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Introduction

In this document, I try to illustrate some of the metrological challenges I faced during the last 15 years in the semiconductor world, more precisely in the inline metrology group at CEA-Leti.

This document does not include any review of the literature dedicated to the characterization techniques and/or to a specific material system. Conversely, this document is based on the work done during these 15 years, either my work, or the work performed under my supervision by great post doctoral fellow, PhD or master students, and non-permanent colleagues hired in the frame of metrology-oriented programs. Consequently, all the Figures and Tables you will find in the Sections 3 to 6 come from the main publications I have been involved in, or from the manuscripts of some PhD or master students.

I did my best to tell a coherent story, which led to some (difficult) choice in the topics and research directions I included in or excluded from this document. For instance, I excluded the beautiful work done in the frame of a 2-year collaboration with KLA Tencor about laser scattering, in which François Grossi (master) and Brice Arrazat (18-months non-permanent position) produced interesting scientific results 1 . I also excluded the great work done by Victor Yon (PhD) about strain analysis of GaN films 2 , because I failed to put it in the frame of the whole story. However, an extension of Victor's work to Raman-based (and XRD complemented) strain analysis is indeed part of the perspectives I present in Section 7.

Apart from this short introduction, this document includes 6 main sections:

-Section 2 will briefly introduce the need for metrology (and not only characterization) in semiconductor environment -Section 3 will illustrate the work done around the metrology of thickness and optical constants using inline optical techniques such as spectroscopic ellipsometry or M-line spectroscopy -Section 4 is dedicated to the metrology of thickness and composition using X-ray techniques, with a strong focus on the quantitative analysis of high-Z, medium-Z and low-Z materials by X-ray fluorescence -Section 5 illustrates the work done around the elemental-depth profiling in thin layered materials of thicknesses from nm to µm and with nm-like depth resolution, by means of X-ray photoemission, combination of X-ray fluorescence and reflectometry in grazing incidence, and plasma-profiling time-of-flight mass spectrometry -Section 6 is dedicated to the metrology and characterization work required to support the development of innovative phase change materials for non-volatile memory -In Section 7, I included some perspectives, either as continuity of the work presented in the previous sections, and as new research directions.

Every section from Section 3 to Section 6 starts with a list of the main contributors, the major supporting programs, and some relevant publications we produced in the frame of this research. In these sections, references to literature are included (only) in footnotes.

A brief introduction to metrology for semiconductors

The micro and nano electronic world tackles new challenges in terms of miniaturization, power consumption, power density and processing speed. Novel inorganic semiconductor materials and new 3D-architectures are replacing traditional silicon devices. Fig. 2.1 shows the continuous introduction of new elements in the semiconductor devices, whereas Fig. 2.2 illustrates the resulting complexity for both More Moore ("scaling") and More-than-Moore (additional "function") options, which translates into intensive research around innovative substrates and advanced materials. For instance, a large diversity of substrates are being investigated to meet the requirements of advanced technology nodes (fully-depleted SOI, …), RF (engineered SOI, lithium niobate and tantalate, …), optoelectronics and photonics (Ge, InP, AsGa, GaN…), power electronics (SiC, GaN, …). Meanwhile, ultrathin 2D transition metal dichalcogenides are moving from labs to fabs and now explored for future transistors, photodetectors, light emitting diodes, chemical sensors and many other potential applications. Most of advanced materials feature composition-driven properties, as highlighted in Fig. 2.3 in the case of phase change materials investigated for non-volatile memories, thermoelectric device and others. Lencer demonstrated that the phase-change materials could be found in an area of small ionicity and a limited degree of hybridization. Lencer's plot enables to identify suitable candidates for phase-change materials (used for phase-change memory, thermoelectrics, etc) on the basis only of the material stoichiometry 3 .

At the same time, there is a critical need for the metrology of such new materials. Why do we require metrology here, when measurement might be found sufficient? Metrology is the science of measurement. It has its own vocabulary, detailed in the "International Vocabulary of Metrology" 4 , where the subtle but profound difference between measurement and metrology is explained.

Measurement is "the process of experimentally obtaining one or more numerical values that can reasonably be attributed to a quantity or property (length, amount of substance, concentration ….)".

Metrology is "the science of measurement and its application". As highlighted on the website of the National Physical Laboratory (NPL) 5 , one the National Metrology Institute (NMI), then one of the major player in the metrology world, "metrology is not just about the routine making of measurements, it's about the infrastructure that ensures that we have confidence in the accuracy of the measurement. It establishes a common understanding of units and measurement processes, crucial to human activity. Metrology covers the accuracy, precision and repeatability of a measurement. It involves traceability or comparison with a standard or between different measuring systems. Metrology includes all theoretical and practical aspects of measurement, whatever the measurement uncertainty or the field of application". NMIs are major pillars of the metrology infrastructure. They develop and disseminate accurate SItraceable standards and methods required by industry and end-users, for an incredibly wide range of applications (manufacturing, satellite navigation systems and international time correlation, accurate medical diagnosis, amount of petrol delivered by a pump …) 6 .

In the semiconductor environment, indeed, in-fab monitoring of a mastered process may only require measurement capabilities with tight specifications in terms of repeatability and stability. However, such approach is inadequate to support material development or to guarantee process transfer from one tool to another or from one site to another. For instance:

-The development of materials with composition-driven properties must be supported by the traceable and quantitative measurement of the chemical composition. This is a prerequisite to interact with partners (from research to industry) and to investigate the modeling of the material properties. -A Research and Technology Organization (RTO) such as CEA-Leti may develop a new material process that would represent a major innovation, and may then want to transfer this process to an industrial partner. This transfer must include the main properties of this new material (e.g.

10 composition, optical properties, structure …) along with the way to measure such properties.

Since the industrial partner may use different process tools to grow the material and different metrology fab tools to measure its properties, the measurement scheme must be traceable, when possible to NMIs and SI units, thereby translating into a metrology scheme.

Therefore, there is a critical need for the metrology of new materials in complex spatial arrangements with buried interfaces and with nm depth resolution. The challenges here are for metrology at the nanoscale and it is clear that no single technique can provide all the answers required by industry. EAG Lab provides a comprehensive map of analytical techniques that are used to probe chemical, physical, optical and electrical properties of substrates and thin materials (Fig. 2.4), most of which are extensively used and combined at CEA-Leti, either in the lab and/or in the cleanrooms. For each individual technique and related analytical tool, to move from measurement to metrology requires:

-To assess the uncertainty budget related to the tool, by virtue of NMI-approved protocols and using SI-traceable standards -To assess the uncertainty budget related to the sample of interest, which might come with undesired lateral or in-depth non uniformity, major influence of surface and/or interface, contamination, aging-induced evolution, …

In this document, I show the way we tried to develop metrology protocols dedicated to thin inorganic materials, mostly based on optical (ellipsometry), X-ray (fluorescence, reflectometry, photoemission) and ion beam (plasma-profiling time-of-flight mass spectrometry) techniques. I highlight the need to engage with NMI, to evaluate carefully the tool-related and material/sample-related uncertainty budget, and the difficulty to master surface and interface impact of the deduced quantitative information.

Fig. 2.4: Visual reference for comparing the detection limit and analytical spot size of analytical techniques that are used to probe chemical, physical, optical and electrical properties of substrates and thin materials 73 Metrology with optical techniques
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The general objective of this research direction was to reduce the uncertainty budget in the determination of the thickness and optical properties of thin materials with spectroscopic reflectometry and ellipsometry.

The specific objectives were:

-The evaluation of instrument-related and sample-related contributions to the uncertainty budget (Section 3.2) -The suggestion of metrology paths, for instance based on the combination of ellipsometry and X-ray reflectometry, to reduce the uncertainty budget (Section 3.2) -The application of rigorous protocols to deduce accurate optical constants in challenging materials, such as strained silicon germanium films (Section 3.3) or ultrathin silicon on oxides (Section 3.4), the latter being addressed in the frame of Loïc Schneider's master training and more globally within the bilateral program with ST Microelectronics.

In addition, we investigated ellipsometry as one of the key technique required to probe indium-free transparent conductive oxides (Hélène Rottela post doc, ThinErgy program). Section 3.5 includes few words about this work and about in situ optical monitoring in 300 mm PECVD reactor conducted in the frame of AMAT/CEA-Leti bilateral program.

Introduction

Metrology tools based on optical techniques such as spectroscopic reflectometry and spectroscopic ellipsometry are widespread in semiconductor labs and fabs as they can provide fast (few sec / point), non-destructive (in most cases) analysis of the thickness and optical constants of thin materials with reasonable lateral resolution (few µm). I was introduced to ellipsometry in 2004, as a basic user of a production tool with limited capability and un-documented analysis software. I really entered in the ellipsometry world in 2006 when I motivated the acquisition of Woollam M2000 R&D tool, which featured spectral range from UV to NIR, variable angle of incidence and a powerful modeling software that allowed : i/ to describe the dielectric function with appropriate Kramers-Kronig consistent oscillator-based model, ii/ to account for sample-related non-idealities and iii/ to account for tool-related non-idealities.

First, I mostly focused on the modeling of optical constants required to support the development of engineered substrates such as silicon on oxide [c- 3.1, c3.2, c3.5] or porous silicon [c-3.3, c-3.4]. I realized the influence of sample-related non-idealities such as surface roughness or index gradient on the evaluated thicknesses. I also understood that the comparison with other techniques should be considered carefully : for instance, X-ray diffraction sees porous silicon as a highly crystalline material, whereas the optical properties deduced from ellipsometry significantly differ for crystalline silicon due to the lack of long range order in the material. Then, I investigated ways to identify and reduce or account for sample-related and tool-related uncertainties in ellipsometry-based metrology of thin materials (Section 3.2). Finally, careful measurement strategies were used to characterize different challenging materials such as thin silicon germanium (Section 3.3) and ultrathin silicon on oxide (Section 3.4).

Few words about the uncertainties in spectroscopic ellipsometry and reflectometry

Spectroscopic ellipsometry (SE) uses the change in the polarization state induced by the reflection on a sample to model the thickness and optical constant of the sample (Fig. 3.1). This technique can be highly sensitive to any change in thickness and/or optical properties, for instance capable of resolving 0.1nm variation in sub-nm SiO2 thermally grown on silicon substrate. However, this model-based technique does not feature elemental sensitivity and may lead to ambiguous and/or correlated solutions (Fig. 3.2). The ellipsometry data of a thin Aluminum film deposited on silicon (left) may be equally modeled with 20 nm or 30 nm-thick layer with realistic optical constants in both cases (right), due to the strong correlation between thickness and optical properties in thin absorbing materials [Nolot et al, oral presentation @ SPIE 2012] In general, the modeling of Psi and Delta spectroscopic data using Fresnel equation and Snell's law permits reasonably accurate characterization of homogeneous, isotropic films deposited on infinitely thick substrate and measured to ideal instrument. In the real world, lots of non-idealities may affect the accuracy of the quantities deduced by ellipsometry analysis :

-Sample-related non-idealities : o Aging effect, such as oxidation or airborne molecular contamination (AMC). For instance, AMC on native silicon oxide is artificially detected as an additional oxide thickness and needs to be managed, either by annealing procedure (230°C during 4 min according to NIST) or HF-last chemical step (Fig. 3.3), in order to accurately measure the thickness of ultrathin gate oxides. o Roughness, which is often treated as an Effective Medium Approximation (EMA) consisting of 50/50 mixture of film and void (n=1), as in our study of thin AlN material for bulk acoustic wave filters [N-3.1]. Even though the actual surface is likely a mixture of roughness and oxidation, the surface layer would too thin to uniquely characterize with ellipsometry. o The film may feature index gradient and/or anisotropic optical constants, as for uniaxial AlN films in [N-3.1]. o The thickness and/or optical properties may not be homogeneous at the lateral scale of the spot size of the ellispometer, which may induce some depolarisation of the light. o The thin layered film may be deposited on a transparent substrate (e.g glass, sapphire, or silicon for  > 1 µm). There will be coherent propagation of the light in the layers but incoherent propagation in the transparent substrate, here again resulting in partial depolarization of the light. We did not perform a systematic evaluation of the systematic errors of the optical components of the different ellipsometers in the cleanroom. Nevertheless, we addressed the following items:

-We suggested a way to accurately determine the reduced instrumental function of an ellispometer, using a set a thermally grown silicon oxides to access the angular spread and light bandwidth and 25 nm-thick silicon oxide to assess the angle of incidence [N-3.3]. This methodology was transferred to Nanometrics, a major industrial partner, supplier of fab-oriented ellipsometers. To account for accurately-determined instrument-related non-idealities translated in improved precision of the measured optical constants (Fig. 3.5, Table 3.1). -We suggested the combination of ellipsometry and X-ray reflectometry as a way to reduce the correlation concerns that sometimes alters the precision of ellispometry [N-3.2]. X-ray reflectometry was chosen as a complementary technique as it is also present as a non-destructive thin-film oriented technique in every cleanroom. Moreover, XRR is capable of uncorrelated determination of the thickness of thin films in most cases. We highlighted the interest of such combination on various materials systems such as transparent conducting indium oxide with depth-dependent properties and hydrogenated amorphous carbon films [N-3.2]. In that case, ellipsometry-only analysis of layer grown at 400°C was not able to reveal anisotropy and led to ~ 15% error in the deduced thickness (Fig. 3.6 and 3.7). The analysis of SE data at XRR-deduced thickness permitted to evidence the uniaxial anisotropy of the material, which was significantly less than for hydrogenated amorphous carbon processed at 550°C. The XRR-SE combination is now almost systematically used in CEA-Leti cleanrooms, when new material / new process conditions are introduced. To the best of our knowledge, there is no ellipsometer-compatible NIST-traceable standards for optical constants, whereas ellipsometers are extensively used to model process-dependent optical constants of a huge variety of materials. In [N-3.4] we used M-line prism-coupling as a reference technique to deduce the refractive index of a thick transparent resist layer. Such strategy can be extended to other thick transparent films but does not fill the need for standards and standardized methods for absorbing materials for which the accuracy of refractive index and absorption coefficient should be assessed. In M-line prism-coupling experiment (Fig. 3.9), the sample is brought into contact with the base of a high-index prism, creating a small air gap between the film and the prism. A laser beam strikes the base of the prism and is totally reflected at the prism base onto a photodetector. At certain discrete values of the incident angle θ, referred as mode angles, photons can tunnel across the air gap into the film and enter into a guided optical propagation mode, causing a sharp drop in the intensity of light reaching the detector. We used Metricon 2010/M prism-coupling system operated at discrete wavelengths (633, 1313 and 1548 nm) and high-index symmetric prism (n = 2.02 at λ = 632.8 nm) to characterize the resist layer.

The position of the critical angle (Fig. 3.10) allows for index-only measurement and, when combined with measurement of the angular positions of the propagation modes, permits to access thickness and refractive index independently. A possible source of uncertainty in the determination of optical constant of thick films with such method is that the first modes (lowest incident angles) cannot be resolved.

Missing modes at the start of the pattern introduce errors in the numbering of the propagation modes and, consequently, in the determination of the thickness and the refractive index. Fortunately, as the film gets thicker, the angle at which the first propagation mode occurs asymptotically approaches the critical angle for total reflection. In the case of films thicker than 10 μm, the error in the measured refractive index due to the approximation that the angle of the first propagation mode equals the critical angle is less than 3 × 10 -4 . As a comparison, the calibration and the monitoring of our prism-coupling system are based on NIST (National Institute of Standards and Technology) standard reference materials (ICS15), resulting in a better than 10 -3 accuracy for the refractive index. The most important part of the work reported in this 3.2 section was conducted during 2010 -2014 period. However, the need for standards and standardized methods that could support the assessment of the accuracy of ellipsometry for thickness and optical constants is still an important topic. After three failures, we finally got a European Metrology Program dedicated to Optical constants (EMPIR ATMOC, "Advanced Traceable Metrology for Optical Constants", 2021-2024) that aims at covering at least part of the needs.

Optical constants of strained silicon germanium

Thin silicon germanium layers epitaxially grown on silicon or silicon on oxide substrates are designed to optimize strain-induced carrier mobility at the junction level in advanced CMOS architectures. The optical constants of strained SiGe are used to access thickness and composition with fab-ellipsometer in production lines, which puts strong requirements in terms of reliability and accuracy in the determination of the optical constants. In this section, I give a flavor of the work done in 2012-2013 when we determined the composition-dependent optical constants of strained silicon germanium with germanium content up to 54% [N-3.5]. At that time, this was a significant extension of Zollner's work 9 related to germanium content up to 27.5%. The robustness of the deduced optical functions relies on an appropriate management of sample-related uncertainties (surface effects) together with a rigorous combination of X-ray based and optical-based analysis so as to build the required alloy model. This model was extensively tested, demonstrating a 0.5-1 at.% accuracy concerning the Ge content in fully-strained Si1 -xGex epitaxial layers. The composition-dependent optical constants determined in 2013 has been shared with end-users (ST Microelectronics, …) and with Woollam and Nanometrics/Onto : they are now available on every lab or fab tool of these ellipsometry suppliers.

We have used an Epi Centura RP-CVD industrial cluster tool manufactured by Applied Materials to grow a "reference set" consisting of ten fully strained Si1-𝑥Ge𝑥 layers with different Ge content in the 5 to 55% range on 200 mm Si(001) wafers, along with an "evaluation set" that included strained and relaxed SiGe films . Prior to any deposition, a "HF-last" wet cleaning was performed, followed by an in situ hydrogen bake in order to remove surface contaminants on the wafer. Growth temperature was reduced from 750 °C to 550°C, as the Ge content increased from 5% to 55% in order to obtain smooth, pseudomorphic SiGe layers.

Conventional -2 scans around the (004) diffraction order (Fig. 3.11) were performed using a Panalytical X'Pert high-resolution diffractometer with a copper anode and a four-crystal Ge(220) monochromator as the beam conditioner. The thickness and Ge content of the Si1-xGex layers were deduced from best-model calculations of the XRD data. The Ge content was extracted from the following relationship: aSiGe(Å)=5.43105+0.1988x+0.028x², where the bulk, unstrained SiGe lattice parameter is generated according to the XRD-deduced perpendicular lattice parameter of the layer and to a linear extrapolation between the Poisson ratio of Si (0.278) and that of Ge (0.271). The very good agreement between experimental X-ray diffraction profiles and their associated dynamical scattering simulations (concerning the width and shape of the SiGe layer peak) and the presence of marked thickness interference fringes is characteristic of pseudomorphic stacks, i.e. without significant misfit dislocations or stacking faults and with abrupt interfaces between Si and SiGe.

Each sample of the reference set went through a "HF-last" cleaning step immediately followed by SE and XRR measurements. The SE data were collected at 6 angles of incidence (70° to 80°, 2° step) using Woollam M2000 instrument. Spectra were averaged over 200 compensator rotations (about 10 seconds) in order to reduce noise. XRR measurements (Fig. 3.11) were run on a Jordan Valley JV5200 fullyautomated tool, based on focused beam geometry and equipped with a copper anode. The SiGe thickness by fast Fourier transform of the XRR profile (TFFT) and by best-model calculation of {SiO2 / Si1-xGex /Si substrate} system with a genetic algorithm (TGA). XRR and XRD-deduced thicknesses of the various SiGe layers of the reference set were in very good agreement (Table . 3.2). XRR and XRD-deduced thicknesses of the various SiGe layers of the reference set were in very good agreement. XRR and SE experiments were completed within 2 hours after the "HF-last" cleaning step for every wafer, resulting in limited evolution of surface overlayer, as verified by dynamic SE measurements over the first 2 hours (Fig. 3.12).

In other words, we did our best to minimize SE-tool uncertainties (pre-determination of instrumental function, long acquisition time at 6 angles of incidence) and sample-related uncertainties (management of SiGe/Si interface, assessment of sharp interfaces between SiGe and Si substrate, management of SiGe surface layer). For each sample of the reference wafer set, the SE data were described with an {over-layer/ Si1-xGex /substrate} system. Because of the well-controlled surface conditioning used, the over-layer was assumed to be SiO2 with a fixed thickness equal to 0.7 nm. The substrate was described using the optical constants of silicon. The optical constants of each Si1-xGex layer was evaluated by first calculating the optical functions on a wavelength-by-wavelength basis using fixed, XRR-deduced thickness. These results are then used to create a Kramers-Kronig consistent B-Spline description of the dielectric function. The B-spline approach was preferred to classical oscillator-based description since the latter required at least six different oscillators in order to describe all the spectral features, with poor physical meaning of each individual oscillator. Finally, the set of ten Si1-xGex optical functions (Fig. 3.13) was used to build a composition-dependent "alloy" model based on critical-point shifting algorithm. This alloy model provides the optical constants of pseudomorphic Si1-xGex material for arbitrary Ge composition in the 0 to 54% range. The evolution of the dielectric function of our Si1-xGex alloy with increasing Ge content (Table 2) is well-aligned with previous work by Pickering and Carline10 and Zollner11 : the E1 peak (~3.4 eV for Si) broadens and moves to lower energies due to alloy scattering effects, strain effects and spin-orbit splitting. The position of the E2 peak (4.25 eV, interpreted as interband transitions at the X point and along the  line12 ) remains constant with increasing Ge content, while significant broadening occurs.

The magnitudes of both the E1 and the E2 peaks decrease with increasing Ge content. Finally, the E ' 1 peak (~5.4 eV for Si) broadens significantly and finally vanishes with increasing Ge content. We believe our surface management protocol limited the possible variability of the top layers in the reference set and thus improved the reliability of the deduced optical constants of Si1-xGex. The E2 peak maximum extracted from our alloy model follows a rather linear trend for 0.05<x<0.54, with IE2(x)=45. . This linear trend is not valid for x<0.05 since the E2 peak magnitude is then driven by the optical constants of silicon that are included in the alloy model for x=0 Ge content, with E2 peak magnitude of 47.6. To understand the influence of the surface layer on the intensity of the E2 peak, one should keep in mind that a 0.1 nm increase in the SiO2 top layer of a {SiO2/Si substrate} results in a 0.6 decrease of the E2 peak magnitude of the pseudo dielectric function.

The importance of combining SE and X-Ray data for this study is examined by repeating the modeling of each sample with only the SE data. For some of the reference samples, uncertainty in the film and surface-layer thickness is produced through correlation with the optical constants. When fitting the SE data with a summation of Kramers-Kronig consistent oscillators, the choice of oscillators can be very critical, specifically if non-zero absorption is allowed below the bandgap. The data extracted from our "alloy" model using combined tools show a linear trend of the E2 peak magnitude with increasing Ge content (Figure 3.14). SE-only results produce a deviation from this linear trend, due to differences in the resulting SiGe and over-layer thickness values. Fig. 3.15 shows the difference between SiGe thickness determined from SE-only and from XRR with increasing Ge content. Incorrect thickness leads to incorrect dielectric functions for the SE-only analysis. The method we have proposed and implemented helps avoid correlation between thickness and optical constants that has plagued the SEonly analysis and thus avoids these inaccuracies. The Si1-xGex alloy model was evaluated on evaluation set, consisting of 43 wafers with Si1-xGex layers grown by RP-CVD on prime 200 mm slightly p-type bulk Si(001) wafers. The thickness of Si1-xGex layer was significantly varied for each Ge content (12%, 22%, 32%, 42%, 52%), resulting in a large variety (fully pseudomorphic to partially relaxed) of Si1-xGex layers. Each wafer went through the same surface conditioning and measurement protocol as used for the reference sample set. In addition to the Ge content, the macroscopic degree of strain relaxation R for each plastically relaxed SiGe layer was calculated from high resolution X-ray diffraction experiments. The SE data were modelled using an {SiO2/ Si1-xGex /Silicon substrate} system, with SiGe layer described with the reported alloy model, resulting in three floating parameters: the thickness of the SiO2 and the SiGe layers, and the Ge content.

As an example, Figure 3.16 shows the remarkable agreement between the experimental ellipsometry data and the best-model calculation based on the above described optimized alloy model, for 20 nm thick SiGe 42.3% sample from the evaluation set.

The Ge content deduced from XRD and SE are in very good agreement for fully pseudomorphic SiGe layers (Fig. 3.17): over a set of 33 fully-strained SiGe layers, the averaged difference between XRDderived and SE-derived Ge content is equal to 0.26%, with a maximum discrepancy of 1.0%. The same conclusions can be drawn for the almost fully-strained SiGe layers (R  2%). On the contrary, the discrepancy is significant for relaxed SiGe layers with R > 2% (Fig. 3.17). Whereas SE fits the needs for fast, accurate full-wafer mapping of pseudomorphic layers, it demonstrates low sensitivity to the transition from pseudomorphic to plastically relaxed layers when compared to AFM or XRD techniques.

The resulted composition-dependent alloy model available on Woollam and Nanometrics/Onto ellipsometers is illustrated in Fig. 3.18. 

Optical constants of ultrathin silicon on oxide films

The metrology of ultrathin silicon on oxide [N-3.6] conducted in the frame of Loïc Schneider's master is another case where the management of sample-related and tool-related uncertainty was key to improve the accuracy in the modelling of SE data.

In 28 nm FDSOI (Fully Depleted Silicon On Insulator) technologies, the SOI substrates consist of a thin (~ 10 nm) crystalline silicon superficial layer reported on a buried oxide layer. The optical constants of the thin SOI differ from the bulk silicon and this discrepancy is enhanced when SOI thickness decreases.

In [N-3.6], we determined the thickness-dependent optical constant of SOI in the 3 to 12 nm range for implementation of production ellipsometers at ST Microelectronics, whereas complementary work supported the understanding of the thickness-dependency of SOI dielectric function [N-3.7]. At that time, this work was complementing Kamineni's study13 , with significant focus on the management of sample-related and tool-related uncertainty.

After careful determination of the instrumental function of the ellipsometry toolset (angular spread, light bandwidth, angle of incidence), we had to account for a sample-related uncertainties. Most of the work was conducted on focused-beam production ellipsometers that featured 30 µm spot size. We had to consider the variation of SOI thickness within the 30-µm spot size highlighted by complementary beam profile reflectometry experiments (Fig. 3.19).

In this study, we focused on FDSOI substrates constituted of a buried oxide of 25 nm and 12 nm SOI. We used process/measurement loops consisting of successive thinning of the same wafers in order to limit sample-induced variability while maintaining controlled surface conditions. In this strategy, the thickness of the buried oxide, which enables multi-sample analysis. We used cycles of chemical oxidation and oxide removal steps in order to remove fixed quantity of superficial silicon, each cycle consisting of the removal of native oxide in HF solution followed by the oxidation of superficial silicon using ozone process. This process had previously been characterized on silicon substrate, resulting in SE-deduced 1.1 ± 0.05 nm top oxide layer and unmodified roughness of the surface roughness as characterized by AFM. Fig. 3.20 illustrates the protocol of successive thinning of SOI. First, FDSOI substrate went through 12 oxidation cycles in order to get a thin remaining silicon thickness of ~ 7.2 nm. Then every 2 cycles, we performed ellipsometry and XRR measurements. In spite of low contrast between the density of silicon and silicon oxide, the XRR data of smooth high-grade SOI permitted to use XRR as a reference for SOI thickness. The SOI thinning was constant at each cycle, with silicon removal rate of 0.4 nm/cycle (Fig. 3.20). 3.5 Towards in situ optical metrology ?

We continue to work on the optimization of ex situ optical metrology paths to support material process development. For instance, in the frame of Hélène Rotella's post doc, we combined ellipsometry with photoluminescence, X-ray diffraction, X-ray reflectometry and Hall effect to characterize the role of Zn and oxygen vacancies in the performances of industry-ready Al doped ZnO thin films for optoelectronic devices [N-3.8].

In the frame of ATMOC project, we continue to work with NMIs on the assessment of tool-related and sample-related uncertainties for optical metrology and in particular for ellipsometry-based analysis.

We also engaged in a bilateral program with Applied Materials that aimed at investigating in situ optical metrology dedicated to complex layers arrangements for optical filter application. During this 2 year program, we evaluated the added value of UV-visible reflectometry "ISM module" to perform accurate real-time in operando characterization of complex optical stacks grown at 400°C by Plasma Enhanced Chemical Vapour Deposition on 300 mm wafers. We have been able to probe the thickness of individual layers in up to 80-layers stacks by virtue of reflectance data collected every 100 ms all along the deposition process. TEM analysis confirmed the ± 1 nm accuracy in the determination of individual thicknesses that could not be resolved by ex situ post process ellipsometry analysis.

Fig. 3.23 : Ex situ spectro-reflectance measurement of complex optical stacks grown on the two sides of the process tool. The shift between the two data sets is due to a systematic 6% difference in the silicon oxide thicknesses as revealed by in operando ISM analysis Fig. 3.24 : Ex situ spectro-reflectance measurement ("CARY") of complex optical stack compared with in operando ISM measurement and simulation from ISM determined thickness. The method described here enables room temperature reflectance spectrum determination from in operando metrology only

This technique is particularly adequate to reveal process deviation14 (Fig. 3.23). When combined with temperature ellipsometry (to determine optical constant at process temperature), it permits to deduce the room temperature reflectance spectrum of the final layer arrangement from in operando analysis at 400°C (Fig. 3.24).

This program, supported by Rémi Elizalde during a one-year non-permanent position, confirmed the added value of in situ and in operando optical analysis for accurate monitoring of thin materials, by suppressing aging-induced uncertainties and limiting correlation concerns in the modelling of complex stacks. We even demonstrated that the tool was capable of accurate thickness analysis on challenging multi-layered substrates that could be described by pseudo dielectric function prior to deposition and in operando analysis. However, the modeling part, and for instance the way to extract and then use the pseudo dielectric function of complex substrates was performed with Applied Material proprietary software, without clear accessible information about the implemented equations. Further work around in situ and in operando optical metrology with mastered modelling part is of my key perspective.

X-ray Metrology of thickness and composition
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The general objective of this research direction was to improve the accuracy of thickness and composition analysis of thin inorganic materials with X-ray reflectometry, X-ray fluorescence and Xray photoemission spectroscopy.

The specific objectives were: -To assess the interest of XRF and XRR for thickness measurement (Section 4.1) --To assess the accuracy of X-ray fluorescence based on fundamental parameters and calibration against pure elements for composition analysis (Section 4.2) -To develop metrological strategy to access the composition of thin epitaxial materials, using combination of XRF with XRR or X-ray diffraction (Section 4.2) -To optimize metrological paths to analyze the composition of thin sulfur-based materials despite the lack of related XRF standards, and to use such strategy to support the development of ultrathin 2D material processes (Section 4.3). For this work, we collaborated with the German NMI PTB/Berlin to get compositional information with mastered uncertainty budget. -To evaluate the specific challenges relating to XRF-based compositional analysis of thin materials doped with light elements, and to draw specific metrological paths dedicated to nitrogen-doped GeSbTe phase change materials for memory applications (Section 4.4). This work was required to support the transfer of N-doped GeSbTe material process to industry, in the frame of STM/CEA-Leti bilateral program. We faced unexpected difficulties to identify accurate reference techniques for the evaluation of nitrogen content, which was finally deduced from the careful analysis of Elastic Back Scattering experiments conducted at the University of Surrey in the frame of a dedicated collaboration.

Introduction

X-ray analytical techniques are widespread in semiconductor fabs and labs where they permit nondestructive evaluation of thickness, composition, binding states, crystallinity, strain, … Process experts and end-users often ask for specific X-ray characterization of thin materials. However, as for any analytical techniques, one must keep in mind that the metrology and the semiconductor worlds do not always speak the same language, and inline metrology scientists, engineers and technicians are here to translate process needs into metrology requirements and specifications. A basic example of possible misunderstanding is the metrology of the thickness of thin inorganic layers deposited on silicon wafers. We present hereafter two short cases to illustrate the need for common (metrological) language.

Case 1: thickness of thin silicon oxides and nitrides deposited on silicon wafers

We have measured the thickness of i/ thermally grown silicon oxides and ii/ silicon nitrides grown by low-pressure chemical vapor deposition (LPCVD). Both materials were deposited on silicon wafers Si(001) using high temperature process. We have used two measurement techniques available in fabs, spectroscopic ellipsometry (SE) and X-ray reflectometry (XRR). The comparison between the thicknesses measured by SE and XRR shows rather linear trends along with a significant offset, the value of this offset being different for oxides and nitrides15 (Fig. 4.1). Indeed, XRR deduces the thickness from the electronic density profile normal to the sample surface, whereas SE uses thickness and optical properties as parameters to model the change in polarization as light reflects from the material stack.

XRR experiments conducted at synchrotron beamlines on thermal silicon oxides16 evidenced the existence of a dense (∼2.4 g/cm 3 ), thin (∼ 1.0 nm, depending of the process) layer at the SiO2/Si interface. As the electronic density of this interfacial layer is closer to silicon (2.33 g/cm 3 ) than thermal oxide (~2.1 g/cm 3 ), the main XRR features captures by inline XRR tools relate to oxide thickness, whereas the XRR dynamics is not enough to extract the thickness of the interface. Consequently, inline XRR tools measure the thickness of the deposited oxide diminished by the contribution of the interface. On the contrary, the optical properties of the interfacial layer is much closer to the thermal oxide than the silicon. The SE data can be reasonably modelled using the total oxide thickness, which includes the interface contribution. The offset observed in Fig. 4.1 is due to the interface, which is probed differently by XRR and SE techniques. Herzinger et al. went a step further in establishing the optical properties (spectral dependence of refractive index and extinction coefficient) of this interfacial layer, using multisample, multi-wavelength, multi-angle SE investigation17 . This case highlights the need for adequate definition of extensively used quantities such as thickness, in the semiconductor world where surface and interface contribution may become significant and even predominant. NMI-traceable standards and methods along with related uncertainty budget are crucial to meet industrial requirements for thickness metrology. (𝑑 * 𝑡) + (𝑑 * 𝑡) 19. 3 = 2.5 𝑛𝑚 (1) This second case study aims at demonstrating how crucial is the understanding of the needs of the endusers. If their target is the thickness of the tungsten layer prior to any aging-induced oxidation, XRF analysis is more appropriate, above all via the analysis of the deposited mass (in µg/cm²) without any assumption of the mass density. This option may lead to the establishment of NMI-traceable measurement of the tungsten mass deposition prior to the accurate inline metrology of tungsten films with mastered uncertainty budget. On the contrary, if the individual contributions of the oxide and the metal layers are important information, for instance to study the oxidation kinetics, XRR is a better option. The interaction with the end-users permits to clarify the needs: 1. Are repeatability, sensitivity and stability sufficient? Do we need accuracy? 2. What is the targeted accuracy? This point is often difficult, as it requires the proper evaluation of acceptable process variations that must be accurately captures by metrology. However, overspecified accuracy may lead to significant increase of the cost and time for the establishment of the metrology scheme. 3. Do we need standards with traceability to NMIs? Are such standards available? Do they come with uncertainty budget aligned with end-users/industry requirements? 4. Do we need to establish internal standards and to perform the metrology of these standards with reference techniques? What is the accuracy of such techniques? Are they strictly applicable to the case of thin inorganic materials? 5. How dependent is the accuracy of inline metrology on the modeling software (e.g. accuracy of the fundamental parameters in the database of XRF tools)? 6. Can inline metrology tools meet the required level of accuracy? What is the contribution of instrumental errors in the total uncertainty budget? 7. Is it necessary to build a consortium/program with RTO, industry and NMIs in order to fill the gap between needs and available standards and standardized protocols?

Compositional analysis with X-ray fluorescence

Photo-absorption is responsible for the emission of fluorescent X-rays18 . A photon with an energy greater than the binding energy of an electron in an inner shell (e.g., the K-shell) is absorbed and its energy transferred to that electron. This is particularly of interest if the photon energy EPhoton is higher than the ionization energy Eion of that electronic energy level; the energy EPhoton is then entirely transferred to the electron, which is ejected from the atom ("photo-electron"); the electron's kinetic energy (that is measured in the frame of XPS analysis) equals the energy of the absorbed photon reduced by its binding energy, EPhoton-Eion. The atom is left in an ionized state. With respect to XRF, the deexcitation process, which returns the atom to the ground state, can be radiative (emission of an X-ray photon, detected in XRF experiment) or non-radiative (emission of an electron via Auger or Coster Kronig effect).

In the following section, we mostly assess the accuracy of Rigaku AZX 400 wavelength-dispersive XRF (WDXRF) tool operated with polychromatic radiation from a Rhodium anode and operated under vacuum in order to access low-energy XRF lines, such as K-lines for light elements (from Be or B). One should note that, for such light elements, non-radiative Auger effect becomes predominant against XRF, whereas XRF cross sections are significantly larger for tender and hard X-rays.

Quantitative analysis of XRF mainly involves fundamental parameters modelling, which accounts for values of atomic constants19 along with the spectral distributions of radiation from X-ray tubes. The fundamental parameters software also include the instrumental contribution (e.g. solid angle of detection). The instrumental contribution could be exhaustively integrated in the frame of reference-free analysis using radiometrically calibrated instrumentation and mostly performed at PTB/Berlin (Section 4.3) or derived from the measurement of standards samples, which may be thin films or pure metal targets.

In this section, I will first comment on the benefit of versatile WDXRF tool in semiconductor environment. Then I will introduce our work to assess the accuracy of reference-based fundamental parameters analysis of thin materials using Rigaku AZX 400 WDXRF tool.

AZX 400 WDXRF instrument comes with ten different natural and synthetic (multi-layered) crystals and two detectors (proportional counter and scintillator) that allow to access XRF lines of elements from Z=4 (Be), with resolution in the 4 to 20 eV range. Rigaku had developed this tool to measure up-to 400 mm PVD targets, but they agreed to modify the handling so as to permit the measurement of wafers (with Foup and open cassette capability) and samples. The combination of high resolution (when compared to ED-XRF) and multi-crystal configuration is appropriate to access different XRF lines in order to optimize the sensitivity and/or to limit overlap concerns, which are prerequisite to quantitative analysis. Fig. 4.3 and 4.4 illustrate the use of WDXRF for inline qualitative analysis of perovskite PZT (PbZrTiO3) films doped with niobium (Fig. 4.3) or lanthanum (Fig. 4.4). The added value of highresolution XRF for the characterization of ultrathin MoS2 2D materials will be illustrated in Section 4.3. In addition, the use of primary vacuum conditions permits to detect low-energy XRF lines, therefore to probe light elements such as boron, carbon, nitrogen, which are extensively included in semiconductor stacks. Fig. 4.5 illustrates the use of WDXRF equipped with synthetic multi-layer crystal to monitor the evolution of carbon content in thin titanium nitride films grown by metal-organic chemical vapor deposition (MOCVD) and treated with various plasma conditions. Specific difficulty related to the XRF quantification of light elements will be discussed in Section 4.4. i.e. in the 1 at% abs. range. In the case of thin GeSbTe phase change materials, WDXRF calibrated against pure germanium, antimony and tellurium targets led to RBS-like uncertainty for germanium content. RBS could not access accurate content of antimony and tellurium due to small mass differences between the two atoms. WDXRF was able to reveal some incorrect evaluation of Sb and Te contents by (subcontracted) Particle Induced X-ray Experiment (PIXE). We extended the evaluation to medium-Z materials (Si, Al, …), still using pure metal targets to account for the instrumental function. The accuracy of WDXRF for ultrathin Al dose in Al2O3 ultrathin high-k materials was assessed against LPD-ICPMS and is discussed in Section 5.3. For silicon, we used WDXRF to evaluate the Si doping of GeSbTe material grown by magnetron sputtering. As WDXRF could not discriminate the silicon contribution from GeSbTe and Si substrate, we stuck small sapphire substrate on 300-mm silicon substrate prior to the deposition process. Then, we unambiguously measured silicon content in GeSbTe on sapphire. The comparison between RBS and WDXRF-deduced silicon content in GeSbTe films again fell in the RBS uncertainty (Fig. 4.6, [N-4.3]).

At the end, more than 90% of the compositional analysis initially oriented to subcontracted ion beam analysis on particle accelerators (RBS, PIXE) are now redirected to automated inline WDXRF measurement. It is sometimes impossible to use alternative substrate for deposition. For instance, we had to characterize the composition thin strained GeSnSi films20 [N-4.9, N-4.10]. In order to accommodate the significant lattice mismatch between Ge1-xSnx and Si, 2.5 µm thick Ge StrainRelaxed Buffers (SRBs) were first grown in the epitaxy chamber, and thin GeSn films were then epitaxially grown on this virtual germanium substrate. High-resolution X-ray diffraction can access the composition of strained GeSn or GeSi films (Fig. 4.7). However, as the position of the GeSn:Si peak is determined by both Sn and Si contents, the composition of the ternary alloy cannot be deduced from XRD-only analysis. On the other hand, WDXRF only cannot access to GeSn (resp. GeSi) composition from the measurement of Ge and Sn (resp. Si) XRF lines as the Ge XRF intensity mostly comes from the Ge StrainRelaxed Buffers. Therefore, we used the following strategy based on the combination of XRD and WDXRF (Fig. This approach has been extended to the evaluate the composition of thin GeSn material doped with phosphorous or boron ([N-4.14, N-4.15, N-4.16]), also deposited on Ge SRBs (Fig. 4.9). Similar methodology was deployed to access the Ge content in thin SiGe films grown by condensation method on top of thin silicon of oxide substrate: XRF provided the mass deposition of Ge, which was completed by thickness information deduced from XRR, resulting in XRR-XRF determination of Ge content in thin SiGe films [N-4.1, N-4.2]. 

Quantifying thin sulfide materials with XPS and XRF

The investigation compositional metrology of sulfide materials was driven by the development of industry-compatible deposition processes of 2D transition metal dichalcogenide materials such as MoS2 or WS2 at CEA-Leti. More precisely, we assessed the accuracy of XRF for the determination of the mass deposition of molybdenum and sulfur to support the development of innovative two-step ALD MoS2 deposition process, consisting in the layer-by-layer deposition of an amorphous surface Mo(IV) thiolate at 50 °C, followed by a subsequent annealing at higher temperature leading to ultra-thin MoS2 nanocrystals (∼20 nm-large) in the 1-2 monolayer range [N-4.6].

The challenges of the compositional metrology of ~ 1 nm thick (or less) MoS2 films were :

-The optimization of analytical conditions to optimize signal to noise for ultrathin materials -The management of overlapping XRF lines (Mo-L @ 2.293 keV, S-K @ 2.308 keV, Mo-L1 @ 2.395 keV) -The lack of sulfur XRF standards -The uncertainty in the fundamental parameters of sulfur.

We explained in [N-4.12] the XRF-based metrology path used to access the accurate measurement of MoS2 reported in [N-4.6]. First, we optimized the analytical conditions and the calibration strategy at CEA-Leti. Then, we assessed the precision of the deduced MoS2 composition against reference-free XRF conducted at PTB/Berlin using PTB beamline at Bessy II, in the frame of the collaboration with Philipp Hönicke. In parallel, we compared XRF-deduced composition with XPS, which was also extensively used to probe the binding states and the quality of the thin 2D materials. We include in the next section the highlights of this work.

The establishment of XRF methodology and the comparison with PTB/Berlin and XPS were conducted on a preparation set : we deposited ultrathin MoSx materials on 270 nm-thick silicon dioxide layer thermally grown on 200 mm silicon (001) wafers. The process conditions were varied so as to obtain samples with different S/Mo ratios. A set of three samples was grown by chemical vapor deposition at 145°C using Mo(CO)6 and 1,2-ethanedithiol as precursors, then kept as deposited (A sample), annealed at 800°C under Argon (B1 sample) or annealed at 800°C under sulfiding conditions (B2 sample). A last sample (C sample) was deposited using the two-step ALD process described in [N-4.6]. We applied WDXRF to a process set consisting of three samples with MoS2 deposited using the two-step ALD process described in [N-4.6] and 2, 3 and 8 ALD steps.

At CEA-Leti, in-line WDXRF experiments were carried out in the primary-vacuum chamber of Rigaku AZX400 tool. The samples were irradiated with the polychromatic radiation of a rhodium tube operated at 30 kV and 100 mA. We selected these conditions in order to enhance the intensity of rhodium L lines (L at 2.697 keV), which are just above S-K and Mo-L3 absorption edges (2.472 and 2.520 keV respectively), resulting in the optimal excitation of S-K and Mo-L X-ray fluorescence. We used a Ge (111) crystal mounted on a high-resolution goniometer to select the wavelengths related to S-K and Mo-L lines. Then, the X-ray fluorescence intensities were recorded with a gas flow type proportional counter. The energy resolution of the WDXRF instrumental setup with Ge (111) analyzer crystal permits to separate S-K, Mo-L and Mo-L1 contributions. We used a two-step procedure to quantify the elemental composition of MoSx materials using the X-ray fluorescence intensities collected with 20 mm spot size. First, we acquired qualitative data by moving the angular position of the analyzer crystal. The comparison of XRF spectra (Fig. 4.10) evidences the ability of the chosen WDXRF configuration to demonstrate unambiguous trends amid ultrathin MoSx films. In addition, the modeling of this qualitative spectra, using pseudo-Voigt oscillators and after background removal (Fig. 4.11), allowed to estimate XRF net intensities and to confirms the values of two quantities provided by Rigaku software: the intensity ratio between molybdenum Mo-L and Mo-L1, and the relative overlap of Mo-L (resp. S-K) on S-K (resp. Mo-L) spectra. These values are important as they support the quantitative analysis. Of course, such qualitative approach cannot be included in operator-compatible automated recipes, first because it requires 10 minutes acquisition time per sample for poor statistics, and above all due to the fact that the extraction of the net intensities must be done manually, for each sample. Then, we performed a quantitative analysis, using the intensities collected at discrete angular positions related to the three XRF lines of interest and the background. The Mo-L1 intensity was used for the quantification of molybdenum. The intensity of the Mo-L was deduced from the L/ L1 ratio, and the S-K net intensity was then calculated after correction of Mo-L overlap. We used fundamental parameters approach to quantify the deposited mass of molybdenum and sulfur, then the elemental composition of MoSx materials. Rigaku AZX 400 WDXRF tool does not feature fully calibrated instrumentation that would permit reference-free measurement. Nevertheless, quantification strategies based on fundamental parameters can be developed using spectrometer sensitivity values. In the case of Mo-L lines, we have determined the spectrometer sensitivity values by virtue of a 31 nmthick molybdenum layer grown par Physical Vapor Deposition on Si (001) substrate and measured few minutes after deposition by X-Ray Reflectometry (XRR) on Bruker D8 Fabline tool operated at Cu-K energy. Due to very limited oxidation, a one-layer model was sufficient to describe the XRR data, calculate the thickness and the mass density of the molybdenum layer, and finally deduce the deposited mass of molybdenum (thickness*mass density) that was required to determine the spectrometer sensitivity values. For S-K line, as we could neither rely on a certified standard, nor grow sulfur-only layer, we decided to rely on the spectrometer sensitivity values available in the internal library of the Rigaku tool. We used a pyrite (FeS2) crystal to assess the accuracy of sulfur measurement, resulting in ratio of atomic fraction aligned with expectation (S/Fe ~ 2.05).

PTB/Berlin carried out XRF experiment in grazing-incidence geometry (GIXRF) at the four-crystal monochromator (FCM) beamline at the synchrotron radiation facility BESSY II. The quantification was based on the reference-free approach that PTB had developed for a long time (over 15 years) and that lies on two main pillars : i/ the use of a radiometrically calibrated instrumentation of the PTB and ii/ a fundamental parameter-based reference-free quantification approach21 . The preparation of the experiment included careful control of the geometrical parameters (beam and sample alignment, detector positioning), the monitoring of the incident photon flux using calibrated photodiodes, and the calibration of the detector response functions and detection efficiency of the silicon drift detector (SDD) for the measurement of the emitted fluorescence radiation.

The 15 eV difference between X-ray fluorescence energy of Mo-L and S-K is highly challenging for GIXRF analysis using a SDD detector due to its limited energy resolution. Therefore, we took advantage of the tunable monochromatic excitation of the FCM beamline to run GIXRF measurements at two distinct energies: E1 = 2510 eV for the selective excitation of S-K; then E2 = 2575 eV, slightly above Mo-L3 edge, so as to excite both S-K and Mo-L lines. PTB's in-house spectral deconvolution procedure was used to obtain the count rates of each line fluorescence lines, as illustrated in Figures 4.12 and 4.13, for B2 sample measured below and above Mo-L3 edge, respectively. This procedure fits a model spectrum to the measured spectrum, which consists of single fluorescence lines or multi fluorescence line sets (e.g. for the Mo-L3 lines, consisting of the Mo-Lι, -Lα, -Lβ6 and the -Lβ2,15 fluorescence lines), relevant pile up peaks (e.g. Si-K + O-K and background contributions, e.g. Bremsstrahlung produced by photo-electrons. In addition, the model spectrum is convoluted with the detector response function in order to take into account instrumental line broadening and artifacts in the spectrum like escape lines, shelf, and tailing. The knowledge of the relevant instrumental and fundamental parameters permits to calculate the mass deposition of Mo and S elements per unit area. PTB determined the different contributions of the uncertainty budget that are reported in Table 4.1 : i/ the estimated uncertainties of the fundamental parameter data (X-ray fluorescence yield, Subshell photoionization cross section) used for the calculation of the fluorescence production cross section; ii/ the instrumentation-related contributions such as the incident photon flux I0, the detector efficiency and the effective solid angle of detection; iii/ the counting statistics and the spectral deconvolution, which contributes significantly to the uncertainty budget of the molybdenum mass deposition due to the strong fluorescence line overlap. For sulfur, the atomic fundamental parameters were taken from X-raylib22 , whereas for molybdenum, an experimentally determined fluorescence yield was used. All uncertainty contributions sum up to a total relative uncertainty of the reference-free quantification of 10% for S and 11% for Mo. Despite the larger uncertainty for the Mo-L3 deconvolution, the overall relative uncertainty budgets are almost the same. This is due to the fact, that larger estimated uncertainties for the tabulated fluorescence yield of sulfur are required. The mass deposition of sulfur and molybdenum deduced from reference-free GIXRF and inline WDXRF are reported in Table 4.2. The mass deposition of molybdenum appear almost constant within the sample set, which is aligned with the WDXRF qualitative data (Figure 6). The difference between the values determine by reference-free GIXRF and WDXRF looks like an small offset, leading to ~ 5% relative difference, which is below the estimated uncertainty budget for GIXRF experiment. In the case of sulfur, the differences between GIXRF and inline WDXRF quantification depend on the sample, remaining below the estimated uncertainty budget for the GIXRF experiments for both A and B2 sample, while reaching ~ 27% relative difference in the case of B1 sample. Although we do not have a definite explanation for this deviation, it might be due to ageing of the B1 sample during the 6 months characterization scheme, or to the different probing areas of WDXRF and GIXRF analysis that reveal S/Mo non-uniformity within the sample.

Complementary work could be run to refine this hypothesis : on the one hand by comparing WDXRF and GIXRF on fresh, stable and uniform crystallized MoS2 (now available at CEA-Leti on 200 and 300 mm wafers) and, on the other hand by improving the uncertainty of the fluorescence yield of sulfur, which might be a mid-term perspective for PTB or other NMIs in the frame of Fundamental Parameters Initiative. Finally, we compared WDXRF analysis with in-line XPS experiments conducted at CEA-Leti on inline Thermo Scientific Theta 300 tool operated at monochromatized Al-K. Although the tool is designed for parallel-angle-resolved XPS experiment, we integrated the photoelectron intensity collected over the wide range of collection angle, from close to normal incidence (22°) to grazing incidence (78°) in order to maximize sensitivity. We used 400 µm spot size and a pass energy of 40 eV that led to a 0.45 eV resolution as measured on Au 4f7/2.

In the modeling process with Thermo Avantage software, Mo 3d shows that the ratio of the heights of Mo 3d3/2 and 3d5/2 is different from expected value (0.67). We suggested that this deviation might be caused by a difference in widths for the two spin-orbit components (Coster-Kronig broadening). Therefore, in the fitting of Mo 3d spectra, height and Coster-Kronig broadening were set as parameters for Mo-S states, while keeping area ratios fixed to 0.67, whereas no broadening was included in Mo-O states. We used different approaches to evaluate the composition of MoSx layers. First, we quantified the composition using sensitivity factors from Scofield library23 for S 2p and Mo 3d components. We could either include the contribution of MoO3 components to obtain an XRF-like elemental analysis, or decide to focus on Mo-S and S-Mo components in order to provide S/Mo ratio required by process development. Secondly, we used the linear relationship between MoS stoichiometry and the difference in binding energy E between Mo 3d5/2 and S 2p3/2 (Fig. 4.14) determined by Baker et al24 . We applied the first approach to all samples, whereas we focused on crystalline C sample to evaluate the second approach. The Table 4.3 compares WDXRF and XPS composition for C sample. We have completed WDXRF and XPS measurements less than 24 hours after the material deposition in order to limit ageingrelated concerns. For XPS, the S/Mo ratio deduced from the relative sensitivity factors (RSF) using Mo-S states is well aligned with the value extracted from the difference in binding energy E between Mo 3d5/2 and S 2p3/2. Then, the XPS quantification using relative sensitivity factors for both Mo-S and MoO3 states gives S/Mo irrespective to the binding states, as for WDXRF. In the end, inline monitoring of the mass deposition and the composition of ultrathin Sulfur-based transition metal dichalcogenides can be performed with operator-compatible automated WDXRF recipes along with model-based (all samples) or model-less (crystalline samples, using E) XPS strategies. 

Quantifying light elements in thin inorganic materials with XRF

In this section, I introduce the challenges we faced to establish XRF-based compositional metrology of nitrogen-doped GeSbTe (GST-N) phase change material. This work was partly included in industrial collaboration, resulting in tight industry-driven specification in terms of accuracy. We had to build reference samples, identify the best reference technique that provides accurate values of nitrogen content in GST-N required for XRF calibration, assess the accuracy of XRF-based compositional metrology, and finally transfer a set of standard and the metrological methodology to the industrial partner. This section is essentially based on the work reported in [N-4.13, cover of JAAS] and in Walter Pessoa's PhD manuscript.

GST-N materials are already included in phase change memory device produced in fabs. The nitrogen content in the film drives some important properties of the GST-N (crystallization temperature, …) and must be accurately and non-destructively monitored (within ≤ ± 1% abs) after deposition. WDXRF is a key technique for the analysis of nitrogen content along with overall composition of 100 nm-thick amorphous GST-N films. Alternative solutions come with limitations: i/ XPS would only probe the top surface and would require short Q-time between deposition and analysis in order to limit the impact of oxidation on Ge 3d, Sb 4d and Te 4d region (Section 6.1) ; ii/ FTIR could probe the nitrogen content from the intensity of Ge-N bonds, which are predominant in Ge-rich and Te-rich GST-N films, whereas Sb-N bonds are also present in Sb-rich GST-N (Section 6.1). FTIR is then an alternative solution to access nitrogen content (only) in GST-N with known and stable GeSbTe stoichiometry. At the end, WDXRF is capable to access XRF lines of Ge, Sb, Te and N and should then be able to provide accurate composition of GST-N materials.

However, XRF is complex for low-Z elements, not only because it is low probability (with low net intensities) compared to non-radiative transitions, but also because of the complex XRF background in the soft X-ray region and the greatly enhanced and relatively uncharacterized higher order fluorescence effects, which means that both detection and quantification are both challenging.

Fig. 4.16 illustrates the instrumental difficulty. In the tender and hard X-rays, Ge-L, Sb-L1 and Te-L lines feature easy-to-deal background and XRF net intensities compatible with an expanded precision (that is, the uncertainty due largely to counting statistics) of ∼ 1%. In addition, the fundamental parameters (FP) related to these XRF lines show only small discrepancy among databases, and the WDXRF instrumental function can be calibrated against Ge, Sb and Te pure targets. On the contrary, it is difficult to extract the N signal out of a WD-XRF spectrum from a GST-N sample: it has a strongly nonlinear background due both to the instrument setup and the analyzer crystal and, also, to the overlap of the Sb and Te Mζ lines. Not only are FP data absent for these lines, they will generate secondary excitation of N-Kα with poorly defined cross sections. More generally, FP in the soft energy region show significant differences among databases (Fig. 4.17), which contribute to the uncertainty budget. How can we WDXRF quantify the nitrogen content in such samples? Of course, no pure material standards are available to determine instrumental sensitivity factors for N. Moreover, it is not possible to transfer instrumental functions obtained from well-characterized N-containing samples (silicon nitride for example) to GST-N samples. Conversely, WDXRF calibration should rely on a set of GST-N calibration samples, which composition should be accurately determined by reference methods with mastered uncertainties.

GST (including GST225, that is the Ge2Sb2Te5, which is the reference material for many studies) and GST-N films (including GST225-N, that is, nitrogen-doped GST225) were deposited on 300 mm or 200 mm silicon (001) wafers using magnetron sputtering (Applied Materials Endura300 and Evatec CLN200 multi-target PVD chambers). A calibration sample set was deposited on 200 mm wafers on the Evatec tool. These were 100 nm thick GeTeN and Ge-rich GST and GST225-N films with various N contents.

The films were capped in situ with a 5 nm Ta layer to prevent ageing. An exact duplicate of this sample set was grown in the same run in order to routinely calibrate and monitor WD-XRF GST-N samples.

The wafers from the calibration sample set were cut and 2 cm² samples from (strictly) the same area of each wafer were sent to three organizations that claimed to meet better than 1% accuracy in the measurement of N content in GST-N:

-All organizations determined the mass deposition of Ge and Sb+Te with RBS (Rutherford Back Scattering), which is an analytical method with full metrological traceability capable of very high absolute accuracy -Organization A (subcontractor) uses two other Ion Beam Analysis methods (IBA) : Particle-Induced X-ray Emission (PIXE) to discriminate Sb and Te, and Nuclear Reaction Analysis (NRA) to determine the nitrogen content -Organization B (subcontractor) uses WDXRF to discriminate Sb and Te, and NRA to determine the nitrogen content -Organization C uses Elastic Back Scattering (EBS) to evaluate the nitrogen content. Fig. 4.18 shows the (unexpected) significant discrepancy in nitrogen contents determined by the three organizations on exactly similar samples, with up to 50 % rel. difference that is of course inadequate to meet industry-driven specification of GST-N metrology. We failed to obtained details on the calibration procedures and explanation of possible sources of uncertainties from Organizations A and B. Conversely, Pr. Chris Jeynes from the Ion Beam Center at the University of Surrey (Organization C) had already got the accreditation of RBS to ISO 17025, and was willing to collaborate in order to establish an IBA protocol with mastered uncertainties and detailed uncertainty budget. Then, we first engaged a collaboration with Pr. Chris Jeynes around IBA, and we secondly included Pr. Michael Mantler in the loop, since he had a long experience in the analysis of low-Z element with XRF. Pr. Mantler confirmed the issues related to XRF-based quantification of GST-N. In addition to the uncertainty related to the secondary fluorescence due to unknown (Mζ) lines, he highlighted the fluorescence by both primary and secondary (photo-and Auger-) electrons, which are both numerous and of relatively high energy as we irradiate the samples with polychromatic Rh source. He also confirmed that FP codes were reasonably reliable for both the fluorescence from the primary beam, and also the secondary self-fluorescence (generated from the primary K & L target fluorescence), whereas they ignore fluorescence by both primary and secondary (photo-and Auger-) electrons, which could be significant in our case.

Then, we decided to calibrate WDXRF against reference samples certified by RBS/EBS with optimized uncertainty, and to limit the use of WDXRF-deduced quantification to ~ 100 nm-thick GST-N films in order to contain the variability of non-mastered contributions of photo-and Auger high energy electrons. EBS analysis was performed at 3.7 MeV in order to benefit from high cross section due to resonance effect. The EBS analysis was calibrated by RBS using a transfer standard, which was a self-supporting silicon nitride window nominally 200 nm thick. Fig. 4.19 illustrates the sensitivity of EBS at 3.7 MeV (and in contrast the lack of sensitivity of RBS) to nitrogen content in GST-N films. Finally, we assessed the accuracy of IBA-based WDXRF calibration with an evaluation set consisting in 300 mm wafers deposited on the Applied Materials tool. These were 100 nm uncapped GST225-N films with significant variation in the N content. The WD-XRF analysis of this film was performed just after deposition and the IBA analysis about 1 month after. Fig. 4.20 demonstrates that calibrated WDXRF was accurate enough to evidence that the addition of nitrogen in GST225 did not modify the relative content of Ge, Sb and Te. 

Elemental Depth-profiling
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The general objective of this research direction was to develop and assess characterization methodologies for the elemental depth-profiling of inorganic layered materials with thickness ranging from the nm-range to ~ 1 µm. Our first intention was to focus on non-destructive techniques, i.e. Xray photoemission to address ultrathin materials and the combination of grazing-incidence X-ray fluorescence (GIXRF) and X-ray reflectometry (XRR) to deal with thickness up to 200 nm. Meanwhile, we built a 5-year collaboration with Horiba Jobin to work on their destructive efficient Plasma profiling time-of-flight mass spectrometry tool (PP-TOFMS) that was particularly appropriate for close-to-the-line fast and reliable elemental profiling.

The specific objectives were:

-The introduction of combined GIXRF-XRR analysis at CEA-Leti. The assessment of non-destructive depth-profiling using XPS, using two complementary paths : i/ parallel-angle XPS in the frame of Blanka Detlefs post doc and Walter Pessoa PhD, ii/ inelastic background analysis during Rose Taylor Bure's PhD. The work about inelastic background analysis benefited from the collaboration with Nicolas Pauly, at the Université Libre of Bruxelles. We present the related scientific highlights in Section 5. 

Introduction

The general objective of this research direction was to develop and assess characterization methodologies for the elemental depth-profiling of inorganic layered materials with thickness ranging from the nm-range to ~ 1 µm. Our first intention was to focus on non-destructive techniques, i.e. X-ray photoemission to address ultrathin materials and the combination of grazing-incidence X-ray fluorescence (GIXRF) and X-ray reflectometry (XRR) to deal with thickness up to 200 nm. Meanwhile, we built a 5-year collaboration with Horiba Jobin to work on their destructive efficient Plasma profiling time-of-flight mass spectrometry tool (PP-TOFMS) that was particularly appropriate for close-to-theline fast and reliable elemental profiling. I report in the next sections about the work done around the three techniques (XPS, XRR-GIXRF, PP-TOFMS) that allow probing materials with thickness ranging from nm to µm with nm-like depth resolution, as illustrated below.

5.2 Combined grazing-incidence X-ray fluorescence and X-ray reflectometry X-ray reflectometry (XRR) and grazing-incidence X-ray fluorescence (GIXRF) are two non-destructive analytical techniques that can be combined on the same tool, which would feature parallel monochromatic incident beam(s). Both techniques use similar measurement procedures and the same fundamental physical principles can be used to analyze the data. In 1954, Parratt29 presented the modulation effect of the electromagnetic field as a function of the incident angle based on reflection, refraction and interferences at a flat interface. He proposed a recursive method for the calculation of the reflected part of the beam (XRR). Based on the same recursive method, in 1991, De Boer30 presented a theoretical formulation for the fluorescence emitted (GIXRF) from layered samples based on the calculation of the derivative of the Poynting vector through the determination of the reflection and transmission coefficients. The basic concept of GIXRF is to measure the fluorescence signal emitted by the elements present in the sample as a function of angle of incidence of the X-rays. In the grazing angle range, the incident and the reflected beam interfere creating an X-ray standing wave (XSW) field with locally dependent electric field fluctuations31 . The emitted fluorescence signal is thus amplified by the intensity of the XSW field at a given depth resulting in a strong dependence on the elemental depth profile (i.e. atomic density). Therefore, XRR probes the profile of the electron density in thin layered materials whereas GIXRF analyses the profile of the atomic density. Roughly speaking, the combination of the two techniques feeds XRR with the GIXRF-deduced chemical composition of each layer while providing GIXRF with XRR-deduced thickness information. XRR-GIXRF combined analysis gives access to depth-dependent properties of thin materials with thickness in the 1 to 200 nm range typically: elemental depth-profile along with density, thickness and roughness of individual layers.

In 2012, we had only limited capability to analyze thin materials using XRF in grazing incidence mode:

-We extended the use of inline T-XRF instrument (Rigaku Fab300) dedicated to the monitoring of metallic contamination to the analysis of thin films such as alumina and hafnia high-k dielectrics [N-5.1, N-5.2]. The setup of inline T-XRF was optimized for operation in total reflection mode i.e. below the critical angle for total reflection in order to enhance the sensitivity to metallic contaminants at the surface of silicon substrates. Conversely, the setup was not optimized to perform GIXRF on thin films, due to poor angular resolution and short distance between the wafer to the XRF detector, which led to significant dead time and non-linear detector response when measuring layers thicker than few nm. Then, T-XRF allowed to measure the mass deposition of ultrathin films of the composition of thicker films, but couldn't be used to probe depth-dependent properties -We extended the use of an inline XRR-XRF tool (Bruker D8 Fabline) so as to irradiate the sample with the XRR primary beam (monochromatized Cu-K) and to collect the XRF intensity with the SDD detector of the EDXRF module. We were able to collect GIXRF data related to transparent conductive oxide material (Fig. 5.1), but the geometrical setup did not permit to extract more than the overall mass deposition of indium and silver -Moreover, we did not have any software to model GIXRF data or combined XRR-GIXRF data Then, we investigated two parallel paths to introduce non-destructive XRR-GIXRF at CEA-Leti:

-We built collaborations with different teams in the frame of Bérenger Caby's PhD (2012-2015).

In addition to fruitful scientific interaction and commonly defined experiences : We conducted the following activities on XRR-GIXRF analysis:

o
-Evaluation of the influence of the instrumental setup and of the data reduction software in the analysis of combined XRR-GIXRF data collected in the lab or at synchrotron beamlines -Writing and assessment of a Python-based open source code for the modelling of XRR-GIXRF data -Assessment of reference-based XRR-GIXRF analysis First [N-5.3], we measured XRR and GIXRF data of the thin layered presented in Fig. 5.1, with optimal silver thickness equal to 6 nm and sample differences in terms of thickness of the top indium oxide and annealing step (Table 5.1). We measured XRR and GIXRF data at Cu-K primary energy on VUT lab-tool. However, In-L and Ag-L fluorescence lines as well as Si pile-up peak overlap in the 3 keV range (Fig. 5.2). As for all the future analysis, we first extracted the net XRF intensities at each incident angle with PyMCA32 software before modelling combined XRR-GIXRF angle-dependent data (Fig. 5.3,Fig. 5.4). We complemented the lab data with GIXRF data measured at high energy on Gilda beamline at ESRF, more specifically Ag-Ka intensity collected at 26.4 keV, below In-K edge. jGIXA modelling of the data set consisting of lab XRR-GIXRF data and synchrotron GIXRF data (Fig. 5.5) clearly highlighted the following points [N-5.8]:

-To account for the instrumental function was important for XRR and crucial for GIXRF analysis -Thinning the top indium oxide layer significantly increased the sensitivity of GIXRF to small annealing-induced modification in the depth of the stack. -XRR-GIXRF revealed unambiguous modification of the depth-dependent properties after annealing, suggesting annealed-induced interdiffusion between the Ag and the In2O3 layers -The precise quantification of the elemental depth-profile should be supported by dedicated reference samples. Secondly, we assessed XRR-GIXRF against TOF-SIMS to evidence process-induced elemental depthprofiles in thin materials. For instance [N-5.8], we performed XRR-GIXRF experiment on the Fluorescence beamline at Elettra synchrotron to probe Ta2O5/metal structure, titanium nitride and nickel being investigated as bottom electrode material as they are good candidates for the replacement of noble materials by low-cost fab-friendly abundant electrodes for Resistive random access memory (ReRAM).

In order to evaluate low-cost fab-friendly abundant electrodes that could replace noble metals for Ta2O5 ReRAM, the sample set included layered stacks consisting in 15 nm Ta2O5 layer deposited on 10 nm-thick electrode material grown on 300 mm Si(001) substrate. Titanium nitride and nickel were both evaluated as potential electrode materials. Nickel and titanium nitride layers were deposited via Physical Vapor Deposition (PVD), whereas tantalum oxide material was grown by Plasma Enhanced Atomic Layer Deposition (PE-ALD).

We varied the PE-ALD conditions in order to minimize Ta2O5-metla inter-diffusion. The first PE-ALD experimental condition consists in successive cycling of deposition of TBTDET precursor (for Ta2O5 deposition) followed by the use of O* plasma. O* plasma is known to have a strong impact on the sample, often leading to a large oxidation of the substrate or layer on which the tantalum layer is deposited. Therefore, alternative PE-ALD conditions have been considered, consisting in adding H* in the plasma prior to O*, as this former is supposed to result in deoxidation at each deposition cycle.

PyMCA software was used to determine the XRF intensities at each angle. Dedicated samples (thin nickel layer on silicon and thin tantalum oxide film on silicon) were used to estimate the instrumental function of the XRF detector and then improve the accuracy of Ta-Lα intensities by appropriate deconvolution from Ni-Kβ1. Angle-dependent XRF intensities of Ta-Lα (after deconvolution) and Ta-Lβ1 (less intense but isolate XRF line) were then compared as a sanity check. Angle-dependent GIXRF data and XRR data were then processed using Jgixa software. The instrumental parameters of GIXRF and XRR (i.e. detected zone, beam width and divergence) were calculated from the analysis of GIXRF/XRR data of a thin, smooth nickel material deposited on silicon. Finally, best multilayer model of samples of interest was estimated by simultaneously fitting of XRR/GIXRF with differential algorithm, using fixed pre-determined instrumental function. At that point, we had a rather clear idea that quantitative depth-profile using combination of XRR-GIXRF could be conducted in two different ways :

-The reference-free approach that PTB had developed for a long time (over 15 years) and that lies on two main pillars : i/ the use of a radiometrically calibrated instrumentation of the PTB and ii/ a fundamental parameter-based reference-free quantification approach. The preparation of the experiment must careful control of the geometrical parameters (beam and sample alignment, detector positioning), the monitoring of the incident photon flux using calibrated photodiodes, and the calibration of the detector response functions and detection efficiency of the silicon drift detector (SDD) for the measurement of the emitted fluorescence radiation. Such approach is elegant but difficult to adapt to any instrumental setup. For instance, it would be difficult or even impossible to carry the calibration of instrumentation of an automated tool dedicated to production lines. -A reference-based approach, that would i/ describe the instrumental function with a limited number of parameters, from the measurement of stable, easy-to-produce thin materials, ii/ include available database for fundamental parameters (xraylib for instance) and iii/ refine absolute quantification by the measurement of standards (thin layers or substrates) that would include the materials of interest for the experiment.

We MEDePY permits to evaluate the impact of instrumental parameters on XRR and GIXRF angledependent data, then to optimize (when possible), the experimental setup to probe a specific thin material system (Fig. 5.9).

At the end, Simona Torrengo assessed MEDePY for reference-based XRR-GIXRF analysis of TiNW thin materials on the Métrologie beamline at Soleil [N-5.11], using stable thin nickel film to calculate the reduced instrumental function and individual TiN and WN layers to refine the quantification of TiNW alloys. The mass deposition of Ti and W deduced from MEDePY analysis was aligned with WDXRF results within 1% abs, whereas the elemental depth-profiles in TiNW samples matched TOF-SIMS analysis.

33 W. Li, J. Zhu, X. Ma, H. Li, H. Wang, K. J. S. Sawhney, and Z. Wang, "Geometrical factor correction in grazing incident x-ray fluorescence experiment," Rev. Sci. Instrum., vol. 83, no. 5, p. 053114, May 2012, https://doi.org/10.1063/1.4722495 Li presented a geometrical factor correction which takes into account both the spatial intensity distribution of the primary X-ray beam (i.e. the shape of the beam) and the instrumental geometry (such as the collimator geometry of the fluorescence detector, the size of the X-ray source and the imprint beam size on the sample).

As the detected fluorescence intensity Ix(θ) depends on the geometrical factor, it can be expressed by :

𝐼 (𝜃) = 𝐹 (𝜃)𝐺(𝜃) = 𝐹 (𝜃) ∆𝛺 4𝜋 𝐼 𝑆(𝜃)𝜀 𝑇
where Fx(θ) is the total emitted fluorescence intensity by atoms of element x, ΔΩ is the solid angle contained by the detector surface, I0 is the incident beam intensity which is generally non-uniform along the beam thickness perpendicular to the incident direction, S(θ) is the sample surface area which is illuminated by the incident beam and detected by the fluorescence detector. εdet and Tair represent the detector efficiency and the transmission efficiency of the X-ray fluorescence through the air path between the sample and the fluorescence detector. These two last factors are independent on the incident angle will be considered as constants. A key feature of reference-free XRR-GIXRF analysis at PTB/Berlin is the ability to estimate the uncertainty budget. We measured complex stacks of ultrathin alumina and hafnia high-k dielectrics, first using inline XRR at CEA-Leti (Bruker D8 Fabline at Cu-K), then on PTB beamlines at Bessy II, where samples were analyzed using two different primary energy: 1.622 keV for the quantification of Al and O, and 10 keV for the quantification of Hf [N-5.9].

On the one hand, we modelled the XRR data using two different software, Bruker Leptos 34 and GenX 35 , which resulted in small discrepancy in the deduced thickness and density of individual layers. Reference-free GIXRF analysis performed at PTB provided the mass deposition of Al, O and Hf (Fig. 5.10) with related uncertainties, which highlights the limitations of XRR-only analysis of such challenging materials. Complementary combined XRR-GIXRF analysis at PTB highlighted that annealing step at high temperature (800°C) led to inter-diffusion in the thin layered stack. The resolution of GIXRF decreases with depth as the XSW-induced amplification of XRF is no more present. We conducted a first experiment to overcome this difficulty, deposited 25 nm-thick layer stacks of GeSe and GeSeSb on top of silicon or (Mo/Si)40 superlattice substrates, the latter being optimize to generate XSW amplification at different depth in the 25 nm stack [N-5.10]. This first XRR-GIXRF experiment produced same elemental depth-profiles as TOF-SIMS and was an encouraging step towards substrate-enhanced XRR-GIXRF analysis (Fig. 5.11). XRR-GIXRF activity has slowed down since 2020 due to the lack of supporting programs and, above all, to the lack of XRR-GIXRF instrument at CEA-Leti. We have just invested in a new inline tool that will feature XRR and XRF capability using 3 different primary energy and grazing incidence capability (Rigaku MFM 310). XRR-GIXRF activity will therefore be extended in 2024.

X-ray photoemission

There are different ways to access depth-dependent information from surface sensitive XPS technique, as summarized hereafter. Our research in this field was oriented to non-destructive analysis, either based on p-ARXPS (Walter Pessoa and Rose Taylor Bure's PhD) and on inelastic background analysis (Rose Taylor Bure's PhD). We used existing XPS tools and existing XPS analysis software to assess the accuracy of non-destructive XPS depth-profiles against different techniques.

The electron inelastic mean free path (IMFP) is a convenient (inverse) measure of the probability of inelastic scattering for the detected photoelectrons. The IMFP is a function of material and photoelectron energy. Plots of electron inelastic mean free paths as a function of electron energy for SiO2, GaAs, InP, and PbS 36 show that :

-The use of XPS lines with different kinetic energies is a way to access depth-dependent information -The use of X-ray source in the hard X-ray (HAXPES) instead of Al-Ka extends the information depth of XPS

The inelastic background of XPS spectra contains valuable depthdependent information, as largely exposed by S. Tougaard 37 .

Left panel: four widely different surface and near-surface distributions of Cu atoms in and on Au that give identical Cu XPS peak intensities, but quite different inelastic backgrounds. Right panel: Au4d spectra from samples where the same 1 nm thick Au film is placed at increasingly larger depths in a Cu matrix.

In addition, the inelastic background contains information for depths up to 8*IFMP instead of 3*IFMP for core levels.

A classical way to probe elemental depth-profiles with XPS is to measured XPS signal along the sputtering of the thin material with Ar + ions or clusters. We did not investigate this destructive option.

Angle-dependent analysis permits to vary the information depth of XPS. This can be realized either by titling the sample, which is difficult to consider for 300 mm wafers, or (better) by virtue of parallel collection of angle-resolved photoelectrons (p-ARXPS). We investigated the use of non-destructive p-ARXPS depth profiling on Thermo Theta 300 tool, which two-dimensional detector at the output plane has photoelectron energy dispersed in one direction and the angular distribution dispersed in the other direction 38 . Such arrangement provides an angular range of ~ 60° (from 20° to 78° relative to the normal of the sample) with a resolution close to 1°.

About the use of XPS lines with different kinetic energies

We mostly worked on the Thermo Theta 300 XPS tool, as this instrument was the only one available in the cleanroom and compatible with measurement on up to 300 mm wafers. This instrument is equipped with a monochromatic Al-Ka source, which limits the use of XPS lines with different kinetic energies when compared to HAXPES. Nevertheless, we demonstrated this use on different materials, for instance containing germanium (in epitaxial SiGe, in phase change GeSbTe, etc.) as Ge 2p and Ge 3d electrons feature significantly different kinetic energy (~ 1450 eV for Ge 3d, ~ 260 eV for Ge 2p) resulting in different IMFP and information depth (ID).

For instance, in [5][START_REF] Lama | Multilevel Programming Reliability in Si-doped GeSbTe for Storage Class Memory[END_REF][START_REF] Laguna | Multilayer OTS selectors engineering for high temperature stability, scalability and high endurance[END_REF][START_REF] Bourgeois | Carbon ion implantation as healing strategy for improved reliability in phase-change memory arrays[END_REF][START_REF] Navarro | Multilayer Deposition in Phase-Change Memory for Best Endurance Performance and Reduced Bit Error Rate[END_REF][START_REF] Lama | Multilayered Sb-Rich GeSbTe Phase-Change Memory for Best Endurance and Reduced Variability[END_REF][11][12][13][14], we combined the use of Ge 2p and Ge 3d with angular information in order to highlight the out diffusion of elemental germanium from SiGe pseudo-substrate into ultrathin HfO2 dielectrics (Fig. 5.12). Fig. 5.12 : Ge 3d provides bulk-like sensitivity when Ge 2p provides surface-like sensitivity in the thin HfO2/SiON/SiGe stack. The surface sensitivity of Ge 2p is enhanced at grazing angles (> 55°). Left: Ge 2p3/2 core level spectra measured by p-ARXPS for all the samples ; Right : decomposition of the Ge 3d spectrum measured for sample Si-rich1 [5][START_REF] Lama | Multilevel Programming Reliability in Si-doped GeSbTe for Storage Class Memory[END_REF][START_REF] Laguna | Multilayer OTS selectors engineering for high temperature stability, scalability and high endurance[END_REF][START_REF] Bourgeois | Carbon ion implantation as healing strategy for improved reliability in phase-change memory arrays[END_REF][START_REF] Navarro | Multilayer Deposition in Phase-Change Memory for Best Endurance Performance and Reduced Bit Error Rate[END_REF][START_REF] Lama | Multilayered Sb-Rich GeSbTe Phase-Change Memory for Best Endurance and Reduced Variability[END_REF][11][12][13][14].

Estimation of the instrumental function prior to p-ARXPS analysis

The accuracy in p-ARXPS reconstruction relates to the intensity calibration and to the angular signature of the XPS tool. We engaged with NPL (English NMI) who conducted a VAMAS interlaboratory study on intensity calibration for XPS instruments using low-density polyethylene [N-5.12]. In addition, we routinely estimate the angular-dependence of the energy resolution (via Fermi edge width and Au 4f7/2 FWHM on clean gold target) and value (Au 4f7/2 binding energy) as illustrated in Fig. 5.13. We also track the distance to cos-like dependence of the integrated intensity of Au 4f7/2 from clean gold target as a function of the selected number of angular channels in the 20-78° range (Fig. 5.14). p-ARXPS data collected on Thermo Theta 300 tool were analyzed using Thermo Avantage software, more specifically using the sharp interfaces multi-overlayer model. A 20-60° angular range was used in order to get rid of elastic-scattering effects. We used this method quite extensively, for instance to evidence the efficiency of a plasma cleaning step to the native oxide of thin tungsten films (Fig. 5.15), but we did not have an exact idea of the accuracy of the provided thickness information. In the frame of Rose Taylor Bure's PhD, we assessed the accuracy of p-ARXPS and Inelastic background analysis conducted on XPS and HAXPES lab-tools for determining the thicknesses of highk oxide materials [N-5.16]. We selected these technological-relevant materials because due to their validated Atomic Layer Deposition conditions that come with layer/substrate interface management and atomic level control of thin film deposition. We summarize the main findings of this work in the next pages.

Layers of Al2O3 and HfO2 with individual thicknesses in the sub-nanometer to 25 nm range were deposited on 300 mm silicon (001) wafers by ALD. The layer thickness is determined by the number of ALD cycles. Water vapor was used as the oxygen source for both metal-oxides, while Trimethylaluminium and HfCl4 were used as precursors. The deposition temperature was 300 °C. Three classes of ALD samples were examined in this work (Fig 5.16) : (a) ultrathin samples of Al2O3 with sub-nanometer thicknesses, (b) a stack of SiO2, HfO2, and Al2O3 layers of 1-2 nm, (c) thin buried Al2O3 or HfO2 layers underneath a thick layer (9-25 nm) of HfO2 or Al2O3, respectively. The samples from the first class were deposited either over the native oxide, or after HF surface preparation. The sample in the second class was prepared according to the experimental specifications found in [N-5.9, see Section 5.2]. A 1 nm chemical oxide was formed prior to the HfO2 ALD layer deposition. The third class of ALD samples used HF surface preparation, and features two sets of three bilayer samples in which a HfO2 or Al2O3 overlayer of approximately 10, 15, and 25 nm was deposited over an approximately 2.5 nm layer of either Al2O3 or HfO2, respectively. p-ARXPS analyses were carried out with a Thermo Scientific Theta 300 spectrometer using a monochromatic Al Kα source. High-resolution spectra were collected using an analysis area of ∼ (400 µm) 2 and a 40 eV pass energy. The energy resolution was 0.45 eV as determined from the Fermi cutoff of a gold reference sample. p-ARXPS data were analyzed using Thermo Avantage software (version 5.9902), more specifically using the sharp interfaces multi-overlayer model. A 20-60° angular range was used in order to get rid of the contributions of elastic interactions.

XPS measurements (PHI 5000 VersaProbe II) were using monochromated Al-Kα radiation and a takeoff angle of 45° at a pass energy of 117 eV. The FWHM for Ag 3d7/2 is 1.5 eV for this pass energy. The analyses were done with and without surface preparation by argon gas-cluster ion beam (GCIB) with a cluster size of 2500 atoms at 10 keV for 4 eV per atom of argon and a dose of 1.25nA per mm 2 .

HAXPES measurements were acquired using an X-ray monochromatic Cr-Kα source (hv = 5414.9 eV) as excitation and an analyzer pass energy of 280 eV, provided by the PHI Quantes instrument. The FWHM for Ag 3d7/2 is 2.3 eV for this pass energy. The photoelectron emission angle (sample-analyzer angle) was varied between 30° -80°. The spectra were recorded over an extended energy range suitable for inelastic background analysis (IBA). The spectra included Al 1s at 1559.6 eV BE, Hf 3d at 1662 eV BE, and Si 1s at 1839 eV BE in the high binding energy region, and O 1s at 531 eV BE in the low binding energy region. Additional scans were taken in the 518 eV kinetic energy region in order to record the O KLL Auger signal for IBA.

Inelastic background analysis (IBA) of the photoemission spectra was effectuated using the QUASES-Analyze software from the QUASES-Tougaard software package39 .

For the best illustration on how IBA works, we present an example of HAXPES-IBA in Fig. 5.17, which depicts background analysis performed in QUASES-Analyze for Hf 3d in a pure, 3 mm HfO2 sample.

The inelastic background (red line) is subtracted from the measured spectrum (J(E), black line), leaving the no-loss spectrum (F(E), blue line). The inelastic background modeled for the depth distribution of the element is obtained by varying step by step, in the software, the thickness and buried depth of the layer from which the photoelectron originates, until a good match between J(E) and the modeled background is reached over the widest possible kinetic energy range. The result is appreciated by visual inspection of the spectra, in which the closeness of the fit between the simulated and measured background is evaluated in the kinetic energy range 30-100 eV after the peak (Fig. 5.17 (a)). The exact peak shape in the energy region close to the peak energy up to ∼10-20 eV below the peak energy is not accounted for by the model since it is largely determined by the chemical bond, lifetime broadening, and intrinsic excitations in the photoemission process, which all may depend on the local chemical environment. Fig. 5.17 (b) demonstrates a poor fit where the modeled HfO2 distribution of 5-10 nm is incorrect. The simulated inelastic background is poorly fitted to the measured background, and the subsequent no-loss spectrum does not lie at zero. Fig. 5.17. QUASES-Analyze IBA of Hf 3d in bulk HfO2 recorded with Cr Kα source. The black line is the raw measured data, and the red line is the inelastic background calculated by the software. The blue line is the spectrum, which has been corrected for inelastic losses by subtracting the red line. A good fit between measured and calculated inelastic backgrounds is seen in (a) where the depth distribution of an infinite medium is accurate. A poor fit is seen in (b) where the depth distribution of 5-10 nm is incorrect [N- 5.16] There are few parameters required from the user, since the principle source of information is the background shape. An effective inelastic mean free path (IMFPeff) is calculated as the weighted average over the individual IMFP for each layer determined by the TPP-2M formula40 . The weighted contribution is taken based on the thickness of each layer within the path the photoelectron travels out of the material, with a half-contribution from the layer from which the photoelectron originates. The half-contribution accounts for the probability of the photoelectron to originate at any depth within the layer and the choice of IMFPeff1/2 for materials with similar inelastic scattering cross-sections has been extensively published upon. A weighted IMFP ensures that the relatively high photoelectron transport in Al2O3 versus HfO2 was accounted for in the inelastic background analysis.

The second parameter required by the software is the differential energy loss crosssection K(E,T). K(E,T) is the probability for an electron of energy E to lose energy T per unit energy loss and path length traveled, and is essentially a delineation of the background after the no-loss peak.

A universal cross-section of two mathematical parameters is available which accurately describes the background for most transition metals and their alloys and oxides41 . The equation is as follows: 𝜆(𝐸)𝐾(𝐸, 𝑇) = 𝐵𝑇 (𝐶 + 𝑇 ) B ≅ 3000 eV 2 and C = 1643 eV 2 . B is normalized to 2C, while C was determined via a dielectricresponse calculation.

We found that the accuracy of the three XPS analysis strategy (p-ARXPS, IBA-XPS and IBA-HAXPES) in the determination of the thickness of ALD materials strongly depends on the ratio of the layer thickness to the information depth.

The modification of the inelastic background in XPS-IBA and HAXPES-IBA induced by the first class of samples (ultrathin Al2O3) was too low to permit any related metrology. Conversely, we evaluated the performances of p-ARXPS, using the following methodology :

-Assessment of non-destructive WDXRF analysis against destructive LPD-ICPMS (Liquid Phase Decomposition coupled to Inductively Coupled Plasma Mass Spectrometry). LPD-ICPMS was used as a destructive, whole surface and reference technique since calibrated with certified standards for the quantification of Al dose, resulting in better that 10% abs accuracy (Fig. 5.18). -Modelling of p-ARXPS data (Fig. 5.19) and systematic comparison of the calculated thickness with WDXRF42 , both at the same position on the sample in order to get rid of (limited) process non-uniformity over the wafer. The very good agreement between the two techniques (Fig. 5.20) allowed using p-ARXPS to evidence the influence of substrate management on the ALD deposition and, for instance, to highlight the nucleation delay in the case of HF-prepared surface (Fig. 5.21). In the case of the (slightly) thicker sample of the second class, we evaluated the accuracy of p-ARXPS and XPS-IBA against Al and Hf mass deposition determined by reference-free GIXRF conducted at PTB (Section 5.2). Comparison with layer thickness was based on assumptions on the material stoichiometry (HfO2, Al2O3) and mass density (9.6 and 3.9 g/cc resp.). GIXRF gives a value of 3.14 ± 0.24 ng/mm 2 for the mass deposition of Al, while the ARXPS calculation yields 2.90 ng/mm 2 . Hf mass deposition is 7.4 ± 0.6 ng/mm 2 according to GIXRF, and 9.0 ng/mm 2 by ARXPS. The proximity in these values further supports ARXPS as a quantitative method for depth profiling in highk ALD samples. The quantitative analysis of XPS-IBA survey spectra using Quases software is a manual process, which requires careful (visual) estimate of the difference between the measured spectrum and the modelled background. So far, we failed to automatize this baseline determination step. We found that the range of acceptable thicknesses in the IBA model was reduced for XPS spectral with limited noise. Consequently, we used Gas Cluster Ion Beams (GCIB) in the XPS tool as gentle in situ surface cleaning step for removing adventitious carbon contamination, which resulted in "IBA-compatible" XPS spectra (Fig. 5.22). Another restriction in the use of XPS-IBA is that the background spectra must be approximately 100 eV long and free of peaks from other elements in order to prevent interference in the background signal. This prevents the use of Al 2p background as Al 2p is too close to Si 2p and Si 2s peak. Then, the depth distribution of oxygen was taken to represent the overall thickness of the stack comprised of HfO2, Al2O3, and SiO2. The depth distribution of Hf, from Hf 4p3/2 IBA, was then taken to indicate the HfO2 layer, the subtraction of which enabled inferring Al2O3 and SiO2 overall thickness.

For such samples, p-ARXPS appears more precise than XPS-IBA (Fig. 5.23). However, as material layers get too thick for p-ARXPS, IBA becomes the more relevant depth profiling technique for depth profiling. This was demonstrated for the third class of samples. The third class of samples was too thick for p-ARXPS or XPS-IBA, but was appropriate for HAXPES-IBA, which was assessed against XRR for the whole sample set. HAXPES spectra with Cr-K source contained deeper Si 1s, Hf 3d, and Al 1s core levels, which are well suited for analysis because of no peak overlap, unlike the XPS case. These transitions were necessary for a complete depth profiling of the samples incorporating each element present in the material. An example of HAXPES-IBA analysis of Al2O3 overlayer sample using Al 1s and Hf 3d is shown is Fig. 5.24. We found HAXPES-IBA very accurate (within few tenths of nm) for the thickness determination in Al2O3 overlayer samples. The accuracy was slightly degraded for HfO2 overlayer samples. This is due in part to the weak signal of Al 1s as it travels through the dense HfO2 layer, but also because of the especially strong Hf 3d5/2 signal, which follows just 100 eV behind. The thickness of Al 1s was therefore determined by the relative end depth of Hf 3d5/2 and start depth of Si 1s. Sensitivity of the technique was lower in the HfO2 overlayer series due to the density of HfO2 and its contribution to the reduced inelastic mean free path of the buried species. To sum up, HAXPES-IBA with Cr-K source was able to probe dielectric layer thicknesses in the 10-25 nm range and < 3 nm-thick buried layers with resulting thickness values in excellent agreement with XRR for both the surface and buried layers. The thickness determination is accurate with an uncertainty below 6 % for the surface layer with an expected increased uncertainty in the buried layer.

One of the key advantage of XPS when compared to XRR-GIXRF for instance lies in the spot size, which is compatible with non-destructive depth-profile in small measurement box (100 µm down to 50 µm) on product wafers. 

Plasma profiling time-of-flight mass spectrometry

In 2015, I worked closely with CEA-Leti material deposition lab who highlighted the need for fast elemental depth-profiling to support their development. In the cleanroom XPS-based profiling was limited to parallel-angle XPS solution with probing depth ~ 5 nm. At that time, we did not have access to inline combined XRR-GIXRF setup. Then, we looked for a solution that would complemented destructive lab analysis.

A short demo of Plasma profiling time of flight mass spectrometry (PP-TOFMS) tool produced by Horiba Scientific suggested that this technique could meet our needs. I first failed in the application of an "ANR chercheur étranger" around this technique (2015). Then, I motivated a collaboration with Horiba, where the instrument was installed in CEA-Leti as part of a free loan contract, whereas CEA-Leti hired Yann Mazel for a 3-year non-permanent position fully dedicated to the collaborative program.

At the end, we had a 5-year collaboration with Horiba around this technique, but most of the scientific results were obtained during the first three years, when Yann was fully dedicated to the program. The overall output of the collaboration include 15 peer-review papers (including the cover of Surface and Interface Analysis SIA in 2020), 14 oral presentations at conferences and a commonly-prepared webinar dedicated to PP-TOFMS in 2017. Sputtering is ensured by a glow discharge (GD) plasma of ultra-pure Argon. The plasma is generated between the sample surface and a cylindrical anode usually made of copper. Ar ions created in the plasma bombard the sample surface, the sputtered species are ionized and the ionized species are detected by an orthogonal time-of-flight mass spectrometer. The pulsed RF excitation allows analysis of conductive and non-conductive materials as well as semiconductors. The sample is used to close the plasma chamber and therefore does not need to be transferred into a UHV chamber. The lateral resolution of the technique is defined by the diameter of the anode used and is typically of a few millimeters, prohibiting imagery. Such plasma works with a few mbar and the energy of the ions in the plasma is 50 eV. The low energy minimizes the surface damage (versus traditional SIMS) and high current ensures high sputtering rate, up to few tens of nanometer per second. Unlike SIMS where the analytical ion signals are from ions escaping the sample surface, PP-TOFMS signals are generated from sputtered neutrals diffusing out and ionized in the GD plasma. This decoupling between the sputtering and the ionization processes makes PP-TOFMS much less matrix dependent compared to SIMS. The separation between atomization and ionization results in a simple quantification method based on the assumption that the ratio of an analyte ion signal for any one isotope with respect to the total ion current excluding signals from discharge gas is representative of the ratio of the number of atoms of that isotope in the sample to the other constituent atoms of the sample. This internal calibration method well established in GD-MS also called the ion beam ratio (IBR) method produces semi-quantitative results with accuracy of within a factor of 2-3.

To make it short, PP-TOMS allows fast elemental depth-profiling with nm-like resolution, limited matrix effects and semi-quantitative analysis, which appeared to cover our needs. During the collaboration, we worked on the following items :

-Optimization of PP-TOFMS conditions (RF power, gas pressure, gas mixture) in order to improve the performances of the tool (crater shape, detection limit) for each material of interest -Assessment of semi-quantitative IBR-based compositions against complementary methods such as RBS or WDXRF -Assessment of depth-profiling capability by virtue of systematic comparison with TOF-SIMS performed in the lab

We compared semi-quantitative IBR-based compositions with WDXRF on an extended variety of GeSbTe alloys investigated for phase change memory, resulting in less than 5% absolute difference, which was significantly better than anticipated, and which allowed PP-TOFMS to support different works around capping, etching43 and annealing of these materials [N-5.20]. We also used thin magnetic stacks produced by ion beam deposition to assess PP-TOFMS against RBS (Fig. 5.26). In that case, also, we found IBR-based compositions aligned within few absolute % to RBS. In some other cases such as silicon doping in GeSbTe matrix, the deviation between PP-TOFMS and RBS (or WDXRF) raised 50 % absolute. We evaluated PP-TOFMS against TOF-SIMS for the depth-profiling of ultrathin silicides considered for advanced contacts for CMOS application. We used Applied Material Endura PVD tool to grow 6 nm-thick NiPt films on silicon substrate. We characterized NiPt after deposition and after annealing to form nickel platinum silicide ; the annealing conditions were tuned to obtain the low-resistivity phase required for advanced contacts. PP-TOFMS and TOF-SIMS depth profiles of NiPt samples before and after annealing led to similar conclusions (Fig. 5.27). Before annealing, both techniques show a Ni rich surface layer (preferential oxidation in the topmost ~ 2 nm) followed by a Pt enrichment close to the Si interface. For such ultrathin film (for which the interfaces may not be perfectly flat), the depth resolution is comparable for both techniques. After annealing, both profiles show the presence of Si throughout the film and decrease of Pt/Ni ratio, which is consistent with the formation of the Ni-rich silicide (Ni2Si low-resistivity phase). We assessed the depth-profiling performances against TOF-SIMS, using model samples consisting in successive pairs of (SiGe/Si) grown by epitaxy on 200 mm silicon substrates [N-5.18]. We deduced thickness, density and germanium contents from XRR and high-resolution X-ray diffraction, which highlighted the quality of the model samples (Fig. 5.28). As already pointed, PP-TOFMS mass spectrum is rather simple, which may allow easy identification of unexpected elements such as contaminants. For instance, we used PP-TOFMS to evaluate the root cause of the degradation of magnetic properties in FeCoB/SiO2 multilayer used for magnetic sensors [N-5.18].

A fast retrospective analysis of the mass spectrum of the PVD-deposited multilayered stack revealed titanium buried contamination in FeCoB layers, with IBR-based estimate of Ti contamination is ~ 0.1 at% (Fig. 5.33). A Ti collimator had recently been installed in the FeCoB deposition tool, and retrospective analysis of samples prepared prior to this installation showed no contamination, which put strong evidence of collimator-related contamination Finally, we evaluated different gas mixtures in order to improve the sensitivity PP-TOMFS to light elements in the frame of Amanda Gomes De Carvalho master training. Penning ionization process is considered the main ionization mechanism in glow discharge plasma. Argon features two metastable energy levels of 11.55 eV and 11.72 eV that are sufficient to ionize the majority of the elements in the Periodic table. However, the first ionization potential of light elements is either close or higher than the energy of Argon metastable atoms Ar m , resulting in small efficiency of PP-TOFMS for such elements (Fig. 5.34). Conversely, helium features metastable atoms He m with the energy levels of 19.82 eV and 20.62 eV that should be able to ionize all relevant sample atoms including light elements. Then , we evaluated mixed gases containing 10% and 20% of helium diluted in pure argon as compromise between two contrasting effects observed in the literature: the increase of ionization efficiency and the decrease of sputtering rate. We demonstrated that Ar/He mixtures, and more specifically Ar/He with 20 vol% He dilution led to significant improvement (Fig. 5.35) for hydrogen, carbon, nitrogen and oxygen in titanium nitride films grown by metal organic chemical vapor deposition (MOCVD), and Boron in boron-doped amorphous silicon grown by plasma-enhanced chemical vapour deposition (PECVD). Not all stories have a happy end. During Covid period, Horiba kindly asked CEA-Leti to ship the tool back to their facility. They needed some parts to finalize the assembly of an ordered tool and they couldn't get these parts the normal way because of Covid-induced difficulties. Then, one year after, Horiba decided to stop the supply of PP-TOFMS. One major reason was that the price of the tool, largely driven by the price of the subcontracted TOF spectrometer, was too high to address a large market.

Material characterization for Phase Change Memory

Abstract -supervision -collaboration -key papers

The general objective of this research direction was the optimization of characterization strategies for complex ternary alloys investigated for phase change memory. The specific objectives were:

-The study of Nitrogen incorporation in Ge, Sb, Te systems by means of X-ray and optical spectroscopies (Section 6. -6.3 and N-6.4] dedicated to Ge-rich GST alloys. This extension of this work GST alloys with different stoichiometry is investigated in the frame of the PhD of Oumaima Daoudi. -The systematic combination of infrared and Raman spectroscopies with X-ray diffraction to study the impact of N-doping on the structural evolution of GST alloys as a function of annealing temperature (Section 6.3.3). This work was conducted during the PhD of Lucie Prazakova and the Master trainee of Diana Fernandez Rodas. Some results have been included in paper [N-6.4]. This extension of this work GST alloys with different stoichiometry is investigated in the frame of the PhD of Oumaima Daoudi.

This work required complementary improvements of elemental depth-profiling with PP-TOFMS techniques (presented in Section 5) in the frame of the collaboration with Horiba Jobin Yvon (Section 6.3.1). This resulted in a dedicated paper [N-6.5], which was used for the cover of Surface and Interface Analysis journal.

PhD : Walter [START_REF] Caby | Introduction de la technique d'analyse combinée XRR/GiXRF au Cea-Leti. Application aux couches minces et aux couches implantées[END_REF][START_REF] Caby | Introduction de la technique d'analyse combinée XRR/GiXRF au Cea-Leti. Application aux couches minces et aux couches implantées[END_REF], Lucie Prazakova (2018-2021), Oumaima Daoudi (2021-2024).

Master training : Diana Fernandez Rodas (2021) PhD of Lucie Prazakova and Oumaima Daoudi, and Master of Diana Fernandez Rodas were cosupervised by my colleague Gabriele Navarro, who is deeply involved in PCM world.

Industrial collaboration with Horiba Jobin Yvon Collaboration with Hicham Kodja, CEA Iramis (Laboratoire des Eléments Légers) for the refinment of IBA-based composition of N-doped elemental systems.

Introduction

Germanium, antimony, and tellurium are metalloids considered as "technology critical elements." Either pure or alloyed in more complex systems, these elements are used for a wide range of applications in optics, photonics, microelectronics, and solar cells industry. The binary (GeTe, SbTe) and ternary (GeSbTe) chalcogenide alloys are widely investigated in the field of phase-change memory (PCM) technology for their phase-change properties, based on the reversible transition between their amorphous and crystalline phases. Nitrogen doping in chalcogenide materials represents a promising way for the improvement of material properties. Indeed, N doping in GeSbTe phase-change alloys have demonstrated to greatly enhance the thermal stability of their amorphous phase, necessary to ensure the data retention of the final phase-change memory device.

In the next section, I will introduce the work done on the chemical and structural characterization of GST alloys, first after deposition, then after controlled thermal budget. This work aimed at providing process experts with appropriate characterization/metrology paths to support deposition and etching steps. Moreover, this work allowed in-depth investigation of the material properties and better understanding of its evolution under controlled thermal budget.

Characterization after deposition

We first used X-ray and optical spectroscopies to characterize N-doped elemental materials (Ge-N, Sb-N and Te-N). Then, we extended the analysis to N-doped binary and ternary alloys.

We deposited the thin materials on 300 mm or 200 mm silicon (001) wafers using magnetron sputtering at ~ 60°C for all samples. We adjusted the nitrogen gas flow while maintaining argon gas flow constant in order to tune the nitrogen content in N-doped samples. We used Ge, Sb and Te targets to grown elemental layers and binaries. The ternary alloys were either deposited from a composite target (Te-rich or Ge-rich GST), or grown by co-sputtering from Te-rich Ge2Sb2Te5 and pure antimony targets in order to get Sb-rich GST films.

Key methodological aspects

The XRF-based determination of the composition of N-doped elemental materials (Ge-N, Sb-N, Te-N) was refined to account for varying thickness and for significantly different background in the N-K region when compared to N-doped GST (see Section 4). A collaboration with Hicham Kodja, at CEA Iramis (Laboratoire des Eléments Légers) supported this work, with the careful use of NRA instead of EBS for the quantification of the nitrogen content.

The XPS experiments at Al-Ka primary energy were mostly focused on the high kinetic energy region, where Ge 3d, Te 4d and Sb 4d core levels are included in ~ 20 eV. This small region is a direct fingerprint of the composition and binding states in Ge, Sb, Te materials. In addition, an already-developed dedicated oxygen-free vacuum carrier was used to transfer the wafers from the deposition tool to the XPS instrument, in order to perform quasi in situ XPS experiments. This was particularly important to identify unstable bonds such as Te-N or Sb-N. As the majority of the materials were conductive, we referred the binding energy to pure gold and copper samples that were used to calibrate the binding energy by setting the Au 4f7/2 and Cu 2p3/2 peaks at binding energies of 83.98 ± 0.02 eV and 932.61 ± 0.02 eV, respectively. For non-conductive samples (e.g. GeN), we used of binding energy distance as a more reliable metrics than the comparison to C 1s energy. Finally, we systematized the use of binding energy distance in complex alloys and we suggested this quantity as a relevant metrics of the main structural features in Ge, Sb, Te materials.

The FTIR analysis of N-doped materials was first conducted on automated tools available in the cleanroom. However, these tools feature a limited spectral range (down to 450 cm -1 ) that made difficult the evaluation of the background contribution. We complemented the spectral range with far infrared analysis conducted in the lab. This measurement path is now systematically used and we included this extension of the spectral range as an important item in the coming collaboration with ONTO, an industrial partner that will deliver a FTIR fab-tool to Leti in 2024. Lastly, we systematized the background analysis so as to make it user independent, as its importance is key in the evaluation of the weighting of the main contribution (Fig 6 .1). 

Characterization of N-doped elemental materials

We first evidenced that the incorporation of nitrogen in elemental Ge, Sb and Te films grown at 60°C relates to the possibility to form the corresponding X-N bonds (where X=Ge, Sb or Te) and follows the same tendency as the formation energy of the nitride structures (from stable Ge3N4 = -0.26 eV/at to unstable Te3N4 = + 0.68 eV/at) . Fig. 6.2 illustrates this point using refined XRF-based analysis of aged materials (Q-time after deposition > 1 week). By virtue of quasi in situ XPS, we unambiguously identified N2 bonds in N-doped Ge-N, Sb-N (Fig 6 .3) and Te-N. In addition, we provided first reference of XPS characterization of unstable tellurium nitrides (Fig 6.4). We noticed that the nitrogen content deduced from XPS in highly doped TeN was significantly larger than WDXRF one (27 at% instead of 13% for 20 sccm sample). A possible reason is in the fast modification of the material when exposed to air (Fig 6 .4), when tellurium dioxide TeO2 is favorably formed (ΔH0 = -322.6 kJ/mol). The IR and Raman investigation of as-deposited elemental Ge, Sb and Te systems and their nitrides (GeN, SbN, TeN) extended the literature about GeN and about rarely studied SbN and TeN materials. In the case of GeN, the main absorption band in the IR spectra (ν 1 ~ 690 cm -1 ) assigned to the vibration of Ge3N group becomes significantly asymmetric with increasing nitrogen content (Fig 6 .5). The Raman spectra (not shown here) confirms the predominance of the contribution at higher wavenumber (ν 2) for high nitrogen content. This additional broad band includes the overall sum of different Ge-N configurations. We suggested that the continuous formation of Ge-N bonds leads to the saturation of the system, resulting in a maximum intensity of the IR band for GeN with 50 at% of nitrogen (20 sccm).

The vibration of the Ge3N group is affected by the large amount of neighboring Ge-N bonds (shift of ν1 to 680 cm -1 ) and the N-rich configurations (ν2) become predominant.

We conducted similar study on Sb, SbN (Fig. 6.6) and Te, TeN (Fig. 6.7) materials and we suggested evolution of bonding arrangement in such system with increasing nitrogen content. 

Characterization of undoped and N-doped Ge, Sb, Te alloys

We have conducted numerous quasi in situ XPS experiments on undoped and N-doped Ge, Sb, Te alloys with varying stoichiometry, some of them one rarely explored alloys such as GeSb. We illustrate in the next pages some of the highlights of this XPS investigation. At the end, the influence GST stoichiometry on the ageing of GST and N-doped GST was evaluated. This point is important, not only to support GST-dedicated etching study but also as the oxidation has an impact on the crystallization temperature of the phase change material. Lastly, we compare the results obtained by IR and Raman in [N-6.1] and by XPS in [N-6.2] to illustrate the nitrogen incorporation in GST materials with different stoichiometry.

In the next paragraph (extracted from ref [N-6.2]), we take the antimony telluride binary case to describe the methodology we used for the decomposition of XPS spectra, and to highlight the interest of BE distance as possible metrics.

Antimony telluride films were deposited on Si(001) wafer by RF-PVD from a pure tellurium target combined with RF-PVD from a pure antimony target. We did not rotate the wafer during the deposition in order to get a large range of stoichiometry on one single wafer. The film thickness was also nonuniform at the wafer level, but kept larger than 20 nm at any point of the wafer.

A first wafer was characterized using quasi in situ XPS. Ageing studies were unfortunately not systematically conducted. However, we collected XPS data on few antimony telluride films, first after 5-minute Q-time, then after one week and four months ageing in cleanroom environment. From a methodological point of view, the use of BE distance, which was already considered in Section 3 (MoS2 case) can apply to undoped and N-doped Ge, Sb, Te : -To confirm structural information in complex alloys (Fig 6 .10) -To access accurate BE in the case of non-conductive samples, with no need to refer to artificial C 1s referencing (Fig 6.11) In the case of GST ternary alloys, Ge 3d, Sb 4d and Te 4d spectra could be modeled with one-only doublet (Fig. 6.12) whatever the GST composition, with remarkably stable shape and FWHM along with only slight variations in BE among samples. Even though a complex ternary system as GST cannot be reduced to the simple addition of elementary and binary compounds, it is worth noting that Ge-Te distance is significantly higher for Ge-rich GST (10.75 eV) than in Te-rich GST225 (10.36 eV), which agrees with our findings about germanium tellurides.

The influence of one month-ageing in cleanroom environment is not exactly similar for Ge-rich and Terich samples (Fig. 6.13, Table 6.1), whereas the following similarities can be noted : i/ the presence of germanium and antimony in both metalloid state and oxidized state (Ge(IV), Sb(III), Sb(V)), ii/ the presence of tellurium in metalloid state, iii/ the significant reduction of tellurium content in the surface layer, as deduced from Te 4d, Sb 4d and Ge 3d integrated intensities, iv/ as a counterpart, the significant increase of the antimony content in the surface layer. The main difference lies in the tellurium spectra.

In Te-rich GST, tellurium is found in Te(0) and in oxidized states (sub-oxide and TeO2 as ascribed in the section related to elementary tellurium). In contrast, tellurium is only present in metalloid state in Ge-rich GST film. The content of Te(0) in both films are remarkably aligned, but we cannot draw firm conclusions based on two measurements only. 6.3 Impact of the thermal budget

Analytical techniques

To monitor the influence of a controlled thermal budget on the structural properties of thin (≤ 100 nm) materials requires dedicated methodologies. At CEA-Leti, important internal know-how on phase change material rely on the measurement of the resistivity as a function of the temperature under inert N2 atmosphere, with typical ramp-up of 10 °C/min. However, such methodology does not apply to all samples, for instance when the phase change material is encapsulated with a thin dielectric layer (e.g. GeN).

To overcome this problem, we systematized the use of in situ ellipsometry analysis on Woollam M2000 tool, using on the one hand fast CCD-based detection and on the other hand liquid nitrogen for accurate temperature regulation and fast cooling, so as to meet the requirement of in situ analysis compatible with 10 °C/min ramps. For instance, Fig. 6.15 shows the angle psi (ψ), related to the ratio between reflection coefficient for p and s polarization, as a function of the annealing temperature for different GST alloys grown by co-sputtering of Ge and GST225 targets and encapsulated with 3.5 nm of amorphous carbon. The GST225 sample shows two sharp increases of ψ at around ~165 °C and ~350 °C corresponding to the amorphous to fcc and fcc to hex transition, respectively. In that case, the evolution of ψ at =700 nm was appropriate to robustly track the evolution of GST with annealing temperature. During in situ analysis, we collect ellipsometry data over 190-1700 nm spectral range each 10 seconds typically, resulting in a large amount of data. It may be frustrating to extract only the evolution of ψ at one wavelength instead of exploiting the full spectral data to catch the evolution of the thickness and the optical constant of the phase change material along the annealing ramp. However, we saw in Section 2 that ellipsometry, although highly sensitive to small change in the material properties, may suffer from correlation among fitting parameters. We performed ellipsometry analysis after deposition then after ex situ annealing, in the frame of STM -Leti program. We use XRR data to assess the reduction of ellipsometry data for as deposited samples, but we did not perform any XRR analysis after annealing. For some samples, the best model calculation of ellipsometry data after annealing led to dubious structure (Fig. 6.16) even for ellipsometry data collected over wide spectral and angular ranges. In order to improve the reliability of the in situ ellipsometry analysis and as in situ XRR analysis with ramp-up of 10 °C/min may not be possible due to fast sample height variations, we plan to compare in situ ellipsometry data to a set of ex situ XRR data of samples annealed at discrete temperatures. The samples can be annealed either on the resistivity tool or on the ellipsometry tool as we checked, using various phase change materials with different crystallization temperatures, that the temperature of the two tools agree within 2 °C for annealing up to 500°C at least. X-ray diffraction is a technique of choice to monitor the structural evolution of phase change material with temperature. Due to limited sensitivity of tube-based instrument and concerns about dynamical height alignment, we mostly performed ex situ XRD analysis on samples annealed with well-controlled ramps and temperatures on the resistivity tool. We only performed one isothermal XRD analysis conducted few degrees below the crystallization temperature, which permitted to slow down the crystallization process and to detect small structural changes (Fig. 6.17). In the frame of Oumaima Daoudi's PhD, we collaborate with Hubert Renevier at UGA-LMGP in order to perform in situ XRD analysis in the lab with rotating anode and 2D detector and to benefit from high brilliance source to run dedicated experiment at ESRF facility with same annealing ramps as for ellipsometry or resistivity measurement. We systematically use Raman spectroscopy (and IR spectroscopy for N-doped materials) in parallel with X-ray diffraction, both ex situ on carefully annealed samples. Even though Raman spectroscopy cannot directly access changes in d-spacing, it applies to very small amount of material, it is very sensitive (Sections 6.2.2 and 6.2.3) to small modification of the material structure. Moreover, its µmlike spot permits to use Raman spectroscopy on product wafers, for instance to probe arrays of lines of phase change materials for different width and inter-distance.

Finally, as we deal a lot with ex situ characterization, we need to protect the samples from undesirable ageing and oxidation that affect their evolution with thermal budget. The impact of capping is highlighted in Fig. 6.18, where the elemental depth profile in GST stacks is measured with PP-TOFMS, using an Argon-Helium (20% He) pulsed radio-frequency plasma for sample sputtering and ionization and reference-free IBR method for quantification. Although the optimization of the encapsulating layer is a large topic, we essentially used (during the last 7 years) thin amorphous carbon layer deposited at low temperature in the same process tool as the phase change material (no air break). We determined the thickness of this capping layer in a study about complex chalcogenide amorphous films close to phase change materials, using XPS to establish that 3.5 nm was an appropriate thickness to limit the oxidation when keeping deposition time (at very low deposition rate) reasonable (Fig. 6.19). -the impact of nitrogen addition in the evolution of Ge-rich GST, where we evidenced similar structural evolution, but delayed to higher to higher temperature by the presence of Ge-N that play a key role in the thermal stability in Ge-rich GST-N materials [N-6.4] -The influence of Ge content on the temperature evolution of GST materials [N-6.3], where we for instance showed that the competition between different phenomena, which depend on Ge content and temperature : i/ the nucleation and growth of a GST225 fcc phase; ii/ the Ge segregation out of the formed GST phase, which is delayed by increasing Ge content but favored by increasing temperature; iii/ the backward chemical diffusion of Ge, which increases with Ge content; iv/ the nucleation and growth of Ge crystalline phase, which favors the Ge segregation

The influence of Sb/Te ratio is one of the topic investigated in the frame of Oumaima Daoudi's PhD. Spectroscopic ellipsometry is extensively used to characterize the optical constants of substrates and thin materials. As reported in Section 3, we are still missing traceable standards and NMI-approved protocols for the determination of optical constants (at least in the 0.6 -7.0 eV range).

My mid-term perspectives around this topic would be:

-To refine and evaluate internal (CEA-Leti) protocol for the assessment of refractive index of transparent materials, by combination of M-line calibrated against NIST-traceable standard materials and spectroscopic ellipsometers calibrated against M-line using thermal SiO2 films (Fig. 7.1). Additional collaboration with labs with expertise and M-line tools with large spectral range (Institut Lumière in Lyon, Ecole Centrale Marseille, …) -To engage with the partners of the Empir/ATMOC project (and possible follow-up project) in order to write and propagate NMI-approved protocols for establishment (and when possible reduction) of the uncertainty budget in the measurement of optical constants with spectroscopic ellipsometry.

ATMOC project will not address the issue of the accuracy of extinction coefficient k, which is a major concern for optical filters, imagers and other optical device. One additional difficulty is often in the analysis of materials with low extinction coefficient (less than 0.01 typically) that cannot be precisely measured solely by ellipsometry (Fig. 7.2). To build collaborations around the accurate measurement of low extinction coefficient by means of combination of ellipsometry with R&T and/or specific sample design for instance would be a mid/long term perspective. , vol. 12, 285-336, Wiley-VCH (1995).

Comprehensive Raman spectroscopy analysis in cleanroom environment

I am rather new in the Raman field. In 2020, I motivated the modification of a Renishaw lab tool so as to allow manual polarization-dependent Raman measurement of up-to 300 mm wafers in CEA-Leti cleanroom. In the frame of Lucie Prazakova's PhD, we started a mid-term collaboration with a colleague at CEA-Leti in order to compare the experimental Raman spectra with ab initio calculation using Phonopy Spectroscopy package [N-6.1]. From the experimental side, the introduction of 2D materials for industry-driven programs using mastered deposition on 300 mm wafers strengthens the need for inline Raman. Moreover, recently announced major 10 nm FDSOI program at CEA-Leti highlights the importance of inline polarization-dependent Raman for the strain analysis of ultrathin strain SiGe, Si and SiP films, in small areas of line arrays with few tens nm dimensions.

In order to address these topics, I motivated the following programs and actions that will result in personal mid-term perspectives:

-I motivated a 3 year-collaboration with Semilab industrial supplier, starting mid-2023. In the frame of this collaboration, Semilab will introduce automated polarization-dependent multi- Raman tool in CEA-Leti cleanroom, in order to address complex topics such as strain management for 10 nm FDSOI and 2D characterization. I hope that the collaboration will lead to optimization in the optical setup and analysis software in order to optimize the accuracy of Raman analysis. -The use of polarization-dependent Raman analysis (instead of more classical UV Raman) for strain analysis of ultrathin epitaxial layer on line arrays was first motivated by IMEC works (Fig. Then, the research around the combination of XRR and multi-energy (GI)-XRF will be reactivated, motivated by the need for 10 nm FDSOI, new memories, GaN for power and LED, and 2D materials. It will be supported by: -A joint development program with Rigaku (supplier of the new tool), which will include, among other topics, some work around i/ the combination of Ag-Ka and Cu-Ka sources for the analysis of ultrathin MoS2, ii/ the optimization of FP software dedicated to ED-XRF, that is to say that will deal with XRF spectra instead of discrete values of net intensities -A postdoctoral position about XRF metrology, financed in the frame of MINOS program, and expected from Q3-2023 One limitation of XRR and GIXRF is in the spot size as these measurements are performed in grazing incidence, using an elongated beam. We are aware of this limitation that could be partially overcome by the design of dedicated elongated measurement areas on lithographic masks. The grazing exit geometry (GE-XRF) is another possibility 44 that allows to get rid of the spot size limitation. Among others, PTB/Berlin (P. Honicke et al) demonstrated the interest of GE-XRF setup, not only to probe uniformly deposited materials, but also and above all to access elemental distribution in laterally inhomogeneous samples such as line arrays (Fig. 7.6). Even though we are aware of such developments, we do not include them on our short or mod-term research directions. The short-term perspectives include some improvement in methodologies and instrumental setup related to PCM-related work in the frame of Oumaima Daoudi's PhD.

The extension of quasi in situ analysis to multi-energy XPS combined to highly surface sensitive LEIS technique (Low energy ion scattering, investigated in [N-5.22]) is a mid-term perspective that strongly depends on budget allocation. It would significantly improve the chemical characterization of surface with ultimate depth-resolution (LEIS) combined to up-to 20 nm information depth (HAXPES).

I will try to motivate a program that would combine (quasi) in situ optical and X-ray technique to support the development of thin sub-stoichiometric oxides. Here again, this is a mid-term perspective that strongly depends on budget allocation.

éléments légers et difficultés métrologiques associées (ex : analyse XRF, effets de matrice). Etude de l'influence des budgets thermiques sur les caractéristiques des matériaux et liens avec les propriétés électriques. Supportée par la collaboration avec le PTB. L'objectif est de développer, à la suite du stage de M2 réalisée par cette étudiante, les méthodologies nécessaires à l'analyse quantitative de profil chimique par photoémission, essentiellement en salle blanche et en laboratoire (notamment avec une source X-durs), en combinant les approches: caractérisation multi-composantes, analyse angulaire, modélisation du fond continu inélastique.

2021-2024 : Oumaima Daoudi, « Matériaux chalcogénures des mémoires à changement de phase et des dispositifs sélecteur de demain : métrologie au plus près de la fabrication pour la compréhension de l'influence des paramètres procédés sur la composition et les propriétés structurales de ces matériaux », Université Grenoble Alpes ED 047 (Physique). Thèse coencadrée par Gabriel Navarro et dirigée par Hubert Renevier.
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 21 Fig 2.1: Growth in elements used in semiconductor industry [https://newsroom.lamresearch.com/Happy-150th-Birthday-to-the-Periodic-Table]
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 22 Fig. 2.2: Intel illustrated in 2015 the variety of materials and architectures investigated for More-Moore (X scale) and More-than-Moore (Y scale) applications [Intel investor meeting 2015].
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 2 Fig.2.3: Lencer demonstrated that the phase-change materials could be found in an area of small ionicity and a limited degree of hybridization. Lencer's plot enables to identify suitable candidates for phase-change materials (used for phase-change memory, thermoelectrics, etc) on the basis only of the material stoichiometry 3 .

Fig. 3 . 1 :8

 31 Fig. 3.1: Measurement principle of ellipsometry 8

Fig. 3 . 3 Fig. 3 . 4 :

 3334 Fig. 3.3 Kinetics of the SE-deduced regrowth of silicon oxide layer after HF-last cleaning procedure (left). The SE-deduced thickness of a silicon wafer freshly introduced in the cleanroom environment is constantly increasing over a 2-week period due to airborne molecular contamination (right), when no modification is detected after 6 months in the cleanroom (stable wafer) [N-3.3] -Tool-related non-idealities : o Imperfect collimation of the primary beam or angular spread in the case of small-spot focused beam production tools, for which the spread of angles of incidence (AOI) must be considered instead of one-only AOI (Fig. 3.4) o A grating or prism is used to spread wavelengths out and collect a small region on the detector. The resolution of the detector translates into a range of accepted wavelengths or light bandwidth (Fig. 3.5). o Angular spread and finite light bandwidth also result in partial depolarization of the light. o …

Fig. 3 . 5 :

 35 Fig. 3.5 : Analysis of 25 nm-thick SiO2 thermal grown on silicon substrate. To account for toolrelated non-idealities allows to decrease the difference between experimental data and modeling with parametrized dielectric function of SiO2 [N-3.3] 

Fig. 3 . 6 :Fig. 3 . 7 :

 3637 Fig. 3.6 : Ellipsometric angle Ψ at several angles of incidence for PECVD a-C:H film grown at 400°C matches almost perfectly (left) the best-model calculation using isotropic dielectric constant (right) but results in erroneous estimate of the film thickness [from N-3.2]

Fig. 3 . 8 :

 38 Fig. 3.8 : XRR evidences that the silicon nitride standard provided by VLSI could not be described by one uniform layer. A two-layer model based on XRR allowed better description of the SE data, both in terms of fit quality (Mean Squared Error) and accuracy of the material arrangement [N-3.2]

Fig. 3 . 9 :

 39 Fig. 3.9 : Schematics of prism-coupling system. Fig. 3.10 : Prism-coupling data acquired at 633 nm for 44 µm-thick photoresist sample. Both thickness and refractive index can be deduced by virtue of clear definition of the critical angle and appropriate angular resolution [N-3.4]

Figure 3 .

 3 Figure 3.11 : X-Ray Reflectivity curves (left) and Omega-2Theta scans around the (004) associated with five different Ge contents SiGe layers from the reference sample set [N-3.5].

Figure 3 .

 3 Figure 3.12 : Evolution of the ellipsometry angle  measured at three incidence angles (72°, 76° and 80°) for the 35 nm thick SiGe 20.4% reference sample either right after or 2 hours after a "HF-last" wet cleaning, demonstrating the stability of the SiGe layer during this 2-hour period [N-3.5].

Figure 3 .Figure 3 .Figure 3 .

 333 Figure 3.13 : Real part (left) and imaginary part (right) of the dielectric function of pseudomorphic Si1-𝑥Ge𝑥 layers grown on Si(001), with 0 < x < 0.54 [N-3.5] 

Figure 3 .

 3 Figure 3.16 : Ellipsometric angles  and  measured at three angles of incidence for the 19 nm-thick SiGe 42.25% layer of the reference sample set. The figure demonstrates the excellent agreement between the experimental data (lines) and the best-model calculation (dots) [N-3.5].

Figure 3 .

 3 Figure 3.17 : Difference between XRD-deduced and SE-deduce Germanium contents of the fully strained SiGe layers and the partially relaxed SiGe layers (with R>10%) of the evaluation sample set [N-3.5]

Figure 3 .

 3 Figure 3.18 : Imaginary part of the dielectric function of the SiGe alloy model, which is now available on Woollam and Nanometrics/Onto ellipsometers

Fig. 3 .

 3 Fig. 3.19 : Beam profile reflectometry reveals ~ 0.5 nm variability of the SOI thickness of FDSOI substrates within the 30 µm spot size of fab ellipsometers. Such thickness non-uniformity must be considered when modeling the SE data [N-3.6].

Fig. 3 .

 3 Fig. 3.20 : Illustration of successive thinning of FDOI substrate (left). XRR confirms a constant removal rate of 0.4 nm/cycle (right) [N-3.6].We accounted for tool-related non-idealities and thickness non-uniformity to model the SE data at each (fixed) XRR-deduced SOI thickness, assuming constant thickness over cycles for both buried oxide and top oxide layers. The imaginary part of the thickness-dependent dielectric function (Fig.3.21) highlights the blue shift of E1 critical point and the decrease of the intensity of E2 critical point along SOI thinning, both relating to quantum confinement effect as confirmed by complementary simulation work performed at ST Microelectronics on the same sample case (Fig.3.22),[N-3.7].

Fig. 3 .

 3 Fig. 3.21 : Thickness-dependent imaginary part of the dielectric function of SOI (left) and the exponential decay of the intensity of E2 critical point with SOI thinning (right) [N-3.6]

Figure 4 . 1 .

 41 Figure 4.1. Comparison between the thickness values determined with SE and XRR for thermally grown silicon oxides.

Fig. 4 . 2 :

 42 Fig. 4.2: (left) XRF spectra of a thin tungsten layer, acquired in high-resolution mode using inline wavelengthdispersive XRF setup, and (right) XRR spectra of the same sample acquired using inline tool operated with focusing optics and fixed linear detector. The best-model calculation is reported on the graph.

Fig. 4 . 3 :

 43 Fig. 4.3 : The WDXRF analysis Nb-L and Nb-L1 lines with Ge (111) crystal unambiguously shows the presence of Nb-doped PZT on a product wafer. The X-ray tube conditions have been selected to enhance the intensity of Rh-L lines that are just above Pt M and Nb L edges, resulting in lower limit of detection appropriate to probe mmarea of the product wafer in spite of 20-mm spot size [E. Nolot et al, oral presentation at Colloque Rayons X et Matières, 2015].

Fig. 4 . 4 :

 44 Fig. 4.4 : The lanthanum doping of thin PZT material is poorly resolved by EDXRF while WDXRF analysis of Ti-K and La-L lines with LiF (200) crystal allows accurate quantification of lanthanum doping [E. Nolot et al, oral presentation at Colloque Rayons X et Matières, 2015].

Fig. 4 . 5 :

 45 Fig.4.5 : Thin titanium nitride films have been deposited by MOCVD to serve as barrier against copper diffusion. Different plasma treatments have been evaluated, resulting in film densification, lower resistivity (removal of TiCx and TiOx phases). WDXRF was able to catch the evolution of carbon content in the film along with plasma treatments, with sensitivity comparable with nuclear reaction analysis (NRA) conducted on a particle accelerator [E.Nolot et al, oral presentation at EXRS conference, 2014] Rigaku reference-based fundamental parameters software uses measured XRF intensities to calculate the mass deposition (in µg/cm²) of each detected element, thereby the elemental composition of materials. From 2014 (acquisition of Rigaku AZX tool), we have extensively compared WDXRF to standard techniques and/or standardized protocols for composition analysis. In the case of high-Z materials measured in hard or tender X-ray range, we mostly used pure metal targets or crystal substrates with XRD-deduced composition (AsGa, InP, …) to account for WDXRF instrumental function. In all cases, WDXRF composition fell in the uncertainty of Rutherford Back Scattering (RBS), i.e. in the 1 at% abs. range. In the case of thin GeSbTe phase change materials, WDXRF calibrated against pure germanium, antimony and tellurium targets led to RBS-like uncertainty for germanium content. RBS could not access accurate content of antimony and tellurium due to small mass differences between the two atoms. WDXRF was able to reveal some incorrect evaluation of Sb and Te contents by (subcontracted) Particle Induced X-ray Experiment (PIXE). We extended the evaluation to medium-Z materials (Si, Al, …), still using pure metal targets to account for the instrumental function. The accuracy of WDXRF for ultrathin Al dose in Al2O3 ultrathin high-k materials was assessed against LPD-ICPMS and is discussed in Section 5.3. For silicon, we used WDXRF to evaluate the Si doping of GeSbTe material grown by magnetron sputtering. As WDXRF could not discriminate the silicon contribution from GeSbTe and Si substrate, we stuck small sapphire substrate on 300-mm silicon substrate prior to the deposition process. Then, we unambiguously measured silicon content in GeSbTe on sapphire. The comparison between RBS and WDXRF-deduced silicon content in GeSbTe films again fell in the RBS uncertainty (Fig.4.6, [N-4.3]).

Fig. 4 . 6 :

 46 Fig. 4.6 : Reference-based WDXRF analysis estimate of Si content in Si-doped GeSbTe is aligned with RBS (5.5 at%) with significantly better dynamics [N-4.3]

  4.7): o Sets of GeSn and GeSi binary layers were epitaxially grown on Ge SRBs. Thickness and Sn (resp. Si) content were determined by high-resolution XRD. o The intensity of Sn-L (resp. Si-K) XRF line was recorded and plotted as a function of the Sn (resp. Si) deposited mass, which is the product of the thickness of GeSn (resp. GeSi) film times the Sn (resp. Si) weight content. This allowed to account for the limited impact of matrix effect (self-absorption, …) on the XRF intensities in thin GeSn films o Then, the mass deposition of Sn and Si in GeSnSi ternary materials was determined from WDXRF intensities (Fig. 4.8), and the composition was extracted by virtue of the additional information obtained from X-ray diffraction (peak position, thickness).

Fig. 4 .

 4 Fig. 4.7. -2 XRD scans for (a) GeSn/Ge/Si heterostructures with different Sn concentrations and (b) GeSi/Ge/Si heterostructures with different Si concentrations. XRF calibration curves using binary compounds: (c) GeSn and (d) GeSi. Dashed lines are linear fitting curves [N-4.10].

Fig. 4 . 9 :

 49 Fig. 4.9: (top) -2 XRD scans for different GeSn:P layers (left) and GeSn:B layers (right). The intensity of Sn-Lα lines of intrinsic GeSn layers grown on Ge SRBs at various temperatures (bottom left) is then plotted as a function of the product of the GeSn (GeSn:B, GeSn:P) layer thickness times its Sn content (bottom right) [N-4.15].

Fig. 4 .

 4 Fig. 4.10 : Qualitative WDXRF scan of A, B1 and B2 samples using Ge (111) analyzer crystal and 10-min total acquisition time Fig. 4.11. Qualitative WDXRF scan of B1 sample and related decomposition after background removal, using Pseudo-Voigt oscillators for both Mo-Lα and S-Kα fluorescence lines.

Fig. 4 .

 4 Fig. 4.12: Fluorescence spectrum (black line) of the B2 sample excited by a 2.510 keV X-ray beam (below Mo L3 edge) under a glancing angle of 2.0° at the FCM beamline. The deconvolution of the spectra was performed by fitting a model spectrum (green line) employing the detector response functions. The fluorescence lines, the Rayleigh peak and the Pile-up contributions are marked in different colors.

Fig. 4 .

 4 Fig. 4.13: Fluorescence spectrum (black line) of the B2 sample excited by a 2.575 keV X-ray beam (above Mo L3 edge) under a glancing angle of 2.0° at the FCM beamline. For the Mo-L3 shell fluorescence, we used a fixed lineset to stabilize the deconvolution consisting of the Mo-Lι, -Lα, -Lβ6 and the -Lβ2,15 fluorescence lines.

Fig. 4 .

 4 Fig. 4.14: High-resolution Mo 3d and S 2p XPS core-level spectra of crystallized C sample. The difference in binding energy E between Mo3d5/2 and S2p3/2 of Mo-S states can be related to the MoS stoichiometry as suggested by Baker et al.

  compositional analysis was used to support the development of ALD MoS2 deposition process. It permitted to refine the understanding of the deposition process while suggesting an ultrathin Mo-rich buffer layer at the interface between MoS2 and SiO2 substrate (Fig.4.15).

Fig. 4 .

 4 Fig. 4.15 : High resolution WDXRF spectra of the MoS2 deposits obtained after 2, 3 and 8 ALD cycles followed by thermal annealing at 450 °C under hydrogen; (B) the experimental S/Mo ratio as a function of the number n of ALD cycles (triangles) and model curve S/Mo = (4n -1)/2n based on the hypothesis of a Mo-rich interfacial buffer layer [N-4.6] This methodology was extended to support the development of other sulfides materials such as WS2 [N-4.8] and SnS2 [N-4.18], and even to complement XPS to evidence the influence of sulfur based chemical treatments on InGaN materials [N-4-11].

Fig. 4 .

 4 Fig. 4.16: (left) The WDXRF spectra of Te-rich GST-N film (left) shows the main XRF lines used for quantification. Te-L and Sb-L1 are mostly excited by Rh-K lines and Bremsstrahlung, whereas Ge-L and N-K lines are mainly excited by Rh-L lines. (right) The two different (Rikagu proprietary) synthetic multilayer analysis crystals induce significantly different backgrounds and count ratios in the soft X-ray region [N-4.13].

Fig. 4 .

 4 Fig. 4.17: Comparison of XRF cross sections in the soft X-ray. The data come from three different databases including Henke 25 , Cullen 26 , and Elam 27 (practically the same as xraylib 28 in this case) [N-4.13].

Fig. 4 .

 4 Fig. 4.18 : IBA of N content of 6 GST-N and 2 GT-N samples. Three IBA laboratories (A, B and C) determine N content. All samples are 100 nm thick duplicates on silicon [N-4.13].

Fig. 4 .

 4 Fig. 4.19: 3.7 MeV EBS and 1.5 MeV RBS data from a N-rich GST-N sample with total deposited mass of 55.4 μg/cm 2 . Spectra at two scattering angles are shown: the EBS cross-section for N is much larger for Det1. There is no RBS sensitivity for N. There is very little mass resolution between Sb & Te. There is ∼1 at% Ar present in the films, which is consistent with PVD process[N-4.13] 

Fig. 4 .

 4 21 highlights the validity of WDXRF against IBA, as demonstrated on the evaluation set.Further work could include the careful estimate of the contributions secondary fluorescence and photoand Auger electrons, either in the frame of NMI "Fundamental parameter initiative" and/or by IBA/WDXRF study of N-doped GST (for instance) with varying thickness.

Fig. 4 .

 4 Fig.4.20: The GST stoichiometry is not disturbed by the addition of nitrogen. This sort of conclusion is important to understanding the process, and cannot be obtained without a correct calibration of the XRF. Ge2Sb2Te5 matrix unmodified by N content. "Normalized" {Ge, Sb, Te} is ratio X/(Ge + Sb + Te), that is, ignoring N content[N-4.13].

Fig. 4 .

 4 Fig. 4.21: WDXRF calibration validity demonstrated against IBA. XRF calibrated with Ta-capped samples used to determine N content of 6 uncapped 100 nm thick GST-N samples also measured by IBA. A fit with unity slope is shown. Error bars for IBA show the 0.4 at% precision and the 4% EBS cross-section uncertainty combined in quadrature. Error bars for WD-XRF are shown conservatively as 1% relative but the reproducibility for similar thicknesses and compositions is about 0.5% [N-4.13].

  3.-The introduction of PP-TOFMS technique at CEA-Leti in the frame of a 5-year collaboration with Horiba Jobin, largely supported by the CDD of Yann Mazel. We worked on the optimization of the process conditions (plasma conditions, evaluation of gas mixtures) and we assessed the performances of the tool, first on model systems by rigorous comparison with TOF-SIMS, then for a large diversity of layered materials. We present the related scientific highlights in Section 5.4 Post docs : Blanka Detlefs (2013-2015, European program EMRP -TReND Traceable characterization of nanostructured devices) ; Hélène Rotella (2015-2016, European program EMRP -ThinErgy Traceable characterization of thin-film materials for energy applications) ; Simona Torrengo (2017-2020, European program EMPIR -HyMet Hybrid Metrology for thin films in energy applications) PhD : Bérenger Caby (2012-2015) ; Walter Pessoa (2015-2017), Rose Taylor Bure (2019-2023) CDD : Yann Mazel (2016-2018) Master training : Bérenger Caby (2012) ; Gaël Picot (2015) ; Loto Oluwasayo (2015), Amanda Gomes De Carvalho (2017), Rose Taylor Bure (2019)Collaboration with Burkhard Beckoff, Philipp Hönicke (PTB/Berlin) -European metrology programs TReND, ThinErgy and HyMet -transfer of expertise related to reference-free combined GIXRF/XRR with master uncertainties, cross comparison of data analysis, access to PTB Beamline @ Bessy II Collaboration with Marie-Christine Lépy (CEA/LNHB) -European metrology programs TReND, ThinErgy and HyMet & Walter Pessoa's PhD -access to Métrologie beamline @ Soleil. Interaction about reference-based GIXRF/XRR analysis Collaboration with Christina Streli and Dieter Ingerle (Vienna University of Technology) and Giancarlo Pepponi (Fondazione Bruno Kessler, Trento) about instrumentation and data analysis

Fig. 5 . 1 :

 51 Fig. 5.1 : Thin stacks made of indium oxide and silver of various thickness feature low resistivity and interesting > 80 % optical transmittance in the visible range. GIXRF profile of Ag-La line collected with Cu-Ka primary radiation on Bruker D8-Fabline tool was only sensitive to the variation of the mass deposition (at angle > 1°) whereas no depth-dependent information showed up in the critical angle region.

  The collaboration with Christina Streli and Dieter Ingerle at Vienna University of Technology (VUT) allowed to access to lab-based (home-built) GIXRF instrument and jGIXA (home-built) analysis software o The collaboration with Giancarlo Pepponi at Fondazione Bruno Kessler, Trento allowed to access GIMPy (home-built) analysis software o The collaboration with Daniel Chateigner and Magali Morales from Laboratoire de Cristallographie et Sciences des Matériaux in Caen (CRISMAT) allowed to evaluate the use of MAUD software for GIXRF-XRR o Bérenger Caby spent at least one month in each of this Lab, which was particularly beneficial for the experimental and modelling part of his PhD, then for the transfer of expertise within the collaborative group, then to CEA-Leti o The goal of this collaborative group was indeed to share expertise, instruments and analysis software on combined XRR and GIXRF to accelerate the development of the technique. -We built collaboration with NMIs in the frame of different European metrology program funded by Euramet: o A long-term collaboration with Burkhard Beckoff and Philipp Hönicke (PTB/Berlin, experts in reference-free XRR-GIXRF analysis) was established within the European metrology programs TReND, ThinErgy and HyMet. TReND was particularly interesting as Euramet encouraged and financed 5-month stay of Blanka Detlefs (post doc) at PTB/Berlin, who was part of GIXRF-XRR experiments on PTB beamline at Bessy II, and could closely interact with PTB team about the challenges in data modelling of combined XRR-GIXRF data o A long-term collaboration with Marie-Christine Lépy (CEA/LNHB) in the same metrology programs and during Walter Pessoa's PhD, which allowed us to access to the Métrologie beamline @ Soleil, where a duplicate of PTB XRR-GIXRF instrument had been installed [N-5.5].

Fig. 5 . 2 .

 52 Fig. 5.2. : Decomposition of the XRF spectra of sample A collected in the Lab at 1.2° [N-5.3] Fig. 5.3.: Ag-Lα GIXRF measurements (open circles) and fits (solid lines) of the as-deposited samples A and C in the Lab at 8.05 keV [N-5.3] 

Fig. 5 . 6 .

 56 Fig. 5.6. : TOF-SIMS and XRR-GIXRF analysis of the elemental-depth profiles related to the different PE-ALD conditions [N-5.8]

  designed the open-source code MEDePY (Material Elemental Depth profiling using Python) to support the reference-based approach. MEDePY was developed by Blanka Detlefs with the help of Gaël Picot for robust implementation of the GUI. It is based on Parrat and de Boer formalism and uses xraylib library. A careful implementation of a reduced instrumental function (Fig. 5.7) was performed by Hélène Rotella, using results from Bérenger Caby's PhD collaborative group to extend the geometrical factor correction presented by Li et al. 33 . For instance, the evaluation of the solid angle of detection (considered as constant during the GIXRF by Li) was implemented in MEDePY (Fig. 5.8).

Fig. 5 . 7 .

 57 Fig. 5.7. : Schematic of the geometry for the fluorescence X-ray detection in a GIXRF experiment with an X-ray fluorescence detector tilted compared to the sample surface in a theta-theta configuration. The reduced instrumental function refined in MEDePY includes the following parameters : sample-collimator distance, pinhole diameter and height, along with beam divergence [B. Caby's PhD manuscript] Fig. 5.8. : Schematic representation used for the calculation of the solid angle of detection. In the region marked as l2, the solid angle is subtended by a circle since the whole area of the detector not covered by the collimator is accessible. In the region marked as l1, the solid angle is not subtended by a circle any more, but from an ellipse that becomes smaller moving far from the center of the detector [B. Caby's PhD manuscript].

Fig 5 . 9 :

 59 Fig 5.9 : Influence of the sample-collimator distance (left) and pinhole diameter (right) on the angular dependent of Ni-Ka intensity from 50 nm-thick Ni film deposited on silicon with various distance sample-collimator. MEDePY simulation considers the simple case of an XRF detector placed at 90° above the surface of the sample in theta-theta spectrometer. For the following simulations of the correction function, we considered a beam width b0 of 50 µm and a sample length Ls of 20 cm (larger than the illuminated area or the detected area) [B. Caby's PhD manuscript]

Fig 5 . 10 :

 510 Fig 5.10 : Comparison of quantified elemental mass depositions for Al (center) and Hf (right) in various thin materials stacks (left) versus the calculated data using both the Bruker Leptos and the GenX modeling results of the LETI-XRR data. The reference-free GIXRF quantification was performed for incident angles above 4° [N-5.9]

Fig. 5 .

 5 Fig. 5.11 : We deposited GeSe-based layers by PVD on silicon substrate or on top of (Mo/Si)40 superlattice in order to optimize XSW amplification, as calculated using MEDePY. Elemental depth-profiles deduced from XRR-GIXRF were aligned with TOF-SIMS analysis.

Fig. 5 .

 5 Fig. 5.13 : Angular dependence of the Au 4f7/2 binding energy and FWHM measured with Thermo Theta 300 tool on clean gold target

Fig. 5 .

 5 Fig. 5.14 : Deviation from cos-like function of the angular response of Thermo Theta 300 tool as a function of angular sectoring (8 to 96 channels) and acquisition time (number of scans)

Fig. 5 .

 5 Fig. 5.15 : W 4f spectra of thin tungsten films grown by PDV on thermal SiO2. p-ARXPS was used to estimate the thickness of the residual oxide after chemical mechanical polishing (CMP), then after different plasma. The aim was to get bonding-compatible almost un-oxidized surface (unpublished).

Fig. 5 .

 5 Fig. 5.16: The schematic representation of the structure of (a) the sub-nanometer ultrathin class of samples (with or without native oxide); (b) trilayer of thin metal oxide layers and (c) bilayers with deeply buried layer of HfO2 or Al2O3 and overlayer of approximately 10, 15, and 25 nm composed of the opposing metal-oxide [N-5.16].

Fig. 5 .

 5 Fig. 5.18 : comparison between the Al dose measured by LPD-ICPMS and evaluated by WDXRF, using fundamental parameters and calibration against Al pure metal target [N-5.16] Fig. 5.19 : Non-destructive depth profile of the ultrathin Al2O3 sample with carbon contamination and native SiO2 layer. The p-ARXPS simulation values (dotted line) correspond well to the experimental values of the intensity ratio (symbols) [N-5.16].

Fig. 5 .

 5 Fig. 5.20 : Al2O3 thickness as a function of the number of ALD cycles for chemical SiO2 and HFlast sample preparation as determined by p-ARXPS and WDXRF [N-5.16].

Fig. 5 .

 5 Fig. 5.21: p-ARXPS thickness determinations as a function of ALD cycle for an ultrathin Al2O3 sample with a HF-last surface preparation. Linear growth is seen after approximately 12 cycle [N-5.16]s.

Fig. 5 .

 5 Fig. 5.22 : QUASES-Analyze IBA for the ALD bilayer stack: HfO2 (1.5 nm) buried under Al2O3 (2 nm) before and after GCIB treatment. The black line is the raw measured spectrum, the red line is the calculated inelastic background, and the blue line is the spectrum corrected for inelastic losses by subtracting the red line.

Fig. 5 .

 5 Fig. 5.23. Comparison of thickness determinations by IBA, p-ARXPS, and GIXRF. IBA distributions are shown for before and after a GCIB surface treatment in order to remove contamination.

Fig. 5 .

 5 Fig. 5.24. QUASES-Analyze IBA for sample with HfO2 (2.4 nm) buried under Al2O3 (9.9 nm). The elemental distributions for the Al 1s and Hf 3d peaks support anticipated thickness of the sample.

Fig. 5 .

 5 Fig. 5.25: Schema of Plasma profiling time of flight spectrometer (PP-TOFMS) instrument illustrating its three different parts: the plasma source, the interface and the Time of flight mass spectrometer [A. G. Carvalho's master report].Few words about the main features of PP-TOFMS(Fig 5.25). PP-TOFMS is a sputtering based depth profiling technique [N-5.17]. Sputtering is ensured by a glow discharge (GD) plasma of ultra-pure Argon. The plasma is generated between the sample surface and a cylindrical anode usually made of copper. Ar ions created in the plasma bombard the sample surface, the sputtered species are ionized and the ionized species are detected by an orthogonal time-of-flight mass spectrometer. The pulsed RF excitation allows analysis of conductive and non-conductive materials as well as semiconductors. The sample is used to close the plasma chamber and therefore does not need to be transferred into a UHV chamber. The lateral resolution of the technique is defined by the diameter of the anode used and is typically of a few millimeters, prohibiting imagery. Such plasma works with a few mbar and the energy of the ions in the plasma is 50 eV. The low energy minimizes the surface damage (versus traditional SIMS) and high current ensures high sputtering rate, up to few tens of nanometer per second. Unlike SIMS where the analytical ion signals are from ions escaping the sample surface, PP-TOFMS signals are generated from sputtered neutrals diffusing out and ionized in the GD plasma. This decoupling between the sputtering and the ionization processes makes PP-TOFMS much less matrix dependent

Fig. 5 .

 5 Fig. 5.26 : IBR-based reference-free quantification of thin magnetic stacks probed in 20 seconds with PP-TOFMS shows very good agreement with RBS quantification

Fig. 5 .

 5 Fig. 5.27 : PP-TOFMS and TOF-SIMS depth-profiles of annealed NiSiPt film (left) ; comparison of PP-TOFMS profiles in as-dep NiPt and annealed NiSiPt ultrathin materials (right)

Fig. 5 .

 5 Fig. 5.28 : XRR and high-resolution characterization of (SiGe/Si)N materials epitaxially grown on Si(001) confirm that the model samples feature super-lattice-like structure with sharp interfaces.PP-TOFMS and TOF-SIMS mass spectrum differ (Fig.5.29) : TOF-SIMS mass spectrum contains adducts such as Six, Gex, SixOy, GexOy or SixGey  TOF-SIMS molecular content grows very rapidly with matrix complexity  PP-TOFMS sputtering and ionization mechanisms mostly form monoatomic ions, leading to a much simpler mass spectrum that contains less molecular ions. A side effect is that peaks from unexpected elements are striking most easily in PP-TOFMS mass spectrum.

Fig. 5 .

 5 Fig. 5.29: Mass spectrum of super-lattice SiGe/Si model sample acquired with TOF-SIMS (top) and PP-TOFMS (bottom) Fig. 5.30 : PP-TOFMSE depth profile of (SiGe/Si)N model sample with N = 5 and XRD-deduced Ge content equal to 31%

Fig. 5 .

 5 Fig. 5.31: The resolution of TOF-SIMS can be artificially degraded to mimic PP-TOFMS when averaging the signal over the crater (including crater sidewall) We developed PP-TOFMS analytical conditions dedicated to GaN-based materials in order to characterized thin AlGaN and InAlN barriers layers epitaxially grown on thick GaN pseudo substrates for high electron mobility transistors (HEMT) [N-5.19, N-5.20]. In [N-5.19], we evaluated PP-TOFMS ability to characterize InAlN and InAlGaN innovative barrier layers, which can feature perfect lattice matching with GaN, for instance when the In concentration in InAlN is 18 at. %. Characterization of

Fig 5 .

 5 Fig 5.32 : In-depth atomic fraction of In, Al, and Ga (left) with focus on the surface arrangement (right). Comparison of PP-TOFMS ion beam ratio and TOF-SIMS depth profiles with applied relative sensitivity factors of the (a) 200 nm and (b) 30 nm thick InAlGaN layers

Fig. 5 .

 5 Fig. 5.34 : Periodic trends for ionization energy (eV) vs. Atomic number. Ar m and He m energies emphasized.

Fig. 5 .

 5 Fig. 5.35 : Improvement of PP-TOFMS sensitivity to light elements in MOCVD TiN (left) and Boron-doped amorphous silicon (right) [A. G. Carvalho's master report, presented @ ECASIA 2017 by Y. Mazel

2 ).

 2 This work was conducted during the PhD of Walter Pessoa and Lucie Prazakova and the Master trainee of Diana Fernandez Rodas. It resulted in the publication of two reference papers related to XPS on the one hand [N-6.2], and Raman and infrared spectroscopies in the other hand [N-6.1] -The systematic combination of Raman spectroscopy and X-ray diffraction to study the structural evolution of GST alloys as a function of annealing temperature (Section 6.3.2). This work was essentially conducted during the PhD of Lucie Prazakova. It resulted in the publication of two papers [N

Fig 6 . 1 :

 61 Fig 6.1: We illustrate the need for extended spectral range in the infrared and appropriate baseline correction (added dashed blue line) to extract relevant information from FTIR analysis of N-doped Ge, Sb, Te materials. (Figure extracted from : A. R. Zanatta and I. Chambouleyron, Nitrogen in the amorphous-germanium network: From high dilution to the alloy phase, Phys. Rev.B 48, 4560, 1993) 

Fig 6 . 2 :

 62 Fig 6.2: Nitrogen content in Ge, Sb and Te nitride layers measured by WDXRF as a function of the N2 flow during the deposition [N-6.1].

Fig 6 . 3 :Fig 6 . 4 :

 6364 Fig 6.3: N 1s spectra of Sb1-xNx films with x = 0.17, 0.41 and 0.45 as estimated by XPS [N-6.2]

Fig 6 . 5 :

 65 Fig 6.5: Normalized IR spectra of GeN, highlighting the shoulder broadening with increasing N content and illustrating the bonding arrangement between Ge and N atoms [N-6.1]

Fig 6 . 6 :Fig 6 . 7 :

 6667 Fig 6.6: IR spectra of Sb and SbN layers show the main absorption band at about 600 cm -1 , highlighting two possible contributions (ν1 and ν2). The inset sketches illustrate the bonding arrangement between Sb and N atoms [N-6.1] Fig 6.7: IR spectra of Te and TeN layers include Te-O contribution in elemental Te film. The broad band (850-250 cm -1 ) related to Te-N vibrations increases in intensity upon N incorporation, while sharp peak (at ~ 90 cm -1 ) related to Te-Te vibrations is reduced. The inset sketches illustrate the N incorporation into interstitial positions between the Te chains of its crystalline structure [N-6.1]

Fig 6 . 8 :Fig 6 . 9 :

 6869 Fig 6.8: Low BE spectra (including Sb 4d and Te 4d spectra) of, from bottom to top: Sb2Te3, Sb-rich and Terich SbTe films [N-6.2] Fig 6.9: Impact of 5 minutes to 4 months ageing on SbTe alloys with various stoichiometry [N-6.2]

Fig 6 . 10 :

 610 Fig 6.10: Distance(s) between Sb4d5/2 and Te4d5/2 core levels in SbTe alloys, as a function of Sb content in the film [N-6.2]

Fig 6 .

 6 Fig 6.11: The distance N-Ge between the BE of Ge3d5/2 (Ge-N) and the major component of N1s spectra (N-Ge) shows a linear dependency with N content measured by WDXRF [N-6.2]

Fig 6 .

 6 Fig 6.12: Low BE spectra (including Ge 3d, Sb 4d and Te 4d spectra) of GeSbTe films with various stoichiometry [N-6.2] Fig 6.13: Influence of one-month ageing in cleanroom environment on Ge 3d, Sb 4d and Te 4d states in Te-rich and Ge-rich GST samples [N-6.2]

Fig 6 . 15 :

 615 Fig 6.15 : In situ ellipsometry measurements at =700 nm shows the amorphous-to-fcc transition delay for the crystallization of GST and Ge phase for Ge-rich GST alloys studied in [N-6.3] 

Fig. 6 .

 6 Fig. 6.16 : The ellipsometry data collected on GST film cap with thin TiN differ significantly after annealing (bottom). In spite of data collected over wide spectral and angular ranges, the best model calculation of ellipsometry data after annealing led to dubious structure (top). [Unpublished].

Fig. 6 .

 6 Fig.6.17 : Isothermal XRD measurements at ∼300 °C on Ge-rich GST showing the development of GST225 and Ge crystalline phases (black and violet dashed lines, respectively). A transient G+GST phase (red dashed line) is detected before the appearance of the GST225 phase[N-6.4] 

Fig. 6 .

 6 Fig. 6.18 : The PP-TOMFS chemical depth profiles of Ge-rich GeSbTe films, either unprotected or capped with a thin Ge-based layer, illustrate the importance of the capping strategy to preserve Ge-rich stoichiometry of the active layer after thermal annealing [N-6.5, Cover of SIA journal]

Fig. 6 . 7 . 1

 671 Fig. 6.21: Temperature-dependent Raman spectra of Ge-rich GST films highlights the progression structural reorganization of the materials towards Ge and GST crystalline phase. Raman spectroscopy permits to evidence structural modification that occurs at temperature significantly lower than the crystallization temperature

Fig. 7 . 1 :Fig. 7 . 2 :

 7172 Fig. 7.1: Scheme of the future internal assessment of refractive index with spectroscopic ellipsometry

  7.3). Simulation of the distribution of the normalized electric field in nanostructures must support the optimization of dedicated samples (and related lithography masks). This item is addressed (in parallel with analysis of 2D materials) in the frame of a Badreddine Smiri postdoc position started in early 2023.-The use of inline to characterize strain and/or crystallinity evolution on product wafers is part of ST-Leti program, which supported Maxime Lepage's master in 2022 and supports Damien Monteil's master in 2023. -Finally, I motivated a 2 year collaboration between two entities of CEA, in the frame of a PTC program ("Programme Transverse de Compétences"), starting in mid-2023. The most important part of this program will be done by Lucas Baguet's team at CEA/Bruyères le Châtel, who was -The collaboration with an XPS supplier that could provide multi-energy tool with p-ARXPS capability in order to access chemical depth-profiles at extended depth -The collaboration with XRF labs that would have very high resolution XRF systems, for instance synchrotron radiation facility using Von Hamos geometry (Fig.7.4). In the short/midterm, I should engage a collaboration with Mauro Guerra, from Universidade NOVA de Lisboa around ultra-high-resolution reference-free WDXRF characterization of nanostructured semiconductor samples by virtue of double flat-crystal spectrometer (DCS) equipped with NIST-traceable high quality Si (111) crystals and providing 0.5 eV resolution at 3 keV.

Fig. 7 . 4 :

 74 Fig. 7.4 : Estimated resolution of the spectrometer at selected Kα1 (solid squares) and Kβ1 (open circles) emission lines of von Hamos-type hard X-ray spectrometer at the PETRA III beamline P64, [Kalinko et al., Journal of Synchrotron Radiation, Volume 27, part 1, 2020, https://doi.org/10.11107/S1600577519013638]

Fig. 7 . 5 :

 75 Fig. 7.5 : Multi-energy XRR-(GI)XRF MFM310 tool supplied by Rigaku

Fig. 7 . 6 :

 76 Fig. 7.6: Combination of GISAXS and GEXRF to probe geometrical dimensions and elemental distribution in line arrays [D. Skroblin et al, Nanoscale, 2022,14, 15475-15483, https://doi.org/10.1039/D2NR03046B]
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 75 Improve inline quantification of low-Z elements in thin inorganic filmsWe have presented in Section 4.4 the difficulty related to the quantification of low-Z elements in thin materials. This topic is not limited to the analysis of nitrogen in GST phase change materials, and the demand related to the analysis of light elements such as H, B, C, O and N is increasing (Fig.7.7). I will continue to investigate on that topic, even though no dedicated program supports the metrology activity. The main directions will include:-FTIR assessment against ion beam analysis (IBA) techniques for the quantification of hydrogen in (at least) thin dielectrics -Combination of WDXRF with (when appropriate) FTIR for the quantification of B, C, O and N in thin films -Collaboration with Julien Colaux, expert of ion beam analysis (IBA) for materials characterization and associated professor at the University of Namur. Julien was post-doc at the Surrey Ion Beam Centre (with now retired Pr Chris Jeynes) and is willing to collaborate with us to provide IBA composition of materials with mastered uncertainties -Engage collaboration with NMI (PTB) in order to quantify the influence of photo-and Augerelectrons in XRF-based metrology of light elements in thin materials -If possible, engage more formally in the Fundamental Parameters Initiative, where NMIs, RTOs and industry share information that motivate the establishment of FP with improved uncertainties, which will serve accurate XRF analysis.

Fig. 7 . 7 :

 77 Fig. 7.7: Frequency of usage of chemical elements of the periodic table in nanotechnology [from E. A. Goodilin et al, Nanotechnology Facets of the PeriodicTable of Elements, ACS Nano 2019, 13, 10, 10879-10886, 2019, https://doi.org/10.1021/acsnano.9b06998]

2019- 2022 :

 2022 Rose Taylor Bure, « Photoémission avancée des interfaces enterrées critiques en micro-électroniques des filières puissance et mémoires », Clermont Auvergne ED 178. Thèse coencadrée par Olivier Renault et dirigée par Christine Robert-Goumet.

  

  

  

  

  

  

  

  

  

  

Table 3 .

 3 

1 : The lack of correction of tool-related nonidealities leads to extended uncertainties in the deduced optical constants of thermal oxide with varying thickness

[N-3.3] 

Table 3 . 2

 32 

: Process conditions, thickness and germanium content of the SiGe layers from the reference wafer set. The XRR-GA value was used as a reference when building the SE model

[N-3.5]

.

Table 4 . 1 :

 41 Total relative uncertainty budget of the mass deposition of molybdenum and sulfur depends on fundamental parameter contribution (X-ray fluorescence yield, subshell photo-ionization cross section), instrumentation contribution (intensity of the primary beam, detector efficiency, effective solid angle of detection), spectral deconvolution and counting statistics. The table relates to sample B2, but the uncertainty budget remains constant over the sample set.

	Uncertainty budget (relative)	Sulfur	Molybdenum
	Fundamental parameters contribution		
	-X-ray fluorescence yield	0.075	0.035
	-Subshell photo-ionization cross section	0.05	0.05
	Instrumentation contribution		
	-Detector efficiency	0.015	0.015
	-Effective solid angle of detection	0.04	0.04
	-Intensity of the primary beam	0.01	0.01
	Spectral deconvolution	0.03	0.08
	Counting statistics	0.01	0.02
	Total	0.10	0.11

Table 4 . 2 :

 42 Comparison between the deposited mass of Sulfur and Molybdenum per unit area determined by inline WDXRF and GIXRF.

	Sample	WDXRF	GIXRF
		Mo	S	Mo	S
			Deposited mass (ng/cm²)	
	A	454.5	370.4	476.3	362.7
	B1	451.7	193.8	475.7	267.7
	B2	456.4	318.7	476.8	336.1

Table 4 . 3 :

 43 Ratio of atomic contents of sulfur and molybdenum deduced from WDXRF and XPS. For XPS, the S/Mo ratio deduced from the relative sensitivity factors using Mo-S states is well-aligned with the value extracted from the difference between Mo 3d5/2 and S 2p3/2 binding energies. On the other hand, XPS quantification using both Mo-S and MoO3 states gives similar S/Mo ratio as WDXRF

  As we had access neither to dedicated tool nor to data analysis software, we built collaborations with different institutes: PTB/Berlin in the frame of European metrology programs TReND, ThinErgy and HyMet, Vienna University and FBK/Trento in the frame of B. Caby's PhD, CEA/LNHB in the frame of European metrology programs TReND, ThinErgy and HyMet and of Walter Pessoa's PhD. Section 5.2 will include details about these collaborations, experimental and modeling work, and applications to depth-profiling of challenging material systems.-

Table 5 . 1 :

 51 Definition of top layer thickness and annealing conditions for In2O3 (top)/Ag (6 nm)/In2O3 (40 nm) stack grown by PVD on 500 nm-thick thermal SiO2[N-5.3] 
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Finally, we combined infrared spectroscopy [N-6.1] and XPS [N- 6.2] to investigate the nitrogen bonding in N-doped GeSbTe alloys. In the case of N-doped Ge-rich GST (not shown here) and Te-rich GST (Fig. 6.13, left), XPS only shows Ge-N bonds. For N-doped Sb-rich GST, both Ge-N and Sb-N are unambiguously detected (Fig. 6.13, right). IR spectroscopy evidences similar trend. Fig. 6.14 shows the IR spectra of elemental nitrides (GeN, SbN, TeN) and N-doped Sb-rich and Ge-rich GST (SGSTN and GGSTN resp.). The nitrogen flow was the same (2 sccm) for all the wafers. The direct comparison of the spectra highlights the significant intensity difference and position shift of the bands assigned to the Ge-N, Sb-N, and Te-N bonds of the related elemental nitride layers. For the GGSTN, the best match is found with GeN alloy, in terms of position and shape of the observed features, with no evidence of other bonds that Ge-N in GGSTN alloys. The IR spectrum of SGSTN features two contributions correlated with GeN and SbN, hence indicating the formation of both Ge-N and Sb-N bonds in the system. Despite the high Sb content in SGSTN, the intensity ratio between the contributions highlights the preferential formation of Ge-N bonds over Sb-N bonds in the system, which is aligned with XPS findings and thermodynamic data.

Characterization of GST and GST-N alloys

In the frame of Lucie Prazakova's PhD, we combined X-ray, optical and electrical techniques to investigate the temperature-driven structural evolution of GST alloys as a function of the material stoichiometry (GST225 vs Ge-rich GST, influence of nitrogen doping). This work participate to the understanding of these industry-relevant materials. This subsection includes some of the major findings of this work (Lucie Prazakova's manuscript, [N-6.3, N-6.4]), where the combination of Raman spectroscopy and X-ray diffraction was extensively used on samples annealed ex situ at carefully selected temperatures.

First, we used deposited GST material by co-sputtering of GST225 and Ge targets, resulting in GST materials with fixed Sb/Te ratio but varying Ge content (from 0 up to 55% addition). A thin amorphous carbon capping layer was deposited on the 100 nm-thick films. The analysis of temperature-dependent Raman spectra of reference GST225 evidenced the shift of Sb-Te modes between cubic fcc (above 160°C) and hexagonal (above 300°C) phases (Fig 6.20). In Ge-rich GST; Raman spectroscopy highlights the importance and the stability of Sb-Te structural unit along with temperature-driven evolution of the material. The combination of Raman spectroscopy and X-ray diffraction reveals the segregation of Ge-rich Ge, which results in stable crystalline phases of Ge and GST225 (Fig. 6.20). The analysis of temperature-dependent Raman spectra permits to evidence structural modifications at temperature significantly below the crystallization temperature. A careful analysis of the Raman intensities of the contributions of Ge-Te, amorphous Ge and crystalline Ge in Ge-rich GST allowed us to suggest a two-step reorganization of the material (Fig. 6.21).

The structural evolution above the crystallization temperature was investigated using both ex situ (Fig. 6.20) and in situ (Fig. 6.22) XRD analysis, which highlighted the presence of Ge-rich GST phase (from 335 to 350°C, also evidence on Raman spectra) that can be considered a transitional step of reorganization through which the system passes before the appearance of GST225 and Ge crystalline phases. Raman spectroscopy and X-ray diffraction-deduced evolution of Ge-rich GST (Fig. 6.22) was further confirmed by TEM-EDX analyses [N-6.3, N-6.4] that highlighted the elemental migration and the formation of Ge-and Sb/Te-enriched zones, evidencing progressive demixing process. We extended the work to evaluate: in charge of the development of ABINIT ab initio Raman software. In the frame of this collaboration, Lucas' team will modify ABINIT in order to account for larger number of atoms, which is a prerequisite to address polycrystalline materials and thin films. ABINIT simulation will be compared against experimental spectra collected at Leti. The modified ABINIT package and related know-how will be transferred to Leti in order to support Raman-based material characterization and metrology. 

Extend the range of chemical characterization

XPS with Al-K primary beam is capable of chemical analysis with better than 1 eV resolution of films with thickness less than 10 nm. The inelastic mean free path, then the information depth, can be extended by the use of higher energy source such as Ag-L, Cr-K or Ga-K for instance, at the price of significant reduction of cross sections. Inelastic background analysis permits to access deeper interfaces, but only provides elemental distribution, without information about chemical speciation.

On the other hand, XRF easily probes films thicker than 100 nm. However, the energy resolution of lab or fab tools is in the 100 eV range for ED-XRF systems, and at least 4 eV for WDXRF tools, which is appropriate for compositional analysis but not for chemical characterization.

A mid/long term perspective would be to extend the range of chemical characterization in lab and cleanroom, by different means: Centres d'intérêts principaux : caractérisation physico-chimique de couches minces inorganiques pour les applications CMOS, MEMS et dans le domaine de l'énergie grâce à la combinaison et/ou l'inter-comparaison de différentes techniques d'analyse : ellipsométrie spectroscopique à large bande (VUV -Vis-IR), spectroscopie de lignes noires, spectrométries vibrationnelles (IR, Raman), réflectométrie de rayons X, fluorescence X (par dispersion d'énergie ou de longueur d'onde, en incidence standard ou rasante), diffraction de rayons X, photoémission X (en mode standard ou résolu en angle). Profilométrie chimique rapide par spectrométrie de masse à temps de vol. Analyse quantitative, avec des incertitudes cohérentes avec les exigences des partenaires industriels.

-Forte implication dans le montage et la réalisation des projets européens EMRP (TReND, ThinErgy), EMPIR-HyMet (WP leader), eCOST-TXRF, SEA4KET -Sollicité pour des évaluations de projets ANR (2018ANR ( , 2019) ) -Institut d'optique, Palaiseau (Pr Franck Delmotte) : Optiques X, champ d'onde stationnaire.

 Grands instruments -Semilab (Budapest) : développement de solutions de métrologie en salle blanche par spectroscopie Raman -Rigaku (Tokyo) : développement de solutions de métrologie en salle blanche par combinaison de réflectométrie et fluorescence de rayons X