measurement was performed. The intention is to request measurements of a feature that is supposed to be very stable to process variation and, therefore, may be useful to evaluate the accuracy of different metrology strategies. For OCD this evaluation is not performed since this value is used as a constant on the OCD models. For AFM-tilt this data is also not available since the tilted approach is not suitable for CD or pitch measurement. Therefore, the FIB-STEM, CD-SEM and AFM-3D were the methods evaluated on this experiment. What was observed is that both the FIB-STEM and the CD-SEM were not very accurate to find the expected pitch. The AFM-3D, on the other hand, presented pitch value measurements very close to the theoretical one. This makes questioning the FIB-STEM as an absolute reference for metrology.

Another experiment regarded evaluate the CD measurement for four different methods studied in this thesis, namely the CD-SEM, FIB-STEM, OCD, and AFM-3D. AFM-Tilt was not considered since it is not meant for this purpose. Comparison was performed both in post-etch and post-litho patterns. From this evaluation, it was clear that all different methods provided different CD values for the same patterns. This reinforces the idea of the need of improvements on the metrology methods and hybrid metrology comes as a strong candidate on this domain.

The differences between post-litho and post-etch patterns are not exclusively for the measured CD. An evaluation of the AFM-3D and FIB-STEM on the observed profiles was performed. Moreover, the half profile obtained using the AFM-Tilt was also compared. From this analysis one could see that the FIB-STEM is more suitable for sampling the straight angles observed in post-etch patterns. This is confirmed by the AFM-Tilt observation. This fact may be considered as yet a limitation of using the AFM-3D according to the scan strategy and tip used.

Finally, the measurement of LER was also evaluated. This is indeed a challenging topic for current and future technologies and it was interesting to compare the results using a CD-SEM measurement compared to a PSD approach using the same signal and compare it to the AFM-Tilt. On this case, it was possible to evaluate the importance of outlier detection and of a method to reduce the noise in higher frequencies in order to obtain LER values similar to a reference, such as the AFM-Tilt.

All the presented experimental results could confirm that there is no single measurement tool that is able to address all measurement requirements of the industry today. Moreover, that the selection of a metrology tool as an absolute reference is also not an easy task, since each method present complementary strong and weak points. For this reason, Hybrid Metrology is an interesting solution for combining such strengths while mitigating the weaknesses of different metrology methods. This is the topic of Chapter 4.

Hybrid Metrology and Data Fusion

Hybrid Metrology

As previously mentioned, every metrology technique presents strong and weak points. For the semiconductor industry, a combination of different metrology solutions is likely necessary for sub-10nm dimensional metrology [ITRS 2015]. Therefore, it is desirable to develop a method able to combine the strengths of different metrology techniques while reducing the impact of their weaknesses in order to answer to the present and future needs of the industry. In this context, the interest in hybrid metrology techniques have being increasing in the last years.

Hybrid metrology consists in combining two or more results from several metrology techniques in order to obtain improved metrology results [START_REF] Silver | Developing an uncertainty analysis for optical scatterometry[END_REF][START_REF] Vaid | [END_REF][START_REF] Vaid | [END_REF][START_REF] Silver | Optimizing Hybrid Metrology through a Consistent Multi-Tool Parameter Set and Uncertainty Model[END_REF], HENN 2015]. The improvement may be in terms of higher quality (more accurate, more precise, …), more relevant, less expensive, etc. For instance, in our application domain, one may combine both CD and height information from an AFM-3D measurement in order to obtain more precise CD values. Another example is to combine CD measurements coming from CD-SEM, AFM-3D and scatterometry in order to provide a better CD measurement in the end. In a more general point of view, one may combine 1 to N metrology techniques, using different number and types of outputs from each of those techniques (from 1 to k for each technique). All this data is combined together in order to generate 1 to L different outputs. The way to combine different data from different sources can be generically called data fusion, which is the topic of the next section. A graphical representation of the hybrid metrology strategy is presented on Figure 116. 

Data Fusion

Data fusion can be addressed using different mathematical tools. These techniques are widely used in different domains such as aeronautics, geospatial information systems, biometrics, to mention just a few [START_REF] Dasarathy | Sensor fusion potential exploitation-innovative architectures and illustrative applications[END_REF][START_REF] Elmenreich | Sensor Fusion in Time-Triggered Systems[END_REF][START_REF] Castanedo | A Review of Data Fusion Techniques[END_REF]. Nevertheless, there is not a single definition for the data fusion concept. Looking at the literature one may find different levels of restriction in the definition. Some of them are very wide like the one proposed in [START_REF] Mangolini | Apport de la fusion d'images satellitaires multicapteurs au niveau pixel en télédétection et photo-interprétation[END_REF], where data fusion is defined as a "set of methods, tools and means using data coming from various sources of different nature, in order to increase the quality (in a broad sense) of the requested information". But it can also be more restricted, as presented in [GENDEREN 1994], where is stated that "image fusion is the combination of two or more different images to form a new image by using a certain algorithm". This definition is restricted to images but could be extended to more general information. Finally, a definition very close to our application is given in [START_REF] Hall | An introduction to multisensor data fusion[END_REF]]: "data fusion techniques combine data from multiple sensors, and related information from associated databases, to achieve improved accuracies and more specific inferences that could not be achieved by the use of a single sensor alone".

In the next section, some ways to classify different strategies of data fusion are described.

Classification of Data Fusion Strategies

Since data fusion is such a generic term that can cover many different strategies in many different domains, one may classify a specific data fusion strategy according to different criteria, as presented on the next sections. This section presents some different classifications, which are explained in more details in the literature [ESTEBAN 2005[START_REF] Castanedo | A Review of Data Fusion Techniques[END_REF]].

According to the relation between data sources

This classification, as proposed by Durrant-Whyte [ DURRANT-WHYTE 1988], separates the data fusion strategies in three groups: one that presents complementary data sources, a second that present redundant data sources and a third that uses cooperative data sources.

Complementary Fusion:

A data fusion technique relying on complementary data sources.

Complementary data sources are those using input sources that provide information about different parts of the object under study in such a way that lead to a more complete global view. An example of complementary data fusion is to use multiple cameras for observing disjoint parts of a room [START_REF] Castanedo | A Review of Data Fusion Techniques[END_REF]]. This type of data fusion usually do not present an important challenge since the data may be appended. An illustration of the complementary fusion strategy is presented in Figure 117. Observe that the resulting data is the combination as appended of the information provided by each sensor. Redundant Fusion: The data fusion technique that relies on redundant data sources to provide improved data. Redundant or competitive data sources are those who provide independent information over the same property. They are usually employed in fault-tolerant systems as in a voting system. One example would be to have two thermometers checking the temperature of the same spot. Figure 118 presents an illustration of the redundant fusion strategy. Observe that the resulting fused data is the same type of data provided independently by each sensor. Cooperative Fusion: Cooperative fusion relies on data sources that provide independent information or raw data which enables to derive new information, which would not be available using a single source. One example is generating 3D view of an object by combining 2D images from two different sensors at slightly different standpoints. Figure 119 presents an illustration of the cooperative fusion strategy. Notice that the resulting fused data presents a view none of the sensors alone could provide, which is the relation and angle between both sides of the cube. 

According to the types of data

Another way to classify data fusion algorithms is according to the type of data used as input and as output. One may consider that data fusion algorithms either work with raw data, feature data or decision data. Raw data, or simply called data in some contexts, is the data as acquired by the sensors. Feature data are the characteristics that may be used to describe the entity of interest. Finally, decision data is a higher-level information about the entity of interest, usually associated with data interpretation. These three types of data may be combined either being used as inputs or outputs, either keeping the same level of data processing or increasing it. This is based on the Dasarathy's classification [START_REF] Dasarathy | Sensor fusion potential exploitation-innovative architectures and illustrative applications[END_REF]].

Data in  Data out:

The most basic data fusion strategy according to this categorization. Raw data is collected and combined in order to produce improved, but still raw, data.

Data in  Feature out: This type of data fusion uses the raw data as input in order to extract feature information from the entity of interest.

Feature in  Feature out: This category already relies on using a set of features as inputs. This type of fusion may be called feature fusion, information fusion or intermediate level fusion. The goal is to combine different feature information in order to either improve or obtain new feature data.

Feature in  Decision out: This level uses a set of features as inputs and produces a set of decisions as output. One may consider that a decision-making algorithm that relies in combined data from different sensors falls into this type.

Decision in  Decision out:

This is the highest level of decision on this classification. It combines a set of decisions as inputs in order to generate better or new decisions as outputs.

According to the data abstraction level

Besides classifying the data fusion according to the type of data, similar concepts may be used to identify the data fusion algorithms in different levels: low, medium, high and multiple.

Low-level:

A data fusion technique is considered low level when the input data is raw and is used to provide improved raw data. This level is comparable to the classification Data in  Data out.

Medium-level:

This level of data fusion is based on combining features data in order to produce other feature data. On could associate this level to the Feature in  Feature out strategy on the data type classification.

High-level:

The high-level data fusion combines decision data coming as input to produce improve decisions on the output. This method is comparable to the Decision in  Decision out from the data type classification criterion.

Multiple-level:

This category is used to classify the data fusion algorithms that combine different levels of data as input. For instance, using some raw data and some feature data fused together in order to produce feature or decision data.

According to the type of architecture

Another criteria use to classify the different data fusion strategies is according to where the fusion is performed or, in other words, the type of data fusion architecture used. There are at least different types of architectures that may be used while classifying data fusion algorithms: centralized, decentralized and hierarchical.

Centralized architecture: A single processing point that concentrates all the information coming from all input sources. If we assume that the data transfer time is not significant, this strategy is optimal. However, in real life system, if the data volume is significant, the centralized architecture may be penalizing. Figure 120 shows an illustration of a centralized data fusion. Hierarchical architecture: In this strategy, the data is fused in multiple steps. Some fusion may be performed among sensors in a first level while the fusion results may be processed in a second level. There is no limit for the number of levels used. Fusing the data locally may reduce the bandwidth required for data communication, as opposed to a pure centralized architecture. Figure 122 shows an illustration of the hierarchical architecture for data fusion.

Observe that the last fusion algorithm step may even combine some results from previous fusion steps with data coming directly from other sensors. 

Data Fusion Methods

Besides the consideration on the type of data being used and on the selected architecture strategy, another important factor on data fusion technique is how the input data is combined. Different algorithms exist and may be more suitable for some applications or usage conditions than others. This section presents some of the most frequently used data fusion strategies available in the literature.

Fuzzy Logic

Fuzzy logic is a form of multivalued logic in which values may be any real number between 0 and 1, as oppose to the Boolean Logic where values may only be either 0 or 1. The main goal of Fuzzy logic is to allow an easy way to handle situations that intuitively one knows that cannot be neither 100% true nor 100% false. Another way to describe this is that Fuzzy Logic is a way to derive conclusions from imprecise premises.

Its origins come from Lukasiewicz work and three-valued logic [LUKAZIEWICZ 1920], which was later extended to n-valued logic. However, it is only in 1965 that the term Fuzzy Logic is employed directly [START_REF] Zadeh | Fuzzy Sets[END_REF].

Two important concepts of the Fuzzy Logic are the graduation and granulation. The graduation principle is that on the Fuzzy Logic universe everything can be graduated, which means that any entity may be associated to a degree. All things on the Fuzzy Logic universe may also be granulated, which means that any entity may be associated to an attribute value. For example, the age of a person is a continuous value if one considers that is the exact time since that particular person was born. However, one may quantize this value as in years. Finally, one may granulate the age of a person as classified as young, middle-aged or old. The slope on the edge of a group do not need to be linear. Any function may be used to describe the transition between groups. Some examples are illustrated in Figure 124. The Fuzzy inference systems is a computing framework based on the concepts of Fuzzy Logic.

The basic structure of such inference system consists of three components: a selection of fuzzy rules, a database defining membership functions and a reasoning mechanism, which performs the inference procedure based on the described rules.

The first step is the fuzzification, which assign each variable of the system to a group, described by its membership function. After all inputs are fuzzified, the rule evaluation step is performed. This produces the output of the fuzzy logic system, also in terms of groups. The final step is the deffuzification, which allows the fuzzy logic algorithm to produce a numerical output back from the group of the output value, such as in the case of a metrology result.

The application of fuzzy logic for hybrid metrology as the data fusion brick consists basically on adopting different inputs variables from different metrology techniques and features (such as CD value, height, etc.). The resulting output may also be a feature value. If low level fusion is targeted, the strategy would be to use as inputs the parameters extracted from the raw data coming from the metrology techniques. The result would still be a feature value on this case. However, the big challenge of applying fuzzy inference for data fusion is the required expert knowledge while determining the membership functions and the rules. These definitions are not straightforward since in metrology the goal is not a fuzzy description but a precise and accurate measurement of one or more feature dimensions. However, this strategy may be used in the context of inspection where the fuzzy output is enough on indicating if a given set of measurements indicate a circuit that should pass or fail in inspection test, for instance. In this context, fuzzy decisions may apply as for evaluating how far from target some measurements are and how many of those measurements are actually off, and so on.

Neural Networks

Neural Networks are adaptive networks that may be improved by supervised learning inspired on the structures present on the brain. The first work using this approach was proposed by [START_REF] Mcculloch | A Logical Calculus of Ideas Immanent in Nervous Activity[END_REF]]. Since then, the computer power increase allowed the complexity of the proposed structures to grow to a level where this approach could be effective in many domains, but specially on decision making algorithms [ANDERSON 2003].

The network structure consists of a given number of nodes connected through directional links.

Each node represents a processing unit while each link represents the relationship between them. Some nodes are also connected to the inputs of the network while others are connected to the outputs of the system. Figure 125 represents a sample of a Neural Network. On a neural network, the output of each node is modifiable by changing the value of a set of parameters of the node function. The value of these parameters are calibrated based on a learning process from which a set of known output values are used as a reference in an optimization process. The learning system uses as input the difference between one or more results coming from the neural network and the reference value for the same input in order to generate a new set of parameters. This new set of parameters is then used in the neural network on the next iteration of the learning process. Once the set of parameters of the neural network is fixed during the learning process, the neural network is ready to be used.

The basic element of a neural network is the neuron itself. An artificial neuron is composed of inputs, a cell body where a simple function is implemented and an output. Figure 126 shows a representation of an artificial neuron. A general artificial neuron (from now on called only neuron on this text) may contain one or more inputs and only a single output. Neurons may be classified in different categories according to the function they implement and the values they accept as inputs and provide as outputs. This function, is association with the neuron activation function is responsible for determining the output value of the neuron.

Although a single neuron may be used for some applications, usually they are combined in a network in order to produce more sophisticated results. There are different ways to connect neurons in order to build neural networks. Usually one way to classify neural networks is according to the number of layers. A classical architecture of a neural network is the feedforward. This type of neural network presents connections that never form a cycle. In this kind of network, information moves in a single direction, forward, from the input nodes towards the output nodes, passing by as many hidden layers as necessary.

One important aspect of the neural network is the learning process. In a common approach, called back-propagation, the output value produced by the neural network is compared to the desired one and the difference is considered the error. The error value is propagated back through the neurons of the network using according to the current weights, which are adjusted by small amounts. After repeating this process for a sufficiently large number of times, the network may converge to a solution.

The usage of neural networks as a data fusion algorithm for hybrid metrology can be performed either as a low-level or a high-level approach. On the high-level, input data would be the measurements of different features (such as CD, height, etc.) from different tools. The learning process would require a reference metrology result to be used to better calibrate the weights of the different inputs. On the low-level approach, the inputs would be raw data from different metrology tools and the output would be the resulting measurement. The challenge of using neural networks for hybrid metrology is the required data for the learning process, especially the need of a reference value for the final measurement. This limits the training data set and may restrict its use for very specific cases.

Bayesian Inference

Another strategy to perform data fusion is based on Bayesian Inference [START_REF] Stuart | [END_REF]. This method provides a way to combine evidence according to the rules of probability theory.

The Bayesian inference is based on the Bayes rule [KASS 1995] as presented in equation (36).

𝑃 (𝑌 | 𝑋) = 𝑃 (𝑋 | 𝑌) 𝑃(𝑌) 𝑃 (𝑋) (36) 
Where 𝑃 (𝑌 | 𝑋) is the posterior probability, which represents the belief in the hypothesis Y given the information X. 𝑃(𝑌) is the a priori probability of the hypothesis, 𝑃 (𝑋 | 𝑌) is the probability of having X given that Y and 𝑃 (𝑋) is the probability of X, on this case used for normalization purposes only.

This representation may be generalized for a series of exhaustive and mutually exclusive hypothesis as shown in equation (37).

𝑃 (𝑌 | 𝑋) = 𝑃 (𝑋 | 𝑌) ∑ 𝑃 (𝑋 | 𝑌 𝑖 ) 𝑖 𝑃 ( 𝑌 𝑖 ) 𝑃(𝑌) (37) 
The main difference between Bayesian Inference and other statistical inferences, such as the frequentist inference [START_REF] Stuart | [END_REF], is that the a priori probability is taken into account in order to draw a conclusion. In other words, in order to reject a hypothesis, we should not only consider if there is evidence that does not match with it but also if originally the hypothesis was considered as likely or not. This leads to require much more evidence in order to accept a hypothesis that was considered unlikely, while requiring much less evidence to accept a likely one.

One way to understand the Bayes rule is to consider how a new evidence can be used in order to "update" the current probability of a given hypothesis to a new value. For example, consider that we flip a coin 4 times and obtain 4 times tails. Does this mean that this coin is not fair?

If we consider no a priori hypothesis, such as in frequency statistics, one would say that a fair coin has a probability of generating four tails is of 6.25% (probability of getting tails in one flip is 0.5, the probability of obtaining two in a row is of 0.5 * 0.5 and so on). So, in a frequentist approach, a fair coin has 6.25% chance of generating this result or, rephrasing it, this coin has 6.25% of being a fair coin. However, if the Bayesian Inference is considered, one may include an a priori hypothesis. For example, if the coin comes straight from the bank, or from your own pocket, the hypothesis of this coin being fair is very high, you may say that such probability is of 95%. If, however, this coin belongs to a gambler on the street you may probably give a much lower probability, let's say 50% of being a fair coin. Table 8 shows the evolution of the Bayesian inference for presumably fair coin for the first four flips yielding tails. Probability of an unfair coin is 1probability of a fair coin. Where 𝜇 𝑥 is the mean of the sample x, 𝑥 𝑖 is the i th value of the distribution, 𝑥 (𝑖) is the i th smallest number of the sample (i th order statistic) and the constants 𝑎 𝑖 are given by equation ( 44).

Coin flip

𝑃𝐷𝐹 ∝ 𝒆

(𝑎 𝑖 , … , 𝑎 𝑛 ) = 𝑚 𝑇 𝑉 -1 √(𝑚 𝑇 𝑉 -1 𝑉 -1 𝑚) ( 44 
)
Where m is given by ( 45):

𝑚 = (𝑚 𝑖 , … , 𝑚 𝑛 ) 𝑇 (45) 
Where V is the covariance matrix of order statistics of independent and identically distributed random variables sampled from a standard normal distribution and 𝑚 𝑖 , … , 𝑚 𝑛 are the expected values of such order statistics.

If the p-value is less than the chosen confidence (alpha) level, the null-hypothesis is rejected and one may say that the data is not normally distributed. This test can be biased if the data set is small. On these cases, visual approaches such as the Q-Q plots [START_REF] Wilk | [END_REF]] may be used as a complementary analysis.

Dealing with Bias: Another issue of using the presented strategy of Bayesian Data Fusion is the presence of bias among the different data sets used [ZHANG 2012]. If a data set is biased, a debiasing step must be performed before providing the data to the Data Fusion process.

One way to perform debiasing is to identify a reference distribution and attempt to remove the bias among the biased and the reference distributions [START_REF] Hazart | Data Fusion for CD Metrology: Heterogeneous Hybridization of Scatterometry, CDSEM and AFM data[END_REF]]. The principle of debiasing is illustrated in Figure 128. The proposed debiasing approach is based on an overdetermined equation system allowing matching the reference value and the same value obtained by the biased distribution. It is formulated as shown in equation ( 46).

[ 𝑏 1 𝑏 2 ⋮ 𝑏 𝑛 ] = [ 𝐴 1 1 ⋯ 𝐴 1 𝑚-1 ⋮ ⋯ ⋮ 𝐴 𝑛 1 ⋯ 𝐴 𝑛 𝑚-1 1 1 1 ] [ 𝑥 1 𝑥 2 ⋮ 𝑥 𝑚 ] + 𝑒 , ( 46 
)
where bi is the i th point of the reference distribution. 𝐴 𝑖 𝑗 is the i th point of the j th distribution of the data to be debiased. xj is the j th debiasing coefficient and e is the error to be minimized. m-1 is the number of distributions and n is the number of elements on the data sets. Typically, the e is minimized by a least square method.

Notice that the column of "1" added to the A matrix prevents b parameters matrix to be strictly a linear combination of A parameters. Thus, a potential shift is then taken into consideration through the xm debiasing coefficient.

Knowing source uncertainties: Another limitation of the presented Bayesian approach is the requirement of providing each source uncertainty value for the equation. This uncertainty can be approximated by the standard deviation of the data set if all data elements are supposed to represent the same information. For instance, consider the following example: One performs 20 experimental measurements of the weight, in grams, of coins. Considering that all coins used were supposed to be of the same type, presenting the same specified weight (for instance, 10 grams), and that the measurement results are the ones presented on Figure 129. A variation around the 10 grams reference value is observed. This variation can come part from the evaluated coin (effective differences between the coins measured) and from the measurement itself. If we consider that the same coin was weighted 20 times, instead of 20 different coins, and that this measuring method has no impact on the coin weight, one may say that this variability is the uncertainty of the data. The value of such variability may be estimated by the standard deviation of this distribution in relation to the reference value. For the given example, the standard deviation is of 1.41g.

This uncertainty may be more difficult to identify if the set of data is not representing all the same information. For instance, consider that the measurements are performed over different coins, from different types, presenting weights varying from 10g to 48g by 2g increments. The measurements of this example are shown in Figure 130. Observe that if the standard deviation of this distribution is evaluated directly, the value is elevated by the trend on the data. This information may be misleading in regards to the actual data uncertainty. As a reference, the standard deviation of this data set is of 9.37g. However, by identifying and removing the data trend, one may estimate the uncertainty by computing the data standard deviation of the residual. Figure 131 shows the data after removing the trend, which provides a standard deviation of 1.41g. Ideally, one should prepare a design of experiment for determining each data source uncertainty. This would consider all the sources of variation data the experiment could be submitted. Several repeated experiments under the same conditions and representing conditions similar to the ones over which the data is acquired is the ideal condition. The usage of a trend as a reference can be a workaround the limitation of performing such comprehensive experiment and should be used with care.

The application of Bayesian Inference for hybrid metrology as the data fusion brick consists basically on adopting different inputs variables from different metrology techniques and features (such as CD value, height, etc.). The resulting output may also be a feature values.

If we consider that some of the metrology available methods, such as the CD-SEM and the AFM-3D presents high accuracy for CD measurements while the scatterometry does not, one may apply the debiasing step to first center the scatterometry data on the same reference value as the other methods before applying the Bayesian fusion. Figure 132 shows an example of different distributions based on their accuracy and precision. 

Hybrid Metrology in Semiconductor Industry

As discussed in the beginning of this chapter, Hybrid metrology is required for improving measurement quality for advanced technology nodes. In recent years, many studies have been performed in order to evaluate different strategies for combining data from different metrology techniques in order to improve feature measurements, in terms of accuracy or precision or both.

Mainly, two distinct approaches may be identified: one that combines data from different feature measurements such as CD, height, sidewall angle, etc.; another that combines different metrology models, such as combining scatterometry model with SEM model. There are many SEM models described in the literature, presenting different levels of complexity [FRASE 2007, FRASE 2009[START_REF] Babin | Simulation of scanning electron microscope images taking into account local and global electromagnetic fields[END_REF], MACK 2015[START_REF] Mack | [END_REF][START_REF] Mack | [END_REF].

On the approaches combining different feature measurements from different tools, it is often employed the combination of scatterometry data with CD-SEM measurements [START_REF] Vaid | [END_REF][START_REF] Vaid | [END_REF][START_REF] Godny | [END_REF][START_REF] Hazart | Data Fusion for CD Metrology: Heterogeneous Hybridization of Scatterometry, CDSEM and AFM data[END_REF]. AFM-3D data is also combined with scatterometry in order to improve the profile measurements [ZHANG 2012]. The combination of AFM-3D with CD-SEM measurements for better profile description may also be found in the literature [RANA 2010].

In what concerns the combination of different models, some techniques base the scatterometry data as a profile input for using on SEM model simulation [HENN 2015] or in a co-optimization approach [START_REF] Vaid | [END_REF].

In this thesis, CD measurements from CD-SEM and scatterometry and height measurements from AFM-3D and scatterometry were combined in a hybrid metrology approach. The goal was to joint the precision of the scatterometry to the accuracy of CD-SEM and AFM-3D measurements.

Conclusion

In this thesis work, data fusion was used to improve feature measurements by combining metrology results from different tools. Therefore, regarding the type of data, it may be classified as feature in-feature out approach. According to the data abstraction, this strategy may be classified as medium level.

In the performed experiments, only one feature was used at a time (for instance CD measurements to provide a better CD value). Therefore, regarding the relation between data sources, the implemented data fusion approach can be classified as redundant. It would be also possible to consider implementing cooperative fusion by combining information about different features in order to obtain improved measurements. For instance, including height measurements in order to improve CD hybrid results. The structure presented in this work is compatible with this usage, although no experiment was performed.

All the input data is provided to a single module that produces the hybrid result, which, regarding the architecture classification, characterizes this implementation as centralized data fusion.

In summary, the hybrid metrology results presented in chapter 5, are based on a centralized, feature in-feature out, redundant, medium-level data fusion.

As for the data fusion algorithm, three options were considered: Fuzzy Logic, Neural Networks and Bayesian Inference. From these three methods, the Bayesian approach was selected.

The main disadvantage of the Fuzzy Logic for the applications presented on this work is the need for a priori user knowledge in being able to describe the Fuzzy Rules. This is particular true since the relation between the metrology results issued from different methods vary according to the type of sample being measured (materials, feature characteristics, etc.). This makes describing Fuzzy Rules for this application virtually impossible.

On the Neural Networks case, the challenge is in determining a training set. For the Data Fusion applied for Hybrid Metrology case, this represents indicating for some combinations of measurements issued by different tools what is the "true" metrology result. This is no simple task unless a third method is selected as an absolute reference. In this work, the choice of not working with an absolute reference was made.

In the next Chapter, some results of applying the Bayesian approach for Data Fusion on the context of Hybrid Metrology are shown.

Experiments and Results

In the context of this thesis, data fusion is applied to hybrid metrology for microelectronic and nanotechnology applications. In Chapter 3, different metrology techniques have been applied for better understanding of the metrology strategies themselves.

In this chapter, a campaign of experiments is presented in order to evaluate the combination of some of those metrology techniques in a hybrid metrology approach. These experiments will produce a significant amount of data in order to evaluate the presented data fusion technique.

The considered metrology methods are CD-SEM, scatterometry and AFM-3D and, therefore, the experiments must be suitable for those three methods. The goal is to obtain a final measurement of geometric dimensions (such as Height and CD) for aggressive periodic patterns with high precision and high accuracy. The next section describes the design of experiment (DoE) for this experiment while section 5.2 presents the results for the debiasing step (section 5.2.1) and for the Bayesian inference as hybrid metrology (section 5.2.2). A conclusion is given in section 5.3.

Design of Experiment (DoE)

Different metrology methods have their response impacted differently according to sample densities, sizes and materials. Therefore, the proposed Design of Experiments (DoE) must be able to evaluate the data fusion strategy on such different conditions. The goal of this DoE is to screen and characterize the different impacts that variations in pattern density, pattern dimension, measurement trends, and different materials may have on the presented Hybrid Metrology approach. Moreover, the produced experiment should provide statistical significance.

The standard pattern adopted for this experiment is line-space gratings. The use of periodic lines, in comparison with more complex patterns, reduces the process variability. It is also more suitable for scatterometry measurements. The nominal line CD is either 100nm or 70nm, which allows CD-SEM acquisitions to be performed in its optimal magnification. The smallest nominal space is also 100nm, enabling AFM-3D to obtain high resolution since such space leaves enough room for the AFM tip to scan the pattern. Finally, the grating dimension is sufficiently large to allow scatterometry to be performed over a uniform region.

In order to obtain the aforementioned variability, the line-space gratings are created with three different densities: isolated, semi-dense and dense lines. Each of those gratings is described in Table 9 and illustrated in Figure 133. Each of these patterns is exposed 45 times on a wafer. Among the masks available in the laboratory, each one presenting different line densities patterns were used for this experiment.

One for the dense and isolated lines, and a second mask for the semi-dense lines. The wafer map for each exposure is shown in Figure 134, in (a) for dense lines and isolated lines, and in (b) for semi-dense lines. Two different exposure strategies are used. The first approach, which exposes all 45 chips with the same exposure dose and focus distance, is used in order to provide larger statistic information over a uniform environment. This approach is called CDU exposure strategy. The second approach, which varies both the exposure dose and focus distance around their nominal value, is used in order to induce variations on the original CD and height of the patterns. This second approach is known as Focus-Exposure Matrix (FEM) The dose and focus variation for each line densities are shown in Table 10. In addition, in order to explore the effect of different materials, the measurements are performed after two different process steps: Post-Litho and Post-Etch. Then, the method can be evaluated over resist measurements and over silicon measurements. The stacking materials used for each step process are shown in Figure 135. All measurements must be performed over the same grating region in order to avoid extra variability. CD-SEM setup for acquisition must consider using a reduced number of frames and a low voltage in order to reduce the impact of resist shrinkage (as discussed in 2.1.3.3.3 and demonstrated in 0). Since the intended use of the AFM-3D data is height measurement, the acquisition should be performed in Deep Trench mode using a sharp tip in order to maximize its precision.

An overview of this design of experiment is presented in Figure 136(a). Figure 136(b) illustrates how the data acquisition, using each one of the three different methods, is performed on the same region for each of the 45 chips on each wafer. The resulting volume of data presents around 27000 CD-SEM images, 540 AFM-3D scans and 540 scatterometry signals. On the FEM wafers, the pattern CD values ranged from ~70nm to ~130nm, while for the pattern height the values varied from ~120nm to ~150nm. On the CDU wafers, the CD variation is 3σ≈2nm. The next three subsections describe the image acquisition for CD-SEM, AFM-3D and scatterometry data, respectively.

CD-SEM Acquisition

The tool used for SEM image acquisition was Hitachi CG4000®. The acceleration voltage used is 300V while 4 frames are used to acquire the images. The reason for this choice is to reduce the impact of electron mater interaction. As it was presented on section 0, the impact on the pattern dimension due to the increase of number of frames is non-negligible while the energy has an important role as well. For the precision, which is penalized by the used number of frames, an image treatment algorithm was developed to compensate for such effects. This topic is discussed in more detail on section 2.1.3.3. Fifty images are acquired per pattern, as illustrated in Figure 137.The images are organized in 10 rows of five images each. The images are acquired side by side in the way illustrated by the red boxes in Figure 137. Notice that the CD-SEM addressing, pattern recognition and auto focus are performed outside of the image acquisition area and performed only once for every five image acquisitions, in order to avoid sample damage. 

AFM-3D Acquisition

The equipment used for AFM 3D signal acquisition is the Bruker InSight® 3DAFM. Data acquisition is performed using Deep Trench scan mode with a cylindrical tip in order to provide accurate height measurements. The acquired data is treated by using the Bruker NanoScope® software.

As discussed in section 2.2, AFM-3D measurements are slow and it makes a challenge to cover large areas on the sample. Therefore, only 50nm of the length of the line patterns were acquired using the AFM. Moreover, for the isolated lines, the acquisition area was 4µm wide, in order to assure at least the acquisition of four pattern lines. On the semi-dense and dense patterns, the acquisition area could be reduced to 2µm wide while ensuring that several line patterns would still be acquired. By reducing the area, the acquisition time could be significantly improved. Figure 138 shows an illustration of the acquisition area for (a) isolated, (b) semidense and (c) dense lines. 

Scatterometry Acquisition

For the scatterometry data acquisition, the Atlas® XP+ tool from Nanometrics is used. The spot may be considered circular, with a diameter of 50µm. This diameter allows covering up to 250 lines (in different lengths) on the dense lines pattern, 178 lines of the semi-dense pattern and 45 lines of the isolated lines pattern. This makes the scatterometry, by far, the more surfaceaveraging method, being less sensitive to process variability.

The scatterometry measurements data is extracted using the S-Genius platform [FUARD 2013]. The models used and the calibrated parameters are shown in Figure 139. The CD measurements provided by the scatterometry correspond to the calibrated value of the w0 parameter, both for the post-litho and for the post-etch data. In a similar way, the height measurements are determined by the calibrated h0 parameter value.

Data Fusion Treatment

In this section, some results obtained applying the described fusion process in section 4.2.2.3 are discussed. For this purpose, both exposure strategies FEM and CDU included in the DoE are used. The FEM data is used to evaluate the debiasing step since it presents some behavior that cannot be explained simply by subtracting the mean difference, requiring a more robust debiasing strategy. As for the Bayesian result, the CDU data is used since it enables digging deeper in statistics considerations.

Debiasing step discussion

Let us consider the case of the post-litho, Low Density Lines, FEM exposure wafer. Figure 140 shows CD values measured by CD-SEM in blue and by scatterometry (CD-OCD) in green, for each of the 36 chips on the wafer (remaining after removing outliers from the 45 measured chips). Notice that there is a non-uniform bias between the two curves in Figure 140. Since the CD-SEM is considered to provide more accurate results than the scatterometry, since the last can present correlation between the parameters and imperfections of the modelling, it may be used as a reference for the debiasing.

In order to evaluate the robustness of the proposed debiasing technique, the entire set of data is separated in two groups: calibration and validation. The first group is used to compute the debiasing matrix (as shown in equation ( 46)), and the second group is the remaining points over which we can evaluate the calculated matrix. The calibration points used in the debiasing computation step are randomly chosen and are called "Calib-Set 1". The result values are naturally not centered on a mean value because of different focus-dose exposure conditions.

Figure 141 (a) shows CD values measured by CD-SEM in blue, by scatterometry (OCD) in green, as in Figure 140, but it now includes the computed debiased scatterometry (in red), and the "Calib-Set 1" points, marked as pink stars.

The comparison between the scatterometry results before and after debiasing shows that the proposed method successfully centers the distribution around the reference value. This matrix remains valid for the entire range of CDs presented on the wafer and not only for the points used for "Calib-Set 1". Note that only twelve calibration points (indicated by stars) are used. If the left-hand side of the curve could let think that the process is a simple "shift", the right-hand side demonstrates the actual robustness of the technique. This is even more visible on the Figure 141 (b), which shows the relative difference to the reference technique. In green, the relative difference before debiasing presents high and erratic values; in red, the difference after debiasing presents a less erratic distribution, with lower difference values.

The mean and standard deviation values of the differences before and after debiasing are shown in Table 11. Notice that before debiasing, the mean difference between the reference and the scatterometry value is of 13.32nm, while the standard deviation is of 5.91nm. After debiasing, the mean difference is reduced to -0.34nm with a standard deviation of 1.76nm. If only the noncalibration points are considered, the mean error is reduced from 12.69nm to -0.06nm while the standard deviation goes from 6.84nm to 1.76nm. Notice that the values including or not including the calibration points are of the same order of magnitude, indicating the robustness of the debiasing method. Another interesting fact presented in Table 11 is the improvement of the minimum and maximum errors after debiasing. Observe that the point presenting maximum difference before debiasing (the green line in Figure 141(b), chip #22) is not included in the calibration set and, nevertheless improved from 22.39nm to almost zero, and the new maximum error of the debiased distribution is of 3.64nm. The range of the differences is significantly improved, from 24.91nm to 6.89nm.

Impact of the Debiasing Points Selection

An important aspect of the debiasing step is the impact of selected calibration points. In cases where there is a global trend on the data, such as on the FEM wafers where each measurement value is expected to vary according to the dose and focus used, this trend should be properly sampled. For instance, consider the case of height measurements on a FEM wafer samples with only 6 points on the calibration set. Three different random calibration sets were selected, as shown in Figure 142. A second illustration of the point selection impact is obtained by selecting a different set of twelve points for the debiasing presented in Figure 141. Let us consider this second set of twelve points, called "Calib-Set 2", is randomly selected. Table 12 presents the statistical results for debiased scatterometry "Calib-Set 2", showing inferior results compared to "Calib-Set 1". Figure 143 is analogous to Figure 141 for "Calib-Set 2". Notice that the debiased result (red curve in both plots of 22) differs significantly from the results obtained using "Calib-Set 1". While in the left-hand side the quality of the debiased result improves, it shows a significant degradation of the result quality on the right-hand side. This can be attributed to the "Calib-Set 2" poor sampling coverage of the dose-focus space of the FEM. Most of the sampling points are concentrated over a more uniform region of the distribution, leaving a large area of the dose-focus space uncovered and, therefore, missing part of the trend of the FEM actual data variation. This means that the optimal choice of calibration points for a given manufacturing process is in itself a question. There are several different strategies to address the distribution of sampling points on an ndimensional space. The first approach is to uniformly distribute samples. So, if N points are to be used, the space is equally divided into N parts and from each part a single sample is extracted. Although this approach presents good space coverage, it suffers from being regular, and therefore subject to be influenced by periodical events. Another straightforward approach is to randomly distribute the samples points over the input space (e.g. Monte Carlo method). On this approach, its randomness makes it more robust to regular events, however as shown in the previous example there is no assurance that all portions of the space are covered. A more suitable approach is to employ coverage strategies such as Latin Hypercube Sampling (LHS) which provides good coverage of the space with sufficient randomness to not be strongly impacted by periodic events. This approach, well described in literature, is based on discretization of the space in order to make a smart sampling, in an attempt to improve the space covering. Some advanced strategies of LHS, such as U-Sampling LHS or Orthogonal LHS may assure points selection with weak correlation while assuring good coverage of the space [START_REF] Mckay | [END_REF], TANG 1993].

Impact of Outliers on Debiasing Points

As it was presented on the previous section, by reducing the impact of the data variability, either by using a polynomial approximation of the data or by filtering it, it is possible to use a smaller number of points for the debiasing procedure. However, as the number of points is reduced, another important aspect may impact the quality of the debiasing result, which is the presence of outliers.

In order to illustrate this impact, consider the debiasing result presented on Since outliers are also an issue for data processing, including the Bayesian Data Fusion, the best solution is to first apply an outlier detection algorithm before performing Hybrid Metrology. The same dataset used in this example is presented in Figure 145 after applying outlier removal by the IQR technique, excluding extreme outliers only (as described in section 1.2). Notice that considering the result presented in Figure 145 that it is possible to argue that other points may also be outliers, but are not detected by the extreme outlier range used. Those points could eventually impact the debiasing result if included on the debiasing set but, since their values are not so distant, their impact would be less significant.

Statistical considerationsdebiasing and Bayesian fusion

For the purpose of statistical considerations, CDU wafers are more suitable since all the chips are exposed in the same dose-focus conditions and, therefore, may be expected to produce similar results. Consider the example of a post-litho, Low Density Lines, CDU exposure wafer.

Figure 146 shows the distribution of height values given by (a) AFM-3D, (b) scatterometry, (c) after debiasing scatterometry and (d) after the Bayesian fusion. Figure 146(e) shows the raw data of the four distributions. The data comes from 45 chips of the wafer, which can be measured in a reasonable time, providing sufficient qualitative information. AFM-3D data is used as the reference for the debiasing step. From the analysis of the AFM-3D and scatterometry graphs, in Figure 146, two remarks can be made:

-First, we can see that scatterometry gives, in this situation, inaccurate data in relation to the reference. The mean value for Height, as shown by the AFM-3D is around 144nm, while the scatterometry value is around 136nm. The debiasing step compensates for this issue by pushing the distribution towards a more accurate zone. -Second, it is fairly reasonable (regarding the limited amount of data possible to acquire in a reasonable time) to consider this distribution as unimodal (one-maximum) and possible to characterize by only two values representing mean and spread. The Shapiro-Wilk normality test [START_REF] Shapiro | [END_REF]], which utilizes the null hypothesis principle, was performed over the data. The null hypothesis of this test is that the population is normally distributed. The results obtained over the data indicates that there are no sufficient evidences to say that such data is not coming from a normal distribution. This drives us to use a Gaussian modeling to go further in our work, but keeping in mind that this is a hypothesis that could be questioned at any time.

Taking into consideration the second remark, it is possible to proceed with the formely presented method: the Bayesian fusion. Thereby, the efficiency of both the debiasing and Bayesian fusion steps in terms of precision is made possible (through the standard deviation value). Considering the histograms presented in Figure 146 (a), it is possible to qualitatively conclude that:

-With the debiasing step shown in Figure 146 Figure 147 shows that there are some AFM-3D points that presents values significantly different from the general trend. If these points are outliers, they could impact the quality of the final result if used as calibration points. On the other hand, if they are not outliers, the sampling algorithm should better include at least some of those points on the calibration set in order to allow the algorithm to take these trend deviations into account. For this reason, an outlier detection algorithm, that could ensure the consistency of the reference data, is another important step of the data fusion flow. As it can be seen in Figure 146 and Figure 147, the Bayesian fusion used with the debiasing step allowed combining the precision of the scatterometry method with the accuracy of the AFM-3D. Table 13 shows the summary of the data presented in Figure 147. By evaluating the graphs shown in Figure 147, one can see point by point the contribution of the different steps of the presented hybrid metrology. Notice that there are a few points where the method used as a reference presents odd values (such as on chip #8, #12 and #43). Notice that on these points the Bayesian Fused value does not follow the reference one, but presents a stable coherent value. This is also highlighted by the standard deviation of the Bayesian Fused result compared to the standard deviation of the two inputs (Height AFM-3D and Debiased Height Scatterometry).

For the same wafer, consider the CD value measurements performed using both the scatterometry and the CD-SEM tools. The CD-SEM tool is used as a reference for the debiasing step as it is supposed to present better accuracy than scatterometry. Notice that, by comparing the data presented in Figure 148, there is a large difference on the average value of the two distributions. This is to be corrected by the debiasing step. The result shown in Figure 149is obtained by using the same points as used on the previously presented Height exercise. The debiasing result of the CD scatterometry measurements (red curve in Figure 149) shows an almost perfect alignment with the reference (CD-SEM) data, even though only 12 chips were used for the debiasing. Finally, by using the debiased scatterometry and the CD-SEM data for the Bayesian Data Fusion algorithm, the result presented in Figure 150 is obtained. Notice that it is rather difficult to see the differences between the three curves, since there are practically overlapping each other. The results of Figure 150 are summarized in Table 14. Based on this result one could argue that the Hybrid metrology technique did not added much value to the original CD-SEM measurements, since the resulting values are almost the same. However, it is important to notice that the CD-SEM value presented here is the result of an average of 50 measurements, which significantly improved the precision of the entire distribution.

Now, consider the case where the CD-SEM data comes from a single CD-SEM measurement for each chip (instead of 50, as in the previous case). This will increase the variability of the measurements, reducing its precision. Figure 151 shows the new input data. Although with higher variability, the CD-SEM data may still be considered more accurate than the scatterometry measurements. Therefore, this data may still be used for the debiasing step. From the data in Figure 151 it is possible to see that the single measurement per chip CD-SEM data presents a much larger variability compared to the scatterometry data. This reinforces the idea of applying Hybrid metrology in order to combine the precision of the scatterometry and the accuracy of the CD-SEM. Notice that the debiased CD scatterometry (shown in red in Figure 152) is well centered compared to the CD-SEM reference distribution, although some points of large variation were included on the debiasing calibration set. By providing both the debiased scatterometry data and the CD-SEM data with a single measurement per chip to the debiasing set, the result shown in Figure 153 is produced. The data presented on graph Figure 153 is summarized in Table 15. Notice that the observed Bayesian Fused CD result value (in light blue on Figure 153 and the last line on Table 15) is distinctly different from the CD-SEM data, as opposed to what was observed on the previous example using 50 CD-SEM measurements per chip.

Finally, consider the usage of the CD-SEM data coming from 50 measurements per chip as a reference. This choice could be justified since the CD-SEM is expected to provide a good accuracy in this case (post-etch data, low energy). By using the average of 50 measurements, a significant improvement in precision is expected, as shown by comparing the standard deviation and the range values observed on the CD CD-SEM line of Table 14 andTable 15. Such reference may be used in order to quantify the benefit of using the presented technique of Hybrid Metrology. The difference between the CD-SEM data coming from a single measurement (dark blue curve in Figure 153) to such reference and the difference of the resulting Bayesian Data Fusion (using the same single measurement as inputdata shown in light blue in Figure 153) are presented in Figure 154. Notice that, from the data presented in Figure 154, it is possible to observe the improvement obtained thanks to the Hybrid Metrology approach. The difference range for a single CD-SEM measurement is of 6.05nm, while the Bayesian Data Fusion result has a range of 3.17nm. Moreover, the standard deviation of the differences for the single CD-SEM measurement is of 1.14nm while the Bayesian Data Fusion presents a standard deviation of 0.57nm. This indicates a significant improvement of precision by using the Hybrid Metrology approach presented in this thesis.

Conclusion

In this chapter, Hybrid Metrology was presented as a result of adopting the Bayesian approach, including a debiasing algorithm, in order to fuse different metrology techniques.

For the debiasing evaluation, experimental data coming from CD-SEM was used as a reference for a debiasing step over scatterometry data. Results before and after debiasing were significantly improved, although with different results depending on the calibration set used.

For the Bayesian approach evaluation, height measurement coming from AFM-3D data and from scatterometry measurements were fused together. It was observed that the generated results are better than any of those two methods could provide alone. Height measurements coming from the scatterometry had their accuracy significantly improved by the debiasing step. Finally, with the Bayesian fusion, the final precision was improved as well. 

Conclusion

This thesis presents the concepts of Data Fusion in the context of Hybrid Metrology. This concept can be extensively used in many fields of applications. This works focuses on the use of Hybrid Metrology for dimensional measuring applied to the semiconductors industry.

In this work the basics of state-of-the-art metrology techniques was presented and discussed.

The focus was the CD-SEM, for its fast and almost-non-destructive metrology; the AFM-3D, for its accurate profile view of patterns and non-destructive characteristic; the scatterometry, for its precision, global and fast measurements; and the FIB-STEM, as a reference on accuracy for any type of profile, although destructive. The strengths and weaknesses of these methods were discussed in order to introduce the need of Hybrid Metrology and to identify the role that each of those methods can play in this context.

After explaining the basic concepts of Hybrid Metrology and the different approaches existent on the literature, this thesis focus on the Bayesian approach for High Level Data Fusion. This approach has the advantage of not depending on user previous knowledge (such as most Fuzzy approaches) and not needing an extensive training set (such as most Neural Networks approaches).

Several experiments were performed during this thesis work in order to provide further knowledge about the characteristics and limitations of each metrology method and to be used as either inputs or reference on the different Hybrid Metrology scenarios proposed.

In total, for just one of those experiment lots, the resulting volume of data presents around 27000 CD-SEM images, 540 AFM-3D scans and 540 scatterometry signals. In another experimental lot, patterns were also evaluated by AFM-tilt and FIB-STEM in order to provide further information about the samples. All this data, coming from these design of experiments, is available for the continuity of the Data Fusion studies.

Experimental results were also used to evaluate the presented Hybrid Metrology technique. In one case, experimental data coming from CD-SEM was used as a reference for a debiasing step over scatterometry data. One could see that results before and after debiasing were significantly improved, although with different results depending on the calibration set used. This indicates that further improvements on the debiasing step are possible based on the point selection strategy.

On another case, a similar process was performed using the height measurement coming from AFM-3D data as a reference to debias the scatterometry measurements. Then both measurements were fused together to obtain better results than any of those two methods could provide alone using the presented Bayesian approach. Height measurements coming from the scatterometry had their accuracy significantly improved by the debiasing step. Finally, with the Bayesian fusion, the final precision was improved as well.

Due to the limitation in time, some things could not be performed during this thesis work and were left as future work for the sequence of the studies on Hybrid Metrology. One topic would be to implement the Low Level Data Fusion using the already available data from the different experiments and processing it using the CD-SEM image processing software developed during this work. This would allow a comparison between the usage of High Level and Low Level Data Fusion to further study the advantages and disadvantages of each method. Another topic that would be interesting is to study the effects of the CD-SEM over other stacks/processes in order to evaluate the usage of CD-SEM data as a reference for debiasing. Furthermore, the presented Hybrid Metrology technique may also be used for roughness measurements.

During this thesis work, a CD-SEM image treatment software was developed and evaluated on series of cases. It could successfully identify the feature edges and measure the CD in some patterns that could not be measured by the software provided with the tool. Moreover, advances on image filtering could provide more accurate measurements in sensible samples by reducing the number of frames on the image acquisition. Finally, the developed software proved to be useful of extracting characteristics of the images that could be inserted in profile modeling performed with the intention to create artificial CD-SEM images. These extracted characteristics can be used in Low Level Data Fusion flows. The produced software may be used in further studies on the Hybrid Metrology field.

The presented Hybrid Metrology technique may be used by the semiconductor industry in different steps of the fabrication process. The versatility of this method allows that, according to the specific needs of a given measurement, different metrology techniques can be combined in order to improve both its accuracy and precision. This technique can also provide information for machine calibration, such as a CD-SEM tool being calibrated based on Hybrid Metrology results generated using the CD-SEM itself together with scatterometry data.

Annex I -CD-SEM Image Processing Platform

During this thesis work some image processing algorithms to handle SEM images were implemented in order to improve measurement results. These algorithms were integrated into a software, developed in Matlab®, in order to process batches of images and provide both CD and LWR measurements. Although many of the CD measurement results presented in this thesis work are generated using this tool, its potential was not fully developed and exploited during this thesis. However, this software has proven itself useful in the context of other projects, including nanowires, multiple patterning, etc.

There were two main motivations to implement this software:

• The CD-SEM metrology results issued by the commercial software provided with the tool present significant detection errors, failing to estimate the CD and LWR values. Moreover, the results produced are often highly dependent on the algorithm parameters selected by the user. Parameters that are not always clearly explained by the tool provider. • Having the control over the parameters used for extracting CD and LWR measurements enable using the CD-SEM tool in different data level hybrid metrology flows.

Processing the signal directly instead of the output CD measurement, for instance, is necessary for using the CD-SEM tool in a low-level data fusion structure.

In order to illustrate the variation one may obtain while using the standard software provided by with the tool, observe the three LWR values obtained over the same experimental image, shown in Figure 155. Notice that as the number of points used for LWR computation vary, the LWR measurement change from 3.62nm to 10.28nm. In Figure 155 some wrongly detected edge pixels are highlighted by a red circle. Those points could be removed by applying an outlier detection algorithm, for instance. The reason why this is a problematic is illustrated in Figure 156. Observe from the highlighted region in Figure 156 that this portion of the isolated pattern edge has little to no contrast compared to the rest of the pattern edge. This makes the detection more difficult and requiring more advanced detection techniques.

The developed software is able to provide both CD and LWR measurements extracted from a SEM image. The SEM image is a matrix of pixels whose values vary from 0 to 255 (in a 8-bit grayscale image). The edges of the pattern under measurement are obtained based on peak detection on the profile signal, as illustrated in Figure 157. One of the challenges of implementing such edge detection algorithms is related to the variety of SEM images that may be produced. The characteristics of the SEM image are significantly changed according to the sample material, pattern dimensions and densities and the SEM acquisition conditions: pixel size, acceleration voltage, magnification, etc. These variations are represented on changes on feature contrast, peaks brightness and the signal to noise ratio observed on the images. Figure 159 illustrates six different SEM images for vertical line patterns. Notice that, from the results illustrated in Figure 160, one may see the difference in the peaks relative height as well as that some of the peaks of the edge of the patterns of the image may have different characteristics compared to other peaks on the same image. Finally, as for the last of the six images, one may clearly see that the miss detection of a single peak may lead to all measurements be wrong since the CDs as a distance between two peaks would be measured mixing different features of the image.

Another example of difficulties that the SEM images may present during profile evaluation occurs when the pattern width is too narrow compared to the pixel size and the spot size of the tool, leading the profile to present a single, merged peak instead of the two peaks shown earlier in this chapter. One example of such effect is shown in Figure 161, for a CD of 8nm. Sometimes, it is a lack of contrast that challenges the edge detection algorithm. In these cases, the signal to noise ratio may be very low, increasing the number of detection errors. Observe the example show in Figure 162. In this example, the lines show very low contrast in some points, making the edge detection more difficult. However, when looking at the profile, one may see the different lines with different intensities and even the image peaks. This kind of issue is particularly more challenging for the LWR measurement, where no average signal is used but a line by line approach is used instead. The example shown in Figure 163 is coming from a double patterning exposure where the one out of two lines are issued from different process steps. What is observed on the SEM image is that the different geometrical characteristics existent on the lines due to the process are reflected on the profile. In order to measure the CDs for such different patterns, a robust edge detection must be in place.

All the previously presented issues are observed on the averaged profile from all lines of the image. Although these issues may mislead the detection, they do not represent all of the problems faced by such detection algorithm. For instance, the computation of the LWR value may not rely on the averaged profile because are the line by line difference that is interesting. This is illustrated in Figure 164 The implemented algorithms were made available in a Graphical User Interface (GUI) in order to make it easier to adjust the different settings available. The GUI is presented in Figure 165. The user may open one or more images, processing an entire batch at once, under the same settings, saving all results in the selected destination folder. The information required, such as pixel size and image magnification may be either entered manually or automatic retrieved from a configuration file. The parsing of the configuration file is available for both Hitachi and Applied Materials (AMAT) formats. Figure 166 shows a highlight of the file handling commands on the interface. The user may select different algorithm settings. First, the user may select if the desire output is CD value, LWR or both. For the LWR, the number of lines of the image used for computing the roughness are also required. Second, the user may identify a ROI for the processing. If no ROI is defined, the entire image is processed. The user may also select a CD computation strategy once the signal is processed. For some patterns, especially the ones presenting larger CDs, each pattern line produces a profile containing two peaks. On this case, the CD strategy may be to identify the distance between those peaks. In some other cases, especially when the pattern CD becomes of the order or smaller than the interaction pear of the electron beam, the profile produces only a single peak. On these cases, the width of the peak is to the consider the CD value (one peak algorithm). Finally, the user may decide to compute the CDs as the distance of the peaks not of the profile, but of the 2 nd derivative of the profile signal. In any of those cases, the CD value must be computed at a certain height of the profile. This is defined by the threshold value, also indicated at the GUI. Figure 168 shows the algorithm settings panel on the software GUI. Besides the selection of the algorithm settings, another import criteria that impacts the edge detection result and the subsequent CD and LWR measurement results are the data filtering strategy. Filters may be applied either on the input image, before extracting the pattern profile or they may be applied over the extracted profile. Often, it is a combination of both filtering strategies that may produce better results by enhancing the signal to noise ratio of the processed data. It is important to observe the detected edge points in Figure 170. Notice that the detection over an image without filtering identify many pixels as edge ones that are not respecting the trend of the edge of the pattern. Each pixel position varies significantly from one image line to the next, which is not the expected behavior for the edge of a pattern. After filtering, although there are still some pixel values that may vary significantly, most of them follow the global trend.

The filtering strategies described for 2D filtering are also available for 1D, over the image. The panel for configuring 1D filter over the image is simpler since many of the options regarded the symmetry on vertical and horizontal filtering, which do not apply on 1D processing. The panel is presented in Figure 171. An example of using 1D filter configuration is shown in Figure 173. Observe that the LWR before filtering is measured at 12.5nm. However, after filtering the detected edges, the final LWR is of 7.43nm. By visually comparing both detected contours, the contour after filtering seems to reflect more the reality of the line roughness than the one without filtering. Besides the filters over the image and over the extracted profile, there is another type of filtering available. The filter is only useful for the LWR computation and it is applied over the detected edge points for the LWR algorithm. The filter is one-dimensional on the edge direction and the user may select the dimension of the pixel window. Two passes of the LWR filter may be performed. The filters are selected on the graphical interface as illustrated in Figure 174. Another source of errors on the metrology result over SEM images are the outliers. Outliers on this context are points detected as part of the pattern edge but that are actually not. They usually come from noise on the images which would require a much more aggressive filtering, that would damage the signal elsewhere.

For this reason, some outlier detection algorithms were included on this image treatment software. The developed algorithms are based on statistic distribution of the points, as described on this thesis work. They are mainly based on the IQR (either extreme outliers or mild outliers) or based on the MAD computation. The user has also the possibility of determining a percentage of points to be removed. The most extreme points (further away from the average) are removed in this option. Moreover, the user may select to use the selected strategy for outlier detection on the context of LWR detection or not. The panel that control those options on the GUI is shown in Figure 176. This strategy is very useful and may be applied in combination with all other filters. One example is shown in Figure 177, which process an outlier detection algorithm over the results previously shown in Figure 170. In this result the extreme IQR mode was used.

In order to illustrate the potential of this software, some results of edge detection, CD measurement and LWR are provided. For instance, observe the CD measurement from Figure 179. Notice that the technique of searching for a single peak produces its results as a CD measurement is extracted from this image. The standard metrology software provided with the SEM tool failed to detect such feature.

A second example is the image with low contrast, shown in Figure 180. On this case, besides detecting each edge position, the LWR was computed as well as the CD value, for each line.

Notice that all lines are properly detected and that the values obtained for the different lines are coherent among themselves. In summary, the main purpose of this software was achieved, namely to enable the improvement on the detection results compared to the standard software provided by the CD-SEM tool provider. In many use-cases observed in research groups of both laboratories (LTM and LETI), many measurements were enable thanks to this approach. Moreover, by providing many different filtering and outlier detection algorithm, this software enables calibrating the results based on a reference, in order to be applied in a larger set of images. For instance, it would be possible to use a sophisticated PSD technique to decide the type and window size the of the filters to be applied on the images before computing the LWR. Once such condition is determined, it could be used as a standard configuration to treat images coming from similar conditions. Finally, its ultimate goal was to be integrated in a low-level hybrid metrology approach, where the filtering parameters could be determined based on data coming from other tools. Unfortunately, due to time limitation, this task was not performed during this thesis work.

Annex III -Charging Experiment -CD-SEM delay

Another experiment performed during this thesis work consisted of changing the CD-SEM image acquisition speed in order to enhance the charging effect.

In this experiment, in order to evaluate the charging effect was to introduce some delay between acquisitions of 4 frames CD-SEM images. This delay represents the time the electron-beam is turned on, but is not scanning the sample. On this way, more electrons are sent to the material compared to an acquisition without delay, but those electrons are not directly impacting the entire sample. Figure 184 shows the pitch measurement results over CD-SEM images acquired using 4 Frames, but either without any added delay (4F Standard) or by adding 2 seconds delay with the beam turned on before starting the acquisition (4F-Delay 2s). Notice that in the measurements presented in Figure 184, the same trend is produced. However, the fact of adding the delay before the image acquisition has a non-negligible impact over the final measurement, showing a trend that goes up to 1nm.

This experiment illustrates the kind of distortion that the charging may induce on the image, helping explaining the observed pitch variation over CD-SEM measurements which, at first, were unexpected.
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 1 Figure 1: The improvement cycle of a process relying on the dimensional measurements to better perform electrical simulations, resulting in better designs.

Figure 2 .

 2 Figure 2. Representation of the measurement of a CD value in a line for (a) a top view and (b) a cross-section view.

Figure 3 .

 3 Figure 3. Representation of a line and (a) the different CD values used to determine its LWR and (b) the different edge positions for computing LER for left and right edges.
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 4 Figure 4. Representation of a line where in (a) both edges are completely correlated, making LWR = 0, in (b) both edges are anticorrelated, making LWR = 2 LER and in (c) both edges presenting no correlation, making LWR = √𝟐 LER.
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 5 Figure 5. Representation of the measurement of a height value in a line (a) for a 3D profile and (b) for cross-section data.
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 6 Figure 6. Example of a CDU map, the color represents the CD value on each die
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 77 Figure7(a) shows a data set with most of the points clustered together and one significantly apart, which is a candidate to be considered an extreme outlier. Figure7(b) shows a similar situation but in this case the data set is more scattered. The indicated point is, therefore, a candidate to be considered a mild outlier. Observe, with Figure7(a), that classifying a given point as an outlier has no particular consideration to it being close to a given aimed value, but is a classification relative to a data set distribution.
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 8 Figure 8. Illustration of a probability distribution in a bell shape and the positions of the first, second and third quartiles dividing the distribution into four areas of equal probability and the interquartile range It is also called midspread by NIST, which recommends it as one of the best techniques to identify outliers [NIST 2017].
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 9 Figure 9. Illustration of a mild outlier detection algorithm based on the IQR and a coefficient 𝛚 of 1.5
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 10 Figure 10. An example of a set of points (a) with low precision and (b) presenting high precision.

  environment (temperature, humidity, pressure, etc.); e) the time elapsed between measurements.

Figure 11 .

 11 Figure 11. A representation of a linear tracking of the RMS measurements by the measurements of the system under evaluation.
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 12 Figure 12: Signals generated by the interaction of an incident beam of electrons and (a) a thick sample and (b) a thin sample.
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 13 Figure 13: Schematic of interactions that may occur with the incident electrons.
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 14 Figure 14: Interaction volume example and the different types of radiation.
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 15 Figure 15: Energy spectrum of electron emission N(E) in arbitrary units. Regions of secondary electrons (SE) and backscattered electrons (BSE) are indicated [BELL 2012].
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 16 Figure 16: Schematic of a standard Scanning Electron Microscope.

Figure 17

 17 Figure 17 (a) shows a representation of a raster strategy while Figure 17 (b) shows the resulting image after completing the scan.

  Figure 18: (a) High magnification acquisition and (b) low magnification acquisition.
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 19 Figure 19: Wavelength as a function of the acceleration voltage. (a) Range from 1kV to 40kV and (b) range from 0.1kV to 1kV.

Figure 20 :

 20 Figure 20 : Backscattering coefficient as a function of the electron energy in the range 1-30keV [REIMER 2013].
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 21 Figure 21 : Elastic backscatter coefficient for different materials as a function of the electron energy [SCHMID 1983].
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 22 Figure 22 : Differences on the surface from which SE electrons may leave the sample according to the topology of the specimen.
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 23 Figure 23: Schematic of an Everhart-Thornley detector for secondary electrons.
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 24 Figure 24. Schematic dependence of the interaction volume and penetration depth as a function of incident acceleration voltage and atomic number Z of the sample. [EGERTON 2005]
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 25 Figure 25: (a) The different types of secondary electrons according to their origin and (b) the distribution of the number of secondary electrons detected as a function of the distance from the incident beam location.
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 26 Figure 26: Acquired images using two extreme number of frames: (a) 1, (b) 256.
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 27 Figure 27: Acquired images using 8 frames and two different acceleration voltages (a) 300V, (b) 800V.
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 2829 Figure 28. Example of a SEM image with less (a) and more (b) charging effect.
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 30 Figure 30: Representation of different CD measurement algorithms based on profile features. (a) is based on threshold, (b) is based on peak of maximum intensity and (c) is based on maximum slope values of the profile signal.

  a) shows an example of a single line pattern profile while Figure 31(b) shows an example of a calibrated model based on this profile.

  Figure 31 (a) Profile of a single line pattern on a SEM image and (b) simulated profile after calibrating model parameters based on the profile presented on (a).
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 32 Figure 32: A schematic of an AFM tool scanning a sample surface.
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 33 Figure 33: Example of the resulting signal acquired by an AFM-3D tool.
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 34 Figure 34: Example of a rendered 3D view of a sample.
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 35 Figure 35: Tip scanning the sample surface in contact mode
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 36 Figure 36: Tip scanning the sample surface in non-contact mode

Figure 37 :

 37 Figure 37: Tip scanning the sample surface in intermittent mode

Figure 38 :

 38 Figure 38: An illustration of the Van-der-Waals force occurring between the tip and the surface as a function of how far apart they are.
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 39 Figure 39: An illustration of the three different AFM modes, Tapping, DT and CD [SU 2015].
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 40 Figure 40: Illustration of some of the main characteristics of an AFM probe tip.

Figure 41 :

 41 Figure 41: Examples of different AFM tips. (a) Standard tip, (b) Triangular tip, (c) Sharp tip and (d) Flare Shaped tip.

  Figure 42. (a) Profile acquired by the AFM-3D tool. (b) Profile of the tip used on this experiment. (c) Final profile used for measurement after deconvolution of the tip profile.

Figure 43 .

 43 Figure 43. Different examples of tip characterization structures: (a) Vertical parallel structure, (b) isolated flared ridge and (c) spherical structure

Figure 44 .

 44 Figure 44. (a) TEM micrograph of the comb characterizer. (b) A close-up image of the comb features. (c) Close-up view of one of the features showing the sidewall angle and corner radius. (d) Close-up view of the narrow ridge. [ORJI 2016] This structure enables a robust and stable tip characterization method for non-re-entrant surfaces. The absence of any features such as the flared ridge shown in Figure 43 (b) makes this structure non-adapted for characterizing re-entrant tips, such as the flare shaped tip.

Figure 45 .

 45 Figure 45. Scan angle adjusted by (a) Tilting the-tip or (b) Tilting the sample. A single scan line produced by this method is presented in Figure 46(a) while a reconstructed 3D profile is shown in Figure 46(b).

Figure 48

 48 Figure 47: (a) configuration of AFM measurement of a square hole using a triangular tip and (b) the resulting triangular measured pattern and the measurement artifacts.Notice that in the example shown in Figure47, the tip is not able to touch the bottom of the trench, making any height measurement wrong, even on the center of the pattern.

Figure 49 :

 49 Figure 49: (a) example of dense pattern, (b) signal generated by AFM-3D and (c) the resulting AFM profile after tip deconvolution.

Figure 50 :

 50 Figure 50: Scheme of the principle of dimension determination of a pattern using scatterometry with the assumption of a rectangular shape (2 variable parameters model).
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 51 Figure 51. Schematic of an ellipsometer

Figure 52 .

 52 Figure 52. Representation of the parallel and perpendicular components of the incident and reflected beams over a sample layer.

Figure 53 :

 53 Figure 53 : Schematic representation of a modulator, which is composed of a piezoelectric device and a block of glass. The glass optical indices for the vertical and horizontal axis are ñ1 and ñ0 (in complex notation). The modulation pulse is represented by ω.
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 54 Figure 54: Schematic of an ellipsometer with a phase modulator.
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 55 Figure 55: Simplified schematic cross-section of a TEM system
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 56 Figure 56: A schematic of detectable signals of a TEM specimen. [QUREISHY 2012]
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 57 Figure 57: Simplified schematic cross-section of a STEM system.
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 58 Figure 58: Simplified schematic cross-section of a FIB system.
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 59 Figure 59: Example of a line space grating imaged using a FIB-STEM.
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 6061 Figure 60. Illustration of the experimental wafer and the etch protection cover showing the X and Y coordinates of the chips on a matrix After the etching procedure over the unprotected area of the sample, two types of stacks are available. An illustration of the stacks of post-litho (portion protected from the etch) and postetch patterns used in this chapter is shown in Figure 61.

  Figure 62(a) shows a profile over resist patterns (post-litho), while Figure 62(b) shows a profile over silicon (post

Figure 62 .

 62 Figure 62. (a) the profile acquired by AFM-tilt of (a) a post-litho pattern and (b) a post-etch pattern.

Figure 63 .

 63 Figure 63. Illustration of the CD-SEM measurement conditions in terms of number of frames on post-litho and postetch regions of the waferSince many different metrology methods are to be evaluated, in both post-etch and post-litho steps, the use of several patterns would impose a too large number of measurements. For this reason, only one type of pattern was used on this experiment. The selected pattern was a linespace grating, presenting a nominal CD value of 70nm and a nominal pitch of 280nm.

Figure 65 .

 65 Figure 65. Illustration of the AFM-tilt. (a) rotation axis between the sample and the AFM stage. (b) data acquisition illustration and (c) a 3D scheme of the scan direction and the coordinates X, Y and Z.

  (a). Later, a second image is acquired, covering a much larger area, but including the previous one. This is performed using a smaller zoom and only 4 frames. The resulting image, as well as the highlight of the first image region of the previous acquisition, is shown in Figure66 (b).

Figure 66 :

 66 Figure 66: Example of the shrinkage effect. (a) shows the first image acquisition, at 32 frames while (b) shows the image covering a larger area, acquired at 4 frames only. The red rectangle highlights the observed shrinkage effect over the region previously acquired by image (a)

Figure 67 :

 67 Figure 67: Images acquired using different number of frames: a) 2, b) 4, c) 8, d) 16, e) 32, f) 64, g) 128, h) 256.

Figure 68 :

 68 Figure 68: Resulting measurements from images shown in Figure 67

  (b). This way, one may compare on the same scan part of the line affected by the previous CD-SEM image acquisition and another region that did not have any image acquired on it. The result of this measurement is shown in Figure69(a).

Figure 69 :

 69 Figure 69: CD-SEM 32-Frames acquisition impact over photoresist patterns. (a) shows the AFM-3D measurement over an area already impacted by CD-SEM measurement and (b) shows a schematic of the AFM-3D acquisition in relation to the area exposed by the CD-SEM acquisition.

Figure 70 .

 70 Figure 70. AFM-3D acquisition over an area already impacted by two CD-SEM 32-Frames image acquisitions over photoresist patterns.

Figure 71

 71 Figure 71 (a) shows the difference of CD on one line of the area impacted by the CD-SEM 32-Frames acquisition and another line in a non-impacted area. (b) shows the height difference between such two areas.

Figure 72 .

 72 Figure 72. AFM-tilt acquired profile of a post-litho pattern over areas unexposed by CD-SEM and areas suffering different exposures in number of frames

Figure 73 .

 73 Figure 73. AFM-tilt profile acquired over a post-litho pattern on a transition region between an area previously exposed by CD-SEM image acquisition and an unexposed area.

Figure 74 .

 74 Figure 74. (a) Example of CD-SEM image indicating the region without pattern used for estimating the noise level and (b) a zoom over the region where the noise level is evaluated based on standard deviation.

Figure 75 :

 75 Figure 75: Acquired images using different number of frames: (a) 1, (b) 2, (c) 3, (d) 4, (e) 8, (f) 16, (g) 32, (h) 64, (i) 128, (j) 256.

Figure 76 :

 76 Figure 76: Graph of the noise level as a function of the number of frames on post-litho images.

Figure 77 :

 77 Figure 77: Acquired images using different acceleration voltages and amount of frames: (a) 300V-4Frames, (b) 300V-8Frames, (c) 300V-16Frames, (d) 300V-32Frames, (e) 300V-64Frames, (f) 500V-4Frames, (g) 500V-8Frames, (h) 500V-16Frames, (i) 500V-32Frames, (j) 500V-64Frames, (k) 800V-4Frames, (l) 800V-Frames, (m) 800V-16Frames, (n) 800V-32Frames, (o) 800V-64Frames.

Figure 78 :

 78 Figure 78: Noise level (σ of gray level) represented for different number of frames used for acquiring the SEM image and different acceleration voltages.

Figure 79 :

 79 Figure 79: Graph of the noise level as a function of the number of frames on 300eV, 500eV and 800eV acceleration voltages.
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 80 Figure 80: Graph of the noise level as a function of the number of frames on post-litho and post-etch images.
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 81 Figure 81: Illustration of the proposed experiment.

Figure 82 :

 82 Figure 82: From (a) to (e) are represented the images acquired for the 1 st Group, from #1 to #5, respectively. From (f) to (j) are represented the images acquired for 2 nd Group, from #1 to #5 as well, respectively.

  Figure 83. (a) shows the averaged profile of the patterns for the five images (#1to #5) for the 1 st Group while (b)shows the averaged profile for the same patterns of the 2 nd Group.

Figure 84 .

 84 Figure 84. Average CD measurement for each of the ten groups, grouped by image number (from #1 to #5)

Figure 85 .

 85 Figure 85. CD measurement for the left line (LL) and right line (RL) for each image, presenting the average of the ten groups

Figure 86 .

 86 Figure 86. Average CD measurement for the left line (LL) and right line (RL) for each image, presenting the average of the ten groups for (a) chip 1, (b) chip 2 and (c) chip 3.

Figure 87 .

 87 Figure 87. Pitch measurement on a LS Grating pattern using a FIB-STEM.

Figure 88 .

 88 Figure 88. Seven pitches measurement on a LS Grating pattern using a FIB-STEM.

Figure 89 .

 89 Figure 89. Pitch measurement value over 150 different CD-SEM images, acquired using 8 frames and measured at 80% of the line height.

Figure 90 .

 90 Figure 90. Average pitch value from 150 images acquired at different number of frames over post-etch patterns.

Figure 91 .

 91 Figure 91. Profile of three lines on a LS grating scanned using AFM-3D.

Figure 92 .

 92 Figure 92. Resulting pitch measurements using a CD-SEM over a post-litho wafer. Image acquisition using 8 frames and measurements performed at 80%.

Figure 93 .

 93 Figure 93. Average pitch value from 150 images acquired at different number of frames over post-litho patterns.

Figure 94 .Figure 95 .

 9495 Figure 94. Profile of the data acquired over the LS blocks using the AFM-3D.

Figure 96 .

 96 Figure 96. Schematic of the measurements performed using CD-SEM

Figure 97 .

 97 Figure 97. CD measurements using CD-SEM (at both 80% and 100%), AFM-3D (for Top, Middle and Bottom), OCD and FIB-STEM (for Top, Middle and Bottom).

Figure 98 :

 98 Figure 98: (a) AFM-3D average profile over a line. (b) FIB-STEM image of the same line and (c) the overlay of the AFM-3D profile over the FIB-STEM image.

Figure 99 .

 99 Figure 99. (a) profile as acquired by AFM-Tilt over a post-etch pattern. (b) FIB-STEM image of the same line and (c) the overlay of the AFM-Tilt profile over the FIB-STEM image.

Figure 100 .

 100 Figure 100. CD-SEM image acquired from a slightly rotated sample.

Figure 101 .

 101 Figure 101. Position of the edge placement detected on each scan line of the image (in blue). The green line show a linear trend of those points.

Figure 102 .

 102 Figure 102. CD-SEM Image after compensating for the rotation of the sample using an inverse rotation based on the identified trend on the detected edge placement.

Figure 103 .

 103 Figure 103. Edge placement estimation using image processing software over a CD-SEM image. In yellow is the average edge placement (both left and right edges). In blue are the detected position of the left edge for each image scan line while in orange are the left edge detected and then discarded as outliers. In red are the detected positions of the right edge for each image scan line while in green are the ones detected and then discarded as outliers.

Figure 104 .

 104 Figure 104. Line Edge Roughness edge detection and final value (a) without outlier detection and (b) with outlier detection.

Figure 105 .

 105 Figure 105. Line Edge Roughness measurements over CD-SEM images acquired over post-litho, for images composed of different number of frames.

Figure 107 .Figure 108 .

 107108 Figure 107. Line Edge Roughness measurements over CD-SEM images acquired over post-litho patterns, computed for images from different number of frames. CD-SEM LER measurement over post-litho pattern is also presented.

Figure 109 .

 109 Figure 109. Profile images acquired using the AFM-tilt for post-litho patterns which (a) were not previously measured by a CD-SEM or that were previously measured by a CD-SEM, which acquired images using (b) 4 frames, (c) 8 frames, (d) 16 frames, (e) 32 frames and (f) 256 frames.

Figure 110 .

 110 Figure110shows three examples of profiles acquired using the AFM-tilt metrology strategy for post-etch patterns. Figure110(a) is the profile obtained on a region after acquiring 4 frames for a CD-SEM image, (b) is for 8 frames and (c) is for 32 frames.

Figure 111 Figure 111 .

 111111 Figure 111 shows the profiles of patterns under different conditions of previous CD-SEM image acquisition. Figure 111(a) shows post-litho pattern while Figure 111(b) shows post-etch pattern profile. Notice that on this graph the abscissa values are no longer the coordinate, but the LER value obtained for the given height.

Figure 112 .

 112 Figure 112. Sample of a line profile indicating the zone measured on the region from (a) 10nm to 70nm height and (b) 15nm to 60nm height.

Figure 113 .

 113 Figure 113. LER measurements using AFM-Tilt over resist patterns that were previously exposed to CD-SEM acquisition of different number of frames (0 frames meaning no CD-SEM acquisition on the pattern).

Figure 114 .

 114 Figure 114. LER measurements using AFM-Tilt over etch patterns that were previously exposed to CD-SEM acquisition of different number of frames from 0 to 32.

Figure 115 .

 115 Figure 115. LER measurements comparison between CD-SEM, CD-SEM using PSD algorithm and AFM-Tilt over litho and etch patterns on areas with acquisition of 4 and 32 image frames.

Figure 116 :

 116 Figure 116: Schematic of a generic hybrid metrology system.

Figure 117 :

 117 Figure 117: Illustration of the usage of complementary data for data fusion.

Figure 118 :

 118 Figure 118: Illustration of the usage of redundant data for data fusion.

Figure 119 :

 119 Figure 119: Illustration of the usage of cooperative data for data fusion.

Figure 120 :

 120 Figure 120: Centralized data fusion architecture illustration.Decentralized architecture: This architecture is composed of a network of sensors and processing nodes that can fuse data locally. Nodes have no global knowledge of the topology of the network and all communication is strictly in a node-to-node basis. All fused data results are global, taking into consideration the information from all sensors. This method is very challenging due to the high requirements both in communication bandwidth and computation power. The main advantage of this architecture is the support of dynamic changes in the network. Figure121illustrated a decentralized data fusion architecture. Notice that several fused data results are available at different locations at the same time, generated using the global information coming from all sensors.

Figure 121 :

 121 Figure 121: Decentralized data fusion architecture illustration.

Figure 122 :

 122 Figure 122: Hierarchical data fusion architecture illustration.

Figure 123 :

 123 Figure 123: (a) Illustration of a quantized view of the age in years and (b) a granulated view of age divided in young, middle-aged and old groups.

Figure 124 :

 124 Figure 124: Illustration of how different the transition of the end of a group may be. Using the terminology of Fuzzy Logic, each group represented in Figure 123 (b) is a Fuzzy Set and the functions that determine if a given point belongs to a group is called a membership function (MF).

Figure 125 :

 125 Figure 125: Example of a Neural Network.

Figure 126 :

 126 Figure 126: Representation of an artificial neuron.

Figure 127 :

 127 Figure 127: (a) The probability of a trustworthy coin (95% a priori confidence) of being fair and unfair as a sequence of coin flips yielding tails are performed. (b) Same probability calculation for a suspicious coin (50% a priori confidence). So far, the example show was in how to use the Bayesian inference for evaluating a hypothesis. Now consider on how this same approach could be used for data fusion. Consider the case of data coming from two different sources, A and B. If both sources are independent and obtained in order to estimate the same parameter of an object, it is possible to describe the data coming from each input as probability density function [HAZART 2014]. If the distribution can be approximated by a Gaussian distribution, it presents the form given in (38).

Figure 128 :

 128 Figure 128: Principle of debiasing technique.

Figure 129 :

 129 Figure 129: Twenty coin weight measurements, indicated the expected value of ten grams.

Figure 130 :

 130 Figure 130: Twenty coin weight measurements, indicated the expected value of the coins varying from ten grams to forty-eight grams. The red line represents the data trend.

Figure 131 :

 131 Figure 131: Same distribution of Figure 130 but after removing the data trend.

Figure 132 :

 132 Figure 132: Illustration of the difference in measurement between accuracy and precision.

Figure 133 :

 133 Figure 133: Different line densities: (a) isolated lines (1:10), (b) semi-dense lines (1:3) and (c) dense lines (1:1).

Figure 134 :

 134 Figure 134: Wafer map for (a) dense and isolated lines, and (b) semi-dense lines.

Figure 135 :

 135 Figure 135: Two different process steps (a) Post-Lithography, and (b) Post-Etch.

  Figure 136. (a) Overview of the DoE for all combinations of densities, exposure strategies and process steps and (b) the different metrologies performed on each of the 45 exposed chips on each wafer.

Figure 137 :

 137 Figure 137: Recipe configuration.

Figure 138 :

 138 Figure 138: Illustration of acquisition area for (a) isolated, (b) semi-dense and (c) dense lines.

Figure 139 .

 139 Figure 139. Scatterometry model parameters for (a) post-litho and (b) post-etch signals.

Figure 140 .

 140 Figure 140. The CD values obtained from CD-SEM (in blue) and from scatterometry values (in green) for 36 chips after removing outliers.

Figure 141 .

 141 Figure 141. In (a), the CD values obtained from CD-SEM (in blue), scatterometry values before debiasing (in green) and scatterometry values after debiasing (in red). In (b), the difference of scatterometry before debiasing (in green) and after debiasing (in red) to the CD-SEM (reference in blue). "Calib-Set 1" points are flagged as stars in both plots.

Figure 142 .

 142 Figure 142. Three different debiasing results for different randomly selected debiasing points.Notice that the debiasing results vary as according to the points selection. In Figure142 (a), the debiasing result follows the slightly curved trend of the data, excepted in the last portion (after chip #40) where the reference measurements seem odd. The second result, Figure142(b), presents some poor coverage of the space, concentrated 5 out of 6 points on the first half of the chips, leading to a debiasing result that significantly changed the response of

Figure 143 .

 143 Figure 143. In (a), the CD values obtained from CD-SEM (in blue), scatterometry values before debiasing (in green) and scatterometry values after debiasing (in red). In (b), the difference of scatterometry before debiasing (in green) and after debiasing (in red) to the CD-SEM (reference in blue). "Calib-Set 2" points are flagged as stars in both plots.

Figure 144 .

 144 Figure 144. Debiasing result based on 6 points, (a) not including an outlier point on the debiasing set and (b) including the outlier point on the debiasing set. The debiasing result (in red) presented in Figure 144 (b) follows a different trend compared to Figure 144 (a): the right hand portion of the graph, where the fact of including the outlier point drives the debiased result away from the reference data.

Figure 145 .

 145 Figure 145. Example of debiasing result over the same data presented in Figure 144 graphs, but excluding the outlier point.

Figure 146 .

 146 Figure 146. Distribution of height values given by (a) AFM-3D, (b) scatterometry, (c) after debiasing scatterometry and (d) after the Bayesian fusion.

Figure 147 .

 147 Figure 147. The raw height values of the AFM-3D data, the scatterometry data before debiasing, the scatterometry data after debiasing, and the Bayesian fusion data

Figure 148 .

 148 Figure 148. The CD measurement values from the average of 50 measurements per chip for the CD-SEM (in blue) and the single measurement for scatterometry (in green)

Figure 149 .

 149 Figure 149. The CD measurement values from the average of 50 measurements per chip for the CD-SEM (in blue) and the single measurement for scatterometry (in green), the result of the debiasing algorithm over the scatterometry data (in red) and the debiasing chips indicated by stars.

Figure 150 .

 150 Figure 150. Same graph as Figure 149 but including the Bayesian result in light blue

Figure 151 .

 151 Figure 151. The CD measurement values from a single measurement per chip for the CD-SEM (in blue) and the single measurement for scatterometry (in green)

Figure 152 .

 152 Figure 152. The CD measurement values from a single measurement per chip for the CD-SEM (in blue) and the single measurement for scatterometry (in green), the result of the debiasing algorithm over the scatterometry data (in red) and the debiasing chips indicated by stars.

Figure 153 .

 153 Figure 153. Same graph as Figure 152 but including the Bayesian result in light blue

Figure 154 .

 154 Figure 154. Difference between the CD-SEM data coming from the average of 50 measurements and (in red) the Hybrid Metrology based in a single measurement and (in blue) the CD-SEM from a single measurement.

  Data Fusion Difference to Single CD-SEM Measurement

Figure 155 .

 155 Figure 155. Three very different LWR measurement results obtained by the software provided with the CD-SEM tool according to a single parameter change (number of points used for the evaluation).

Figure 156 .

 156 Figure 156. Highlight on the low contrast region of the isolated line presented on Figure 155

Figure 157 .Figure 158 .

 157158 Figure 157. Illustration of a CD value extraction over a synthetic SEM imageThe distance between two edges correspond to the CD value. Since this value may vary from point to point, the average over a certain window is used to determine the feature CD. The LWR is obtained by evaluating the variation of the local CD values over the measurement window. Those concepts are presented in equations (A) and (B) illustrated in Figure158.

Figure 159 .

 159 Figure 159. Six examples of different SEM images, all presenting vertical line patterns.As one can see, those images have different contrasts and the peaks for the right and left sides of the line patterns present different characteristics from one image to the next. If all lines are averaged together in order to reduce the noise impact, one may still observe such differences, as demonstrated by the profiles of these images shown in Figure160.

Figure 160 .

 160 Figure 160. Profile generated from the average of the lines of the images presented in Figure 159.

Figure 161 .

 161 Figure 161. SEM image of an isolated line pattern presenting a width of 8nm and the average profile from the image lines.

Figure 162 .

 162 Figure 162. SEM image of a line space grating pattern presenting very low contrast and the average profile from the imageYet another issue is when the profile of features of similar CD dimensions are different.Observe the example given in Figure163.

Figure 163 .

 163 Figure 163. SEM image of a dense line pattern issue from a double patterning lithography and the average profile from the lines of the image

  where a single line cropped from a SEM image is shown together with the averaged profile (global signal) and two examples of local signals (a single line profile from the image).

Figure 164 .

 164 Figure 164. SEM image of a dense line pattern issue from a double patterning lithography and the average profile Notice that from Figure 164 single line profiles one may see the magnitude of the noise level compared to the image peaks. While in the global signal it is possible to distinguish the two peaks of the line pattern, on the local signals one may have a glance of such peaks, but its precise position is hard to determine due to the noise. This effect may significantly induce errors in the LWR measurement result.

Figure 165 .

 165 Figure 165. Graphical User Interface of the SEM image processing software developed during this thesis

Figure 166 .

 166 Figure 166. Detail of the GUI for file handling The user must select what kind of pattern is under detection. The types of supported patterns are: Isolated Line, Isolated Space, Dense Line, Dense Space and Contacts (either isolate or in a matrix). Figure 167 shows a highlight of the target pattern selection panel on the software GUI.

Figure 167 .

 167 Figure 167. Target pattern selection panel on the software GUI

Figure 168 .

 168 Figure 168. Algorithm settings panel on the software GUI

Figure 170 .

 170 Figure 170. Example of LWR calculation with and without image filtering. In this example, a cropped line is evaluated without filter and after a Median filter of size 5x5

Figure 171 .

 171 Figure 171. 1D filter configuration panel on the software GUIAs previously mentioned, filtering may be performed over the extracted signal, instead or in complement of the filter used over the image. The options are the same as of the other filters (Mean, Median and Gaussian), with the possible configuration of the filter size and of the sigma value (for the Gaussian only). This panel is shown in Figure172.

Figure 172 .

 172 Figure 172. 1D filter configuration over the extracted profile (Local) panel on the software GUI

Figure 173 .

 173 Figure 173. LWR calculation over a non-filtered image and after applied a Local 1D Gaussian filter over the image.

Figure 174 .

 174 Figure 174. LWR coordinates filter panel as presented on the software GUIThis strategy, including both median filtering strategy, is illustrated by the result shown in Figure175. Observe that after applying the first filtering with a width of 5 and the second filtering if a width of 7, it was possible to significantly improve the edge detection result and the subsequent LWR measurement value.

Figure 175 .

 175 Figure 175. LWR calculation over a non-filtered image and after applied the two median filters over the LWR data.

Figure 176 .

 176 Figure 176. Outliers treatment panel in the software GUI

Figure 179 .

 179 Figure 179. Small CD line, as presented in Figure 161, with the detected average CD of 8nm overlapped in red.

Figure 182 .

 182 Figure 182. Odd shape edge detection result.

Figure 184 .

 184 Figure 184. Resulting pitch measurements using a CD-SEM over a post-litho wafer for 150 images acquired in 3 different chips. Blue curve represents measurements over 4 Frames images with no delay and the red curve represents the measurements over 4 Frames images acquired with a 2 seconds delay.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 : Extract from Lithography Technology Roadmap [ITRS 2015]

 1 

Table 2 . Example of 7 measurements of the same pattern, in different locations, as a CDU evaluation illustration

 2 

	1 st	2 nd	3 rd	4 th	5 th	6 th	7 th
	Measurement 98.9nm	99.1nm	102.2nm	98.4nm	97.8nm	100.6nm	101.3nm

  The sources of outlier data may vary, but they usually are related to experiment or measurement variability or error[ULLRICH 2010]. Outliers are usually classified into two categories, extreme outliers and mild outliers, according to how much they differ from the set and the level of certitude if such a point is an outlier or not[GRUBBS 1969].

Table 3

 3 

Table 3 . Same data presented in Table 2, but ordered and indicating the first, second and third quartiles.

 3 

		Q1		Median		Q3	
	Measurement 97.8nm	98.4nm	98.9nm	99.1nm	100.6nm	101.3nm	102.2nm

Table 4

 4 

is obtained.

Table 4 . Distance from each point to the median value.

 4 

			Q1		Median		Q3	
	Measurement	97.8nm	98.4nm	98.9nm	99.1nm	100.6nm	101.3nm	102.2nm
	Absolute Distance to Median Value	1.3nm	0.7nm	0.2nm	0nm	1.5nm	2.2nm	3.1nm

Table 5 . By ordering the resulting distribution obtained in Table 4.

 5 

			Q1		Median		Q3	
	Absolute Distance to Median Value	0nm	0.2nm	0.7nm	1.3nm	1.5nm	2.2nm	3.1nm

Table 6 : Qualitative comparison between CD-SEM, AFM, scatterometry and FIB-STEM metrology methods.

 6 

		CD-SEM	AFM	Scatterometry	FIB-STEM
	Global vs. Local	Local	Very local	Global	Extremely local
			Any, with some		
	Type of pattern	Any	geometrical	Gratings	Any
			limitations		
	Destructive	Dependent on material and setup	No	Negligible	Yes
	Measurement Time	Seconds	Minutes	Seconds	Hours to days
	Setup Time	Minutes	Hours	Days to weeks	Hours to days
	Profile View	No	Yes	Yes, including underneath layers	Yes, including underneath layers

Table 7 . Impact of Shrinkage on CD and Height using different observation methods.

 7 

		Unexposed -Exposed @ 32 Frames
	ΔCD with SEM	9.8nm *
	ΔCD with AFM-3D	8.76nm
	ΔH with AFM-3D	

Table 8 . The Bayesian inference result for a trustworthy coin (95% a priori confidence) of being a fair or unfair as a sequence of 4 tosses yield tail.

 8 

  for example. One of those tests is the[START_REF] Shapiro | An analysis of variance test for normality (complete samples)[END_REF], which has been demonstrated to be one of the most robust test available for this matter[START_REF] Razali | Power Comparison of Shapiro-Wilk, Kolmogorov-Smirnov, Lilliefors and Anderson-Darling Tests[END_REF]].The Shapiro-Wilk test verifies the null-hypothesis that the data respects a normal distribution. The test statistic is computed as shown in (43).

	𝑆𝑊 =	∑ (𝑥 𝑖 -𝜇 𝑥 ) 2 𝑖=1 𝑛 (∑ 𝑎 𝑖 𝑥 (𝑖) 𝑛 𝑖=1 ) 2	(43)
		-	𝟐𝝈 𝟐 (𝒗-µ) 𝟐	(38)

Table 10 : Exposure characteristics for all produced wafers.

 10 

	Line Density Target Size (CD/Space) Exposure Strategy	Dose Central	Step	Focus Central	Step
	Dense	100/100nm	FEM CDU	34.5mJ 34.5mJ	1mJ -	-0.08μm 0.04μm -0.08μm -
	Semi-Dense	70/210nm	FEM CDU	23.5mJ 23.5mJ	1mJ -	-0.18μm 0.01μm -0.18μm -
	Isolated	100/1000nm	FEM CDU	19mJ 19mJ	1mJ -	-0.08μm 0.04μm -0.08μm -

Table 11 : Before and after debiasing statistical results using the CD-SEM as a reference for "Calib-Set 1".
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	Difference to reference (CD-SEM)	Mean (nm)	Std (nm)	Min (nm)	Max (nm)	Range (nm)
	Using All Points	Scatterometry Debiased scatterometry (Calib-Set 1)	13.32 -0.34	5.91 1.76	-2.51 -3.25	22.39 3.64	24.91 6.89
	Excluding Calibration Points	Scatterometry Debiased scatterometry (Calib-Set 1)	12.69 -0.06	6.84 1.76	-2.51 -2.69	22.39 3.64	24.91 6.33

Table 12 : Before and after debiasing statistical results for "Calib-Set 1" and "Calib-Set 2".
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	Std	Min	Max	Range
	(nm)	(nm)	(nm)	(nm)

(a) Difference to reference (CD-SEM) Mean (nm)

Table 13 . Summary of the results observed in Figure 147.
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	Item	Mean	Std	RMS	Min	Max	Range
	Height AFM-3D	143.63	2.66	143.66	135.49	147.22	11.73
	Height Scatterometry	136.18	1.37	136.18	132.81	138.81	6.01
	Debiased Height Scatterometry	143.83	1.58	143.84	139.93	146.85	6.92
	Bayesian Fused Height	143.78	1.57	143.79	140.17	146.46	6.29

Table 14 . Summary of the results observed in Figure 150.
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	Item	Mean	Std	RMS	Min	Max	Range
	CD CD-SEM	103.13	0.59	103.13	101.44	104.01	2.56
	CD Scatterometry	88.59	0.41	88.6	87.49	89.53	2.04
	Debiased CD Scatterometry	103.1	0.66	103.1	101.53	104.43	2.9
	Bayesian Fused CD	103.12	0.61	103.12	101.48	104.14	2.66

Table 15 . Summary of the results observed in Figure 153.

 15 

	Item	Mean	Std	RMS	Min	Max	Range
	CD CD-SEM	103.42	0.96	103.43	100.63	106.33	5.7
	CD Scatterometry	88.59	0.41	88.6	87.49	89.53	2.04
	Debiased CD Scatterometry	103.67	0.34	103.68	102.95	104.3	1.35
	Bayesian Fused CD	103.65	0.34	103.65	102.83	104.28	1.44

Chapter III. Metrology Methods Evaluation

Another aspect of the design of experiment is the metrology strategy used for each equipment. The next subsections present the strategies for each equipment.

Hardware tools

The CD-SEM images are acquired using the Hitachi CG4000 tool. As shown in Figure 63, different numbers of frames were used. For each chip, 50 CD-SEM images were acquired. The images are acquired side by side in the way illustrated by the red boxes in Figure 64. Notice that the CD-SEM addressing, pattern recognition and auto focus, are performed outside of the image acquisition area and performed only once for every five image acquisitions in order to avoid sample damage. CD-SEM images are 8-bits, each pixel value varying from 0 to 255 gray levels. Image resolution is 1024x1024 pixels. Figure 64 presents an illustration of the image acquisition over a single chip. The CD-SEM measurement considered in this chapter is the average of the measurement coming from the 50 images, unless mentioned otherwise. The tool used for AFM-3D data acquisition is the Bruker InSight® 3DAFM. For the AFM-3D data treatment, the Bruker NanoScope® software is used. All AFM-3D data acquisitions are performed on a single chip. The AFM-3D tip used in this experiment is a flare tip.

Chapter IV. Hybrid Metrology and Data Fusion

where 𝜎 is the standard deviation of the distribution, v is the parameter value under evaluation and µ is the estimated mean of the distribution.

By using the Bayesian formalism to evaluate the combined probability density function of both tools A and B, one may describe as shown in (39).

where DA is the data coming from source A and DB is the data coming from source B.

And, by considering those as Gaussian distributions given by Equation (40):

The combination of these two Gaussian distributions is also a Gaussian distribution. Therefore, one may estimate the standard deviation and the estimated value of the combined probability density function such as Equation ( 41) and Equation ( 42):

where 𝜎 𝐹 is the standard deviation of the final combined distribution.

where µ 𝐹 is the parameter estimated value of the final combined distribution.

Based on this equation one may see that the fused value is the weighted average of the different sources.

This technique, although powerful, requires several assumptions to be valid. One may identify three main assumptions:

Chapter V. Experiments and Results

Conclusion ANNEXES

Different image filtering algorithms are available. For the 2-dimensional filtering, three different types are implemented: Median filter, Mean filter and Gaussian filter. The Median and Mean filters require the size of the window. The Gaussian filter requires the definition of the sigma of the gaussian distribution that will be used for the filtering as well. The filter may be circular (meaning a square convolution matrix) or having a bilateral symmetry, where the two dimensions must be provided, for vertical and horizontal filters. Figure 169 shows the panel of the 2D filter configuration on the GUI. Observe that the results presented in Figure 177 are significantly impacted by the outlier detection, both with and without filtering. The LWR measurement value over the image without filtering changed from 11.8nm to 10.5nm. A similar change, although of lesser magniture, is observed over the image after a median filtering of size 5x5. The LWR measurement changed from 7.01nm to 6.5nm.

Once all the options are properly set, the user may determine what sort of outputs the software should produce. This includes saving the filtered image as an output and adding information such as the measured CD, LWR points, the detected outliers, etc. Moreover, the coordinates may be saved in a text file as well, to ease the exploitation of the results by other algorithms. The saving panel is shown in Figure 178. After setting all the save image properties, the user clicks the "run" button and the results are both saved into files as requested and presented on the graphical interface right-hand side. Although this software and the algorithm it implements were created aiming the basic structures of line space gratings and contacts, some tests were performed over more complex structures. For instance, Figure 181 shows a contact structure where a second contact was created inside of it. This type of feature is very hard to measure and the SEM standard software failed to detect and measure the internal structure. By using the implemented software it was possible to automate the measurement of both the internal and external structures. Another test was performed in a pattern presenting the shape of an hour glass. Observe the pattern in Figure 182, with the contour detection result. Observe that the contour is properly detected. However, in this case, no advanced algorithm for providing the different measurements possible in such a pattern are proposed. A LWR measurement is also not available for this type of structure at the moment.

Annex II -FIB-STEM Sample Preparation

This section shows how samples were prepared in order to produce FIB-STEM data for this thesis. The tool Helios Nanolab 450s from FEI, with an additional STEM detector, was used.

For each measurement, a small slice of the pattern must be extracted.

For the sample to be ready for transmission electron imaging, a series of steps must be performed, as described on the list below. Figure 183 (a) to (j) illustrate the different steps and the result of the sample preparation.

1) Platinum deposition on top of the pattern. The goal is to protect the sample from the following etching step. This deposition is performed in two steps, one which is finer, in order to prevent damaging the sample, and a second that is used on top of the first deposition in order to make a ticker platinum layer (see Figure 183 (a)). a. First deposition is performed using an electron beam b. Second deposition is performed using a gallium ion beam 2) Etching is performed around the sample in order to cut it from the plate. This etching leaves just a small attachment so that the sample do not fall (see Figure 183 (b)).

3) The sample is glued to a needle, so that it can later be completed etched off the wafer (see Figure 183 (c)). 4) Transferring of the sample from the needle to a sample holder (see Figure 183 (d)). 5) Thinning of the sample in order to be more suitable for the transmission of the electrons (see Figure 183 (e-f)). 6) The sample is ready to be used for imaging on electron transmission imaging (see Figure 183 (g-j)).