Microtexture characterization by Automated Crystal Orientation Mapping in TEM for the development of advanced technologies in microelectronics
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The development of advanced nodes in microelectronics requires to understand the impact of crystal size and orientation on the electrical, thermal and mechanical properties of materials. New tools have been developed to map the grains orientation and morphology of nanometer-scaled structures. Among them, the Automated Crystal Orientation Mapping technique used on a Transmission Electron Microscope (ACOM-TEM) is based on the indexation of electron diffraction patterns. The aim of this study was to evaluate the abilities and limitations of the ACOM-TEM technique for the characterization of microelectronics-related materials. Consequently, its ability to analyze nano-sized materials and the possibility of answering problematics related to microelectronics front-end fabrication challenges were investigated. The study highlighted in the first place the importance of the TEM illumination settings. The results showed that minimizing the electron probe convergence angle even at the cost of a larger size has decreased mis-indexation issues. These optimum settings were used to perform quantitative texture analysis of NiPt-silicide thin films. Finally, the case of superimposed diffraction patterns related to overlapping grains was analyzed. Experiments showed that mis-indexing remains limited despite the superimposition and that grains with a larger volume fraction were preferentially selected by template matching. A dedicated method was also proposed to overcome crystal overlapping issues. The approach is based on iterative re-indexation of diffraction patterns after subtraction of the reflections related to the previous ACOM best match. Considering the same diffraction patterns data-set, the capabilities of this method to recover the size and morphology of superimposed grains were compared to two recent techniques based respectively on the analysis of virtual dark field (VDF) images and non-negative matrix factorization (NMF).

Caractérisation de microtextures par la technique ACOM-TEM dans le cadre du développement des technologies avancées en microélectronique.

Mots-clés : ACOM-TEM, MET, PED, Cartographies d'orientation, Microélectronique Résumé : Afin d'optimiser les composants de l'industrie de la microélectronique, il est essentiel d'établir le lien entre la texture cristallographique des matériaux constitutifs et leurs propriétés électriques, thermiques et mécaniques. Ainsi, il est nécessaire de disposer d'outils capables de cartographier la morphologie et l'orientation cristallographique des grains à l'échelle nanométrique. La technique ACOM, implémentée sur un Microscope Electronique en Transmission (MET), permet d'obtenir ces informations en exploitant les figures de diffraction électronique. Dans cette thèse, les capacités de cette technique sont évaluées, à la fois pour déterminer la microtexture de matériaux confinés dans quelques dizaines de nanomètres, et pour répondre aux problématiques associées à la fabrication de nouveaux circuits. Cette étude montre dans un premier temps l'importance de l'optimisation des conditions opératoires du MET afin de diminuer les erreurs d'indexation. Des analyses quantitatives de microtexture sont ensuite menées sur des films minces de siliciures de nickel-platine pour différents dopage du substrat, concentration en platine, et température de recuit. Enfin, le cas d'une superposition de signaux de diffraction observé lorsque plusieurs grains sont contenus dans l'épaisseur de l'échantillon est étudié. Les résultats montrent que les erreurs d'indexation restent rares dans ce cas et que les grains de plus large fraction volumique sont majoritairement sélectionnés par l'algorithme d'indexation. Une méthode est alors proposée pour traiter la totalité de l'information détectée dans les clichés de diffraction. Elle s'appuie sur l'indexation successive des orientations cristallographiques après soustraction préalable des réflexions associées à l'orientation précédemment indexée. Les capacités de cet outil en termes de caractérisation de la morphologie des grains superposés sont finalement comparées à deux autres techniques basées sur la reconstruction d'images en champ sombre et sur la factorisation en matrices non-négatives.
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GENERAL INTRODUCTION

Needs in microelectronics

Scaling of integrated circuits & transistors

In the recent years, the electronics market has been driven by smartphones, embedded devices and internet of things (IoTs) so that integrated circuits (ICs) have become omnipresent in our daily life.

The majority of ICs are now based on the Complementary Metal Oxide Semiconductor (CMOS) technology. This technology makes use of Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) whose different elements will be frequently considered all along this thesis. A MOSFET is a three-terminal device composed of a semiconductor channel surrounded by charge reservoirs named source (S) and drain (D). The carriers flow through the channel is controlled by the gate (G) isolated from the channel by a thin dielectric (Figure1-a). The billions of transistors present in each IC are fabricated during the front-end-of-line (FEOL) processes mainly consisting in several deposition, lithography, implant, etching and sometimes chemical mechanical planarization (CMP) steps. These devices are then interconnected by several metallic (copper and aluminum) layers during the back-end-of-line (BEOL).

The manufacturers endless need to provide components with higher performances at a lower cost drove the major developments made these past 50 years. This was translated by G. Moore in 1965Moore in (but revised in 1975) ) into a roadmap for semiconductor industry known as Moore's law. In 1974, Dennard et al. edited the basic rules of scaling that guarantee the transistor dimensions scaling by a factor κ while increasing the performances and keeping a constant power consumption [Dennard 1974]. This scaling length was used as a foundation of the roadmap edited by the International Technology Roadmap for Semiconductors (ITRS) for the microelectronics industry [ITRS 2011]. Today, remaining competitors are planning the future 10 and 7 nm nodes, which means a further reduction in the components size even though these labels are no more directly related to the size of transistors.

For years, ICs have been fabricated from silicon bulk wafers. Sub-32 nm bulk technologies are significantly impacted by short channel effects and current leaking which forced manufacturers to innovate and use new architectures. Several manufacturers have opted for the FinFET technology led by the 22 nm of Intel [Auth 2012] while STMicroelectronics has selected the Fully Depleted Silicon On Insulator (FD-SOI) architecture illustrated in Figure1-b [START_REF] Planes | 28nm FDSOI technology platform for high-speed low-voltage digital applications[END_REF]]. As suggested, the SOI
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substrate is made of a thin layer of silicon (Si) on top of silicon oxide (SiO2) referred as buried oxide (BOX). Advantages of FD-SOI are the use of a planar compatible process flow -as compared to FinFET three-dimensional technology -along with the opportunity to dynamically control the performance over power consumption ratio by polarizing the back gate under the buried oxide. 

Microtexture analysis in microelectronics

The fabrication of ICs makes use of many polycrystalline materials patterned into structures of several microns in the back-end down to a few tens of nanometers in the front-end. Hence, the properties of these materials (e.g. electrical, morphological and thermal stability) are function of their grain morphology and crystallographic orientation. In that sense, the control of the fabrication process is essential to regulate the electrical response of transistors:

 Regarding the tungsten contact plugs, the contact resistivity defines the quality of the connection and is function of the crystals size. Additionally, nickel silicide thin films are used to reduce the resistance of these contacts. It is known from full-sheet experiments1 that the device electrical performances are linked to nickel silicide grains size and orientation that, in turn, are strongly dependent on the fabrication process. Therefore, understanding how the fabrication steps affect the crystals is necessary to define and optimize a process window.

 Furthermore, statistical variability is one limitation for device miniaturization. This is a further reason why the distribution of crystals size and orientation are parameters of interest. For example, it has been shown that the unintentional growth of single crystals in place of polycrystalline structures in several 28 nm technology transistor gates has been the source of electrical fails as it prevented the proper distribution of dopants through the Si grains boundary.

For full-sheet experiments 1 , a statistical distribution of grain size and orientation such as performed by X-ray diffraction (XRD) is often sufficient. These analyses are here referred as macrotexture analyses. In contrast, the characterization of grains in patterned devices requires the use of a technique able to map every grain orientation and morphology -referred as microtexture analysis -such as performed with the Automated Crystal Orientation Mapping tool (ACOM-TEM) system described in chapter I.

To summarize, the permanent need for chip miniaturization in microelectronics along with the use of many polycrystalline materials in the fabrication process have generated a substantial need in characterization techniques with a nanometric resolution. Few examples showed that the microtexture control and understanding of these crystalline materials are essential. This need has motivated the use of the ACOM-TEM attachment whose implementation in the local TEM has been the starting point of the thesis research.
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Objectives of the thesis

This thesis has been performed in the frame of a three years CIFRE convention between the SIMaP laboratory of University Grenoble Alpes and the physical characterization group of STMicroelectronics Crolles.

The objectives of this thesis have been to evaluate the abilities and limitations of the ACOM-TEM technique in the context of the characterization of microelectronics-related materials. For that purpose, we have been interested in determining the limitations of characterization of nano-sized materials and in the possibility of answering problematics of microelectronics front-end fabrication challenges. From a wider perspective, the objectives have been to evaluate the ACOM-TEM technique in today's framework, which means by comparison with the current existing techniques or under development methods.

Structure of the manuscript

The present manuscript is divided into five chapters.

The first chapter introduces the state of the art concerning the diffraction techniques used for microtexture analysis. An overview of the diffraction techniques used for the characterization of crystallographic orientations is first given. A distinction is introduced between the techniques dedicated to either macrotexture or microtexture characterizations. A focus is then given to the widespread techniques performing orientation mappings at the grain scale: the SEM-based EBSD and TKD along with ACOM-TEM. The aim of this part of the text is to briefly compare the ACOM-TEM technique with the main competing tools in terms of working principle, abilities and limitations. Then, the discussion is focused on the ACOM-TEM technique which is based on the collection of scanning (precession) electron diffraction patterns and indexation by template matching. A description of the template matching strategy used by the tool is given. The commercialized ASTAR system is presented along with a short literature survey of the field of activities concerned by this approach. At that point, the TEM instrument along with its main functions are presented. The impact of the microscope alignments on the electron probe, the formation mechanisms of diffraction patterns and the benefits of precession for scanning electron diffraction are also discussed.

The second chapter focuses on the ACOM-TEM technique operating mode and its abilities to characterize nano-crystallites. A first section looks at how the TEM parameters can be settled to obtain an electron probe adapted for the indexation of the acquired diffraction patterns by template matching. The electron probe size and convergence angle obtained with our instrument are measured for different configurations. In a second part, the impact of the resulting electron probes on the quality of the ACOM-TEM mappings is evaluated by examining the orientation and phase maps spatial resolution and indexing reliability. This study highlights the relative importance of the convergence angle and the probe size in terms of map quality. A last section investigates the intrinsic limitations of the technique once the TEM-related parameters have been fixed (i.e. for a given electron probe size and convergence angle). A discussion on the best achievable spatial resolution and on the impact of the TEM lamella thickness on the resulting 2D orientation and phase maps are provided.

The third chapter is a case study that illustrates the use of the crystallographic orientation mapping technique in microelectronics. The tools commonly employed for both the characterization and the representation of crystallographic orientations are first presented. The MATLAB MTEX toolbox used for the quantitative analysis of the ACOM-TEM output data is then described. The manuscript provides details on the main functions and on the procedure that have been employed to compute grain size distribution and pole figures. The developed procedure is finally applied to the microtexture characterization of Ni(Pt)Si used to reduce the contact plugs resistance in advanced CMOS devices. The impact of several fabrication process on the Ni(Pt)Si grain size and preferred orientation is evaluated and the resulting choice in the fabrication process parameters of the STMicroelectronics 28 nm node are explained.

The two last chapters deal with microtexture characterizations in case of superimposed crystals in the TEM lamella thickness. The fourth chapter remains focused on ACOM-TEM and starts with a comprehension of the diffraction mechanisms in case of overlapped crystals. The impact of both the grain volume fraction and its position along the z-direction on the final distribution of Bragg spots detected in diffraction patterns are examined. The second half of the chapter presents a method developed in the scope of this thesis to identify the information related to each overlapped grain in the acquired diffraction patterns. This method, referred as multiple-indexing, has been applied on two data-sets in order to evaluate its abilities and drawbacks.

The fifth chapter is a discussion on the capabilities of today's existing method to extract the signature of overlapping crystals from the superimposed diffracting signals detected in diffraction patterns. The ability of the multiple-indexing, non-negative factorization and virtual dark field approaches to recover the morphology of superimposed grains are evaluated and compared on the same set of diffraction patterns.

Finally, the manuscript ends with general conclusions to resume this work and proposes some directions for future researches in this fields.

CHAPTER I MICROTEXTURE ANALYSIS: STATE OF THE ART

In the first part, the diffraction techniques available for the characterization of material texture are introduced. In this context, a comparison of the most sophisticated tools is given, particularly in terms of spatial and angular resolution.

The second part of the chapter focuses on the Automated Crystal Orientation Mapping (ACOM) technique implemented on a Transmission Electron Microscope (TEM). The commercialized system ASTAR is presented, along with an overview of its current use as it can be found in the literature.

In the final part, the specific TEM used for the present work is described. The purpose of this section is to understand the nature and the role of the TEM components essential to the experimentation. General points on electron diffraction are provided to understand the mechanisms involved in the formation of diffraction patterns necessary to the ACOM system.

CHAPTER I

I.1 Diffraction techniques for microtexture analysis

In this chapter, an overview of the diffraction techniques used for microtexture analysis is given. Among them, the basic working principle of the most sophisticated techniques are presented and their capabilities compared.

I.1.1 Characterization of crystallographic orientations:

overview of the existing techniques

I.1.1.

Interaction of radiations with matter: information on the microstructure

Microstructure analyses at atomic scale are mainly performed through the diffraction of a certain type of radiation by crystallographic lattice planes. The wavelength of the radiation used for the characterization must be smaller than the lattice spacing [Engler 2009;De Graef 2012] so that the ones suited for the microstructure characterization remain the x-rays, neutrons and electrons. Table I.1.1 compares the range of wavelength and penetration depth of these radiations as published in [Engler 2009].

NEUTRONS X-RAYS ELECTRONS Wavelength (nm)

0.05-0.3 0.05-0.3 0.001-0.01 Penetration depth (mm) 10-100 0.01-0.1 10 -3 Table I.1.1 Comparison of radiations used for microstructure characterization.

I.1.1.2 Macrotexture analysis

X-radiations and neutrons radiations are typically used for macrotexture analysis: due to their interaction with the sample (generally probe diameter ~cm), the output describes the statistical orientation distribution of a large population of nano-crystals.

Experimentally, a polycrystalline material is illuminated by a monochromatic x-ray source: the diffracted signal collected at the output is composed of spread intensities proportional to the amount of grains in diffraction condition for a given sample position. The sample is rotated in space to plot the diffracted intensities in function of the sample orientation. Pole figure plots are common representations of these diffracted intensities. X-radiations are strongly absorbed in matter (typical penetration depth up to 100 µm), so that X-rays diffraction experiments are commonly performed in a reflection geometry using a thick and flat sample. X-ray diffraction experiments make use of an x-radiation source, a goniometer to rotate the sample and a detection system to collect the diffracted intensities. Regarding the source, X-rays are either produced using x-ray tubes or synchrotron radiations. X-ray tubes generate a continuous wavelength spectrum with characteristic lines. Filter materials enable to cut off low energies but a single-crystal monochromator is ideally used to obtain a monochromatic radiation. Synchrotron sources are less available but enable to get monochromatic sources along with a full flexibility in the chosen wavelength, smaller beam sizes (0.1-100 µm) and higher diffracted intensity. They thereby offer a compromise between macro and microtexture analyses. A four-axis goniometer is commonly used to rotate the crystal in space. Sample rotations are mainly performed by step motors which can reach up to 0.01° sensitivity.

The use of neutrons as radiation is similar to the use of x-rays but are generally not employed due to their difficult access. The nuclear and magnetic scattering of thermal neutrons are preferred over x-rays in rare cases [Engler 2009]: e.g. the higher penetration depth of neutrons (several centimeters) enables to perform non-destructive texture analysis as the entire sample volume can be irradiated.

I.1.1.3 Microtexture analysis

The interaction volume and penetration depth of electrons with matter can be sufficiently restricted to target individual grains: information on both the crystallographic orientation of a crystal and its spatial position and morphology can be known. 
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In SEMs: -The micro Kossel x-ray diffraction technique is based on the analysis of (back)scattered x-rays forming Kossel patterns. The x-rays are generated from the interaction of the incoming electron source with the core electrons of the atoms and are subjected to diffraction by the crystal lattice planes. The diffracted x-rays are acquired with an x-rays sensitive film. The technique offers typical spatial resolution on the order of 1-10 µm [Dingley 1978;Böhling 2007]. Kossel patterns suffer from low S/N ratio due to a strong continuous background as most of the X-rays exiting the sample are not being subjected to diffraction. -The Selected Area Channeling (SAC) technique is based on the analysis of backscattered electrons. The beam rocking for a fixed sample position or the sample rocking for a fixed illumination produces electron channeling patterns (ECP) characteristic of crystallographic orientations [Kamaladasa 2010]. Due to the necessary rocking system, typical spatial resolutions are of the order of 10 µm and down to a few microns after specific corrections of the electromagnetic lenses [Engler 2009]. This technique is compatible with the realization of orientation mappings but has been supplanted by the development of EBSD. -The Electron BackScatter Diffraction (EBSD) technique, which will be described in details later in the text, offers better spatial resolution and full automation. The technique is based on the analysis of backscattered electrons forming Kikuchi patterns. In contrast with the SAC technique, the Kikuchi patterns are formed at a 2D-detector plane and thereby do not need of a rocking configuration. This technique enables to reach spatial resolutions below 100 nm. -Finally, the past decade has seen the emergence of the Transmission Kikuchi Diffraction (TKD) technique, similar to EBSD but in a transmission geometry. The TKD technique shows resolution of about 10 nm and below.

In TEMs:

-The Selected Area Diffraction (SAD) technique is based on the analysis of diffraction patterns made of sharp spots obtained using a parallel electron beam. The size of the illuminated sample is reduced by inserting a small aperture in the image plane of the objective lens. The SAD technique commonly uses illuminated areas reaching up to 200-500 nm. The angular resolution is limited to about 5° [Engler 2009;Zaefferer 2011] due to the lack of Bragg reflections resulting from the parallel illumination. -The Transmission Kikuchi Patterns (TKP) can also be used to determine crystalline orientations [Zaefferer 2011]. A high angular resolution of 0.01° can be achieved using efficient indexing systems due to the Kikuchi lines sensibility to small disorientations. Such sensitivity is frequently a drawback when numerous lattice defects are contained in the probed sample. Finally, the orientation determination using TKP is limited with respect to EBSD patterns due to the poorer quality of the acquired patterns (e.g. stronger background intensity variations). -The Automated Crystallography for TEM (ACT) technique developed by Dingley is based on the collection of dark field images obtained by tilting and rotating a large parallel electron beam. A diffraction pattern is reconstructed from each pixel of the region observed in dark field images and then indexed in order to form an orientation map. A spatial resolution under 10 nm and an angular resolution of few degrees have been reported [Dingley 2006]. -The Nano-Beam Diffraction (NBD) is based on the analysis of diffraction patterns obtained with a focused electron beam, i.e. with a small size (<10 nm) and a small convergence angle. The automation of the patterns indexation has been of considerable advantage and has boosted the use of the technique. The ACOM-TEM system is the best-known orientation imaging microscopy technique in this field and is based on template matching. Using the ACOM-TEM technique, spatial resolution of 1-10 nm and angular resolution of 1° are commonly achieved. Finally, the use of Precession Electron Diffraction (PED) patterns instead of classic NBD patterns has rendered the indexation more reliable and reinforced its use. A description of the PED technique is given in paragraph I.3.4. The principle is identical to NBD, except that precession is used on the probe, which produces diffraction patterns with much less dynamical effects.

The following sections will focus on the main automated orientation microscopy techniques used today for microtexture analysis, namely the EBSD, TKD and NBD techniques. These techniques are compared in terms of their spatial / angular resolutions, depth of penetration, sample preparation and main experimental conditions.

One can note that the spatial resolution can either describes the physical or the effective resolution. The physical resolution refers to the size of the sample volume responsible for the diffracting signal, whereas the effective resolution refers to the size of the smallest observable element. Therefore, the effective resolution is function of both the physical resolution and the indexing ability of the software system. These definitions are clearly detailed by Zaefferer in his extensive review of orientation microscopy techniques used in SEMs and TEMs [Zaefferer 2011]. In the present work, the effective spatial resolution will be systematically used for the comparisons.

I.1.2 EBSD

The Electron BackScatter Diffraction (EBSD) technique is routinely used on SEMs to obtain automated orientation and phase maps. A schematic of an EBSD system is shown in 

I.1.2.1 Signal generation

As the electron beam hits the sample, inelastic and isotropic diffusion of electrons occurs [Galand 2006;Zaefferer 2007]. Part of these diffused electrons experience elastic diffusion by diffraction with the crystal planes fulfilling the Bragg condition. The latter interaction induces the formation of diffraction cones with either an excess or a lack of electron on both sides of a given set of lattice planes and whose intersection with the detector forms two hyperboles. Because of the small values of Bragg angles, the two hyperboles can be assimilated to straight lines forming a band (i.e. Kikuchi bands). The different bands related to sets of crystallographic planes reaching the detector form a diffraction pattern characteristic of the material (lattice parameters, symmetry) and the crystal orientation (Figure I.1.2). 
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I.1.2.2 Indexation principle

The electron beam scans the sample surface and an electron backscatter diffraction pattern is collected at each scanned point. The algorithms for the detection and indexation of the Kikuchi bands are mainly comparing the angles between sets of Kikuchi bands with the expected and pre-computed values for given phases. The calculation is usually made through the use of the Hough transform: the intensity of every pixel of the pattern is retrieved through a sinusoid curve in the Hough space. This way, the signals corresponding to every point of a Kikuchi line are cumulated at a given location in the resulting plot, leading to a straightforward measure of the position and orientation of the line. Then, identifying Kikuchi band in the experimental diagram is performed by detecting maxima in the Hough space [Schwartz 2000;Galand 2006].

I.1.2.3 Specification

The sample is usually tilted at 70° as a compromise between the spatial resolution and the intensity of the retro diffused electrons. As the sample is tilted, the electron beam goes from a circular to an elliptic shape which generates anisotropy and degrades the resolution. In return, tilting the sample brings the interaction volume closer to the sample surface so that more electrons are detected which thereby improves the diffraction patterns quality (improvement of the S/N ratio) [Galand 2006].

The spatial resolution depends on the material density, the microscope gun (e.g. FEG or tungsten filament), the acceleration voltage, but also on the specimen tilt [Humphreys 1999;Zaefferer 2011]. As the electron beam has an elliptic shape at the sample surface, the spatial resolution is usually described along two main directions: perpendicular and parallel to the tilt axis. The spatial resolution along the perpendicular axis is considered to be about three times higher than the resolution obtained along the parallel axis [Humphreys 1999]. Humphreys et al. reported effective resolution along the parallel axis of about 60 nm using a W-filament and up to 30 nm for a FEG microscope, considering an aluminum specimen. [Zaefferer 2007] reported effective spatial resolution for a Fe sample of about 30 and 90 nm along the parallel and perpendicular axes, respectively.

The electrons penetration depth depends on both their energy and the material.

Conventional EBSD experiments are carried out from bulk samples so that the electrons hitting the surface are either diffracted or absorbed by the material. The relevant signal is composed of electrons that are diffused in a quasi-elastic way and, consequently, coming from the extreme surface of the sample: the backscattered electrons come from a range of the first few tens of nanometers [Zaefferer 2007;Keller 2011]. EBSD experiments thereby require the preparation of a cleaned, flat and polished sample surface.

Typical angular resolution obtained with EBSD range from 0.5° to 1° [Zaefferer 2011] even if improvements in the misorientation measurements already enabled to improve the resolution down to 0.1° [Humphreys 2004].

I.1.3 TKD

The analysis of transmission Kikuchi diffraction patterns has first been presented by [Keller 2011] and referred as t-EBSD for Transmission EBSD. The technique has then been re-named as TKD for Transmission Kikuchi Diffraction by [Trimby 2012] who noted that the process is no more involving backscattered electrons. The principle is based on the analysis of Kikuchi diffraction patterns obtained in transmission as explained in the following paragraph. 
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I.1.3.1 Signal generation

This technique makes use of conventional EBSD hardware and software as the formation of transmitted Kikuchi diffraction patterns is akin to the one of the conventional backscattered electron diffraction patterns used in EBSD. In contrast with EBSD, the sample is thinned to be electron transparent and is placed horizontally in the SEM chamber so that the detector grabs the transmitted signal. Finally, the collected signal comes from the diffraction process occurring close to the sample exit surface, as small as 5 nm of a HfO2 layer in the study of [Rice 2014]. A schematic of a TKD system is shown in Figure I.1.3.

I.1.3.2 Specification

As for EBSD, the spatial resolution is function of the material density and [Trimby 2012] reported an effective spatial resolution of about 2 nm for nickel and 10 nm for aluminum. More recent publications also confirmed the achievement of spatial resolution below 10 nm [Brodusch 2013;Trimby 2014]. The angular resolution achievable with TKD is similar to the one obtained in EBSD, which were reported to be about 0.5° [Trimby 2014]. Analyzing the transmitted signal requires the preparation of electron transparent samples (~50-150 nm thick). The sample thickness and the SEM acceleration voltage must be chosen depending on the material density to preserve the quality of the collected diffraction patterns: a high acceleration voltage is usually chosen (~20-30 kV) and thinner samples are needed for denser materials in order to keep a good resolution.

Finally, the transmitted Kikuchi patterns seems to present less blurring than the backscattered Kikuchi patterns used in EBSD, due to the decrease of multiple scattering events [Keller 2011].

I.1.4 Nano Beam Diffraction: ACOM-TEM

The Automated Crystal Orientation Mapping (ACOM) technique making use of Nano Beam Diffraction (NBD) is routinely used on TEMs to obtain automated orientation and phase maps. The technique is based on the analysis of electron diffraction patterns whose formation mechanisms will be explained in paragraph I.3.3. This technique is also known as ASTAR, the product commercialized by the NanoMEGAS company [NanoMEGAS]. A schematic of the ASTAR system is shown in Figure I.1.4.

I.1.4.1 Signal acquisition

For the ACOM-TEM experiments, a nanometric electron beam is scanned over the sample surface and diffraction patterns produced at each scanned point are recorded. The DigiSTAR unit responsible for the scanning control is connected to the TEM (or STEM) deflection coils. Diffraction patterns are acquired with an external optical camera placed in the front of the TEM viewing screen.

I.1.4.2 Indexation principle

The algorithm used by ACOM-TEM for the automatic indexation of diffraction patterns is based on template matching: diffraction patterns are individually compared to series of simulated patterns -called templates -that are computed for all possible crystal orientations of all expected phases. Indexing is achieved by cross-correlating each acquired pattern with the templates [START_REF] Rauch | [END_REF][Rauch , 2014]]. The orientation defined by the template having the highest degree of matching is selected. 

I.1.4.3 Specification

The spatial resolution of an orientation or phase map is sensitive to most of the parameters related either to the microscope settings (responsible for the electron probe) or to the software built-in algorithm (responsible for the indexation). Many authors communicated a spatial resolution below the 10 nm (e.g. [Albou 2013;[START_REF] Ghamarian | Development and application of a novel precession electron diffraction technique to quantify and map deformation structures in highly deformed materials -As applied to ultrafine-grained titanium[END_REF]) and a spatial resolution down to 1 nm has been reported in some previous studies [Moeck 2011a;[START_REF] Viladot | Orientation and phase mapping in the transmission electron microscope using precession-assisted diffraction spot recognition: State-of-the-art results[END_REF]Rauch 2014]. The typical angular resolution obtained with the ACOM-TEM system is up to 0.3° as observed by [Rauch 2014].

As for TKD, analyzing the transmitted signal requires the preparation of electron transparent samples (usually around 50-150 nm thick). The quality of the diffracting signal is primordial for patterns indexation. The number of electrons passing through the sample depends on the sample thickness and the material: thinner samples are preferred for materials with higher atomic numbers to limit the scattering.
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I.1.5 Comparisons

In this section, the main diffraction techniques for the analysis of texture have been shortly overviewed. As explained previously, these techniques are based on the diffraction of x-rays, neutrons, electrons in the crystal. The use of x-rays and neutrons as radiation source offers similar characteristics in terms of spatial and angular resolution, while the main disadvantage of neutrons is the necessary access to neutrons beam lines. They are both considered as macroscopic techniques as they offer spatial resolution at the micrometer scale. Regarding electrons, it has been explained that the interaction of electrons with matter is a source of many radiations characteristics of the microstructure (e.g. x-rays, scattered electrons, in both transmission and reflection geometries). Among the existing techniques able to acquire and analyze these signals, the EBSD, TKD and ACOM-TEM tools are the most used nowadays. 

I.2 ASTAR

ASTAR is the commercial tool based on the ACOM-TEM strategy. ASTAR is a collection of four software that fulfill separate tasks: diffraction patterns acquisition, template generation, pattern indexing through template matching and outputs/exports facilities. This tool being the one used all along the thesis, the description of these different functions has appeared necessary.

I.2.1 Pattern indexation principle

I.2.1.1 Correlation index

With the ACOM-TEM technique, every acquired diffraction pattern is indexed by template matching. The template matching algorithm is based on the calculation of a correlation index Q given by Equation (I.2.1): for each template i, Q(i) is proportional to the sum over the entire range of the x and y coordinates of the product of the intensities related to the diffraction pattern P(x,y) and the template Ti(x,y).

Q(i) = ∑ P(x j , y j )T i (x j , y j ) m j=1 √∑ P 2 (x j , y j ) m j=1
√∑ T i 2 (x j , y j ) m j=1

(I.2.1)

I.2.1.2 Uniqueness of the proposed solution

A reliability factor R is used to weight the uniqueness of the proposed solution. R measures the ratio between the correlation indexes Q1 and Q2 related to the two best solutions as described by Equation (I.2.2).

R = 100(1 -Q 2 Q 1 ⁄ ) (I.2.2)
In cases where one solution is predominant compared to all the other ones ( 

I.2.2 Software package

I.2.2.1 Diffraction patterns acquisition

This function is the only one that involves the hardware (camera, scan generator). The DigiSTAR system is connected to the beam deflection coils of the microscope in order to control the scan and the precession setup (i.e. the beam tilting and rocking). The sample surface is scanned by the electron beam and diffraction patterns produced for each scan point are projected onto a small phosphorous screen. A Stingray camera is fixed in front of the TEM window to acquire the corresponding signal. The software interface allows the configuration of the desired scan (scan size, step size and azimuthal orientation) and camera settings (pixels binning, integration time, and image corrections). The default binning is 144 x 144 pixels. The set of acquired diffraction patterns are recorded as a block-file using the *.blo extension. The schematic of the scanning system has been represented in the first part of the chapter (Figure I.1.4). 

I.2.2.2 Banks of simulated templates

I.2.2.3 Tools for template matching optimization

Each diffraction pattern is compared by template matching to the different sets of simulated templates using the indexation dedicated software. This requires to define and optimize the matching process between the templates and the acquired diffraction patterns. Three sorts of parameters impacting the indexation and modifiable in the software can be differentiated: the parameters working on the acquired diffraction patterns, the simulated templates or the template matching process.

Regarding the acquired diffraction patterns, image corrections related to the camerarelated distortions can be performed. Indeed, the Stingray camera grabs the signal projected onto a small phosphor screen tilted at 45° from the horizontal. The projected images of the diffraction patterns are thus slightly deformed by this geometry. Different types of corrections can be applied to the acquired set of diffraction patterns. Most of the time, simple horizontal and vertical stretching corrections are sufficient. In addition to distortions correction, images treatments are also available in order to emphasize the diffracted spots relatively to the background. The acquired images are treated by means of a set of tools (e.g. noise reduction filters, mask) in order to emphasize the diffraction spots and limit the background impact.

Regarding the simulated templates, the camera length setting describing the magnification of the simulated templates needs to be set in accordance with the TEM diffraction camera length chosen for the given experiment. In addition, the templates-topatterns centering setting enables to perform small displacements of the templates. This option is used to ensure the good superimposition of the templates on top of the recorded diffraction patterns. Finally, the amount of diffraction spots far from the center is controlled by the number of reciprocal lattice vectors considered. The maximum work radius parameter must be set in accordance with the amount of diffraction spots observable in the acquired diffraction patterns.

Regarding the template matching procedure, the execution of the basic indexation algorithm can be simplified and accelerated by shortening the number of crosscorrelation calculations: with the full matching process, the template matching is executed for every azimuthal rotation of each template. This configuration is the most complete and time consuming calculation of the software. The alternative 'fast matching' process offers a simplified calculation. In this configuration, the template matching process is executed for a limited amount of rotated templates having a minimum of one diffraction spots in common with the acquired pattern. This faster setup is usually well suited for the characterization of high symmetry crystals.

CHAPTER I

An illustration of the impact of different settings that have just been described is given in Figure I.2.5. After launching the indexation, the template matching calculation is carried out by the software as introduced in the chapter 1.1.4. 

I.2.2.4 Final outputs and representation

The indexation results are represented by different maps whose main ones are described below. The Virtual Bright Field (VBF) map shows a reconstructed bright field calculated from the intensity recorded inside a numerical aperture centered on the transmitted beam of the recorded diffraction patterns and whose radius is chosen manually.

The Index map represents in a grey scale the matching index obtained for each pixel.

Similarly, the Reliability map represents in a grey scale the (non-)uniqueness of the given solution for each pixel. Low values are associated to the darkest grey levels. The orientation map represents the orientation indexed as the best match for each pixel using a color code specific to the crystal symmetry. Similarly, the phase map represents the phase indexed as the best match using an arbitrary color code.

Other tools such as pixel-to-pixel disorientation chart or pole figure plots are made available to perform preliminary microtexture analysis. For quantitative analyses of the texture, the measurement data can be exported in a *.ctf or *.ang file and treated in other dedicated software. Among them are the several available commercial software dedicated to EBSD data treatment, but also the open source MTEX MATLAB toolbox. Detailed descriptions of the MTEX toolbox will be made in Chapter III. 

CHAPTER I

I.2.3 ASTAR in the literature: review of the applications

NanoMEGAS reported 75 ASTAR units installed in 2015 during the 2015 ASTAR Advanced User Workshop (Grenoble, FRANCE). The ASTAR system has been used for the characterization of many kind of materials, such as metals, metal alloys, ceramics and semiconductors. Its first application was to determine the orientation of metals enduring severe plastic deformation. Up to now, ASTAR has been used for a wide range of applications, from orientation determination [Brandstetter 2010;Albou 2013;[START_REF] Ghamarian | Development and application of a novel precession electron diffraction technique to quantify and map deformation structures in highly deformed materials -As applied to ultrafine-grained titanium[END_REF]Liu 2014;Aebersold 2015] to phase identification [Rauch 2010;Brunetti 2011;Moeck 2011b] through grain boundaries analysis [Darbal 2013;LaGrange 2013;Wang 2015]. In-situ strain has also been associated with orientation mapping for the study of metallic films plastic deformation [Kobler 2013]. The ACOM-TEM technique has been used to detect grains of all sizes, up to a few nanometers [START_REF] Ganesh | [END_REF]]. A review of the results obtained with this system up to 2012 has been given by [START_REF] Viladot | Orientation and phase mapping in the transmission electron microscope using precession-assisted diffraction spot recognition: State-of-the-art results[END_REF]] in their article.

I.2.4 Conclusion

The ASTAR package consists of a hardware part responsible for the scan and a software part (i.e. ACOM-TEM technique) responsible for the diffraction patterns collection, the indexation based on template matching, and the final output visualization through maps. Work on both the acquired images (i.e. image treatment) and the simulated templates (i.e. adjustment) is carried out to optimize the template matching process.

Finally, the technique is used by laboratories and industrials for the characterization of orientations, phases and grain boundary distribution of a wide range of materials, down to a few nanometers-sized crystals.

I.3 TEM instrument for Scanning Precession Electron Diffraction

As seen previously, the ACOM-TEM technique is based on the acquisition of diffraction patterns obtained in a TEM and its spatial resolution depends on the electron probe characteristics. Thus, it is rather important to understand the mechanisms involved in both the electron probe and the diffraction patterns formation. In this section, the TEM instrument and the main parameters responsible for the ACOM results quality are presented. General points on diffraction are then provided and the relationship between the intensity distribution observed in diffraction patterns and the crystal planes orientation is explained. The Precession Electron Diffraction (PED) technique inherently associated with the ASTAR package and its contribution to the quality of the diffracting signal are finally presented.

I.3.1 Presentation of the instrument

I.3.1.1 Principle

Transmission Electron Microscopes, or TEMs, are microscopes using electrons as radiation source. The charge carrying the electrons enables them to be deflected in the microscope column by magnetic lenses [Williams 1996]. High energy electrons are orientated towards an ultra-thin sample transparent to electrons. The scattered signals produced from the interactions between the material and the incoming source can be decomposed into four main categories as shown in the Figure I.1.1 of paragraph I.1.1: the transmitted electrons, the elastically scattered electrons (which undergo Bragg diffraction), the inelastically scattered electrons (which suffered an energy loss), and the X-rays. This thesis only focuses on the analysis of the electrons undergoing elastic scattering as they are directly related to the crystallographic structure of the material.

I.3.1.2 Resolution

The limit of resolution of a microscope is of the order of the wavelength of the radiation used. The relativistic electron wavelength for TEM is described by Equation (I.3.1) [Williams 1996] and is based on the wave particle duality of electrons introduced by de Broglie. The equation shows the relationship between the electron wavelength λ and the TEM accelerating voltage V, using the electron charge e, the Plank's constant h, the rest mass m0, and the speed of light in vacuum c. Using this equation, a 0.00251 nm electron wavelength is expected for a TEM operating at a typical 200 kV accelerating voltage.

𝜆 = ℎ [2𝑚 0 𝑒𝑉(1 + 𝑒𝑉 2𝑚 0 𝑐² )] 1/2 (I.3.1)
The practical resolution is nevertheless physically limited by the defects of the magnetic lenses inside the column. The aberration correctors available on recent microscopes enable to reach resolution (i.e. the minimum resolvable distance) of about 0.5 Å [START_REF] Erni | [END_REF]].

I.3.2 TEM alignments & electron probe characteristics

During this thesis, experiments were carried out with a FEI Tecnai G2 F20 S-Twin FEG (S)TEM. The following description of the microscope is in accordance with this tool and no further details on alternative components (e.g. other types of electron guns, objective lenses, …) are provided. A section of a TEM is given below. 

I.3.2.1 General overview

The microscope is composed of different parts that are described separately: the electron gun, the illumination system, the objective lens, the final magnification and projection system.

After emission of electrons by the gun, the beam is focalized on the sample through different set of lenses referred as the illumination system. The sample is positioned in between two pole pieces composing the TWIN objective lens 2 . The upper part of the twin lens is referred as the objective condenser lens while the lower part is referred as the objective lens (OL). A mini-condenser lens (ML) is immersed in the magnetic field of the twin lens, between the objective condenser lens and the specimen. In this discussion, the upper part of the twin lens (including the objective condenser lens and the mini-condenser lens) is considered as part of the illumination system.

2 No description of asymmetric objective lenses will be given.

I.3.2.2 Gun

A Field Emission Gun3 , or FEG, is composed of a small tungsten needle and an extraction anode, followed by a gun lens [FEI]. Electrons emitted from the needle are controlled by the voltage applied on the extraction anode (~2-5 kV). The current applied on the electrostatic gun lens controls the position of the electron beam crossover: as the gun lens is strongly excited, the crossover moves up in the column which induces an electron probe with a small size, low aberrations, but less current.

I.3.2.3 Illumination system

The electron beam is focused on the sample by the means of two conjugate lenses C1 and C2. The C1 lens controls the minimum size of the electron source on the specimen. Its current (affecting the focal lens) is modified in discrete steps referred as spot size [FEI].

In Tecnai microscopes, the spot size can be tuned from 1 to 11, with increased spot size leading to smaller probes. The crossover produced below the C1 lens is located at the object plane of the C2 lens so that the C2 lens images the C1 crossover. The C2 lens controls the focus of the electron source on the specimen and consequently affects the probe size and convergence angle. The current applied on C2 modifies the position of the C2 image plane: the electron probe can be focused on the sample (i.e. the probe on the sample is at its smallest size and convergent), under-focused (i.e. the probe on the sample is convergent), over-focused (i.e. the probe on the sample is divergent) or parallel. The current can be modified continuously and is usually called Intensity or Brightness. Then, an aperture placed close to the lens (C2 aperture) alters the intensity and the convergence angle of the electron beam, and thus its size. The aperture diameters usually go from a few hundreds of µm to a few µm. Large apertures are used in imaging mode (parallel illumination) in order to maximize the intensity. Smallest apertures are usually used in scanning mode (focused illumination) in order to reduce both the probe convergence angle and the intensity. Finally, the objective condenser lens is used to de-magnify the electron probe before its interaction with the sample [De Graef 2003].

The FEI Tecnai TEM may operate in two preset modes referred as microprobe and nanoprobe modes. The difference lies in the activation of the minicondenser lens (ML) located at the very end of the illumination system right before the upper pole piece of the TWIN objective lens (Figure I.3.2). In nanoprobe mode, the ML is deactivated (ML optically OFF) and the convergence angle of the electron is governed by the C2 aperture diameter. In this configuration, the focus of the electron beam results in a small probe, down to a few angstroms in size. In microprobe mode, the excitation of the ML (ML optically ON) decreases the convergence angle of the beam focused on the sample, affecting the beam size and current density. The microprobe mode is considered as the TEM conventional operating mode as it offers more adapted conditions for quasi-parallel illumination. By contrast, the nanoprobe mode is preferred when a small electron probe is required as for EDX analysis. Similar considerations were detailed by [Alloyeau 2008] in a work that highlighted the role of the different illumination system components (C1, C2, ML lenses and C2 aperture size) on the electron probe formation, size and convergence angle for a JEM 2100 F microscope.
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I.3.2.4 Image and diffraction formation and projection

After the interaction of the beam with the specimen, the diffraction pattern is produced at the back focal plane of the objective lens (OL) while the image is produced at the selected area (SA) plane. The diffraction pattern, or the image, is then magnified by a set of lenses: the diffraction lens (DL), the intermediate lens (IL) and the projection lens (PL). The IL current is varied to be conjugated to either the OL back focal plane or the SA plane in order to image the diffraction pattern or the image, respectively. Finally, the image plane of the PL is positioned at the plane of the screen used for observations.

I.3.2.5 Remarks on deflection coils

A minimum of three sets of double (i.e. upper and lower) deflection coils are used in microscopes: the gun, beam and image deflection coils. Each deflection coil is a set of two coils x and y. These coils deflect the electron path which enables to carry out beam alignment along the column (e.g. pivot points), beam shifts (e.g. simple displacement, scan) and beam tilts (e.g. conical dark field, precession).

I.3.3 Electron diffraction -Basics

As introduced in the last paragraph, diffraction patterns are formed at the back-focal plane of the objective lens and the mechanisms involved in the formation of the distributed intensities are succinctly presented here.

I.3.3.1 Diffraction for thin foils

When a monochromatic electron source of wavelength λ hits the sample, the atom of a crystal elastically diffuses the electrons in every direction. The interactions of these diffused waves are responsible for the reinforcement of waves in certain directions, so that they interfere constructively for a given angle between the incident electron beam and a family of crystallographic planes {hkl} referred as the Bragg angle. Thus, the diffraction of a family of planes occurs if they are oriented in the exact Bragg position. This requirement is defined by the Bragg's law in Equation (I. 
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The diffraction process can also be represented using the Ewald sphere construction in the reciprocal space. The reciprocal lattice of a crystal is made of a set of nodes -each characteristic of a family of planes {hkl} -and whose origin is situated at the tip of the incident wave vector k0. The Ewald sphere is defined as a sphere of radius 2𝜋 λ centered at the incident point of the beam on the crystal. In this representation, diffraction occurs for nodes of the reciprocal lattice exactly located on the Ewald sphere, as illustrated in Figure I.3.5.

In TEM thin foils, one of the crystal dimensions is small compared to the two others which induces a broadening of the nodes along this particular direction in the reciprocal lattice. These elongated nodes are conventionally called relrods, standing for reciprocallattice rods. As a result of the elongation, more nodes are suited to meet the Ewald sphere, allowing the diffraction to occur. This phenomenon is referred as the relaxation of the Bragg conditions. A vector sg is then defined by the Ewald construction to measure the deviation from the exact Bragg conditions. The quantity sg is usually referred as excitation error or deviation parameter [Williams 1996;[START_REF] Morniroli | Diffraction électronique en faisceau convergent à grand angle (LACBED)[END_REF]]. As a result, a diffraction pattern is composed of one transmitted spot coming from nondiffracted electrons and several diffracted spots characteristic of families of planes {hkl} in or near the Bragg conditions. An example is shown in Figure I.3.4.

I.3.3.2 Intensity profiles -kinematics vs. dynamics

The diffraction of an electron beam ideally occurs only once in the sample thickness. In that case, the intensity of the diffracted spots can be determined following the kinematical theory [START_REF] Morniroli | Diffraction électronique en faisceau convergent à grand angle (LACBED)[END_REF]]. The intensity of a diffracted spot Ig is given by Equation (I. 3.3), where I0, s, t and ξg are the incident beam intensity, the excitation error, the sample thickness and the extinction distance, respectively. Thus, Ig varies in a periodic way according to s and t. The rocking curve represented in Figure I.3.7-a illustrates the variation of Ig with respect to s at fixed sample thickness. In kinematics conditions, the intensity presents a maximum when s equals to zero (i.e. at the exact Bragg conditions). Near the Bragg condition, the intensity of a diffracted spot decreases dramatically and rapidly tends towards zero.

𝐼 𝑔 = 𝐼 0 (𝑠𝜉 𝑔 )² sin 2 (πts), 𝑠 ≠ 0, 𝐼 𝑔 𝑠→0 = ( πt 𝜉 𝑔 ) 2 (I.3.3)
The diffracted beam can however interact several times with the atoms in the sample thickness (Figure I.3.6), leading to more complex interactions between the transmitted and the diffracted beams. This configuration is referred as the dynamical conditions. Consequently, the intensity of the diffracted spots is less easy to determine (see Equation (I.3.4)). A typical rocking curve in the two-beam case is depicted in Figure I.3.7-b. Depending on the sample thickness and the extinction distance, the diffracted intensity does not necessarily show a maximum in the exact Bragg conditions (s=0) but can present maxima at different s values [START_REF] Morniroli | Diffraction électronique en faisceau convergent à grand angle (LACBED)[END_REF]]. Moreover, when several beams are interacting, the multiple-beam interactions must be added to these effects.

𝑠 ′ = (𝑠 2 + 1 𝜉 𝑔 2 ) 1 2 ⁄ (I.3.4)
Due to the strong interaction of electrons with matter, dynamical effects affect the intensity of the diffracted spots. The kinematic configuration is approached for very thin samples (where diffractions multiplicity is less probable), high excitation errors (as the intensity tends to zero in both configurations), and high extinction distance [START_REF] Morniroli | Diffraction électronique en faisceau convergent à grand angle (LACBED)[END_REF]]. 

I.3.4.2 Working principle

rotated at a given frequency (typically about 100 Hz) using the TEM beam deflection coils. A schematics of PED alignments inside a TEM column is given in Figure I.3.9. The normal axis. At the back focal plane of the objective lens, the diffraction pattern is made of one transmitted and multiple diffracted circles corresponding to the circular motion of the incident beam [START_REF] Morniroli | Diffraction électronique en faisceau convergent à grand angle (LACBED)[END_REF]]. The TEM image deflection coils are used to de-scan the transmitted and diffracted beams so that the final diffraction pattern is composed of focused spots.

In the reciprocal lattice, the process can be represented a continuous tilt of the Ewald sphere that consequently intercepts relrods of planes farther from the exact Bragg position (Figure I.3.9). The final hallow cone grabs a larger amount of reflected beams as the number of reflections increases with the precession angle. Thanks to the de-rocking system, the intensities are integrated over the initial Bragg conditions and therefore present less dynamical contrast. The operating procedure that has been used to align the FEI Tecnai is provided in Appendix A. 

I.3.5 Conclusion

In this section, it has been reminded that the probe characteristics (i.e. size, convergence angle, intensity) is function of a couple of TEM lenses/aperture whose activity/size can be optimized. The formation of diffraction patterns has then been explained. Each diffracted spot corresponds to a family of planes in or near Bragg conditions and whose intensity depends on the excitation error s. It has been explained that the diffracted intensities observed in diffraction patterns cannot be computed according to the kinematical theory due to extra interactions of the electrons with the sample, which is related to its nature and its thickness. The dynamical behavior of the diffracted intensities is a drawback for the ACOM technique whose templates are calculated on a kinematical basis. The Precession Electron Diffraction technique, also known as PED, is used to reduce these dynamical effects. Its working principle has been explained and an operating procedure has been provided.

I.4 Chapter conclusion

In this chapter, the main diffraction techniques used for the characterization of microtexture have been presented. Among them, the ACOM-TEM and TKD techniques are the most powerful ones in terms of achievable spatial resolution. The ACOM-TEM technique is also known by its commercial product ASTAR provided by the NanoMEGAS company. Its working principle based on the acquisition of diffraction patterns and their indexing by template matching has been described. The matching results quality depends on both the TEM and the software settings. Regarding the ASTAR software, the different parameters acting on the acquired images and the simulated templates have been presented. The output data are available in the forms of maps but can also be exported for further quantitative analysis using others programs (see chapter III for more details). Regarding the TEM, a set of tunable lenses and aperture are responsible for the characteristics of the electron probe scanning the sample. The intensity distribution observed in diffraction patterns suffers from dynamical effects that can be reduced using precession. The PED fundamentals and alignments in the TEM column have been described.

CHAPTER II ACOM-TEM: OPERATING MODE CAPABILITIES AND OPTIMIZATION

This chapter is focused on the operating mode of the ACOM-TEM tool and reviews the capabilities of the technique in terms of spatial resolution, indexing reliability and main limitations. These capabilities are intrinsically related to the characteristics of the electron probe used to scan the sample.

In the first part, the TEM parameters affecting the probe are analyzed, and optimized settings for Scanning (Precession) Electron Diffraction are determined. The discussion is based on experiments made on a FEI Tecnai F20 FEG.

In the second part, the influence of the resulting electron probe on ACOM-TEM results is evaluated. This section aims at understanding the impact of the probe on the mappings quality, both in terms of indexing reliability and spatial resolution.

The detection limits of the technique using the previously optimized parameters are finally examined. In this section, the limitations due to the sample thickness and the capabilities of the technique in terms of spatial resolution are both discussed.

II.1 TEM parameters and resulting electron probe with an FEI Tecnai F20

In this section, the influence of different TEM settings on the electron probe size and convergence angle is evaluated. A set of parameters optimized for experiments involving a scanning mode are determined.

II.1.1 Criteria for the electron probe optimization

The size, convergence angle and intensity characteristic of the electron beam at the sample surface depend on the tuning of the TEM illumination system described in Chapter I. The TEM settings considered during this thesis for the optimization of the electron probe on the Tecnai F20 are summarized in Table II.1.1.

First, the size of the C2 aperture has been selected considering both microprobe and nanoprobe modes in order to optimize the electron probe convergence angle. Then, a set of Gun Lens / Spot Size have been chosen to obtain a probe of small size with sufficient intensity in the diffraction patterns. Finally, the impact of the minicondenser lens on the probe size and convergence angle has been analyzed.

Parameters State Probe Δp α I

FEG extraction voltage4 Fixed to its maximal value of 4500 V in order to maximize the probe intensity.

✓

Gun Lens Tuned in discrete steps from 1-3 to 8 (increasing gun lens leading to less current).

✓ ✓

Spot Size

Tuned in discrete steps from 1 to 11 (increasing spot size leading to smaller probes).

✓ ✓

C2 current 4 (Intensity or Brightness) Adjusted in order to focus the probe at the eucentric position where the sample is located. ✓ ✓

C2 aperture

Selected among the available apertures: 10, 70, 100 and 150 µm.

✓ ✓ ✓

Minicondenser lens Tuned from the available modes: microprobe and nanoprobe.

✓ ✓

Table II.1.1 List of parameters affecting the electron probe and considered for the experiments. The electron probe size, convergence angle and intensity are noted Δp, α and I, respectively.

II.1.2 Probe characterization -Method

II.1.2.1 Probe size measurement

Images of electron probes formed in TEM-EFTEM mode were acquired using a GATAN CCD camera at a magnification of 690 kx SA. The magnification calibration in image mode was double checked using the certified MAG*I*CAL TM calibration reference standard [EMS]. The Full-Width at Half-Maximum (FWHM) distance was systematically measured in vacuum (Figure II.1.1) assuming a Gaussian electron intensity distribution [START_REF] Michael | [END_REF]].

II.1.2.2 Probe convergence angle measurement

Diffraction patterns were acquired using the same GATAN CCD camera at a diffraction camera length of 690 mm. Probe convergence semi-angles were determined using a (110)-oriented silicon diffraction pattern. Diffraction pattern images were calibrated so that the distance between the transmitted disk and one diffracted disk related to the {h,k,l}={1,1,1} plane family corresponds to 2θB, with θB being the Bragg angle ( 

II.1.3 Probe characterization -Results

II.1.3.1 Probe convergence angle: selection of a C2 aperture

As reminded in the first paragraph, the convergence angle depends on both the C2 aperture and the minicondenser lens current (at fixed C2 current). For that reason, the probe convergence angle was measured for two different C2 apertures (10 µm and 70 µm) in microprobe and nanoprobe modes using a silicon bulk sample. The results are summarized in Table II.1.2. In microprobe mode, the electron probe presents a convergence semi-angle of 0.4 mrad for a 10 µm aperture (i.e. quasi parallel illumination) and of 3.0 mrad for a 70 µm aperture. In nanoprobe mode, the electron beam is more focused on the sample, leading to a convergence semi-angle of 1.8 mrad for the 10 µm aperture and to disk overlapping for the 70 µm aperture.

Let us note that the convergence angle measured from the CCD camera characterizes the real convergence angle of the electron beam at the specimen plane. However, diffraction patterns acquired by the external AVT Stingray camera present an intensity spreading around the diffraction spots that enlarges significantly their size and produces an apparent beam convergence angle larger than the effective one. This spreading depends on the degree of saturation of the camera sensor and consequently on the camera type, resolution and acquisition mode (binning) along with the acquisition integration time. The resulting transmitted disk size is no more a direct measure of the beam convergence angle, but is nevertheless a relevant value for the orientation or phase indexation as it controls the final distance between the diffraction spots and their potential overlapping. For a 10 µm aperture and using the AVT Stingray camera in the given experimental conditions, the saturation of the intensity leads to transmitted disks radii of about 3.5 mrad in both modes. By contrast, the measured done on diffracted disks give apparent radii of around 1.4 (average) and 2.5 mrad in microprobe and nanoprobe modes, respectively.

Therefore, a 10 µm aperture is preferred for scanning electron diffraction experiments as the use of the other available apertures (70 µm and higher) produces too large diffraction spots which would frequently lead to Bragg disks overlapping in the recorded diffraction patterns. Nevertheless, let us note that intermediate values of convergence angle would be achievable by using slightly larger C2 apertures (e.g. 20/30 µm). 
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II.1.3.2 Probe size: selection of a Gun Lens and a Spot Size

The C2 aperture being selected, the beam intensity depends essentially on the Gun Lens and the Spot Size but not on the minicondenser lens which therefore will be kept in microprobe mode in the present section. The Gun Lens and Spot Size ranges that produce a beam intensity high enough to generate exploitable diffraction patterns are determined.

The electron beam full width at half maximum (FWHM) values are summarized for each configuration in Table II.1.3 and commented below:

 An equivalent probe size is retrieved for every Gun Lens by using a different Spot Size.  The probes with FWHM superior to 5 nm have been considered as too large to be taken in consideration. The sets of (Gun Lens / Spot Size) in this configuration are highlighted in gray.  For some other sets of (Gun Lens / Spot Size), the electron probe was not intense enough to acquire exploitable diffraction patterns. Similarly, these sets of (Gun Lens / Spot Size) are highlighted in red. Because for the smallest probe sizes the electron density obtained with the 10 µm C2 aperture is not high enough to be measured, an estimate of the threshold has been performed using the 150 µm aperture as the larger aperture has enabled the measurements of the electron density. The values showed that a probe displaying an intensity inferior to about 1.7 nA with a 150 µm C2 aperture were not intense enough for our experiments with the 10 µm aperture.  As it can be observed in the table, no probe size smaller than 3 nm +/-0.1 nm have been captured. This result can originate from a limitation of the TEM illumination system to form smaller probes or from a limitation of the CCD camera to detect probes with a very low electron density. However, no further research has been made in that sense to understand the underlying mechanism responsible for this result.

At the beginning of the thesis, the ACOM-TEM mappings were performed using the (Gun Lens=3 / Spot Size=8) set. This set and its several equivalent configurations (e.g. Gun Lens=4 / Spot Size=8 and so on...) appear to be the best suited in terms of probe size while keeping an acceptable electron density. In order to be consistent with the past results, the same set has been kept for the work that followed. 2.9 2.9 2.9 2.9 3.0 2.9 Table II.1.3 Probe size (FWHM) depending on the Gun Lens and the Spot Size in microprobe mode with a 10 µm C2 aperture. The (Gun Lens / Spot Size) sets with FWHM ≥ 5 nm appear in grey. Identically, the ones for which the electron density was considered as too poor appear in red.

GUN LENS

II.1.3.3 Microprobe versus nanoprobe modes

After adjusting the C2 aperture, the Gun Lens and the Spot Size, the electron probe characteristics (size, convergence angle) only depends on the current running through the minicondenser lens. Therefore, the electron probe was characterized in micro-and nanoprobe modes, using a 10 µm C2 aperture, a gun lens of 3 and a spot size of 8. For this analysis, the probe size was systematically measured in vacuum and after transmission through monocrystalline silicon of a 90-100 nm thick TEM lamella.

In microprobe mode, a 4.7 nm probe is measured through the Si sample against 3.8 nm in vacuum, equivalent to about 24% of broadening in transmission. As mentioned in paragraph II.1.3.1, this particular illumination condition gives rise to a quasi-parallel electron beam with a convergence semi-angle of 0.4 mrad.

As expected, the nanoprobe mode results in a smaller and more convergent electron probe. The beam diameter decreases down to 0.8 nm in vacuum while the convergence semi-angle of 1.8 mrad is more than four times the one measured in the microprobe configuration. Consequently, the larger broadening of the transmitted beam (here up to 113%) leads to a 1.7 nm probe size after passing through the Si sample. A summary of the probe characteristics measured for each illumination mode is given in Table II 

II.1.4 Conclusion

The TEM gun settings, the excitations of the C1 and C2 lenses, and the choice of the C2 aperture size alter the electron probe characteristics at the sample surface. The current applied on the gun and C1 lenses were varied over a large range to understand the impact of each of them on the final electron probe size. From these experiments, a gun lens of 3 and a spot size of 8 have been fixed for further research. The beam convergence angle was evaluated as a function of the two smallest available apertures (10 µm, 70 µm). The 10 µm aperture appears more adapted to ACOM-TEM experiments to avoid diffraction disks superposition. Finally, the electron probe size was characterized for the two available current states of the minicondenser lens, known as the micro-and nanoprobe modes. The nanoprobe mode is used to get a small but more convergent electron beam while the microprobe mode provides a nearly parallel illumination at the cost of a larger probe size.

II.2 ACOM resolution: TEM related limitations

In this section, the influence of the electron probe characteristics on both the indexing quality and the effective spatial resolution of orientation and phase maps are evaluated.

Orientation and phase maps obtained with the previously selected microprobe and nanoprobe settings are compared in order to derive the relative importance of the probe size, intensity and convergence angle on the results. The investigated sample is part of a microelectronic device related to the challenges mentioned in the introduction.

II.2.1 TEM illumination mode: consequence on orientation and phase maps resolution

The spatial resolution of an orientation (phase) map is sensitive to most of the parameters related to either the microscope settings or the software built-in algorithm. Among them, the probe size tuned by the illumination system is of primary importance as it limits the area probed at each individual scanning step. Consequently, it is tempting to use nanoprobe mode, or similar settings, to reach the best spatial resolution. However, the quality of the collected signals (here the recorded diffraction patterns) must also be optimized to ensure their recognition by template matching. The generated templates are highly simplified so that the quality of an acquired pattern is here intimately related to the intensity of the reflections. This intensity is in turn dependent on both the incident beam intensity and the sharpness of the Bragg spots, i.e. on the beam convergence angle. Therefore, studying the impact of micro-and nanoprobe modes on the maps quality enables to understand the relative importance of the convergence angle over the probe size.

II.2.2 Material and method

II.2.2.1 Material

A 110 nm thick TEM lamella was prepared using a FEI HELIOS 450 FIB. A TEM image of the prepared sample showing transistor components deposited on a SOI substrate is shown in Figure II.2.1.

II.2.2.2 Method -TEM

Microprobe and nanoprobe TEM modes were used to map the crystal orientations and crystal phases. In both cases, the experiments were carried out using an acceleration voltage of 200 keV, a maximal extraction voltage of 4500 V, a gun lens in the range 1-3, a spot size set to 8 and a 10 µm C2 aperture.

II.2.2.3 Method -ASTAR

Diffraction patterns were acquired with the external AVT Stingray camera and recorded as 144 x 144 pixels images with a 30 ms integration time. The diffraction camera length was set to 89 mm for all the experiments. Low resolution analyses of the components were first performed by mapping a 425 x 525 nm² area with a 2.5 nm step size in both microprobe and nanoprobe modes. High resolution maps were then captured with a 1 nm step size for reduced areas (100 x 80 nm² and 140 x 200 nm² scan areas for microprobe and nanoprobe modes, respectively).

An accurate calibration of the step size was necessary to determine the spatial resolution from maps reconstructed through scanning diffraction acquisitions. In microprobe mode, the standard ASTAR calibration is given with a precision of 5%. For the present purpose, the step size was further optimized by adapting the beam scan amplitudes available in the DigiSTAR control unit so that the size of the square generated by the system fits with a known length value. The precision was here improved down to 3%.

Because the excitation of the minicondenser lens affects the magnetic field of the objective lens, a different current is needed in order to keep the lens focused at the sample height, i.e. at the eucentric height. Therefore, the previous step size calibration was no more valid for the nanoprobe alignment and a similar calibration was performed and memorized for this specific TEM illumination setting. The stability of these calibrations was afterwards verified by comparing the standard Bright Field images collected with the GATAN camera with the corresponding ASTAR Virtual Bright Field images. 

II.2.3 Impact on ACOM

II.2.3.1 Orientation and phase indexing reliability

The phase maps obtained in nano-and microprobe modes are shown in Figure II.2.2. The corresponding reliability maps are displayed in Figure II.2.3. The quality of the microprobe related scans appears better regarding the indexation. In the nanoprobe configuration, numerous mis-indexing are highlighted thanks to the code colors. In particular, NiSi and sometimes Si phases are detected in many parts of the tungsten electrical contact plugs. Small regions in the lower single crystalline silicon bulk are also wrongly indexed as NiSi. A rough estimate gives nearly 15% of mis-indexing for the nanoprobe scan and less than 1% for the microprobe one. Therefore, the "disk-type" diffraction patterns, i.e. large convergence angles, are less adapted for template matching. Figure II.2.4 compares the single crystal [001] zone-axis patterns acquired in the two modes. Regarding the nanoprobe mode, the reflection intensities are lower despite the fact that the incident beam intensity has been magnified by using a larger convergence collecting angle. This may be easily noticed at the rim of the pattern where the reflections are more intense for the quasi-parallel configuration. Indeed, transmitted or diffracted intensities are spread over a larger disk diameter for larger convergence angles.

The reflection intensities may also be weighted using the matching index value which has been described in Chapter I and reminded below:

Q(i) = ∑ P(x j , y j )T i (x j , y j ) m j=1 √∑ P 2 (x j , y j ) m j=1 √∑ T i 2 (x j , y j ) m j=1
The template related to the silicon crystal being the same, Q(i) turns out to be roughly proportional to the intensities captured in the acquired patterns. On average, the correlation index measured in nanoprobe mode for the (001)-oriented silicon single crystal is 37% lower than the corresponding value with microprobe. Consequently, the capability of the template matching algorithm to recognize the phase and/or the orientation is substantially affected. 

II.2.3.2 Spatial resolution

For all scans, a virtual bright-field (VBF) image of the analyzed area is reconstructed by plotting the intensity variation of the transmitted beam from each pixel. The resulting image is similar to a STEM bright field image. Rather than employing a dedicated sensor, the intensities are collected on the set of acquired diffraction patterns using a virtual, or numerical, aperture to sort the relevant signal [Rauch 2010]. Nano-and microprobe VBF micrographs for the low-resolution scans are displayed in Figure II.2.5. The sharpness appears of better quality in the nanoprobe configuration, so that the tungsten grains are more contrasted. This observation is expected from the ratio of the probe size (3.8 nm or 0.8 nm) to the step size (2.5 nm in both cases). In image mode, the spatial resolution is thus essentially related to the probe size. Here, the smaller probe obtained in nanoprobe mode gives the best-suited results. For orientation and phase mappings, the resolution can be defined as the smallest existing detail that is properly detected and indexed. Straight interfaces like twin boundaries are particularly well adapted to determine the spatial resolution as they may be detected all along their length, thereby providing a reasonable number of measures. This is also the case for the straight BOX interfaces appearing in the present maps. 

II.2.4 Concluding remarks

The spatial resolution for the detection of crystal orientations or crystal phases through the indexing of the diffracting signal was compared for two particular settings related to microprobe and nanoprobe modes. Using a FEI Tecnai F20 with a 10 µm C2 aperture, the two settings differ substantially both in terms of probe size and of convergence angle.

The spatial resolution being related to the probe size, the highest resolution is obtained in nanoprobe mode for which the beam diameter may be lower than 1 nm. Therefore, nanoprobe mode should be considered when ultra-high spatial resolution is required as only achievable with the smallest probe sizes. This performance is however achieved at the expense of the indexing quality. The latter is essentially a function of the diffracting signal captured by the template matching process. A larger convergence angle produces larger diffraction disks in which the intensity is unevenly distributed. Such large and overall less intense disks decrease the correlation index and, consequently, lower the reliability of the results. It is worth mentioning that it has been established that precession, which was not used in the present work, improves the quality of the indexation by reducing dynamical effects. However, the use of precession leads to an enlargement of the probe size, inducing spatial resolution degradation. In other words, precession is a secured way to increase the mappings indexation quality but will not offer a better configuration for spatial resolution.

The main conclusion of the present part is that the spatial resolution for orientation and phase maps is in competition with the indexing quality and an optimum must be found for a given type of material. To that respect, it appears essential to benefit from a full flexibility in the choice of desired electron beam size and convergence angle. A larger C2 aperture (e.g. 20, 30 µm) but also the 'free lens' facilities offered by some type of electron microscopes give a definite advantage for such optimization.

Considering the above-mentioned results, the microprobe mode has been selected for the remaining part of this thesis.

II.3 ACOM resolution: intrinsic limitations

In this section, the main limitations of the ACOM-TEM technique are reviewed. The spatial resolution obtained in ACOM-TEM maps is first investigated for different scenarios. The sample geometry is finally discussed as the electron interaction volume is controlled by the sample thickness.

II.3.1 Resolution of interfaces

As mentioned in paragraph I.1.1, the effective spatial resolution depends on the electron probe size and on the software capabilities to detect and index the relevant signal. The influence of the probe size has been evaluated in the previous section. Here, the spatial resolution achievable thanks to the template matching approach is characterized for an unchanged electron probe.

The best achievable spatial resolution can be evaluated by the ability of the software to detect small crystals and sharp interfaces. Regarding the template matching algorithm, the orientation selected by the software is the one for which the correlation index is the highest: it directly depends on the "weight" of Bragg intensities detected in the diffraction pattern and related to each crystal. Therefore, two types of interfaces for which the template matching procedure may give different results can be considered: the crystal-to-crystal and the crystal-to-amorphous boundary transitions.

For crystal / amorphous interfaces, the variation of intensity recorded in diffraction patterns between the two regions is very important. As soon as the probe interacts with the crystalline part, Bragg intensities characteristic of the given crystal appear in the diffraction pattern and are indexed by the software. As already illustrated in the section II.2.3.2, this configuration leads to an overestimation of the crystalline regions comparing to the amorphous one. The correct definition of the interface mostly depends on the probe size: the smaller the probe size, the sharper the interface between the two regions. Therefore, the crystal / amorphous interface configuration is the most unfavorable in terms of achievable spatial resolution due to the limited ability of the software algorithm to separate the amorphous diffracting signal from the crystals one.

Nevertheless, new types of templates dedicated to amorphous phases can be used to weaken these effects. An example is shown in For crystal / crystal interfaces, the spatial resolution strongly depends on the software ability to extract the signal coming from a crystal to another. An example of NiSi grains orientation is shown in Figure II.3.2. In this case, the diffraction patterns were collected by oversampling: the sample were scanned with a 3.8 nm probe at FWHM and a 2.5 nm step. The disorientation observed across a grain boundary shows a sharp delimitation between the two grains. The spatial resolution of this interface is limited by the acquisition step size of 2.5 nm, and the resolution is here better than the probe size. 

II.3.2 Sample thickness

When the sample is illuminated by the electron beam, the volume of interaction is determined by both the probe size and the TEM lamella thickness. In this part, the impact of the sample thickness on ACOM output data is evaluated using a dedicated sample described thereafter.

II.3.2.1 Sample description

The sample considered for this study was composed of misaligned tungsten contact plugs of circular shape, with a 40 nm diameter. These tungsten plugs are formed of grains whose diameter is below 20 nm, so that the grain size is smaller than (the plug size and) the TEM lamella thickness. Therefore, several grains are superimposed in the transmission direction.

As the tungsten plugs were misaligned, a part of the plugs was centered in the sample thickness while the remaining ones were partially cut out by FIB. The TEM lamella was beveled by FIB so that the thickness varies from ~ 25 to 90 nm, offering more choices in the relative thickness of tungsten plugs (i.e. remaining volume). A schematic of the sample is given in 4. An area of interest highlighted by the orange rectangles was chosen to examine two electrical contact plugs: one that is entirely contained in the TEM lamella and another that was thinned and consequently only partially present. In the latter configuration, the tungsten contact thickness is lower than the average grain size. 

II.3.2.2 Observations in ACOM-TEM maps

The In the virtual bright field map, less contrast is observed for the partly eliminated W structure (left-side) than for the fully embedded plug. Indeed, the intensity in the transmitted region of the diffraction patterns is much more important for thinner samples. As expected, the VBF map clearly shows the variation of diffracting volume between the two tungsten plugs.

Regarding the index map, no variations of contrast proportional to the sample thickness changes are observed even if the contrast distribution looks more confused for the thicker plug (right-side plug). This lack of correlation is expected, at least partly, because the correlation index is related to a single grain (the selected solution) not to the entire volume crossed by the beam.

By contrast, the orientation reliability map reveals clear differences between the two regions. For the thinner contact plug (left-side plug in Figure II.3.5), the reliability coefficient is relatively high except at grain boundaries. This observation is expected for a sample with not more than one grains in the thickness: the orientation given by the software is reliable except at places where grains are superimposed and the diffracting signals of two (or more) grains are competing. The reliability factor shows poor values for the thicker contact plug (right-side plug in Figure II.3.5), where several grains are superimposed in the lamella thickness. Therefore, the results given in those complex regions cannot be considered as reliable. This difference lies in the quantity of Bragg reflections retrieved in the diffraction patterns as illustrated in Figure II.3.6. For regions where several grains are superimposed in the sample thickness (i.e. the right-side plug),

the signature of all grains can be observed. This configuration leads to uncertainty in the given results, as:  The probability of mis-indexation is increased. Indeed, every Bragg reflection from crystals illuminated by the electron probe are considered for template matching.  Only one grain is selected by template matching. From one pixel to the other, grains are not necessarily located at the same thickness position (or thickness "plane"). Consequently, the final map is not a plane cut of the 3D sample as it may randomly contains grains appearing at the upper and lower surfaces of the thin foil. 

II.3.3 Conclusion

The spatial resolution obtained on orientation (phase) maps using the ACOM-TEM technique has been examined through the detection of interfaces (here, grain boundaries). For a probe with a 3.8 nm FWHM and a 0.4 mrad convergence semi-angle, the experiments showed that the sharpness of interfaces can be limited by the step size of the map, smaller than the probe size. This result is explained by the capability of the template matching algorithm to dissociate the signal related to each crystal at grain boundaries.

The main limitation remains the TEM lamella thickness. The indexation of diffraction patterns for different diffracting volume has been analyzed. When the crystals size is smaller than the sample thickness, the collected diffraction patterns hold information of every superimposed crystal. This configuration does not favor the construction of orientation maps through template matching as the results are no more reliable.

II.4 Chapter conclusion

The electron probe was characterized for different TEM illumination system tuning of an FEI Tecnai. An extraction voltage of 4500 V, an accelerating voltage of 200 keV, a gun lens of 3, a spot size of 8 and a 10 µm C2 aperture have been chosen for ACOM-TEM experiments. The resulting electron probe size and convergence angle were studied for two different TEM configuration modes referred as microprobe and nanoprobe modes.

The nanoprobe mode is used to get a small and convergent electron beam while the microprobe mode provides a nearly parallel illumination at the cost of a larger probe size.

The impact of the electron probe on ACOM results has then been evaluated. The nanoprobe configuration increases the spatial resolution (~1 nm vs 3 nm) but also affects the fraction of mis-indexed points (15% vs 1%). Indexing errors are attributed to the increase by a factor of three of the convergence angle with respect to the microprobe mode. Intermediate optimum settings may be found and are potentially achievable on electron microscopes providing a 'free lens' control or a larger choice of C2 apertures (20 µm, 30 µm).

Finally, the limits of the ACOM-TEM technique have been investigated. Thanks to the template matching algorithm, the achievable spatial resolution of orientation (phase) maps can be smaller than the electron probe used to scan the sample. The reliability in the given results however depends on the number of grains superimposed in the sample thickness. The indexation of diffraction patterns in case of grain overlapping is discussed in Chapter IV.

CHAPTER III APPLICATION TO TEXTURE ANALYSIS

The chapter focusses on the quantitative characterization of materials microtexture using the ACOM-TEM system and complementary post-processing tools. The statistical analysis of grain size and the determination of texture will be both considered. In this context, a description of the existing tools commonly used to describe the orientation distribution of grains is first given. The basic concepts in crystallography are also reminded.

In the second part, the method used to process the ACOM-TEM data is presented.

Analyses have been carried out by means of a MATLAB toolbox referred as MTEX and whose main functions will be shortly described.

Applications to nickel silicide texture analysis are presented in the final part of the chapter. These studies have been performed in order to have a better understanding of the phase formation mechanisms of Ni(Pt)Si in the frame of the 28 nm FD-SOI technology node development.

III.1 Material analysis

In this section, the basic knowledge necessary for the analysis of crystalline materials is given. The criteria used for the classification of crystals are exposed and the common tools used for crystalline orientations characterization and representation are presented.

III.1.1 Basic concepts of crystallography

III.1.1.1 Solid materials: structure classification

Working with solid materials requires to have a certain knowledge of their properties. These properties are in turn related to the material chemical composition (i.e. atoms nature) and structure (i.e. atoms distribution in space) [Eberhart 1989;Engler 2009;De Graef 2012]. Regarding the atomic structure, most of the solid materials are either classified as amorphous or crystalline5 . In amorphous materials, the atoms are randomly arranged in space without showing any long-distance order degree. In crystalline materials, a set of atoms or molecules are periodically arranged in space. The rest of the discussion will focus on crystalline materials and the next chapter provides the means to describe these organized structures.

III.1.1.2 The crystal: unit cell, patterns and symmetry

Crystal structures are described by a lattice and a motif.  The lattice is a set of points, or nodes, periodically repeated in the three spatial directions [Eberhart 1989;Hahn 2005]. It is described by three non-coplanar unit vectors a, b, c connected to an arbitrary node. From these three basis vectors is built a parallelepiped, labeled as the primitive unit cell of the lattice. The three vectors must be chosen so that the periodic repetition of the unit cell in the lattice does not produce any void nor superimposition. The primitive unit cell is defined by the lattice parameters: the constants length a, b, β, γ between the unit vectors. Seven different primitive crystal systems and four types of lattice centering (P, I, F, C) are determined in three-dimensional space [Engler 2009]. Their combinations form 14 existing lattices called Bravais lattices and represented in Table III.1.1.  The motif is described by a single/set of atom(s) and it/their relative position from the origin. Every lattice node of a crystalline structure is associated with the same motif [Eberhart 1989].

Crystalline structures can be classified according to their symmetry properties. A symmetry operation is defined as a permutation of atoms leaving the crystals unchanged. Crystals can be classified in 32 point groups obtained by different combinations of symmetry operators (rotations, mirror planes, inversion center). The association of these 32 point groups with the translation symmetries of the crystal system's Bravais lattices forms 230 space groups [De Graef 2012]. A full description of these symmetry groups can be found in the International Tables for Crystallography [Hahn 2005]. For the sake of illustration, the crystal structures and space groups of both tungsten and silicon are given in Table III.1.2. 

III.1.1.3 Crystallographic orientation and texture

The crystallographic orientation of a grain describes its axes alignment relatively to a reference frame. The distribution of crystallographic orientations in polycrystalline materials is commonly known as texture. Four types of preferential orientations are usually observed in polycrystalline thin films relatively to a substrate: random, fiber, epitaxial, but also axiotaxial textures as first reported by [START_REF] Detavernier | [END_REF]].

In random texture, the grains do not have any preferential orientation. In fiber texture, the grains are oriented around a crystallographic axis parallel to the substrate normal.

In epitaxial texture, the grains have a fixed and identical orientation. Finally, the axiotaxial texture refers to a fiber texture for which the fiber axis is de-axed relatively to the substrate normal. An illustration of the different listed types of texture is shown in 

III.1.2.2 Euler angles

The Euler angles define the orientation of a crystal with respect to the specimen reference frame based on three rotations. In the most widely used Bunge convention [Bunge 1982], the three Euler angles are noted φ1, Φ, and φ2 which are illustrated in Figure III.1.3 and defined as follow:

 The crystal coordinate system is initially aligned with the specimen coordinate system.  A first rotation of angle φ1 is applied around the z-axis of the crystal coordinate system Oxyz. Here, the Oxyz coordinate system is transformed into a new Ox'y'z' system, as described by Equation (III.1.1).  A second rotation of angle Φ is applied around the x'-axis of the crystal coordinate system Ox'y'z'. Here, the Ox'y'z' coordinate system is transformed into a new Ox''y''z'' system, as described by Equation (III.1.2).  A last rotation of angle φ2 is applied around the z''-axis of the crystal coordinate system Ox''y''z''. Here, the Ox''y''z'' coordinate system is transformed into a new Ox'''y'''z''' system, as described by Equation (III.1.3).  The resultant rotation g defining the crystal orientation is the matrix product, or function composition, of these three successive rotations g(φ1), g(Φ), and g(φ2), as described by Equation (III.1.4). The Bunge convention is used in the following work but the Euler angles can also be defined according to other conventions [Engler 2009]. In the Roe convention, these angles are labeled Ψ, Θ, and Φ. They describe the same operations than in the Bunge convention, except that the rotation angle Θ is applied around the y'-axis of the crystal coordinate system. In the Kocks convention, the Euler angles are written Ψ, Θ, and ϕ. They describe the same operations than in the Roe convention, except that the rotation angle ϕ equals to π-Φ(Roe).

III.1.2.3 Miller indices

The Miller indices have been devised in order to label crystal planes and are today commonly used for the specification of crystallographic orientations [Miller 1839;De Graef 2003]. The Miller indices (hkl) of a crystal plane (P) are such that the plane cuts the x, y and z axes in ( The notation of Miller indices varies depending on the described crystallographic item. The different notations are summarized in Table III 

III.1.3 Tools for orientation representation

III.1.3.1 Stereographic projection

As explained by Marc de Graef [De Graef 2003], the stereographic projection is a "2D representation of certain characteristics of a 3D object". The stereographic projection is frequently used for texture analysis in material science by means of pole figures or inverse pole figures. The advantage of this representation for crystallographic studies is the conservation of angles, so that the angular relationships in a crystal are conserved in the projection. A stereographic projection is constructed as follow: a sphere, known as reference sphere, is drawn around an object of interest (here, a crystal) so that they both share the same origin. Let P be the point defined as the intersection of a crystallographic direction with the reference sphere. 

III.1.3.2 Pole figures

III.1.3.3 Inverse pole figures

An inverse pole figure is a portion of a standard stereographic projection (i.e. standard unit triangle) on which one axis of the specimen coordinate system is projected [Engler 2009;[START_REF] Suwas | [END_REF]. In other words, the specimen coordinate system is projected onto the crystal coordinate system. Inverse pole figures are frequently used to represent the distribution of orientations coming from a given data-set, or to visualize grains orientation in orientation maps by means of a color code (e.g. EBSD, TKD, ACOM-TEM maps). An inverse pole figure is constructed as follows: the crystal coordinate system is aligned with the sphere axes so that the projection plane corresponds to a standard stereographic projection (typically a 001 standard projection). An example of projection is given in Figure III.1.9. The three resulting inverse pole figures, coming from each of the stereographic projections of the specimen coordinate axes (Ox, Oy, and Oz on the schematics), characterize the crystal orientation. (A) (B)

III.1.4 Conclusion

III.2 MTEX: a tool for texture analysis

The ASTAR software provides results in the form of maps or raw data. The quantitative characterization of grains size and orientation have been necessary to understand some material formation mechanisms relevant for the development of advanced nodes at STMicroelectronics. In this work, the quantitative characterization of microtexture (using the tools presented in the previous section) is performed with a MATLAB toolbox called MTEX which has been implemented onsite to answer the needs of the characterization platform team for further post-processing. The procedures of postprocessing are presented and illustrated with relevant examples.

III.2.1 MTEX toolbox

MTEX is a free and open source MATLAB toolbox used to perform quantitative texture analysis from EBSD-like data or pole figure data [F. Bachmann 2010]. A very detailed documentation is provided by the contributors to support the release of their regular updates which take into account the recent developments made to expand the toolbox capabilities based on the users' needs. The MTEX 3.5.0 to 4.2.1 versions have been used all along this study.

III.2.2 Data import

III.2.2.1 Raw data

Orientation data can be exported from the ASTAR software in text file formats (*.ctf or *.ang) supported by MTEX. The result file contains the Euler angles, the selected phase, the correlation index and the reliability factor calculated for every position (x/y). An import wizard of the MTEX toolbox helps to generate a m-file script that loads data from the result file in order to create a data-set labeled in MTEX as an instance of the class EBSD.

III.2.2.2 Change in reference frames

A verification of the reference frames correctness is necessary before performing data processing [Darbal 2013;Liu 2014]. The pre-required alignments listed in the following section have been described by [Aebersold 2015] and are shortly reminded here.

 Regarding the scanning procedure, the alignment of the recorded diffraction patterns must be in accordance with the reference frame of the scanned region (Figure III.2.1).

For our system, a 33° additional azimuthal rotation is applied to every recorded orientation data to fulfill this requirement. The correction of the azimuthal orientation can be made in the ASTAR software before exporting the data.

 Regarding the maps, the relative position of the spatial reference frame with respect to the Euler reference frame can differ between ASTAR and MTEX (Figure III.2.2).

In order to keep the same convention, a 180° rotation of the imported spatial coordinates must be applied along the reference frame x-axis.

 Finally, the crystals reference frame from which the Euler rotations are applied do not coincide for hexagonal crystals, where the x-axis of the Euler reference frame is parallel to either the a-or a*-axis of the crystal for ASTAR or MTEX, respectively. As

Crystal phase Crystal orientation before alignment

Crystal orientation after alignment

Maps

Color code

W NiSi Si

Orientation of the Si crystal with respect to the scan axes

Table III.2.1 Data alignment with respect to the silicon substrate, including: the phase map of the analyzed region, the orientation map according to initial data, and the orientation map with data re-aligned so that the map z-axis is normal to Si(001).

III.2.4 Working with grains

III.2.4.1 A function for grain calculation

Grains are computed from ACOM data using the MTEX dedicated grain reconstruction function [Florian Bachmann 2011]. A threshold angle of 15° has been arbitrarily set as the minimal misorientation angle defining two grains.

III.2.4.2 The cleaning process

The cleaning procedure of the data is composed of different steps that are detailed in the following and illustrated in Figure III.2.4-e/g/h. Grains on border sides are removed for grain analyses as they are cut and thus, inconsistent for grain size analysis. A MTEX smoothing algorithm is applied to the remaining grain boundaries in order to reduce the staircase effects at the grain boundaries. Finally, small grains are removed as suggested by [Kobler 2013]: grains with an area smaller than 20 measurement points (map pixels) are deleted. This cleaning sequence has been established as a standard procedure for the whole set of data.

III.2.4.3 Filtering

The non-considered phases are removed from the data-set (Figure III.2.4-f). Grains can then be chosen as a function of their orientation: grains whose misorientation is close to a given crystallographic axis may be selected and gathered in a new data-set (Figure III.2.4-j).

III.2.5 Grain analysis

III.2.5.1 Statistics on grains

Distributions of grain size, grains mean diameter/area and ratio of populations can then be displayed as shown in the figure below.

Data

Number of grains: 990

Mean area (nm²):

1.80x10 3 Mean diameter (nm): 61 

III.2.6 Conclusion

The orientation data exported from ACOM are imported into MATLAB thanks to the MTEX toolbox. MTEX is an open access toolbox so that functions can be modified or added. Data can then be pre-treated by means of filters (e.g. phase removal) optimized by the users. Finally, the grains size and orientation can be analyzed from the initial data-set using many sorts of tools, such as histograms and (inverse) pole figures. 

A) (D) (E) (C) (B) (F) (G) (H) (I) (J) (K) (L)

III.3 Ni(Pt)Si texture depending on the fabrication process

In this section, the microtexture characterization tools described previously are applied to the analysis of the crystallographic texture of Ni(Pt)Si thin layers.

III.3.1 Background

Ni(Pt)Si is used in CMOS devices to reduce the contact resistance in n or p doped in-situ source and drain regions (implying SiCP or SiGe:B substrates, respectively). For FD-SOI technologies, the major challenge for silicide integration is the formation control of an ultra-thin final silicide layer presenting a high thermal and morphological stability. In such critical dimensions, any Ni diffusion under spacers or inside the channel induces severe junction leakage and detrimental yield loss [Kudo 2008;[START_REF] Imbert | [END_REF]]. This phenomenon is known as "Ni(Pt)Si piping" and is shown in In a second study, the rapid thermal annealing (RTA) process standardly used for the formation of Ni(Pt)Si has been compared with the millisecond laser annealing process.

Studies have shown that the change from the RTA to the millisecond laser anneal process results in a reduced junction leakage and improved yields [START_REF] Ortolland | [END_REF]], but also in a reduced contact resistance related to the diffusion of dopants in silicide [START_REF][END_REF]]. The impact of these two processes on the microtexture of NiPt-silicide thin films has been evaluated. These investigations have been published in [Feautrier].

(A) (B) (C)

III.3.2 Study 1: Ni(Pt)Si texture depending on Pt concentration and substrate nature

III.3.2.1 Material and method

The studied samples were composed of a thin silicide films formed from the process whose main steps are described in the following. For the Ni(Pt)Si thin films formation, either Ni(10 at.% Pt) or Ni(15 at.% Pt) were deposited on either Si, SiCP or SiGe:B substrates. The sample was primarily annealed by rapid thermal anneal (RTA-1) to form a metal rich silicide phases. The RTA-1 process was applied either at 230° or 260°C for 30s. A second annealing treatment at 390°C for 60s was performed by rapid thermal anneal (RTA-2) to obtain the silicide films. For this study, six cross-section lamellae were prepared using a H450 FEI During data acquisition and collection, diffraction patterns were generated with an 89 mm TEM diffraction camera length and recorded as 144 x 144 pixels images with a 30 ms integration time using the Stingray CCD camera. A mapping of 600 nm x 75 nm was realized with a 1.5 nm step for each sample. Acquired diffraction patterns were automatically indexed through template matching using the ASTAR software. Both 5151 and 1326 templates were generated for NiSi and Si phases to conserve ~ 1° step angle between two successive templates.

ACOM orientation data were exported to the MATLAB MTEX toolbox to analyze the NiSi crystallographic textures. Orientation data were rotated over the spatial coordinates so that the mapping main axes fit the Silicon planes of interest, where the yaxis is normal to Si(001) planes and x and z-axis are normal to Si(-110) and Si(110) planes. Grains were reconstructed using the dedicated MTEX function [Bachmann 2011]. The minimal misorientation angle defining a grain boundary was set to 15°. The thinnest silicide layers are observed for both RTA-1 temperature reduction and Pt addition. For RTA-1 temperature of 260°C and 10% of Pt, the silicide layers are measured to be about 20 nm thick for the SiCP substrate and 16 nm thick for the SiGe:B one. With 15% of Pt, the layers thickness are about 15 nm and 18 nm for the SiCP and SiGe:B substrates, respectively. For RTA-1 temperature of 230°C and 10% of Pt, the silicide layers were measured to be about 10 nm thick for the SiCP substrate and 16 nm thick for the SiGe:B one. With 15% of Pt, the layers thicknesses are decreased down to 6 nm and 9 nm for the SiCP and SiGe:B substrates, respectively. In consequence, the Ni(Pt)Si layers formed from NiPt 15% alloys at a RTA-1 temperature of 230°C were considered to be too thin for the texture to be analyzed. 010) and ( 013) planes are parallel to the Si(001). The circles observed in both the ( 010) and ( 013) pole figures are representative of a fiber texture, as the grains have a rotational degree of freedom around the ( 010) and ( 013) poles.

III.3.2.2 Results: Ni(Pt)Si microtexture

III.3.2.3 Results: quantitative texture analysis

For SiGe substrates, Ni(Pt)Si grains formed from NiPt 10% alloy are also preferentially distributed such as the ( 010) and ( 013) planes are parallel to the Si(001) substrate (Figure III.3.6). For a RTA-1 temperature of 230°C, a fiber texture characterized by the alignment of the ( 010) and ( 013) planes parallel to the Si(001) substrate are observed similarly to the one observed with SiCP substrates. For RTA-1 temperature of 260°C, Ni(Pt)Si grains are predominantly oriented such as the (010) planes are aligned with the Si(001) ones. In contrast, the Ni(Pt)Si grains formed from NiPt 15% alloy exhibit a completely different distribution: two epitaxial textures are observed, described by the alignment of the ( 011) and ( 010) planes with Si( 001) and the alignment of the ( 013), ( 010) and ( 100) planes with Si(110). 
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III.3.3 Study 2: Ni(Pt)Si texture depending on annealing process

III.3.3.1 Material and method

The studied samples were composed of a 12 nm thick silicide film formed from the process whose main steps are described thereafter. For the Ni(Pt)Si thin films formation, Ni(10 at.% Pt) was deposited by PVD on n-type Si(100) substrate. A first annealing treatment was carried out by standard rapid thermal annealing (RTA-1: 230°C for 30s).

A second heat treatment was performed by either laser annealing (DSA 7 -2: laser with an 810 nm wavelength during 0.5 ms for a target temperature of 825°C) or standard rapid thermal annealing (RTA-2: 390°C for 30s). For this study, two plan-view lamellae were prepared from the n-type 'RTA' and 'DSA' samples.

The scanning conditions and data treatment applied in the previous section have been repeated. In this study, diffraction patterns were generated with a 135 mm TEM camera length and a map of 1.85 µm x 1.85 µm was realized with a 5 nm step for each sample.

In MTEX, inconsistent grains at the edges of the scan were removed together with grains with an area smaller than 20 pixels (equivalent to circular grains diameter lower than 25.2 nm) as introduced by [Kobler 2013]. Grains were selectively chosen in function of their orientation. For the RTA sample, two new data-sets were created for grains with mean orientation along the z-axis within 20° close to the ( 013) and ( 010) poles, respectively. For the DSA sample, similar data-sets were created, in addition with two more data-sets for grains with mean orientation along the x and y-axis within 20° close to the (010) poles and within 12° close to the (013) poles, respectively. The sum of all data-set points for both RTA and DSA samples represented 98% of the total available points. For each set, the grains mean diameter was calculated and the orientation density distribution function (ODF) was estimated from the selected discrete orientations. Pole figures and inverse pole figures were plotted from the resulting ODF.

X-rays pole figures have also been measured in the scope of this study 8 using a fourcircle diffractometer in the Schultz geometry. In the paper [Feautrier], the local texture measurements performed with the ACOM-TEM tool are compared with the global texture obtained by synchrotron x-rays measurements. This comparison will not be detailed in the present document.

III.3.3.2 General results

Orientation maps of Ni(Pt)Si formed from RTA-2 and DSA-2 thermal anneals are given in Figure III.3.8. Significant changes in grain sizes and crystallographic textures are observed between the two processes.

III.3.3.3 Results: RTA sample

The 7 DSA standing for Dynamic Surface Anneal 8 Made by other authors of the article [Feautrier].

III.3.3.4 Results: DSA sample

The 

CHAPTER III

III.3.3.5 Discussion on grain size and orientation distribution

Statistical analysis of grains observed for both processes are reported in Table III. 3.2 and Table III.3.3. For better clarity, the textures observed in orientation maps are abbreviated as defined in Table III.3.1. Regarding the standard RTA-2 process, grains are predominantly oriented along F1 (78%). Regarding the DSA-2 process, the percentage of grains oriented along F2 is increased (45% instead of 22%). The portion of fiber texture is also predominant (up to 84%) compared to the contribution of epitaxial texture. Finally, significant changes of grain size are observed, with grains area up to 3 to 4 times larger for the RTA sample. III.3 Ni(Pt)Si texture depending on the fabrication process 97 III. Intra-grain bending has been plotted in two different ways. In the first method, the disorientation angle between each pixel and the fiber axis of interest (either ( 010) or ( 013)) is displayed. The angle is plotted in the range 0-20° from blue to red. This representation enables to observe the "distance" of each point from the fiber of interest. Using this color code, grains in dark blue correspond to grains aligned along the fiber axis. In the second method, the disorientation angle between each point and the mean orientation of the grain is shown. In the map, the angle is plotted in the range 0-20° from white to red. The latter representation is the best approach to map the actual misorientation inside each grain: grains appear in white if they are not disorientated The maps show intra-grain misorientation in the (010)-oriented grains. This phenomenon has already been reported by [START_REF] Morin | [END_REF]] and referred as 'transrotation'.
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It was suggested to result from the relaxation of intra-grain residual stress coming from the negative coefficient thermal expansion (CTE) of the b-axis. However, the origin of intra-grain bending has not been investigated more in this thesis. Unlike the latter published study, significant intra-grain bending is observed for the (013)-oriented grains.

For the RTA sample, grains can have orientation up to 20° far from the ( 013) or ( 010) fiber axis. Intra-grain bending can reach 12° but is usually below 5°. For the DSA sample, grains also have orientation up to 20° far from the ( 013) or (010) fiber axis. However, much less intra-grain bending is observed for the (013)-oriented grains. 

III.3.4 Conclusion

Considerable modifications of the Ni(Pt)Si texture have been detected depending on the Pt concentration, the substrate nature, and the applied thermal treatment.

In the first study, the microtexture of nickel silicide thin films formed from Ni(10 at.% Pt) or Ni(15 at.% Pt) deposited on SiCP and SiGe:G substrates have been studied. Ni(Pt)Si layers formed from NiPt 10% alloy on SiCP and SiGe:B substrates present two fiber textures as NiSi(013) and NiSi( 010) are parallel to Si(001). The reaction of NiPt 15% alloy on SiCP substrates results in the formation of a Ni(Pt)Si layer with random texture. However, Ni(Pt)Si layers formed from NiPt 15% alloy on SiGe:B substrates present an epitaxial texture: NiSi(001) and NiSi(011)//Si(001) while NiSi(100), NiSi(010) and NiSi(013)//Si(110). The epitaxial textures offered by the use of SiBe:B substrate and NiPt 15% alloy are preferred to maximize the Ni(Pt)Si thin film morphological stability. Moreover, the use of NiPt 15% alloy gives thinner Ni(Pt)Si layers which is preferable for the fabrication process. Therefore, the reaction of the NiP 15% alloy on a SiGe:B substrate appears to be the best configuration.

In the second study, the microtexture of nickel silicide thin films formed from Ni(10 at.% Pt) deposited on n-doped Si(001) substrates have been studied. The results show the strong impact of the final annealing temperature on Ni(Pt)Si grain size and preferential orientation. For RTA-2 standard anneals, two dominant fiber textures defined by NiSi(013)//Si(001) and NiSi(010)//Si(001) are observed. For millisecond laser anneals (DSA-2), Ni(Pt)Si grains have a smaller size and two additional but non-predominant epitaxial textures are detected. As reported earlier in the text, studies from literature have shown that the change from the RTA to the millisecond laser anneal process results in a reduced junction leakage and improved yields. Therefore, the results obtained in these experiments show the morphological and thermal stability of nickel silicide is enhanced by getting smaller grains with epitaxial textures. Millisecond laser anneal is now used as second and third annealing process for today's STMicroelectronics 28 nm FD-SOI transistors.

III.4 Chapter conclusion

In this chapter, the principal tools used for the characterization and the representation of crystallographic orientations have been presented. In this context, the Miller indices are used to label crystal planes and the Euler angles directly describe the orientation of a crystal with respect to a reference frame. Pole figures and inverse pole figures are frequently used for the characterization of the statistical distribution of grains orientation. The ACOM-TEM output data can be exported and the post-processing can be performed with additional tools, such as with the open source MATLAB toolbox named MTEX. Using this toolbox, data-sets can be cleaned so that only the relevant grains are analyzed. Grain size distribution can be generated and pole figures along specific crystal poles can be estimated in order to identify the textures of a polycrystalline material. These set of post-processing tools have been applied to the characterization of nickel silicide grains depending on process key parameters. These analyses helped to understand the influence of some process parameters on the formation of nickel silicide used in STMicroelectronics CMOS devices.

IV.1 Diffraction patterns resulting from overlapped crystals

When the grain size is smaller than the foil thickness, the diffracting signal in transmission is expected to contain information for more than one crystal. Indeed, the collected electron diffraction patterns using ACOM-TEM contain Bragg reflections from all of the superimposed crystals in the thin foil. Interestingly, it has been shown that the recently developed TKD tool is safer to that respect: the Kikuchi signals collected on a SEM originate mainly at the exit surface of the film [Rice 2014], so that the patterns essentially contain information from the foils last few tens of nanometers.

The TKD approach and the ACOM-TEM commercialized tool have been lately compared in the literature to discuss the pros and cons of both techniques in case of overlapping grains in the sample thickness [Suzuki 2013;[START_REF] Abbasi | [END_REF]Bober 2015]. It is usually suggested that overlapping grains configuration must be avoided for TEM based approaches [Aebersold 2015].

A different viewpoint will be considered in the present chapter. While it is true that the convolution of diffraction signals related to overlapping grains or phases does not facilitate the analysis of the structural state of the material, these diffraction patterns are an abounding source of information related to the entire volume crossed by the electron beam. In other words, while the SEM-based tools provide an access to surface structural features, the transmitted electrons in TEM carry information from the entire sample thickness which opens the doorway to 3D characterization and also ease TEM lamellae preparation.

In this section, the relationship between the grains overlapping and the distribution of intensities in diffraction patterns is examined. The objective of this part is to determine if Bragg reflections related to each grain are equally observed in diffraction patterns or if the diffraction mechanisms favor specific grains.

IV.1.1 Template matching & preferential orientationshypothesis

As discussed in Chapter II, indexing limitations emerge as soon as the grain size is smaller than the sample thickness. Analyzing such a mixture of Bragg reflections leads to two specific outcomes. First, the probability of mis-indexing is increased as reflections from every crystal are considered when a template is compared to the pattern Second, the grains appearing in the resulting maps are not necessarily located at the same z position of the sample thickness.

The reason why a crystal is selected by template matching among the overlapped ones remains unclear. It is therefore necessary to understand if and by what means the signature of a given crystal overcomes the ones of other grains in the recorded diffraction patterns. First, the number of Bragg reflections related to a grain depends on the orientation of the grain relatively to the illumination direction. This way, the diffraction pattern for a grain oriented in zone-axis is composed of a greater number of reflections than for a grain randomly oriented. This will be referred in the text as 'orientation effect' and is illustrated in Apart from this phenomenon, different hypotheses can be considered:  Hypothesis 1: the volume fraction of each grain is the main factor that governs their contributions in the diffraction patterns. If so, the signature of larger grains is predominant in diffraction patterns.

 Hypothesis 2: the spatial disposition of the grains in the sample thickness (e.g. the first to experiment the diffraction? The one on best focus?) modifies their signature in the diffraction patterns. As the grain on top of the sample is the first to be illuminated by the electron beam, it can be the one for which the diffraction intensity is the highest. If the spatial disposition of grains affects the results, the signature of each grain in diffraction patterns will be different before and after a 180° flip of the sample.

Dynamical effects can also alter the intensity distribution of certain grains in diffraction patterns so that their signature becomes weaker in comparison to other grains. However, the use of precession during the scanning experiment enables to substantially reduce this effect. In the present work, the influence of volume fraction and arrangement of grains with respect to the illumination direction are examined using dedicated samples.

IV.1.2 Volume fraction & orientation effects

IV.1.2.1 Sample and experiment

A sample composed of two overlaid, but slightly misaligned, copper plates was considered for the present purpose. The TEM lamella was prepared using a FEI HELIOS FIB. A schematic of the sample and the related virtual bright field map are shown in Figure IV.1.2.

The impact of grains orientation on the template matching selection has been investigated in the first part of the experiments. For that purpose, ACOM-TEM characterizations were realized on the planar section of the stacked plates for different lamella orientations: at zero tilt and after a +15° tilt. In the second part of the experiments, the impact of grains volume fraction on the template matching selection has been studied. Seven cross sections were cut from the initial sample by FIB to determine the respective microtexture and thicknesses of the superimposed plates.

Using TEM images of the cross views, the overall thickness of the stacked plates was found to evolve from 330 nm to 450 nm from one side to the other, with one plate being (A) (B)

1.4 to 2 times thicker than the other. A precession angle of 0.5° was systematically applied to a quasi-parallel probe of 4 nm (HMFW) and 0.4 mrad semi-angle of convergence.

Experiment -first part:  First ACOM-TEM mapping (5.5 µm * 5.5 µm, 20 nm step).  15° tilt of the sample.  Second ACOM-TEM mapping (5.5 µm * 5.5 µm, 20 nm step).  Modification of the color code to visualize the crystalline orientations from the axis normal to the stacked plates Experiment -second part:  ACOM-TEM mapping of each of the 7 cross cuts (5.1 µm * 0.825 µm, 7.5 nm step).  Modification of the color code to visualize the crystalline orientations from the axis normal to the stacked plates. 

IV.1.2.2 Results

The comparison between the planar orientation maps and the cross cuts (Figure IV.1.4) first shows that the detected grains correspond to actual grains in the thickness: no major error of indexation by template matching has been induced by the presence of several grains in the sample thickness. The comparison of the planar and cross cuts also reveals that most of the detected grains are related to the thickest plate. At the light of this, it seems reasonable to expect the Bragg reflections related to the thickest plate to be the most intense and, consequently, the ones mainly detected in the acquired diffraction patterns. Nevertheless, a few grains related to the thinnest plate are indexed in the planar cuts. An example is the green grain observed in the top left-side orientation map of the planar section. Here, most of the grains selected by template matching before and after the sample tilt are the same. However, some variations may be detected in the grains orientation. With such a tilt, the number of Bragg spots and their related intensities vary as different crystal planes are excited by the electron beam. Consequently, for a same grain, the correlation index related to its orientation for the non-tilted sample and its orientation after the sample tilt can vary by a strong factor (e.g. Q ≈ 500 vs. 250): the 'orientation effects' in those cases are the predominant factor of the template matching selection.

To sum up, the diffracting volume is certainly the dominant factor but the 'orientation effect' is not negligible. 
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IV.1.3 Focus on the grain spatial position

IV.1.3.1 Sample and experiment

The samples considered in this study were composed of tungsten electrical contacts of cylindrical shape of 40 and 80 nm diameters. Two samples exhibiting different tungsten grain size were analyzed. A ~100 nm TEM lamella was prepared by FIB for the two samples. The virtual bright field maps of each of them are shown in Figure IV.1.6. For both samples, the TEM lamella was attached to an omniprobe grid placed on the TEM holder as illustrated in Figure IV.1.7.

The impact of grains spatial disposition on the template matching selection has been investigated in this experiment. For that purpose, ACOM-TEM maps of a same sample area were performed for two different spatial disposition of grains: for a non-tilted position of the specimen and for its 180° tilted position. This way, the spatial disposition of grains regarding the illumination direction was reversed while the volume fraction of each grain remained constant between the two experiments.

Experiment:  First ACOM-TEM mapping (2 nm step size).  Flip of the omniprobe grid on the TEM holder to get a 180° flip of the TEM lamella.  Second ACOM-TEM mapping (2 nm step size). 

IV.1.3.2 Results

The ACOM-TEM orientation map of each sample are given in Figure IV.1.8. No significant differences are observed when the maps related to the sample and its 180° flip are compared. The result is still valid for the sample n°2 even though the grains have a smaller size (9 nm instead of 51 nm in average inside the plugs): the interpretation is less visible but most of the grains selected by template matching before and after the TEM lamella 180° flip remain the same. Therefore, the z-position of grains in the sample thickness does not impact the final output in this configuration.

However, the same experiment performed on the stacked copper plates studied in the previous paragraph gives slightly different results as shown in Figure IV.1.9. In some regions such as in the middle-left of the map, the grains indexed first by template matching are not the same depending on the TEM lamella flip. Here, the sample is 300-400 nm thick which corresponds to a diffracting volume of 5 to 10 times greater than for the W plugs. Therefore, the z-position of grains in the lamella thickness seems to progressively affect the template matching result when the interaction volume increases.

IV.1.4 Conclusion

The main conclusion of this study is that although the correlation index values may strongly depend on the crystal orientations, the volume fraction is the dominant factor that determines the template matching orientation selection. The orientation indexed by template matching is not sensitive to the grains spatial disposition (upper or lower z positions) for small foil thicknesses even when the grain size is substantially smaller than these thicknesses. On contrary, some differences have been detected in the case of a thick sample. Finally, orientation maps from both a planar and the cross cuts prepared after afterwards have been compared. The results highlighted that the orientations indexed in the planar configuration refer to actual grains in the thickness as they could be retrieved in the cross-section maps. Therefore, the probability of mis-indexation appeared relatively minor in the considered study.
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Sample n°2

1 st mapping (0° tilt) 

IV.2 Multiple-Indexing: extraction of the signature of overlapping crystals in diffraction patterns

In the present section, a simple method to decompose the superimposed signals is described. The multiple-indexing algorithm presented below uses the set of diffraction patterns acquired with the ACOM-TEM acquisition and indexation software and makes an extensive use of the template matching strategy.

IV.2.1 Principle: detection of crystals overlapped in the sample thickness with template matching

IV.2.1.1 Reliability of the solution

The starting point of the multi-indexing process lies in the capability of the template matching algorithm to detect more than one pattern. This is noticed through the reliability value. As an example, For now, the solution having the highest correlation index is systematically recognized and stored while the information related to other crystals contributing to the overall diffraction pattern is lost. The purpose of the multiple-indexing process described below is to retrieve and take advantage of the supplementary signal. 

IV.2.1.2 Multiple-indexing through reflections subtraction

The multiple-indexing technique is based on the subtraction of the reflections related to the successive best matches. For each acquired diffraction pattern, the template corresponding to the selected solution is used as a mask in order to remove the diffracting signal related to the detected crystal. Experimentally, the part of the diffraction pattern covered by one of the template disks is removed. These disks are representative of the expected Bragg spots for the selected orientation and their diameter is proportional to the calculated reflection intensity. After subtraction, a new diffraction pattern free from the previous solution is created and used for re-indexation. This same process can be applied several times if more than two grains are contained in the thickness of the sample. The existence, or accuracy, of the successive given solutions is controlled by the values of the correlation index. Here, this value is decreasing from 689 for the best match (arbitrary units) down to 297 and 255 for the second and third grains, respectively. A third cycling operation would lead to a correlation index of 78 that is nearly ten times lower than for the best solution and consequently essentially related to the remaining noise in the pattern. This threshold is to be selected by the operator in view of the quality of the diffraction patterns. 

IV.2.1.3 Multiple-Indexing: reconstructed crystal maps

An (001)-oriented gold crystal sample commercially available from Ted Pella Inc. was used to validate the multiple indexing routine over a larger set of data. The numerous twins in this approximately 11 nm thick sample are discernible in the virtual bright-field image (Figure IV.2.3). For the present example, the [100] crystallographic axis is tilted 14° away from the thin foil normal. All {111} twin planes are strongly inclined with respect to the incident beam. Because most of the twins are too small to produce the dominant diffracting signal, their orientations are mostly not detected through template matching and the orientation map is mainly exhibiting the matrix orientation. However, as previously mentioned above, the Reliability value is sensitive to the presence of additional crystals. Therefore, twins existence is here emphasized when the reliability is used to draw a map of the area ( As observed from Figure IV.2.4-a, the orientation appearing in the middle of the twins corresponds to the matrix orientation for places where the twin signal was dominant . A further step is thus necessary to determine the real grain boundaries. The information from the two successive maps must be assembled in order to entirely reconstruct the twins (and the matrix). This reconstruction algorithm is similar to a standard grain reconstruction procedure in which neighbor pixels are associated if their orientations are similar. The difference relates to the fact that pixels from different 'layers', i.e. successive best match, have to be considered. It is worth emphasizing that, except for the simple case discussed in this section, there is no straightforward way to display the reconstructed grains, in particular if the number of overlapping crystals is high. One simpler possibility is to add as many maps as subtraction-indexing cycles. In this case, n orientation maps are computed for n successive indexations. The first map is representative of the best solution found for each pixel and corresponds to the standard ACOM-TEM output, while the n th map represents the n th solutions after a (n-1) template subtraction. By contrast, the grain reconstruction algorithm is applied to all 'layers' so that the grain size may be estimated in a better way than by considering uniquely the best match. 

IV.2.2 Application: microstructure of nano-crystalline NiSi thin films stacked onto a (dominant) matrix

The present approach has been applied to the microstructure characterization of a 30 nm nickel silicide (NiSi) thin film stacked onto a thick (001)-oriented monocrystalline silicon (Si) layer. Consequently, as depicted in Figure IV.2.6-b, a NiSi template is incorrectly selected due to the intense Si-related reflections. This matching error leads to an erroneous identification of the crystalline orientations. In conclusion, the orientation map obtained using the standard matching procedure is incorrect as the silicon layer contribution to the diffraction pattern is too large.

To solve the mis-indexing, the multiple-indexing strategy has been used. The [001] pattern is systematically recognized as the best match for the silicon. This solution is then subtracted from each diffraction pattern and the remaining signal, free of any Si footprint, is further used for the orientation indexing of the NiSi phase indexing ( 

IV.2.3 Application: grain size distribution in case of overlap

The same approach was applied to the microstructure characterization of two tungsten electrical contacts surrounded by amorphous oxide. Here again, orientation maps were filtered with an Index threshold in order to hide poorly indexed solutions so that regions where no other crystals are expected to remain appear in black.

In those cases where only one grain lies in the sample thickness, grain boundary regions are the only area of the map presenting grains overlapping as the interface between grains has no reason to be parallel to the beam. This way, the second solutions map only highlights grain boundaries regions as emphasized in Figure IV.2.7-b by the white circle. This result is also observed in the thin left-side electrical contact where the maps do not capture any extra grains. Regarding the right-side electrical contact, the additional information detected in the last two maps reveals the greater number of superimposed grains.

A quick comparison of the three maps indicates that most of the large grains detected in the upper part of the maps are larger than initially observed. In order to reconstruct these grains, neighbor pixels having close to identical orientations (e.g. disoriented from less than 15°) are associated. Figure IV.2.8 compares the relative size of two reconstructed grains without or with assembling the data obtained from the multipleindexing process. In the latter case, pixels from the three maps are considered for the grain calculation. The reconstruction of each grain shows that the multiple-indexing operations enable to discern the full extent of the grains.

Grain size distributions were also computed without and with using the multipleindexing process (Figure IV.2.9). This comparison reveals that grains have larger sizes in the latter configuration. As shown in the graph, the number of calculated grains increases from 37 to 51 while the mean grain size is not necessarily superior. The first observation shows that the grains reconstitution through the multiple-indexing process gives a better rendering of their aspect in a two dimensions projection. However, the slight variation of the mean grain size from the initial 26.7 nm to 29 nm is explained by the detection of an increased number of small grains (here < 20 nm) using multiple indexing as evidenced in the distribution plot. The process thereby emphasizes the existence of small grains that were not detected in the first place.

In conclusion, this approach enables to perform more accurate grains size distribution or avoid mistakes in grains morphology estimation. As already mentioned previously, it is important to remind that in contrast to TKD, the resulting orientation maps are not representative of one planar cut of the thickness layer but contains the 2D projection of all the dominant crystals detected through the entire volume. (A) (B)

IV.2.4 Discussion

IV.2.4.1 Operational parameters

A few considerations regarding the proper use of the pattern subtraction approach are considered in the following. The value fixed for templates spots radius requires users judicious selection as their sizes considerably affect the quality of the template removal output. On one hand, small values may imply that template disks do not entirely cover the reflections that, consequently, will only be partially removed. The remaining signal can detrimentally influence the next step. On the other hand, high values may accidently lead to the removal of other reflections. In the previous sections, the largest radius for all templates spots was set to a constant value of 4.7 mrad while the effective radius of a given reflection is set proportional to its calculated intensity.

For similar reasons, the parameters used to calculate the different set of templates must fit as closely as possible the acquired patterns. However, overestimating the excitation error has been found to give the required flexibility to deal with intense reflections that appear broader than expected from the kinematical theory. Indeed, as the templates are simulated according to kinematical conditions, the radius of a template disk (i. Finally, the number of subtraction-indexing cycles depends on the amount of information still present in the diffraction pattern. This amount turns out to be directly correlated to the matching index obtained at each turn. It has been noted that values lower than around 15% of the correlation index recorded at the first step are no more related to an existing crystal. This value depends on both the acquisition conditions and the investigated material.

IV.2.4.2 Multiple indexing versus tomographic approaches

The diffraction patterns contain information related to all the crystals crossed by the beam throughout the sample thickness. The present technique aims at recognizing the multiple grains contributing to the diffraction patterns in a single scan, which means keeping the experiment stage as fast as for standard ACOM-TEM works. The 3D reconstruction of the volume is not the scope: by contrast to tomographic approaches, part of the information is missing. Indeed, the reflections contained in the diffraction patterns are not spatially resolved as far as the crystals position in the thickness of the lamella is concerned. In particular, none of the resulting maps may be considered as a view of a planar cut of the samples. This holds as well for the standard orientation map that contains uniquely the dominant signal irrespective of the exact location of the grains in the sample thickness. To that respect, it is of interest to note that for polycrystalline sample, two overlapping grains sharing the same orientation but separated by additional crystals will not be resolved although their additional signal may be dominant.

IV.2.5 Conclusion

A method to decompose the signals contained in the TEM diffraction patterns and related to overlapped crystals in the thin foil was presented. The algorithm implemented in the ACOM indexation software consists in subtracting the signature of the dominant crystal before re-indexing the diffraction pattern. Several such subtraction-indexing cycles may be applied if more than two crystals are crossed by the electron beam. This multiple indexing process was applied to a 70 nm thick thin foil containing polycrystalline tungsten electrical contacts and has enabled the small grains surrounded by larger ones to be identified. Phase detection is also enhanced with the present approach: the indexing quality for a NiSi thin film stacked on a monocrystalline Si layer has been shown to be significantly improved by subtracting the dominant signal of the silicon layer. The present strategy does not need more acquisition time as a standard orientation mapping. However, the results are not as complete as the ones achievable by scanning precession electron tomography (SPET): if superimposed crystals may be distinguished, their relative positions in the thin foil thickness cannot be retrieved with a single scan.

IV.3 Chapter conclusion

The diffraction patterns acquired with a TEM contain Bragg reflections related to all the crystals superimposed in the thin foil and crossed by the electron beam. Grains with larger volume fraction are predominantly selected by template matching even though the distribution of Bragg reflections due to each grain orientation is decisive.

Regarding TEM-based orientation and phase characterization techniques, the nondissociation of these signals is usually considered as the main limitation for the indexation of diffraction patterns. A new method to identify the information related to the distinct but overlapped grains has been presented: the multiple-indexing technique.

The method coupled to the template matching algorithm consists in subtracting the signature of the dominant crystal before re-indexing the diffraction pattern. The use of the present method increases the quantity of information that may be retrieved from a TEM lamella and, consequently, improves the characterization of nano-crystalline materials.

V.1 Recent advances

V.1.1 Literature review

Different strategies have been proposed in the past to extract part or all of the overlapping crystals signature from the superimposed diffracting signal in transmission.

These strategies have all consisted in recovering the morphology of every grain in the volume of data. Let us note that most of these advances have been done in the objective to perform 3D characterizations. Even though the additional tomographic aspect is not the point of this chapter, these recent techniques are shortly reviewed in this section.

In their paper, [Liu 2011] have presented a technique based on the reconstruction of diffraction patterns from dark-field images recorded at many sample tilt angles and produced a 3D orientation map for an aluminum nano-crystallized sample. More recently, [Eggeman 2015] have presented a method combining statistical decomposition with scanning precession electron tomography to retrieve the 3D morphology and orientation relationships of embedded crystalline phases. [START_REF] Kiss | Highlighting material structure with transmission electron diffraction correlation coefficient maps[END_REF]] proposed to highlight inner material structural boundaries by computing a correlation coefficient between successive diffraction patterns acquired in scanning mode. Differently, several groups have developed a method based on the reconstruction and analysis of dark field images from an acquired set of diffraction patterns [Rauch 2014;Gammer 2015;Meng 2016].

Among these recently developed techniques, a focus is given to the statistical decomposition of PED patterns and the reconstruction of dark field images. The two methods are used to extract the signature of overlapping crystals in diffraction patterns and provide their morphology, which can later be combined with orientation and phase analysis to obtain a full characterization of the 3D microtexture.

V.1.2 Focus on statistical decomposition

V.1.2.1 Multivariate Statistical Analysis

Multivariate Statistical Analysis (MSA) refers to several techniques used to extract the initial signals from a complex / large database [Bonnet 2005]. The principle of MSA is to decompose the database into a linear combination of components weighted by coefficients. The decomposition is performed by determining the eigenvectors of the database variance-covariance matrix [Bonnet 1992]. One of the most widespread MSA technique today is the Principal Component Analysis (PCA) usually employed to eliminate the noise from large data-sets and thereby improve the signal-to-noise ratio.

Apart from noise reduction, MSA can also be used to answer the Blind Source Separation (BSS) problem. Solving a BSS problem consists in retrieving the original sources from a mixture without having information on these sources [Hyvärinen 2000;Mirzal 2014]. Most of the time, the analyzed mixture corresponds to a linear combination of sources with small Gaussian noises [Hyvärinen 2000].

Regarding MSA, the Independent Component Analysis (ICA) and the Non-negative Matrix Factorization (NMF) are referred as the most dedicated techniques to address BSS for the following reasons [Mirzal 2014]: for ICA decomposition, the initial sources are considered as statistically independent and non-Gaussian [Jutten 1991;Lee 1999].

For NMF decomposition, the components and associated coefficients are set non-negative so that the mixture is a sum of the physically meaningful sources and their attached coefficients.

Diffraction patterns are a mixture corresponding to the superposition of signals, each characteristic of a crystal. As emphasized by [Eggeman 2015], retrieving the sources (i.e. diffraction figures characteristic of crystals) using NMF is therefore the most consistent method.

V.1.2.2 NMF combined with scanning electron diffraction CHAPTER V

NMF decomposition

NMF is applied to the database so that the matrix M is factorized as shown in Equation (V.1.2 [Lee 1999]. In this configuration, M is a sum of basis images W (i.e. components part of a diffraction pattern) weighted by non-negative coefficients H, also referred as encodings or loadings. In order to sort the most relevant signal among the great amount of solutions, only the first r components having the highest variance are kept. The ones with most variance mean they have strongly different patterns and are thereby expected to be characteristic of physical signals (i.e. different crystals). By contrast, the components with poor variance correspond to the intensity variations that are retrieved in most of the diffraction patterns and are thereby expected to represent the noisy background or non-physical patterns. 

V.1.4 Conclusion

Several techniques have been developed to extract the signature of superimposed crystals from overlapped diffracting patterns and obtain their morphological aspect. Among them, the reconstruction of virtual dark field images and the statistical decomposition by NMF of a set of diffraction patterns have been presented. These two techniques along with the multiple-indexing method described in IV.2 are now applied to the microtexture analysis of a sample specifically constructed for the present purpose. 

V.2.2 Samples superposition

V.2.2.1 Material and method

The two initial samples were superimposed and joined by FIB as shown in For ACOM experiments, diffraction patterns were acquired with a 71 mm TEM diffraction camera length, using a precession angle of 1°, and recorded as 144 x 144 pixels images with a 10 ms integration time. A 5 x 1.2 µm² mapping was realized with a 10 nm step. 

V.2.2.2 ACOM data on final sample

The ACOM data of the final sample made from the superimposition of sample n°1 and n°2 is given in Figure V.2.5. The orientation map has been compared to the maps of the two samples before the superimposition to see which of the crystals have been detected and if the layers superimposition has induced errors in the crystal orientation indexation by template matching.

In this region, the thin foil thicknesses are 120-180 nm for sample n°1 and 120-130 nm for sample n°2. A representation of the thickness variation for both samples is shown in Figure V.2.5. The dominant crystals are from the copper stamps that are detected first by template matching over the ones of the copper line. An exception is observed on the right-side copper stamp where the thickness ratio of both sample is slightly inverted. For most points of the map, the orientations given by the software do correspond to one of the samples. Therefore, the indexation algorithm seems to favor the thicker crystals and the superimposition of crystals signature in diffraction patterns does not induce significant template matching errors in this example. 

Method

One cycle of the multiple-indexation (MI) process described in IV.2 was applied to the dataset. For the indexation, two identical banks for copper were created, respectively Cu_1 and Cu_2. In the indexation software, the two banks were inserted and the radius of the templates spots were set to 10.

V.3.1.2 Observations

The orientation maps of the first solutions (i.e. standard ACOM matching process) and second solutions (i.e. after one subtraction-indexing cycle) are given in Figure V.3.1. In regions where the copper line is superimposed with the copper stamps, the orientations from the copper line are mostly successfully retrieved in the second orientation map (i.e. after one indexing cycle). In areas where there is no copper stamp, the second map essentially shows the grains spread related to grain boundaries contained in sample 2.
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Consequently, the information retrieved from both maps enable to reconstruct the grains as detailed in part IV. 

V.3.1.3 Discussion

The deconvolution of signals using the multiple-indexing method does not need extra resources than an iterative template matching algorithm. The major advantage of the technique is its ability to obtain in the same time information on the orientation and on the morphology: this represents an advantage in terms of time and complexity. The
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intensity distributions coming from the noisy background frequently observed in diffraction patterns.

 The fourth image (sorted as 42 nd loading) describes a small region of the map that apparently looks like a grain. However, the orientation maps from the two samples before their superimposition do not show any grain with this morphological aspect. The analysis of diffraction patterns is this region (Figure V.3.5) shows a different distribution of reflections due to a small disorientation (i.e. <2°). Therefore, the latter loading and its related NMF component pattern are not characteristic of an existing crystal in the sample but a slight intra-grain misorientation. 

V.3.2.3 Discussion

The NMF decomposition is here able to decompose relevant patterns characteristic of crystals from a diffraction patterns database. Therefore, the NMF decomposition is an automatic method that has the advantage to considerably reduce a data-set and sorts out the important signals.

However, the decomposition process is sensible to background variations: components resulting from the background intensity variations can exhibit high variance while not characterizing any crystal. Therefore, the use of precession to homogenize the background small intensity variations and attenuate this effect seems mandatory for NMF analysis. Nevertheless, the 1° precession angle applied for the experiments has not been enough here to entirely suppress this phenomenon. In consequence, it has been shown that the NMF decomposition can result in components that are not actual existing patterns: among the first sorted components (i.e. the ones with highest variance), a certain number are not representative of physical crystal orientations. This quasi-unavoidable outcome requires the need of a manual selection of the components among the several tens remaining after the decomposition. The latter requirement also constrains the users to be able to recognize a non-existing crystal from an existing one.

One of the positive aspects of NMF decomposition is that it can sort out loadings characterizing very small intra-grain misorientation. Like background variations, the variance of these components can be high enough to appear as important as the ones defining crystals. Nevertheless, the strong sensibility of NMF can also be very restrictive if the study is limited to the recovery of crystals shape.

Finally, the use of statistical decomposition on large data-sets such as those ones requires a lot of random access memories (RAM) in the computer. For the present work, a computer with 16 Go of RAM and extra allocated memory of the hard drive have been necessary.

V.3.3

Virtual Dark Field (VDF)

V.3.3.1 Method

Dark-field images were reconstructed for each point of the map by plotting the intensity fluctuations inside a small circle in the 144 * 144 pixels acquired diffraction patterns. The relevant VDF images were collected manually. 

V.3.3.2 Observations

V.3.3.3 Discussion

The VDF images have here been constructed by manually centering a numerical aperture on a diffracted spot in the diffraction patterns. An advantage of VDF is that the choice of input taken for the construction of dark field images from diffraction patterns is fully flexible: single pixel, aperture centered on a reflection, several apertures centered on several reflections... Depending on the input, different risks of interpretation yet arises. By selecting a single reflection as performed in this experiment, the risk would be to select an hkl intensity shared by adjacent grains. By selecting several reflections in diffraction patterns exhibiting the signature of several superimposed crystals, the major risk would be to select diffracted spots belonging to different crystals. In both configurations, the reconstructed image would highlight several crystals wrongly appearing as a unique one. Finally, the VDF images generally have a poor contrast: the highlighted grain is not surrounded by a dark background. This degrades the grains segmentation as the interfaces of each grain are not clearly determined. However, the contrast in the reconstructed image could be improved by deleting the strong background contrast of the diffraction patterns acquired today by the Stingray camera.

V.3.4 Comparison

The three techniques have the potential to be automated. Using the MI method, the grains morphology is determined by automatically making iterations of the ACOM-TEM template matching algorithm and using a grain reconstruction procedure in which neighbor pixels are associated if their orientations are similar. Using the VDF method, the grains morphology is determined by analyzing the virtual dark field images constructed from diffraction patterns. An apparently automatic algorithm, has already been proposed by [Meng 2016]. Using the NMF method, the grains morphology is determined by considering the loadings of the reduced number of components further to the statistical decomposition. The NMF decomposition is today performed using a python library and could thereby be performed automatically.

Regarding the reliability of the results, most of the grains morphology can be recovered with the three techniques. Using MI, the correct recovery of the grains aspect goes with the correct indexation of the different patterns detectable in the acquired diffraction patterns. The template removal procedure is thereby essential but presents some limitations (limited number of iterations, removal of signals shared by several grains...). Moreover, the parameters chosen to reconstruct the crystals are directly responsible for the final grains aspect and must be carefully selected. Using VDF, the reconstructed images are mostly characteristic of the spread of a crystal over the map. An exception is given to the images reconstructed from hkl intensities shared by adjacent crystals. In the latter configuration, the images are showing the spread of several crystals instead of a unique one and can thereby be wrongly interpreted. Using NMF, the loadings are successfully characterizing the spread of the existing crystals over the map. However, along with these correct loadings are loadings characteristic of some bias in diffraction patterns (e.g. intensity variation in the background). The latter loadings must be suppressed from the results. This remaining procedure could be performed automatically by using an automated recognition of real components (i.e. diffraction patterns) that would be able to suppress the uncoherent components. In other words, coupling NMF to template matching to filter the resulting components looks like a promising combination.

Regarding the grains segmentation, the reconstruction of grains with MI (ACOM-TEM) is based on an orientation criteria (i.e. sharp disorientation along the interfaces). The determination of grains is thus strictly defined. By contrast, NMF and VDF are similar regarding the segmentation as no information on the grains connectivity is included. Using VDF, the partition is difficult due to the poor contrast of the reconstructed images.

In contrast, the clever decomposition used by the NMF enables to get rid of these contrast effects: the loadings benefits of a good signal-to-noise ratio. However, the partition remains difficult due to the NMF high sensibility to small disorientation along with the presence of contrast induced by the presence of other crystals on top.
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Regarding the rapidity and simplicity of the methods, MI seems easier as one indexation provides both the morphology and the orientation of the grain. The use of VDF or NMF require an additional indexation of the crystals orientation. For NMF, the data processing by statistical decomposition also demands an extra amount of time and memory.

Finally, improvements for all these techniques are achievable by acquiring diffraction patterns of better quality. For now, the images acquired by the Stingray camera present a strong background and low resolution that could be improved by the use of advanced cameras.

V.4 Chapter conclusion

In conclusion, three methods to decompose the signals contained in the TEM diffraction patterns and related to overlapping crystals in the thin foil have been used on the same data-set and their capabilities to recover the morphology of each superimposed grains have been compared. For the experiments, two samples made of copper structures have been superimposed to create a TEM lamella whose thickness contains crystals coming from both samples. The multiple-indexing, non-negative factorization and virtual dark field methods have then been applied to the same set of diffraction patterns in order to retrieve the grains morphology coming from the two different samples stacked in the sample thickness. The three techniques have successfully been able to recover the structure of superimposed grains and the positive and negative aspects of each have been reviewed.

GENERAL CONCLUSION

The work presented in this manuscript has shown the ability of the ACOM-TEM technique to characterize the microtexture of nano-sized materials used for the fabrication of current microelectronic devices. The main work can be summarized as follow:

 The quality of the ACOM-TEM output data has been analyzed in terms of indexing reliability and effective spatial resolution. The study has highlighted the importance of the TEM settings producing the electron probe used to scan the sample. While the use of smaller electron probes improves the maps spatial resolution, the fraction of mis-indexed pixels increases with the probe convergence angle. Therefore, an optimum has been found between the maps spatial resolution and indexing consistency. Using a 10 µm C2 aperture, the microprobe mode which offers an electron probe with a small convergence semi-angle (here ~ 0.4 mrad) at the cost of a larger size (here FWHM ~ 3-4 nm) has been preferred over the nanoprobe mode. Moreover, the study has shown that the effective spatial resolution of the maps can be smaller than the probe size due to the template matching algorithm ability to extract the signals related to different crystals. This gives more flexibility in the choice of the probe size. The main limitation remains the TEM lamella thickness.

When the grain size is smaller than the sample thickness, grains are superimposed in the TEM lamella thickness and the collected diffraction patterns contain Bragg spots related to these superimposed crystals. This configuration does not favor the construction of orientation maps through template matching, as the probability of mis-indexation is increased, and the final map is not a plane cut of the 3D sample and may randomly contains grains appearing at the upper and lower surfaces of the thin foil.

 The ACOM-TEM technique and the MTEX post processing MATLAB toolbox have been combined to perform quantitative analysis of the microtexture in terms of grain size, texture distribution and intra-grain misorientation. This way, the microtexture of Ni(Pt)Si thin films has successfully been characterized as function of the fabrication process (i.e. for different temperature, substrate doping, Pt content).

 Finally, the characterization of the grains morphological aspect has been investigated in the configuration where several grains are superimposed in the sample thickness. The results have shown that the mis-indexation errors due to the presence of several signals in the diffraction patterns were not frequent. Regarding the selected grain, the grain of larger size in the thickness direction have regularly been preferentially selected by the template matching algorithm. Furthermore, a new method able to recover the morphology of crystals by extracting the signals related to each grain in the diffraction patterns has been presented. This method, named multiple-indexing (MI), is based on successive iterations of the ACOM-TEM indexation procedure on each diffraction pattern. In this way, a single scan has been sufficient to recover both an information on the orientation of the superimposed crystals using template matching and an information on their morphology by reconstructing the grains after the indexation. Its capability to recover the grains morphology from the initial diffraction patterns data-set has been compared to the recently advances making use either of non-negative factorization (NMF) or of virtual dark field (VDF) images. The morphology of overlapped grains has successfully been determined using the three techniques and the advantages and drawbacks of each have been discussed.

In conclusion, the technique answers the characterization needs for the optimization of the fabrication process in microelectronics. However, improvements in the grains analysis when the latter are superimposed in the sample are still needed. A solution to decompose the signal related to each crystal observed in the diffraction patterns has been presented and compared to two other recently developed methods.

Perspectives

The ACOM-TEM technique has been used to characterize the grains size and orientation of materials used for the fabrication of transistors. Among them, some analyses of polycrystalline silicon, tungsten, nickel-platine silicide and copper have been presented throughout the manuscript. The realization of these characterizations has necessitated the optimization of the TEM instrument for the scanning and indexing of diffraction patterns. It has also motivated the implementation of a protocol for the statistical analysis of grains in MATLAB using the MTEX toolbox. In the future, the use of the ACOM-TEM technique and the post-processing tools would allow to answer other problematics, such as the textures determination of TiN nano-sized grains and of phasechange materials for the fabrication of phase change memory devices. The technique could have also been used to detect the presence of (or dissociate) crystallographic phases. As an example of future application, understanding which of the several Ni2Si rich phases is involved in the formation mechanisms of NiSi would allow a greater control of the final material microtexture through the adaptation of the process.

From an experimental point of view, the use of a larger C2 aperture would be preferable in order to optimize the compromise between the probe size and convergence angle for day-to-day microtexture characterizations. For instance, a 20-30 µm aperture would allow to obtain a smaller probe size while only slightly increasing the convergence angle.

The routine quantitative characterization of the microtexture such as the determination of grain size distribution and texture should also be simplified by automating the procedure carried out after data importation on MATLAB.

Regarding the characterization of grains superimposed in the sample volume, the next step would be to improve the quality of the acquired diffraction patterns using recent fast cameras in order to ease their analysis. The determination of the morphology of grains present in the TEM sample would be improved by the ability to automate the reconstruction of VDF images, automate the removal of non-real diffraction patterns for NMF decomposition, or improve the template removal and grain reconstruction procedures for the MI procedure.
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If b = Φ, then: To conclude, the inverse rotation is defined as followed:
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NMF views

Loadings: Dans cette thèse, les capacités de la technique ACOM-TEM ont été évaluées, à la fois pour déterminer la microtexture de matériaux confinés dans quelques dizaines de nanomètres, et pour répondre aux problématiques associées à la fabrication de nouveaux circuits. Ainsi, nous montrons qu'une utilisation optimisée de cette technique permet de comparer les morphologies, tailles, et orientations préférentielles des cristaux pour différents processus industriels de fabrication. Les limites de caractérisation liées à la géométrie de l'échantillon sont également discutées.

Résultats généraux

Principe de la technique ACOM-TEM

La technique ACOM-TEM (commercialisée sous le nom d'ASTAR par la compagnie NanoMEGAS) consiste en l'indexation de clichés de diffraction électronique acquis en balayant la surface d'un échantillon à l'aide d'un faisceau électronique. Pour améliorer la qualité des figures de diffraction le faisceau est également soumis à un mouvement de précession [Rauch 2014]. De récentes études ont validé l'obtention de résolutions spatiales de l'ordre du nanomètre dans de multiples domaines d'applications [Moeck 2011;Albou 2013;[START_REF] Viladot | Orientation and phase mapping in the transmission electron microscope using precession-assisted diffraction spot recognition: State-of-the-art results[END_REF].

Expérimentalement, un faisceau d'électrons de quelques nanomètres est utilisé pour balayer la surface de l'échantillon d'étude. Les clichés de diffraction électronique produits pour chaque point de l'échantillon sont collectés. Chaque cliché est ensuite comparé à une banque de données contenant des modèles simulés caractéristiques d'orientations cristallines. Les clichés sont comparés par corrélation croisée à l'aide d'un indice de corrélation Q calculé selon l'Equation 1. Pour chaque modèle i, les intensités des pixels du cliché expérimental sont comparées avec le modèle enregistré, respectivement P(x,y) et Ti(x,y). L'indice de corrélation le plus élevé donne l'orientation relative la plus probable pour ce point de la cartographie et l'analyse se poursuit ainsi pour chacun des points de l'échantillon.

Q(i) = ∑ P(x j , y j )T i (x j , y j ) m j=1 √∑ P 2 (x j , y j ) m j=1

√∑ T i 2 (x j , y j ) m j=1

(1) Analyse quantitative de la microtexture Après optimisation des conditions opératoires du MET, des analyses quantitatives des grains, en termes de taille, distribution des orientations cristallographiques, ou encore de désorientation intra-grains ont été menées. Pour effectuer ces analyses, les données ont été traitées sous MTEX [Bachmann 2010]. Cette boîte à outils en libre accès utilisable avec Matlab présente un ensemble de fonctions permettant d'analyser les données pour par exemple mesurer la taille des grains et de visualiser la texture du matériau.

Expérimentalement, les données brutes d'ACOM ont été importées dans MTEX. Ces données sont constituées du couple {indice de corrélation ; angles d'Euler caractérisant l'orientation cristalline} pour chaque pixel de l'échantillon. Une procédure permettant de sélectionner la région d'intérêt au sein de la cartographie, et de projeter les données selon un référentiel de préférence a été implémentée. En règle générale, ces données ont été réalignées pour que les coordonnées spatiales de la cartographie coïncident avec le référentiel de l'échantillon (Figure 2). Ces corrections ont consisté à appliquer une rotation à l'ensemble des orientations indexées. Afin de procéder à la reconnaissance des grains, un algorithme de reconstruction [Bachmann 2011] a été appliqué et a consisté en un regroupement des pixels ayant une orientation similaire. L'angle de désorientation minimal définissant la frontière entre deux grains distincts (joint de grains) a été fixé à 15° pour toute les études. Enfin, les grains de bords de cartographie et ceux dont l'aire est inférieure à 20 pixels de mesure ont été supprimés comme proposé par Kobler et al. [Kobler 2013]. En effet, les premiers sont coupés tandis que les seconds correspondent probablement à des erreurs d'indexation qui viendraient fausser les mesures. La Figure 3 illustre une partie de ce processus. Dans les dernières parties de l'étude, il est montré que les erreurs d'indexation dans cette configuration restaient rares et que les grains de plus large fraction volumique étaient majoritairement sélectionnés par l'algorithme d'indexation. Une méthode exploitant toute l'information détectée dans les clichés de diffraction est aussi proposée. Elle consiste en l'indexation successive de ces clichés après soustraction des réflexions associées à l'orientation précédemment indexée. Cette méthode a permis de caractériser des grains de siliciure de nickel-platine superposés sur un épais film de silicium monocristallin et d'analyser la taille des grains de tungstène provenant de la totalité du volume de l'échantillon. A partir d'un même ensemble de clichés de diffraction, les capacités de cet outil à retrouver la morphologie des grains sont comparées à celles de deux autres techniques s'appuyant sur la reconstruction d'images en champ sombre ou sur la factorisation en matrices non-négatives (NMF).

Figure 6. Configuration limitante où plusieurs cristaux sont présents dans l'épaisseur de l'échantillon analysé.

Conclusion

Il a été montré que l'utilisation de la technique ACOM-TEM peut permettre la comparaison de matériaux par le biais de leur analyse texturale. Ces caractérisations se révèlent clés dans la compréhension des procédés de fabrication. En conclusion, cette technique répond aux besoins de caractérisation nécessaire à l'optimisation des procédés de fabrication. Enfin, des améliorations sur la caractérisation des grains lorsque ceux-ci sont superposés dans l'échantillon ont été apportées. Des solutions de décomposition du signal relatif à chaque cristal du volume ont ainsi été présentées et comparées.
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 1 Figure 1 Schematic of a MOSFET with (a) bulk and (b) FD-SOI architectures.

  These interactions give rise to several radiations illustrated in Figure I.1.1. Several techniques exploiting the latter have been developed on SEMs and TEMs, offering different resolution capacity and degree of automation. The main SEM and TEM-based techniques are shortly listed below.

Figure

  Figure I.1.1. Interaction of electrons with matter

  Figure I.1.2. The technique is based on the analysis of electron backscatter diffraction patterns whose formation mechanisms are explained in the following paragraph.
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  Figure I.1.2. EBSD system.

Figure

  Figure I.1.3 TKD system.

Figure

  Figure I.1.4. ASTAR system.

  Figure I.2.1), the reliability factor has a high value. Values from 15 to 100 are usually considered as confident. In cases where several solutions show similar matching indexes (Figure I.2.2), the reliability factor has a poor value, inferior to 15.

Figure

  Figure I.2.1 Indexation with good reliability (R=26).

A

  database -hereafter called a bank -must be created for each material present in the sampled volume. The crystal lattice parameters and symmetries must be defined either manually or by importing a CIF file (www.iucr.org/resources/cif). CIF files, or Crystallographic Information Framework files, report the required crystallographic information. An image showing the phase definition setup is given in Figure I.2.3. A bank is composed of a set of simulated templates characteristics of the crystal orientation (see Figure I.2.4). Thousands of templates are usually created so that a bank comprises the whole set of possible orientations with an angular resolution of about a degree. The templates correspond to diffraction patterns calculated on the basis of the kinematical theory. Parameters such as the TEM accelerating voltage, the maximum Bragg angle to be considered, and the excitation error can be modified to fit the experimental conditions.

Figure I.2. 3

 3 Figure I.2.3 Phase definition setup.

Figure

  Figure I.2.4 Diffraction pattern template.

Figure I. 2 . 5

 25 Figure I.2.5 Impact of parameters influencing the pattern matching quality, with: (a) the excitation error (from 1 to 2); (b) the distortions of the images acquired with the camera (before and after corrections); (c) the treatment of the images (two examples); (d) the diffraction camera length set for the templates (wrong on the left-side and correct on the right-side); (e) the templates centering (wrong and correct centering); (f) maximum work radius (inaccurate and correct radius).

Figure

  Figure I.2.6 Maps available with ASTAR, including: (a) the virtual bright field map; (b) the phase map; (c) the orientation map; (d) the index map; (e) the reliability map.

Figure I. 3

 3 Figure I.3.1 FEI Tecnai, including: (a) a picture of the TEM (www.fei.com) and (b) its schematic and main components.

Figure I. 3

 3 Figure I.3.2 (a) Microprobe and (b) nanoprobe illumination modes involving different minicondenser lens current states.

  Figure I.3.3 Schematics of the diffraction phenomenon: the crystal planes are in Bragg conditions (angles are exaggerated for the illustration).

Figure I. 3

 3 Figure I.3.4 A diffraction pattern.

Figure I. 3

 3 Figure I.3.5 Diffraction process represented in the reciprocal space using the Ewald sphere, with: (a) diffraction of a family of planes in Bragg conditions; (b) Diffraction of a family of planes near Bragg conditions.

Figure I. 3 . 6

 36 Figure I.3.6 Dynamic conditions.

Figure I. 3 . 7

 37 Figure I.3.7 Schematic of rocking curve for (a) kinematic and (b) dynamic conditions.

Figure I. 3 . 8

 38 Figure I.3.8 Diffraction patterns of a Si crystal (a) without and (b) with precession.

Figure I. 3 . 9

 39 Figure I.3.9 Schematics of the PED principle, with: (a) the alignments in the TEM; (b) the effect of beam tilting (and so precession) in the reciprocal space.

  Figure II.1.1). A Bragg angle of 4.15 mrad has been considered for a TEM accelerating voltage of 200 keV.

Figure

  Figure II.1.1 Characterization of an electron probe formed in TEM microprobe mode, with: (A) an image of an electron probe in vacuum and its electron distribution. The probe size corresponds to the distance for which the Gaussian electron distribution is at its half-maximum; (B) the diffraction pattern of a [110]-oriented silicon crystal; (C) magnification of the transmitted disk: the electron distribution along the transmitted disk is a direct measurement of the electron beam convergence angle using the adequate image calibration.

  convergence semi-angle (mrad) depending on the minicondenser lens activity and on the C2 aperture size.

Figure

  Figure II.2.1 TEM image of typical structures characterized in microelectronics.

Figure

  Figure II.2.2 Low resolution mapping: phase maps using (A) nanoprobe and (B) microprobe modes. The phase maps represent the phase indexed as the best match for each pixel during the template matching process using an arbitrary color code. Silicon (Si), nickel silicide (NiSi) and tungsten (W) are represented in red, light blue and dark blue, respectively.

Figure

  FigureII.2.3 Low resolution mapping: phase reliability maps using (A) nanoprobe and (B) microprobe modes. The color code has been modified so that reliability factors lower than 5 appear in black and higher than 15 appear in white.

Figure

  Figure II.2.4 Diffraction patterns corresponding to the monocrystalline silicon bulk (lower parts in Figure 4 or Figure 5) acquired in (A) nanoprobe and (B) microprobe modes with the Stingray camera.

Figure

  Figure II.2.5 Low resolution mapping: Virtual Bright Field (VBF) images in (A) nanoprobe and (B) microprobe modes.

  Figure II.2.6 High resolution mapping: phase analysis in nanoprobe mode using a 1 nm step size. (A) VBF image. (B) Phase map. (C) Diffraction patterns recorded all along the BOX (black arrow from A).

  Figure II.3.1.

Figure II. 3 . 1

 31 Figure II.3.1 Example of template dedicated to an amorphous phase, with (a) the acquired diffraction pattern and (b) the related template.

Figure II. 3 . 2

 32 Figure II.3.2 Resolution around a grain boundary region, including: (a) an orientation map of NiSi grains sample and (b) the disorientation observed across a grain boundary.

  Figure II.3.3 and the resulting virtual bright field map of the sample is shown in Figure II.3.

Figure II. 3 . 3

 33 Figure II.3.3 Schematic of the sample geometry. The beveled lamella thickness varies from 25 to 90 nm. Due to the W plugs misalignment, the sample contains both entirely and partially included plugs. The area of interest is highlighted (orange).

Figure

  Figure II.3.4 Virtual bright field map of the sample. The sample thickness variation along the section is given at the bottom and the area of interest is highlighted in orange.

  ACOM-TEM maps of the selected area are shown in Figure II.3.5 and Figure II.3.6.

Figure II. 3 . 5

 35 Figure II.3.5 Maps of the area highlighted in the previous figure, including: (a) the virtual bright field, (b) the index and (c) the orientation reliability maps.

Figure II. 3 . 6

 36 Figure II.3.6 Differences in the acquired diffraction patterns observed for different volume fraction of the tungsten in the sample thickness, with: (a) the orientation map of the studied area, (b) a diffraction pattern acquired for small amount of diffracting volume, (c) a diffraction pattern acquired for a larger amount of diffracting volume.

  = γ = 90° Table III.1.1 The 14 Bravais lattices, composed of 7 crystals systems and 4 types of lattice centering. α = β = γ = 90° a = b = c = 0.5431 nm α = β = γ = 90°

FigureA

  Figure III.1.1 Types of textures with respect to the substrate, including: (a) random; (b) fiber; (c) axiotaxial and (d) epitaxial textures (adapted from [Bourjot 2015]).

Figure

  Figure III.1.2 Examples of reference frames defining: (a) the specimen, (b) a cubic cell, (c) an orthorhombic cell.

  Figure III.1.3 Euler angles (φ1, Φ, φ2) defining a crystalline orientation with respect to the specimen reference frame.

  us consider the (121) plane of a single cubic crystal and the (110) plane of a single orthorhombic crystal. Here, the first plane intercepts the three axes in (x= a, y= 𝑎 2 , and z= a). The second plane intercepts the x and y axes in (x=a, y=b), while parallel to 𝑂𝑧 ⃗⃗⃗⃗⃗ (z = ∞). By contrast, the Miller indices [uvw] of a crystal direction d are such that u, v, and w are the coordinates of the 𝑂𝐷 ⃗⃗⃗⃗⃗⃗ vector along the x, y, and z axes, respectively. An illustration of the different scenarios is given in Figure III.1.4.

Figure

  Figure III.1.4 Miller indices used to name crystal planes and directions, including the illustration of: (a) the (121) plane of a cubic cell; (b) the [110] and [111] directions for a cubic cell; (c) the (110) plane of an orthorhombic cell.

  The point P is connected to the South Pole 'S' and the (PS) line intercepts the equatorial plane of the sphere in p. In this configuration, p is the stereographic projection of the initial point P. The illustration in Figure III.1.5 shows the stereographic projection of a crystal plane normal.

Figure

  Figure III.1.5 Stereographic projection of a crystal pole, including: (a) a schematic of the projection; (b) the final stereograph.

A

  pole figure represents the stereographic projection of poles in the specimen coordinate system. Pole figures are frequently used to evidence the type of texture observed for a given family of planes {hkl} (e.g. epitaxial, fiber, random textures). Let us consider a {hkl} pole figure of a single cubic crystal. The specimen coordinate system is aligned along the sphere axes. The directions normal to the {hkl} planes are then projected onto the equatorial plane of the sphere (i.e. the pole figure). An example of a {100} pole figure for a cubic crystal depending on its orientation is represented in Figure III.1.7. The final aspect of the {100} pole figure is a signature of the crystal orientation. The main interest of pole figures is to give a 2D view of the orientation distribution for polycrystalline materials. In that case, the final aspect of a {hkl} pole figure is characteristic of all crystallographic orientations. Schematics of several pole figures characterizing different types of texture are illustrated in Figure III.1.8.

  Figure III.1.7 An example of {100} pole figure for a cubic crystal, including: (a-c) a schematic of the pole figure construction for a given crystal orientation; (b-d) their corresponding pole figure.

  Crystalline materials are defined by their atoms nature and position, their lattice parameters and their symmetries. The orientation of these crystals with respect to a specimen frame can be characterized by means of Miller indices or Euler angles. The Miller indices are used to describe crystals planes or directions while the Euler angles are used to directly describe the orientation of a crystal. Finally, the orientation of these crystals can be represented by means of pole figures and inverse pole figures. Inverse pole figures are typically used to represent the orientation distribution of crystals or as color code in orientation maps. Pole figures are useful for the identification of a type of texture (e.g. epitaxial).

Figure

  Figure III.2.3 Grain size distribution, including (a) the chart and (b) some data.

  Figure III.2.4 Pictures illustrating the process on grains, including: (a) the original orientation map; (b) the orientation map after aligning the data along axes of interest; (c) example of orientation map after selecting a ROI; (d) the grain map based on a 15° threshold angle; (e) removal of the grains along the mapping edges; (f) removal of the Si phase; (g) smoothing of the GB; (h) removal of small grains; (i) the resulting misorientation map; (j) selection of grains oriented such as {013} planes are normal to (0z); (k) the resulting inverse pole figure and (l) the resulting (013) pole figure.

(

  

  Figure III.3.1. Therefore, the control of the NiPt-silicide layer formation is crucial for CMOS devices designed in 28 nm FD-SOI technology. The orientation analysis of thin layers of Ni(Pt)Si were carried out to provide a better understanding of the relationship between the material properties and the process parameters.

Figure III. 3 .

 3 Figure III.3.1 NiPt-silicide integration in 28 nm FD-SOI technology, including: (a) a schematic representation; (b) a TEM image of the 12 nm thick Ni(Pt)Si layer; and (c) an EDX image showing Ni(Pt)Si piping caused by an insufficient stability of NiPt-silicide.

  dual beam system. A TEM image of one of the sample is given in Figure III.3.2.

Figure

  Figure III.3.2 TEM image of the Si / Ni(Pt)Si stack.

  Orientation maps of Ni(Pt)Si formed on different substrates, for different Pt concentrations and RTA-1 temperatures are presented in the following. The color code of the orientation maps is explained in FigureIII.3.3 and Figure III.3.4. Figure III.3.5 and Figure III.3.6 gather the orientation maps of Ni(Pt)Si grains formed on either SiCP or SiGe:B epitaxial zones, respectively.

Figure III. 3 . 3

 33 Figure III.3.3 Color code according to the crystalline phase, including: (a) an example of phase map; (b) the color code related to Si; (c) the color code related to NiSi.

Figure III. 3 . 4 Figure

 34 Figure III.3.4 Illustration of the color code viewing axis: the color code is displayed for either (a) the y direction normal to Si(001) or (b) the z direction normal to Si(110).

  Pole figures and inverse pole figures extracted from some of the orientation data-sets are given in FigureIII.3.7 in order to identify the main grains orientation and the consequent type of texture. Significant differences in Ni(Pt)Si grains orientation distribution are observed between NiPt 10% and NiPt 15% alloys.For SiCP substrates, Ni(Pt)Si grains formed from NiPt 15% alloy exhibit a random texture (qualitatively observed on orientation map from FigureIII.3.5). In contrast, Ni(Pt)Si grains formed from NiPt 10% alloy are preferentially distributed along two directions normal to the interface on Si(001) substrate (upper pole figures in Figure III.3.7). As shown by the inverse pole figure, the Ni(Pt)Si grains are oriented such as the(

Figure

  Figure III.3.7 Texture analysis, including inverse pole figures and (hkl) pole figures for different substrates (SiCP/SiGe) and Pt concentrations (NiPt 10% / NiPt 15%) at RTA-1 = 260°C.

  orientation distribution of Ni(Pt)Si grains are analyzed in Figure III.3.9. According to the inverse pole figure along the Si(001) pole, Ni(Pt)Si grains are preferentially distributed along two directions normal to the Si/NiSi interface. Two fiber textures are observed in the extracted pole figures and described by NiSi(013) and NiSi(010) planes being parallel to Si(001).

  Figure III.3.8 Orientation maps of Ni(Pt)Si for RTA and DSA samples using color codes describing the orientations taken along the normal to either the Si(110) or the Si(001) plane.

Figure III. 3 . 9

 39 Figure III.3.9 Texture analysis for the RTA sample, including the orientation map of the considered data-set and related (inverse) pole figures taken along the normal to either the Si(110) or the Si(001) plane. In this study, two data-sets were created for grains with mean orientation along z-axis within 20° close to the (013) and (010) poles, respectively. The sum of each data-set measurement points represented 98% of the total available points.

Figure III. 3 .

 3 Figure III.3.10 Texture analysis for the DSA sample, including the orientation map and related (inverse) pole figures taken along the normal to either the Si(110) or the Si(001) plane. The same data-sets than for the RTA sample were created, in addition with two more data-sets for grains with mean orientation along x and y-axis within a 20° range close to the (010) poles and within a 12° range close to the (013) poles, respectively. The sum of each data-set measurement points represented 98% of the total available points.

  and are colored proportionally to the angle of disorientation by taking the mean orientation of the grain as reference. The different maps are given in Figure III.3.11 for the RTA sample and in Figure III.3.12 for the DSA sample.

Figure III. 3 .

 3 Figure III.3.11 Intra-grain misorientation maps for the RTA sample, showing: the F2-(010) grains misorientation with respect to (a) the (010) axis and (b) the mean orientation of each grain; and the F1-(013) grains misorientation with respect to (c) the (013) axis and (d) the mean orientation of each grain.

Figure III. 3 .

 3 Figure III.3.12 Intra-grain misorientation maps for the DSA sample, showing: the F2-(010) grains misorientation with respect to (a) the (010) axis and (b) the mean orientation of each grain; and the F1-(013) grains misorientation with respect to (c) the (013) axis and (d) the mean orientation of each grain.

  Figure IV.1.1:

Figure

  Figure IV.1.1 Types of diffraction patterns obtained for a grain (a) oriented in zone-axis or (b) randomly oriented.

Figure

  Figure IV.1.2 Sample description including (a) a schematic of the stacked Cu plates and (b) the ACOM-TEM virtual bright filed map.

  Figure IV.1.5 shows that the two stacked grains share common Bragg reflections: the resulting mixed distribution of intensities is here in favor of the smallest grain. This result suggests that the pattern selection is not solely sensitive to the volume fraction of the diffracting crystals. The last hypothesis is confirmed with the sample tilted at 15° given in Figure IV.1.3.

Figure

  Figure IV.1.3 Effect of the illumination direction, including the orientation maps of the stacked plates before and after the 15° tilt.

Figure

  Figure IV.1.4 Orientation maps of the seven cross sections along with their thickness and relative localization in the planar view.

Figure

  Figure IV.1.5 Configuration where the grain coming from the thinner plate is selected (by template matching) in the planar section map. The diffraction patterns acquired in the planar configuration show the two grains orientation share common Bragg reflections.

Figure

  Figure IV.1.6 Virtual Bright Field of the structures considered for the analysis, with: (a) the sample n°1 and (b) the sample n°2.

Figure

  Figure IV.1.7 Schematics of the top-bottom experiment.

  1.8 ACOM-TEM orientation maps of the two samples, obtained before and after a 180° flip of the TEM lamella. In order to properly compare the maps after the 180° flip with the first ones, the images have been flipped back (2 nd column, horizontal flip).

Figure

  Figure IV.1.9 (a) ACOM-TEM orientation maps of copper samples; (b) ACOM-TEM orientation maps when the sample have been flipped (180° rotation).

  Figure IV.2.1 illustrates the template matching result in case of an uncertain selection of the crystal orientation. The two darkest areas appearing in the stereographic projection (Figure IV.2.1-d) indicate the existence of several possible solutions with high matching indexes. The templates related to the two best matching solutions are shown in Figure IV.2.1-b and c. Although one of them shows a better correlation index (here 608 versus 535), the solution cannot be considered as reliable. The poor value of the Reliability parameter (here R= 12) indicates this absence of confidence in the given choice. In the present case, the two competing solutions are not inaccurate but correspond to the orientations of the matrix and one twin in a gold thin foil: grains overlap is inherently associated with poorer values of the Reliability parameter which acts as an indicator of such complex regions.

Figure

  Figure IV.2.1 Detection of two distinct crystals in a single diffraction pattern by template matching, with: (a) the recorded diffraction pattern; (b-c) the templates associated with the two best solutions; (d-e) the corresponding index maps pointing out the crystal orientation related to these two solutions.

Figure

  Figure IV.2.2 illustrates the successive stages of the proposed strategy. The first selected solution (Figure IV.2.2-a-c) is erased from the acquired pattern (Figure IV.2.2-d-f) in order to reinforce the reflections related to the additional crystal. The cleaned diffraction pattern is analyzed with the same set of templates so that a second orientation is identified in an automated way. This subtraction-indexing cycle has been repeated a second time to reveal the presence of a third overlapped crystal.

Figure

  Figure IV.2.2 Illustration of a subtraction-indexing cycle, including: (a) a recorded diffraction pattern; (b-c) ACOM best matching result; (d) new diffraction pattern after one template removal; (e-f) subsequent ACOM best matching result; (g) new diffraction pattern after a second template removal; (h-i) subsequent ACOM best matching result.

  Figure IV.2.3-c).

Figure

  Figure IV.2.3 Monocrystalline gold sample with numerous twins, including: (a) the virtual bright field map; (b) the orientation map; (c) the associated reliability map.

  Figure IV.2.4-c displays the extent of the twins by combining the information contained in the first (Figure IV.2.3-b) and second (Figure IV.2.4-a) solution maps.

Figure

  Figure IV.2.4 2D representation of the multiple-indexing results, with: (a) an orientation map displaying the second best solutions; (b) a {111} pole figure including the matrix and the green twin orientations; and (c) the reconstructed twins plotted on top of the matrix orientation map.

  Figure IV.2.5-b shows the NiSi orientation map obtained using the standard matching procedure. Here, a single orientation is found in most parts of the analyzed area. The analysis of the acquired diffraction patterns shows the reflections characteristic of the (001)-oriented Si layer are dominant (Figure IV.2.6-a).

  Figure IV.2.6-c). The resulting orientation map is displayed in Figure IV.2.5-c. Not only the NiSi grain size and morphology appear clearly but an epitaxial relationship between the two phases is also revealed, as most of the NiSi crystals are oriented around the (001) pole such as Si.

Figure

  Figure IV.2.5 Microstructure analysis of NiSi phase stacked onto a thick Si film, with: (a) a schematic of the sample geometry; (b) the orientation map of the NiSi phase using the standard ACOM matching procedure; (c) the orientation map of the NiSi phase after subtraction of the Si-related reflections; and (d) the color code for orthorhombic systems. Results were filtered by an Index threshold from 150 to 180 and combined with grain boundaries defined as minimum 15° disorientation between neighboring points.

Figure

  Figure IV.2.6 Illustration of diffraction patterns indexation, including: (a) one of the acquired diffraction pattern identifying the main Si-related (h,k,l) planes; (b) incorrect indexation of the NiSi phase where the best template (red) matches diffracted intensities related to (001)-oriented Si; (c) indexation of the NiSi phase (blue) after Si template removal; (d-e) the corresponding index maps pointing out the crystal orientation related to these two solutions.

  Figure IV.2.7 shows three orientation maps obtained from: the first solutions, equivalent to a standard matching process (Figure IV.2.7-b); the second solutions after one subtraction-indexing cycle (Figure IV.2.7-c); and the third solutions after another cycle (Figure IV.2.7-d).

Figure

  Figure IV.2.7 Orientation mappings of tungsten electrical contacts, showing the: (a) Virtual Bright Field; (b) first solutions; (c) second solutions; (d) third solutions maps. Data were filtered by an Index threshold of 200. An inclined grain boundary is emphasized by the white circle.

Figure

  Figure IV.2.8 Effect of the multiple-indexing process on tungsten grains size. White regions represent the extent of one grain before (a-c) and after (b-d) recombining the data obtained from the multiple-indexing operations. Orientation maps were filtered by an Index threshold of 300 and combined with grain boundaries assuming a minimal disorientation of 15°.

Figure

  Figure IV.2.9 Influence of the multiple-indexing process on grain size, including: (a) the orientation map showing the region considered for the analysis (white square); (b) the grain size distribution with (in yellow) and without (in gray) using the multiple-indexing process.

  e. the intensity of a Bragg reflection) decreases rapidly while the excitation error increases. Overestimating the excitation error parameter used for the templates calculation results in an overestimation of the number of near-Bragg reflections present in diffraction patterns (i.e. the ones intercepting the Ewald sphere). This in turn results in overestimating the Bragg reflections intensity and so the radius of template disks as depicted in Figure IV.2.10.

Figure

  Figure IV.2.10 Influence of the ASTAR excitation error parameter on the template disks size, with: (a) the analyzed diffraction pattern; (b) the template associated with the best solution using an excitation error of '1' (arbitrary units); (c) the same template using an excitation error of '2'.

  NMF can be applied to the set of diffraction patterns acquired while scanning a sample surface. The idea is to retrieve the signature of each crystal from the whole data-set by assuming each diffraction pattern is the superposition (i.e. the sum) of patterns characteristics of the overlapped crystals. A typical example of such superposition is illustrated in Figure V.1

Figure

  Figure V.1.1 Decomposition of a diffraction pattern in a sum of patterns weighted by a coefficient.

Output

  The map of the loadings attached to each basis image in a gray scale is necessary to show the presence of a specific pattern (i.e. crystal) over the map. This representation highlights the spreading and the morphology of a crystal in the map. An illustration is given in Figure V.1.3.

Figure V. 1 . 2

 12 Figure V.1.2 Schematic of a collection of diffraction patterns required for ACOM-TEM and for which (j * k) diffraction patterns are collected during the scanning experiment.

Figure V.1. 3

 3 Figure V.1.3 Schematic representation of a map of loadings highlighting the location of similar diffraction patterns and consequently, the extend of a grain.

Figure V. 1

 1 Figure V.1.5 VDF images depending on the pixels taken in the diffracted pattern: for (a) a single pixel, (b) an aperture (group of pixels) and (c) several apertures.

Figure V.2. 1

 1 Figure V.2.1 Initial samples, showing: (a) SEM image of the samples preparation; (b) TEM image of the sample n°1; (c) TEM image of the sample n°2. The TEM lamellae were prepared by Dr. F. Lorut.

Figure

  Figure V.2.3 ACOM data for the sample n°2, including: (a) the Virtual Bright Field map and (b) the orientation map.

  Figure V.2.4. The final sample contains two different set of copper layers in the lamella thickness each belonging to one of the initial samples (i.e. the line and the stamps).

Figure

  Figure V.2.4 Sample creation, including: (a) a SEM image of the samples superposition process by FIB and performed by Dr. F. Lorut; (b) a TEM image of the final sample.

Figure V. 2

 2 Figure V.2.5 ACOM data for the final sample, including: (a) the Virtual Bright Field map; (b) the orientation map; along with the thickness contribution of (c) the first sample and (d) the second sample.

  2. A few examples of reconstructions are given in Figure V.3.2 (see Appendix for the full list of reconstructed grains). The first three examples show the successful recovery of grains morphology coming from both layers. Apart from the MI procedure, the grain reconstruction depends on the grain detection algorithm that may induce errors or bias in the final grain morphology as it can be seen in Figure V.3.2-d/e/f:  In Figure V.3.2-d, the reconstructed grain is spread up to the right-side stamp. This result is due to the grain recognition threshold angle fixed to 15° which amplitude is such that two grains have been associated as a unique one since the related misorientation is less than 15°. The reconstruction using a threshold angle of 2° instead of 15° gives the correct grains morphology as illustrated in Figure V.3.3.  Additionally, the detected grains in Figure V.3.2-e/f correspond to the same grain separated by a twin: as the algorithm used for the study does not recombine the two parts of the matrix, two grains have been detected instead of one.

Figure V. 3

 3 Figure V.3.1 Multiple-indexing results, including the orientation maps of (a) the first solutions and (b) the second solutions.

Figure V. 3 . 2

 32 Figure V.3.2 Grain reconstitution: illustration of several examples. Here, grain boundaries were defined as a minimum disorientation of 15° between adjacent pixels.

Figure V. 3 . 3

 33 Figure V.3.3 Grain reconstitution: illustration of two examples. Here, grain boundaries were defined as a minimum disorientation of 2° between adjacent pixels.

Figure V. 3 . 4

 34 Figure V.3.4 Examples of sorted components (right side) from the NMF decomposition of the set of diffraction patterns together with their loadings maps (left side).

Figure V. 3

 3 Figure V.3.5 Diffraction patterns analysis on the complex region.

A

  few results are given in Figure V.3.6 (see Appendix for the whole set of VDF images).As expected, the contrast in the images highlights the spreading of crystals whose corresponding hkl family of planes has been in Bragg condition. Most of the time, the VDF images are characteristic of a single grain. In some other cases as in Figure V.3.7, the hkl intensity is shared by adjacent crystals so that the VDF signal extends over several grains which are then associated by mistake to a single crystal orientation.

Figure V. 3 . 6

 36 Figure V.3.6 Virtual Dark Field views: illustration of several examples.

Figure V. 3

 3 Figure V.3.7 VDF images for different aperture locations.

  La caractérisation électrique et physique des matériaux utilisés dans les circuits intégrés est essentielle au développement d'un noeud technologique en microélectronique. La réduction permanente des dimensions des transistors a accéléré le développement de techniques d'observations morphologiques et chimiques, ainsi que des analyses de contraintes et déformations et a rendu courante leur utilisation. De même, la microstructure des matériaux cristallins utilisés pour la fabrication des grilles, sources, drains et contacts électriques des transistors peut devenir une source de variabilité dans les performances des dispositifs pour les technologies FD-SOI (en anglais, Fully Depleted Silicon-On-Isolator) 28nm et en-deça. Ainsi, comprendre en quoi l'arrangement des cristaux des matériaux cristallins influence leurs propriétés électriques, thermiques et mécaniques est nécessaire durant l'optimisation des nombreuses étapes de fabrication des circuits.La technique de diffraction d'électrons rétrodiffusés, en anglais « Electron BackScatter Diffraction » (EBSD), a couramment été utilisée pour déterminer l'orientation et la morphologie des grains pour des structures de l'ordre de la centaine de nanomètres. Une telle résolution est insuffisante pour l'analyse des structures à l'échelle nanométrique d'aujourd'hui et de nouveaux outils de cartographies d'orientation et de phase ont été développés ces dernières années : la TKD (en anglais, Transmission Kikuchi Diffraction) utilisée à partir d'un microscope électronique à balayage (MEB) et ACOM-TEM (en anglais, Automated Crystal Orientation Mapping) utilisée à partir d'un Microscope Electronique à Transmission (MET ou TEM en anglais).

  Lors de cette étude, la collection des clichés de diffraction a été effectuée sur un MET Tecnai G2 F20 opérant à 200kV et équipé du système ASTAR. Des clichés de diffraction de 144 x 144 pixels ont été récoltés avec un temps d'intégration de 30 ms par une caméra CCD Stingray. La Figure 1(c) présente un exemple de cliché de diffraction obtenu pour un point d'un échantillon de tungstène. Ce cliché est comparé au modèle simulé de la Figure 1(d).

Figure 1 .

 1 Figure 1. Schéma explicatif de la technique ACOM-TEM basée sur l'indexation de clichés de diffraction électroniques.

Figure 2 .

 2 Figure 2. Référentiels d'étude.

Figure 3 .

 3 Figure 3. Reconstruction des grains (a-b) et filtrage des grains incohérents selon un critère de taille (c).

Figure 4 .

 4 Figure 4. Image TEM et cartographie d'orientation du NiSi sur substrat Si.

Figure 5 .

 5 Figure 5. (a) Figure de pôles inverse représentant la distribution d'orientations du NiSi selon la direction normale au plan (001) du Silicium. (b) et (c) Figures de pôles des plans (013) et (010) du NiSi.
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	ACOM	Automated Crystal Orientation Mapping
	ACT	Automated Crystallography for TEM
	BEOL	Back-End-Of-Line
	BOX	Buried OXide
	BSS	Blind Source Separation
	CCD	Charge-Coupled Device
	CIF	Crystallographic Information Framework
	CMOS	Metal Oxide Semiconductor
	CMP	Chemical Mechanical Planarization
	CTE	Coefficient Thermal Expansion
	DSA	Dynamic Surface Anneal
	EBSD	Electron BackScatter Diffraction
	EDX	Energy Dispersive X-ray
	FD-SOI	Fully Depleted Silicon-On-Insulator
	FEG	Field Emission Gun
	FEOL	Front-End-Of-Line
	FET	Field Effect Transistor
	FIB	Focused Ion Beam
	FWHM	Full Width at Half Maximum
	IC	Integrated Circuit
	ICA	Independent Component Analysis
	IL	Intermediate Lens
	ITRS	International Technology Roadmap for Semiconductors
	MI	Multiple Indexing
	MOS	Metal Oxide Semiconductor
	MSA	Multivariate Statistical Analysis
	NBD	Nano Beam Diffraction
	NMF	Non-negative Matrix Factorization
	OL	Objective Lens
	PCA	Principal Component Analysis
	PED	Precession Electron Diffraction
	ROI	Region Of Interest
	RTA	Rapid Thermal Anneal
	SA	Selected Aperture
	SAC	Selected Area Channeling
	SAD	Selected Area Diffraction
	SEM	Scanning Electron Microscope
	SOI	Silicon-On-Insulator
	STEM	Scanning Transmission Electron Microscopy
	TEM	Transmission Electron Microscope
	TKD	Transmission Kikuchi Diffraction
	TKP	Transmission Kikuchi Pattern
	VBF	Virtual Bright Field
	VDF	Virtual Dark Field
	XRD	X-Ray Diffraction

Table I

 I 

				.1.2 summarizes the
	performances of these techniques in terms of spatial resolution, depth of field and
	angular resolution. The typical spatial resolution of EBSD is about 30-90 nm, which is
	poorer that the one achieved with the newly developed TKD and ACOM-TEM (below 10
	nm).			
		EBSD (SEM)	TKD (SEM)	ASTAR (TEM)
	Radiation type	Electrons	Electrons	Electrons
	Geometry	Reflection	Transmission	Transmission
	Spatial resolution	30-90 nm	<10 nm	1-5 nm (FEG) ~ 10 nm (LaB6)
	Angular resolution	0.5-1°	0.5°-1°	~1°
	Depth of Field	~10 nm	~10 nm	Lamella thickness
	Table I.1.2 Comparison of the main diffraction techniques for microtexture analysis in
	terms of typical spatial resolution, angular resolution, and depth of field.

  .1.4. Table II.1.4 Probe size and convergence semi-angle obtained with the microprobe and nanoprobe illumination modes.

		Probe size (nm)	Probe size (nm)	Convergence semi-
		In vacuum	Through silicon	angle (mrad)
	Microprobe	3.8	4.7	0.4
	Nanoprobe	0.8	1.7	1.8

Table III

 III 

.1.2 Crystal structure of tungsten (W) and silicon (Si).

  .1.3.

	(A)	(B)	(C)
	NOTATION	CRYSTALLOGRAPHIC ITEM(S)
	(hkl)		Single net plane
	{hkl}		Family 6 of net planes
	[uvw]		Lattice direction
	<uvw>	Family 6 of lattice directions
	Table III.1.3 Notations used to characterize crystallographic items (crystal planes,
	directions) by means of the Miller indices [Hahn 2005].	

Table III

 III Principal textures observed in orientation maps (as used in[Feautrier]).

				NiSi{013}	//	Si{001}	
			F2	NiSi{010}	//	Si{001}	
			E1	NiSi{010}	//	Si{110}	
			E2	NiSi{013}	//	Si{110}	
	Table III.3.1 F1	F2	E1	E2	Total identified	Total
	Grains	280 (78%)	79 (22%)	x	x		359	401
	Pixels	60557 (68.5%)	27786 (31.5%)	x	x		88343	90618
	Grain						
	mean area	5.50	8.89	x	x		7.19	5.74
	(x10 3 nm²)						
	Grain						
	mean diameter	111	135	x	x		123	110
	(nm)						
	Table III.3.2 Grain analysis for the RTA sample.			
		F1	F2	E1	E2	Total identified	Total
	Grains	388 (39.2%)	443 (44.8%)	29 (2.9%)	130 (13.1%)	990	1036
	Pixels	22837 (32.0%)	39615 (55.5%)	1017 (1.4%)	7950 (11.1%)	71419	73269
	Grain						
	mean area	1.51	2.27	1.84	3.16	2.19	1.80
	(x10 3 nm²)						
	Grain						
	mean diameter	59	67	49	57		58	61
	(nm)						

.3.3 

Grain analysis for the DSA sample.

For full-sheet wafers, layers of materials are deposited on the entire surface of the wafer, instead of being patterned into small structures as expected at the end of the fabrication.

No description of thermionic emission gun will be given.

The FEG extraction voltage and the C2 current have been fixed and hence do not act as variables to optimize the electron probe size, convergence and intensity.

No mention will be made of quasi-crystalline or para-crystalline materials.

Set of equivalent planes or lattice directions due to the lattice symmetry.

(Oy) axis

(Oy) axis 001 (Oz) axis

The upper and lower deflection coils.

It could only be the image of the probe, but for now, the corrections based on the first hypothesis is working.
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no hexagonal structures have been studied in this thesis, no extra corrections have been carried out. 

III.2.3 Data alignment and selection

Illustrations of the different steps described in the following sections are displayed in 

III.2.3.1 Rotation matrix for data re-alignment

The orientation data can be modified to be aligned along specific axes either related to the sample geometry or the crystals main axes. Most of the scanning performed in the thesis involved the analysis of grains orientation with respect to a silicon bulk substrate. Therefore, orientation data have usually been rotated so that the map frame axes (Ox, Oy, Oz) remain normal to the Si{001} or the Si{110} planes. For this purpose, each orientation data composed of three Euler angles has been rotated thanks to a rotation matrix (see Appendix B). An illustration of data re-alignment is shown in Table III.2.1.

III.2.3.2 Selection of an ROI

The code available in MTEX was implemented in order to easily select a Region of Interest (ROI) within the map . A polygon is drawn on an (orientation) map by the user and a new data-set including the data within the area is created (see Appendix C). 

EXISTING METHODS

In the first part, recent techniques developed to deal with superimposed crystals microtexture are shortly listed. A focus on two methods using respectively non-negative matrix factorization and virtual dark field images is given.

In order to compare the capabilities of these two techniques with the ones of multipleindexing, a sample composed of two superimposed layers of grains will be used. The preparation technique is described in the second part of the chapter.

In the final part, multiple-indexing, non-negative matrix factorization and virtual dark field reconstruction are applied on the same set of acquired diffraction patterns to recover the sample grains morphology. The advantages and drawbacks of all three techniques are discussed all along the study.

CHAPTER V

V.1.3 Focus on Dark Field reconstruction

V.1.3.1 Principle

Dark field images are used to select a specific family of crystallographic planes that are in Bragg conditions and thereby highlight the corresponding crystals. In dark field microscopy, a small objective aperture is inserted in the diffraction plane and centered away from the transmitted disk so that the contrast in the image is given by the diffracted electron beams passing through the aperture. By centering the objective aperture on a specific hkl intensity, only the electron beam diffracted by the given family of planes passes through the aperture and gives a bright contrast in the final image. An illustration of the electron path is shown in Figure

The morphological aspect of crystals can be determined by collecting a series of dark field images whose contrast highlights all grain sequentially. This process can be done either by shifting the aperture all over the diffracting area for a fixed electron beam or by tilting and rotating the electron beam (i.e. conical tilts) for a fixed position of the objective aperture. The latter has been used by [Liu 2011] for their 3D orientation characterization, as mentioned in V.1.1. 

V.1.3.2 VDF combined with scanning electron diffraction

A virtual dark-field (VDF) image of the analyzed area is reconstructed by plotting the intensity fluctuations of certain pixels of the acquired diffraction patterns for each map point [Rauch 2014]. The resulting image is similar to a TEM dark field image. Rather that employing a small objective aperture inside the TEM, the intensities are collected on the set of acquired diffraction patterns using a numerical aperture to sort the relevant signal. In the same way that several objective aperture sizes can be chosen, a full flexibility exists in the number of pixels taken for the dark field reconstruction:

CHAPTER V

V.2 Study: experimental approach

In this section, multiple-indexing, NMF and VDF are used to characterize the grains of a sample made of the superimposition of two already existing TEM lamellae. Orientation maps of the samples before their superimposition have first been performed to have a full knowledge of the grains orientation and morphology and thereby discern them on the final sample.

V.2.1 Initial samples

V.2.1.1 Material

Two samples composed of copper lines separated by an insulator corresponding to chip interconnects have been considered. The TEM lamellae were prepared using a FEI HELIOS FIB. The 1 st sample was prepared so that the copper lines were distributed in perpendicular to the TEM lamella, conferring them a stamp geometry. By contrast, the 2 nd sample was prepared so that the copper lines were distributed in parallel to the lamella, so that one line is spread along the lamella main direction. The thickness of the 1 st sample varied from 70 to 200 nm while the thickness of the 2 nd sample varied from 70 to 150 nm. Images of the samples and their preparation are shown in Figure V.2.1.

V.2.1.2 ACOM data on samples n°1 and 2

For ACOM experiments, diffraction patterns were acquired with a 71 mm TEM diffraction camera length and recorded as 144 x 144 pixel images with a 30 ms integration time using the Stingray CCD camera. A 6.15 x 2.25 µm² mapping was realized with a 15 nm step for both samples.

The ACOM-TEM virtual bright field and orientation maps over a small region of the sample n°1 and the sample n°2 are given in In the first sample, the copper stamps are mostly composed of one grain and twins whose orientation relationship to the matrix (60° disorientation about one of a <111> axis) has been verified. In the second sample, the copper line is composed of grains partly spread along the line direction along with numerous twins.

drawback is that any mis-indexing induces errors in the final morphology of the grain. As already mentioned in IV.2, the template removal procedure also produces bias such as the risk of eliminating signal on the sides of the deleted spots and of removing information shared by several grains (i.e. common hkl planes). Regarding the grain reconstruction from the different maps, the results strongly depend on the constraints fixed for the grain detection (e.g. minimal threshold angle, twins detection, but also ambiguities removal, miscalculated single pixels…). Additionally, the technique is rapidly limited by the amount of diffracted spots detectable in the diffraction pattern to be indexed by template matching.

V.3.2 Non-negative factorization (NMF)

V. [START_REF] Nmf | Résumé prolongé en français[END_REF]

.2.1 Method

Non-negative matrix factorization was applied to the same set of acquired diffraction patterns using HyperSpy.

HyperSpy is an open source Python library used to perform rapid data analysis of multi-dimensional data-sets [Peña]. A very detailed documentation is provided by the contributors to support the recent developments made to expand the library tools capabilities. HyperSpy 0.8 and 1.1 versions have been used for the decomposition during this thesis. The method used for the grains analysis is detailed in the following part.

Data loading

As a (500 pts x 120 pts) mapping was realized (see V.2.2.1 for the scanning experiment), 500 * 120 = 60 000 diffraction patterns have been collected. Recently, the release of the HyperSpy 1.1 has facilitated the data-set loading as the blockfile format of the ASTAR software containing the diffraction patterns can be read. In other cases, the acquired set of diffraction patterns were loaded as a 500 x 120 stack of individual 144 * 144 pixels images. The stack was saved as an hdf5 file, corresponding to the default HyperSpy format for saving the data of arbitrary dimensions.

NMF decomposition

The NMF decomposition was carried out for 50 components and assuming Poisson noise. The components are sorted as a function of their variance and a minimum number of components has been kept in order to reduce the dimensionality of the data-set while conserving every signals of crystals.

V.3.2.2 Observations

Some NMF components and the corresponding factors are given in Figure V.3.4 (see Appendix for the 50 components and loadings). When compared to the orientation data of the two samples before their superimposition, it appears that the components calculated by NMF are sometimes characterizing real crystals, sometimes not:

 The two first images of the figure (sorted as 5 th and 13 th loadings) shown in Figure V.3.4 are characteristic of the morphology of existing crystals coming from sample n°1 and n°2. In the second image, a contrast is nevertheless observed where the stamp is located. As this grain is superimposed with the one from the stamp, the intensity of its reflections are less bright / detectable than in the other regions.

 The third image (sorted as 29 th loading) highlights several regions over the total area which are not characterizing a single crystal. The related component pattern shows

APPENDIX

A. PED alignments procedure

The precession tuning is achieved thanks to the TEM beam and image double 9 deflection coils. The alignment is composed of three steps: the alignments (1) of the probe hitting the sample, (2) of the diffraction pattern and ( 3) of the final image.

(1) Probe hitting the sample The purpose of the first adjustment is to form the smallest electron probe hitting the sample as observed in image mode.

TEM beam tilt pivot point:

As precession is based on rotating a tilted beam, the pivot point must first be adjusted so that no beam shift is discernible while the beam is simply tilted, as depicted in Figure A.1. This TEM standard alignment operation is done by eliminating any beam motion thanks to the beam deflection coils while wobbling the beam in tilt.

Precession: Precession is activated, meaning that the beam is tilted of a certain angle α and rotated at a high frequency. This operation is produced by sending an externally triggered signal to the upper beam deflection coils. The signal is generated by a dedicated hardware unit provided by NanoMEGAS and called DigiSTAR.

Probe size minimization:

The signals sent to the lower beam deflection coils is fine tuned to minimize the electron probe enlargement.

Remarks on the beam alignment inside the TEM column: Users must make sure the beam is aligned along the optical axis with the precession on-going. The 'rotation center' alignment can be used to center the beam along the optical axis of the objective lens. This operation is performed by reducing the motion of the image thanks to the beam deflection coils while wobbling the objective lens current. Here, the 'rotation center' alignment can be used to modify the deflection coils until the precessed beam looks free of any aberration. After modifying the beam alignment, the probe size minimization must be checked again.

(

2) Diffraction patterns with precession

The purpose of these adjustments is to make sure the diffraction spots are not distorted due to the precession pre-alignments.

Probe de-scan: After activating the rotation of the tilted beam, the diffraction pattern is composed of large circles whose size is related to the precession angle, instead of diffraction spots. These circles are brought back into spots (i.e. de-scan operation) using the TEM lower image deflection coils. The de-scan needs to be re-adjusted so that the diffraction spots do not suffer of any irregularity.

Correction of the probe shape: By modifying the lower image deflection coils, the probe usually suffers from some deformations 10 . The minimization of the probe size must then be re-iterated.

(

3) Image mode in precession

The purpose of these adjustments is to make sure the image is not blurred due to precession.

Blur canceling in the image: TEM lower deflection coils are used to enhance the sharpness in the image.

Correction of the probe shape: Modifying the upper image deflection coils affects the probe shape. The minimization of the probe size must then be re-iterated. 

Alignment with respect to the Si crystal planes

As explained in the main text, orientation data have usually been rotated so that the Si{001} or the Si{110} planes remain normal to the map frame axes (Ox, Oy, Oz). By definition, the orientation of the Si bulk crystal observed in the orientation map defines the misalignment of this crystal with respect to the map frame axes. Furthermore, the orientation of a crystal with respect to the map reference frame is characterized by a rotation expressed in function of the Euler angles given by the ACOM-TEM software. In order to delete the misalignment, the inverse rotation has been applied to the set of orientation data.

B.1.

Rotation matrix, inverse rotation matrix

The Euler angles define the orientation of a crystal with respect to the map reference frame based on three rotations: