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The growing need for the integration of an increasing number of functions into the new generation of portable devices contributes to overcrowding of printed circuit boards. In this context, the miniaturization of discrete components is imperative to maintain a manageable size of the printed circuit boards. Decoupling capacitors are one of the most important such discrete components. Miniaturization requires an increase of capacitance density, involving the integration of high-density capacitors. The success of such integration relies on the use of both high dielectric permittivity materials and a suitable stacking architecture. Lead zirconate titanate (PZT) in decoupling multiple metal-insulator-metal (multi-MIM) stacks is a good candidate for the new generation of integrated capacitors. The multi-MIM technology consists in stacking two or more PZT lm-based MIM structures connected in parallel in order to increase the density of the capacitance without any eective surface area change. Device performance is heavily aected by the quality of the interface with the electrodes, so it is important to engineer interface chemistry which does not degrade the multi-MIM performance.

This thesis, supported by the French "Programme de l'économie numérique des investissements d'Avenir" addresses two aspects of development aiming to improve the quality of the Pt/Ru/PZT interfaces: the rst one concerns the optimization of Pb excess content in the PZT lm, while the second one investigates the Post Metallization Annealing (PMA) done after deposition of electrode/PZT multilayer.

The rst part of the thesis presents the capacitance density analysis performed on Pt/Ru/PZT/Pt capacitors as a function of Pb excess in the sol-gel precursor solution (10,15, 20 and 30 % of excess Pb for PZT10, PZT15, PZT20 and PZT30, respectively). Pb excess compensates the lead evaporation during calcination.

An increase of Pb excess from 10 to 20 % leads to an increase of the maximum dielectric constant of 8.8 %, a decrease of the loss tangent from 4.36 to 3.08 % and breakdown eld from 1.68 to 1.26 MV/cm. PMA favors the enhancement of the maximum of dielectric constant by 7.5 %, and the breakdown eld increases to 0.5 MV/cm. The inuence of the surface chemistry is studied as a function of Pb precursor excess. X-ray photoelectron spectroscopy demonstrates that low level of Pb excess leads to the presence of a ZrO X surface phase in the form of nanostructures. Higher Pb precursor content allows the PZT synthesis to proceed to its end-point, fully consuming the ZrO 2 precursor and eliminating the low dielectric constant ZrO X surface phase.

We have then studied the Pt/Ru/PZT interface as a function of Pb excess and PMA. TEM cross-sectional analysis shows that the crystalline ZrO X nanostructures are still present at the electrode interface, constituting a dielectric layer which contributes to dening capacitor performance. Operando hard X-ray photoelectron spectroscopy (HAXPES) analysis using synchrotron radiation highlights a polarization-dependent electronic response, most probably due to imperfect screening of the depolarizing eld at the Pt/Ru/PZT10 interface. Furthermore, a new component (PbO X ) is observed at the Pt/Ru/PZT30 due to the high Pb excess. This component seems to induce a reduction in breakdown eld and capacitance density. Finally, PMA on the PZT10 suggests the creation of interface ZrRuO X and PbRuO X which could be at the origin of the improvement of electrical responses of PZT capacitors after PMA.

In conclusion, this thesis has provided valuable information and methodology on the correlation between surface and interface physical chemistry of PZT and Pt/Ru/PZT and electric characteristics of PZT based MIM capacitors.

RESUME

Le besoin croissant d'intégration de nouvelles fonctions dans les futures générations de dispositifs portables contribue au surpeuplement des circuits imprimés. Dans ce contexte, la miniaturisation des composants discrets est impérative pour compenser l'augmentation de leur nombre et pour garder la taille des cartes de circuit imprimé gérable. L'un des composants les plus courants de ce type est le condensateur, qui peut être utilisé pour découpler une partie d'un réseau électrique d'un autre. Cependant, la miniaturisation des condensateurs nécessite une augmentation de leur densité de capacité, impliquant l'intégration de condensateurs haute densité. Le succès d'une telle intégration repose sur l'utilisation à la fois de matériaux à haute constante diélectrique et d'une architecture d'empilement. Dans ce contexte, les couches de titanate-zirconate de plomb (PZT) combinées aux piles multi-MIM sont de bons candidats pour la nouvelle génération de condensateurs. La technologie multi-MIM consiste à empiler deux ou plusieurs structures MIM en parallèle an d'augmenter la densité de la capacité sans modication eective de la surface. Avec la géométrie multi-MIM, la performance de l'appareil est fortement aectée par la qualité de l'interface Métal/PZT, il est donc important d'élaborer une chimie d'interface qui ne dégrade pas les performances des multi-MIM.

Cette thèse soutenue par le projet français " Programme de l'économie numérique des investissements d'Avenir " vise deux axes de développement pour laméliorer de la qualité des interfaces Pt/Ru/PZT: la première concerne l'optimisation du contenu de Pb en excès dans la couche de PZT, tandis que le second étudie les eets du recuit de post métallisation (PMA).

La première partie de la thèse est dédiée aux analyses de densité de capacité réalisées sur les condensateurs Pt/Ru/PZT/Pt en fonction de l'excès de précurseur du Pb dans les couches de PZT déposées par voie sol-gel (10,15, 20 et 30 % de Pb respectivement pour PZT10, PZT15, PZT20 et PZT30).

Nous montrons qu'une augmentation de l'excès de Pb de 10 à 20 % entraîne une augmentation de la constante diélectrique maximale (environ 8,8 %), ainsi qu'une diminution de la tangente de perte (de 4,36 à 3,08 %) et du champ de claquage (de 1,68 à 1,26 MV/cm). La PMA favorise l'augmentation du maximum de constant diélectrique (jusqu'à 7,5 %) et le champ de claquage augmente de 0.5 MV/cm. Ensuite, l'inuence de la chimie de surface des PZT est étudiée en fonction de l'excès de précurseur de Pb. Cet excès de Pb permet de compenser l'évaporation du plomb pendant le traitement thermique successif. En utilisant la spectroscopie de photoélectrons par rayons X (XPS), nous montrons la présence d'une phase de surface ZrO X . Les faibles niveaux d'excès de Pb conduisent à la formation de nanostructures ZrO X à la surface de la couche de PZT. Un taux plus élevé en Pb favorise la disparition totale nanostructures ZrO X en surface.

Enn, nous avons sondé l'interface Pt/Ru/PZT en fonction de l'excès de Pb et de la PMA. La microscopie électronique en transmission (TEM) montre que les nanostructures de ZrO X sont présentes à l'interface du Ru/PZT10. Les nanostructures cristallines ZrO X pourraient former une couche non ferroélectrique et ainsi aecter la densité de capacité. L'analyse en mode operando (sous polarisation in situ) par XPS haute-énergie montre une réponse électronique dépendant de la polarisation appliquée, probablement grâce à lécrantage imparfait du champ dépolarisant à l'interface Pt/Ru/PZT10. En outre, une nouvelle phase (PbO X ) est observée au niveau Pt/Ru/PZT30, probablement liée à la quantité de Pb en excès dans le PZT30. Cette phase semble induire la diminution du champ de claquage et la densité de capacité observée au niveau du Pt/Ru/PZT30/Pt. Enn, PMA sur le Pt/Ru/PZT10 montre la création d'alliage à base de ZrRuO X et PbRuO X qui pourrait être à l'origine de l'amélioration des réponses électriques des condensateurs PZT après PMA.

PREFACE

Driven by major technological progresses in the microelectronics, the market of portable equipments, especially smartphones, has experienced a rapid growth. Smartphones are now the most demanded electronic devices with an increase of about 200 million sales each year. With almost a total of 1.5 billion units sold in 2015, forecasts show that market will reach around 2 billion units in 2019 [1]. This situation stems from the fact that smartphone manufacturing technology has entered in a phase of sucient maturity. In fact, smartphones now include multiple and varied functions such as internet browsing, data downloading, Global Positioning System (GPS), photography and even contactless payment.

However, the growth needs for integrating various functions (diversication) in portable equipments contributes generally to the overcrowding on printed circuit boards (PCB) through the increase of the number of discrete components and the downscaling process. Furthermore, this unrestrained race of miniaturization associated to these electronic devices responds to a consequence of Moore law called "More Moore" which planned to double the number of transistors in an integrated circuit every 18 months. This miniaturization therefore allows an increase of performance and a diversication ("More Than Moore") of functionalities. In fact, by reducing the size of components, the freed up space makes it possible to integrate new functionalities in the chip.

In fact, when the Discrete Surface Mount Devices (SMD) are encapsulated in individual packages in order to ensure several tasks, they can occupy a signicant place at the PCB due to components count and interconnections as shown in Figure 1(a). However, in order to respond to the miniaturization and diversication aspects, new technologies called Integrated Passive Devices (IPD), which are much more compact than discrete components, are developed. The use of IPD technology to optimize space in microchips (by replacing SMD and reducing interconnections) can allow to achieve the set objectives as it can be seen Figure 1(b). Among the various components directly integrated in order to increase the possible functionalities of electronic chip, we will focus on Metal-Insulator-Metal (MIM) capacitors, which are by far the most used. MIM capacitors are essential components in many areas of microelectronic technologies. They are easily embeddable onto a PCB or integrated circuits as illustrated in Figure 2. Furthermore, the important use of MIM structures is related to the fact that capacitors can play various roles in microelectronic devices. 

Decoupling Capacitors

The most widespread application of MIM capacitors is to decouple a system, such as an integrated circuit, from the quick voltage change within the power supply. These capacitors have the function of separating parasitic signals on the voltage supplies between two blocks. They are connected in parallel with the supply circuit. The sinusoidal components are removed by ltering and only the DC voltage is recovered across the capacitors. For a decoupling capacitor, a high capacitance density and breakdown voltage (eld) are required.

Filtering Capacitors

The second most common function is the ltering of signals from undesired frequencies. By modulating the reactance of the capacitor which is inversely related to the frequency, it is possible to increase or decrease the impedance of the circuit (lter) at certain frequencies. There are various model of lters used in electronic circuits, such as LPF (Low Pass Filter), HPF (high Pass Filter) and BPF (Band Pass Filter).

Coupling Capacitors

These capacitors have the reverse function of decoupling capacitors. Coupling capacitors are used to eliminate the DC component of the signal and only the sinusoidal components are kept. They are mounted in series in the circuit. The specications are a high density and a good frequency resistance in order to preserve the spectral component of the signal.

In many of these applications, capacitors occupy a large fraction of the chip area. Additionally, the capacitance density required in a mobile phone circuit is on the order of several hundreds of nanofarads per square millimeter. Therefore, capacitors with higher capacitance density are very attractive. Several approaches have been used to improve the capacitance density. The capacitance density can be mainly improved by modifying the architecture of capacitors and increase relative dielectric constant of the insulator used in Metal-Insulator-Metal structures.

Multiple and 3D Trench MIM Capacitors

In a Planar MIM architecture (Figure 2), the reduction of the insulator thickness allows to increase the capacitance density. However, this option has drawbacks because the breakdown voltage (eld) decreases with the reduction of the insulator thickness [3]. However, other alternatives are possible to increase the capacitance density without modifying the thickness. In fact, in order to increase the capacitance density of capacitors, two principal architectures are developed: stacked metal-insulators-metal (Multiple-MIM or Multi-MIM) or three-dimensional (3D) structures as illustrated in Figure 3 (a) and Figure 3 (b) respectively. The fabrication of Multi-MIM and 3D structures has drawn great interests mainly at the research and development level in materials science and engineering. Multi-MIM technology consists of two or more MIM structures to increase the capacitance density without increasing the eective area occupied by the capacitor as illustrated in Figure 3 (a). Furthermore, capacitors that are based on three-dimensional structures oer increased capacitance densities for the same area occupied on smaller footprint via modifying the geometry of the devices. Indeed, the idea of the trench structure (or 3D) is to increase the surface area developed by creating holes in the substrate or in the interconnection levels. Thus, the walls of the holes are then lled by a bottom electrode, on insulator and a top electrode as illustrated in Figure 3 (b).

Dielectric Materials Used in MIM Technology

Beyond the modication of the architecture, the optimization of the capacitance density of MIM capacitors can be obtained by the modication of the insulator used. Indeed, scientist have explored various dielectric materials in order to increase the permittivity value PREFACE while retaining certain other electrical characteristics such as the breakdown eld. Figure 4 presents a non-exhaustive classication of dielectric materials as a function of their relative dielectric constant values.

Historically, a lot of research has been conducted to develop new materials that could replace silicon oxide (SiO 2 ). Indeed, the rst dielectric used in microelectronics have been produced by thermal oxidation of silicon [5]. Although the insulator obtained SiO 2 is reliable, robust and chemically stable, it now has considerable limitations. One of these limitations is the high level of current leakage due to the reduction in the thickness of the oxide from generation to generation. Thus, from the simple SiO 2 initially used in Metal Oxide Semiconductor (MOS) transistors, dierent categories of dielectrics are now available.

Low-k with values of relative dielectric constants lower than 10 is used as inter or intralevel insulators to reduce propagation delay and interferences along interconnections.

Medium-k mainly composed of binary materials with values of relative dielectric constants between 15 and 50 (HfO 2 , ZrO 2 , Ta 2 O 5 ,. . . ) is used as gate dielectrics of MOS transistors or for linear MIM capacitors.

High-k includes mainly the ternary materials from the family of perovskites with values of relative dielectric constants greater than 100 as PbTiO 3 , SrTiO 3 , BaTiO 3 , PbZrTiO 3 and BaSrTiO 3 . This group is rather intended for Micro Electro Mechanical Systems or nonlinear MIM capacitors.

In addition to the high value of relative dielectric constant, the second main criterion for thin selection of dielectrics in MIM technology concerns the breakdown voltage (eld) characteristic. The breakdown voltage is dened as the maximum permissible voltage across the capacitor as we will discuss below. 

Advantages of PZT Material in Microelectronic Devices

The development of mobile equipments requires the use of higher and higher capacitance densities. Materials with a high dielectric constant (high-k) are the best candidate to be incorporated into MIM structures. High-k materials provide an optimized dielectric constant and breakdown eld. From the literature review proposed by McPherson et al. [6], it is possible to establish a "universal" relationship describing the breakdown eld as a function of the dielectric constant. More precisely, the breakdown eld decreases when the value of the dielectric constant increases as shown in Figure 5. The problem of selecting the appropriate material therefore lies in the trade o between breakdown eld and dielectric constant.

However, recent published results show that better optimization of manufacturing and integration processes could improve electrical performance. Indeed, Bouyssou et al. [7] mentions a "new" PZT (red square in Figure 5) whose breakdown eld is higher than the one of the PZT (blue square in Figure 5) aligned on the green line. Despite the best dielectric constant values reported for the PZT, the associated breakdown elds reach more than 2 MV/cm (red square). These breakdown eld values fully meet the specications imposed for applications in the mobile phone circuits. According to these promising results of the PZT materials, our choice for the optimization of MIM structures is naturally focused on it. The choice of PZT gives the highest dielectric constant together with relatively high breakdown eld.

Figure 5: Illustration of the universal law of the breakdown eld values as the function of dielectric constants [6]. The green line (universal law) is a t through the data of the best samples. One more recent data point (red square) is added by Bouyssou et al. [7] and indicates an improvement of breakdown eld values of PZT (blue square)

Challenge of PZT Thin Film Integration

This thesis is part of a project supported by the French "Programme de l'économie numérique des investissements d'Avenir" aiming at developing a new generation of decoupling capacitors, based on Multi-MIM technology. This new technology allows to get an enhancement of capacitance density and breakdown voltage. The Multi-MIM technology developed at CEA-LETI consists of two or more lead zirconate titanate (PZT) based MIM structures connected in parallel in order to increase the capacitance density without any eective surface area change as described by Klee et al. [4]. Starting from the experience PREFACE accumulated over the past years on PZT technology at CEA-LETI, two axes of development have been identied to optimize PZT capacitors performances:

The rst one concerns the interface electrode/PZT, which can control the adhesion issues in Multi-MIM capacitors as demonstrated with the investigation of Multi-MIM capacitors at CEA-LETI as seen in Figure 6. In fact, the use of Ru interlayer between Pt and PZT interfaces ensures better adhesion and avoid the delamination (or creation of cavity) observed in case of Pt/PZT interface (Figure 6 (a)). Additionally, electrode/PZT interfaces are known to play a major role on the performances of capacitors such as polarization switching, dielectric permittivity, breakdown voltage, fatigue, reliability [8,9,10]. However, results presented in Figure 6 (b) show that Pt/Ru electrodes seem to be required for enhancing the integration technology of Multi-MIM capacitor. From this investigation, we used during this thesis an interfacial layer of Ru between the Pt and PZT layers. The second one concerns the stoichiometry of Pb content in the PZT lm. Song [11] reported in Figure 7 (a), the relationship between the deposition temperature and the relative amount of Pb in a PZT thin lm with the composition of 0.52 and 0.48 for Zr and Ti content. Indeed, the volatility of Pb at high temperature makes the control of Pb composition dicult, which is crucial for PZT properties. However, in order to adjust the Pb rate in the PZT layer, some amount of Pb excess is added in PZT precursors solution.

Further, this amount of Pb excess content in precursors solution to compensate the high volatility of Pb during the successive thermal treatments might also act on the microstructures of PZT layers or on the electric responses of thin lm PZT-based capacitors. Indeed, the investigation performed by Arai et al. [12] (presented in Figure 7 (b)) on a similar perovskite (Pb(Mg 1/3 Nb 2/3 )O 3 PbTiO 3 (PMN-PT) thin lms) demonstrates that the dielectric constant and the dielectric loss response on the excess lead content in the PZT precursor solution. According to these results, the control of the Pb excess used in the precursors solution during the deposition process due to the high volatility of Pb seems to be necessary. 

Objectives and Plan

Elucidate all Pb excess content eects and interface contributions in a single step by directly using a Multi-MIM structure is beyond the scope of this thesis research. However, the goal of this thesis Consists to understand the properties of Metal/PZT/metal structures.

The general objective of this thesis is to understand the role of the interface and the eect of Pb precursor excess and post-metallization annealing (PMA) on the performances of simple PZT-based MIM capacitors. To this end, the work was partitioned into two interdependent elds of activity: on the one hand, deposition and electrical characterization; on the other hand, physico-chemical characterization. For this reason, the work was performed within two research laboratories (CEA-LETI): the Laboratory of micro-actuator components (LCMA) and the platform for nanocharacterization (PFNC). Photoelectron spectroscopy was mainly used to investigate the PZT surface chemistry, the Pt/Ru/PZT interfaces chemistry and the electronic structure. Correlations with electrical properties such as the capacitance, the loss tangent and the breakdown eld (voltage) are drawn.

This thesis manuscript consists of ve dierent chapters:

Chapter 1 introduces the theoretical background related to this thesis. First, the metal-insulator-metal capacitors characteristic and their main properties required in the microelectronic application are described. Then, the ferroelectric and dielectric material properties are presented with focus on PZT. In the last section, the review of some impact of surface and interface state on capacitor performance is detailed.

Chapter 2 presents the deposition process and characterization techniques used in this work. The rst part is dedicated to the description of top and bottom electrodes and PZT material elaboration, by sputtering and sol-gel techniques, respectively. Following PREFACE that, the microstructural (X-ray diraction) and structural (electronic microscopies) tools for analyzing the bulk and the surface of PZT thin lm are described. The next section is devoted entirely to the physical principles of photoelectron spectroscopy, which are used to study the physico-chemical properties of PZT thin layers and PZT-based capacitors. This part also points to the importance of using hard X-ray produced by synchrotron radiation, as opposed to softer, laboratory X-rays for studying buried interfaces. Finally, we describe the XPS analyzer, synchrotron equipment and HAXPES operando protocol.

Chapter 3 describes the results of electrical measurements relative to both the Pb excess and post metallization annealing eect on the MIM structure based on PZT thin lms. First, we describe both electrical setups and theoretical aspects used for performing the measurements of the capacitance density, the loss tangent and the breakdown voltage. Then, we present and discuss the electrical properties regarding the Pb excess content and the eect of the thermal treatment after top electrodes deposition (post metallization annealing).

Chapter 4 highlights rst the surface chemistry dependence of Pb excess amount in the sol-gel precursors and the surface properties of PZT thin lms. Pb excess ranging from 10 % to 30 % is studied during this chapter. Surface-sensitive tools such as X-ray photoelectron spectroscopy and scanning electron microscopy are used to study both the chemistry and the morphology of PZT thin lm surfaces. We also perform X-ray diraction measurements for understanding the texture modication as a function of Pb excess in the PZT lms synthesized by sol-gel method. The results obtained in this chapter have been correlated with the electrical characterization presented in chapter 3.

Chapter 5 is dedicated to the study of the Pt/Ru/PZT interface in a Pt/Ru/PZT/Pt-/TiO 2 /SiO 2 /Si stack, carried out with Hard X-ray photoelectron spectroscopy (HAXPES) under in-situ bias (operando conditions). This chapter is divided into four parts. First, we have analyzed the PZT bare with 10 % of Lead excess content. Following that, the interface of Pt/Ru/PZT stack with 10 % of Lead excess has been probed under bias voltage using the HAXPES. The last two sections describe the chemistry and the electronic structure of the Pt/Ru/PZT stacks depending on the eect of higher Pb excess and the thermal treatment under voltage.

This manuscript ends with the general conclusion followed by perspectives for future work. The main purpose of this chapter is to introduce some characteristics related to the Metal-Insulator-Metal (MIM) capacitors based on the ferroelectric Pb(Zr 0.52 Ti 0.48 )O 3 thin lms. For this goal, the chapter will be divided into four sections.

First section is dedicated to both the presentation of fundamental properties of the parallel plate capacitor and the denition of major properties required in microelectronic applications.

The second part is consecrated to the investigation of the polarizability and ferroelectricity properties of the dielectric materials. This second part also exposes the main advantages of integrating the PZT material in microelectronic devices.

The third section deals with the crystallographic characteristics of the Lead zirconate titanate called PZT for Pb(Zr 0.52 Ti 0.48 )O 3 and the p-type semiconductor behavior of the PZT thin lms.

In the last section, the major impact of the surface of PZT and the contact metal/PZT on the electrical performances of capacitors is detailed.

1.1. Overview of Metal-Insulator-Metal

Overview of Metal-Insulator-Metal

A capacitor is a passive electronic component that store energy in the form of an electrostatic eld. Basically, a capacitor device consists of two conducting plates separated by an insulator like vacuum, air or dielectric materials. Physically, the capacity to store an electric charge for a given potential dierence ∆V between the conductor plates represents the capacitance C. In other words, capacitance is how much charge a capacitor can hold per voltage (i.e., how many coulombs per volt (C/V) or Farad (F).

In the case of a parallel plate capacitor as shown schematically in Figure 1.1, the capacitance C is directly proportional to the surface of the plates A and is inversely proportional to the thickness of insulator d. Capacitance also depends on the dielectric constant ε r of the insulator [1], as dened by Equation 1.1:

C = ε r ε 0 A d (1.1)
Here ε 0 is the vacuum permittivity (ε 0 = 8.854 × 10 -12 F/m). The dielectric constant (symbol ε r ) is the ratio of the permittivity of an insulator medium to the permittivity of free space. The permittivity expresses the ability of an insulator medium to polarize in response to an applied electric eld. 

Electrical Parameters in Capacitors

The improvement of device performances requires the control of some decisive characteristics of MIM such as:
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• Surface capacitance: Miniaturization is required to increase the capacitance density (nF/mm 2 ) in order to optimize the space occupied on the printed circuit boards. The necessity to increase the capacitance density promotes the use of new high-permittivity materials. For example, using PZT allows to achieve a capacitance density values up to 50 nF/mm 2 [2,3].

• Loss tangent: it is dened as the quantity used to indicate the energy loss characteristic of a material. This function characterizes the relation between the energy lost per cycle and the energy stored per cycle in the Metal-Insulator-Metal structure as dened by the expression in Equation 1.2:

tanδ = ε ′′ (f ) ε ′ (f ) (1.2)
Here, ε ′ represents the part of relative permittivity that increases capacitance, ε ′′ represents the loss and f the frequency. With a very good dielectric material, the loss tangent tends towards zero (for the thin lm PZT a loss tangent < 4 % is often required) [4,5].

• Breakdown Field (Voltage): The breakdown eld is the maximum permissible electric eld through the insulator prior to the destruction of MIM capacitors. Therefore, it is an important electrical characteristic for assessing the intrinsic quality of an insulator. Applications using capacitor with dielectric usually require high breakdown eld (typically 2-3 MV/cm). Benhadjala et al. [6,7] have reported breakdown eld values between 1.67 and 2.5 MV/cm on PZT and PZT doped with Manganese and Niobium. Thus, optimization of all these physical properties requires a better understanding of insulator and capacitor used. In this context, we will now discuss on the properties of dielectric materials used in MIM capacitors.

Dielectric Materials Investigations

In crystal or polycrystalline materials with a specic symmetry of the unit cell, the displacement or the orientation of atoms can involve ferroelectric, piezoelectric or pyroelectric eects. On the basis of the symmetry elements of translational position and orientation, there are 230 space groups. Ignoring translational repetition, these 230 groups break down into 32 classes, known as the 32 point groups. The 32 point groups can be classied according to their properties [8,9] as illustrated schematically in Figure 1.2.

First, it can be seen that 11 of them are centrosymmetric, i.e. they have a center of symmetry implying that they cannot present polar properties. Among centrosymmetric classes, certain electromechanical eects can also appear.

Out of the 21 non-centrosymmetric classes, one displays no piezoelectric eect because the movement of the charges during mechanical solicitation does not induce the appearance of a dipole.

Dielectric Materials Investigations

Therefore, 20 present piezoelectric properties, which result in coupling electric eld and mechanical stress like Quartz α (SiO 2 ) material. Thus, polarization can be induced in a material by the application of an external stress. In this case, we talk of direct piezoelectric eect. Similarly, a material may deform when an electric eld is applied; it is the conversed piezoelectric eect. Within these piezoelectric crystals, 10 present both spontaneously polarized and preferential direction of the polarization called polar axis. These classes are named pyroelectric because their polarization amplitude changes with temperature. It is the case of aluminium nitride (AlN) and zinc oxide (ZnO).

Finally, among pyroelectric crystals, we can distinguish the ferroelectric ones for which the polar axis is mobile in the crystal lattice under external electric eld. It is possible to reverse the direction of the polarization when the applied electric eld is suciently strong. Perovskite materials like BaTiO 3 or Pb(Zr,Ti)O 3 and the Ilmenite family, including Lithium Niobate and Tantalate (LiNbO 3 , LiTaO 3 ), are ferroelectric materials [9].

In the next part, we will describe dielectric and ferroelectric properties through simplied examples. 

Polarizability in Dielectric Materials

Polarizability is the result of displacement and orientation of charges under the eect of the electric eld.

More the entities considered are massive, more their mobility is reduced. Also, time required for the movement under electric eld is longer. Thus,the duration of polarization establishment dened by a time constant can therefore be associated with each type of displacement mechanism in the dielectric [8,10].

Basically, all these situations derive from the fundamental principle that, except in vacuum, no system is able to respond instantly to an external stimulation (electrical, optical, etc.). Thus, the response of a ferroelectric dielectric material to electric stimulation is always time (frequency) dependent. -

→ E = -→ E 0 • e i(2πf
)t , the polarization (

-→ P = -→ P 0 • e i((2πf )t-δ)
) displays a delay δ (depending on the frequency f ). Thus, the electric induction

-→ D = ε 0 •ε r • -→
E will be necessarily sinusoidal with the same delay δ as illustrated by Equation 1.3:

-→ D = -→ D 0 • e i((2πf )t-δ) = ε 0 • ε * r • -→ E (1.3)
It follows that, for a linearly homogeneous isotropic material, the permittivity is a complex quantity. It is related to the frequency f as seen in Equation 1.4:

ε * r (f ) = ε r (f = 0) • e iδ = ε ′ (f ) + ε ′′ (f ) (1.4) { ε ′ (f ) = ε r (f = 0) • cosδ ε ′′ (f ) = ε r (f = 0) • sinδ (1.5)
The ε ′ is the relative dielectric constant, ε ′′ the dielectric losses (Equation 1.5). The frequency, as shown in Figure 1.3, is an important parameter which can be used to separate the dierent contributions of the polarization.

Given the establishment of the external electric eld, electronic polarization is due to the displacement of the electron cloud with respect to the nucleus. Electronic polarization dominates in the visible and ultraviolet ranges (from 10 14 to 10 16 Hz). Without exception, electronic polarization is present in all dielectric materials.

The atomic (or ionic) polarization related to the displacements of the ions with respect to each other is established more slowly than the electronic polarization. It occurs at frequencies between 10 11 to 10 14 Hz.

Under the eect of an external electric eld, materials with permanent dipole moments tend to line up. This results in a polarization called polarization by orientation (or dipolar polarization). It occurs at frequencies between 10 6 to 10 10 Hz.

Hopping polarization attributed to jumps of the carriers between two sites occurs at frequencies between 10 2 to 10 6 Hz.

Interfacial polarization results from the local accumulation of charge carriers due to migration phenomena around defects such as impurities, vacancies, grain boundaries, space charge at interfaces, etc. This polarization is characterized by rather long establishment time. It occurs at frequencies between 0.01 to 100 Hz. Further, we can introduce the loss tangent δ, which is commonly used because it allows to easily compare the ratio of the imaginary and real parts of the dielectric constant giving 1.2. Dielectric Materials Investigations access directly to the delay δ. In other words, it represents the ratio of the energy dissipated into the dielectric on the accumulated energy [11]. 

Ferroelectricity in Dielectric Materials

Ferroelectricity was rst discovered in Rochelle salt in 1920 [12]. It is present in mono or poly-crystalline materials [13]. Ferroelectricity is a property which arises from the asymmetry of certain crystals like Lead Zirconate Titanate below Curie temperature T C . Ferroelectricity occurs due to a phase transition from a paraelectric phase characterized by a higher symmetry (cubic in the case of PZT) to a ferroelectric phase characterized by a lower symmetry (e.g. tetragonal). The phase transition in PZT involves, primarily, permanent ion displacements from their equilibrium positions in the paraelectric cubic phase. These displacements lead to the temperature dependent of spontaneous polarization, characteristic to pyroelectrics. The ferroelectrics have the additional property that the spontaneous polarization can be reversed by the application of a suitable external electric eld.

Under the application of an electric eld, positive and negative charges of a polarizable material move in the opposite direction, creating a dissymmetry responsible for an electric dipole moment -→ P i in each unit cell as illustrated in Figure 1.4. Ferroelectric materials present a displacement of atoms which remains after removing the applied electric eld. This is the state of remanent polarization. By considering the polarization as an order parameter, the behavior of ferroelectric can be modeled by the Landau-Ginzburg-Devonshire theory which is based on the free energy F [14]. Furthermore, on the macroscopic scale, the electric eld applied over the entire volume V of the dielectric with a presence of all electric dipole FILMS moment -→ P i in each unit cell induces a macroscopic polarization. The polarization vector -→ P is therefore dened by Equation 1.6:

-→ P = ∑ -→ P i /dV (1.6)
Below the Curie temperature T C and without external electric eld, a spontaneous polarization (P s ) develops along at least two symmetries which determine directions. In order to minimize the depolarizing eld -→ E d energy which results from uncompensated polarization charges at the interface, the ferroelectric material tends to create several volume with uniform polarization called domain ferroelectric. This phenomenon constitutes the most natural means by which the system has recourse to remain ferroelectric and minimize its electrostatic. Now, when the external electric eld is initially increased from zero value, the polarization increases as more dipoles are lined up along the electric eld direction. When the electric eld is strong enough, all dipoles are lined up with the electric eld, so the material is in a saturation state P sat+ as illustrated in Figure 1.5. If the applied electric eld decreases from the saturation point, the polarization also decreases. However, when the external electric eld reaches zero, the polarization does not reach zero. The polarization at the zero electric eld is called the remanent polarization P r+ (P r-). When the direction of the electric eld is reversed, the polarization decreases. When the reverse electric eld reaches a certain value, called the coercive eld E C-(E C+ ), the polarization becomes null. By further increasing the electric eld in this reverse direction, the reverse saturation P sat-(P sat+ ) can be reached. When the electric eld is decreased from this saturation point P sat-, the sequence just reverses itself and above E C+ , the polarization can switch towards P sat+ . Finally, for ferroelectric dielectric materials, the variation of the dielectric constant (permittivity) and loss tangent with bias voltage present a buttery curve characteristic due to the high non-linear nature as shown with PZT thin lm in Figure 1.6. Figure 1.6: Variation of the dielectric constant and loss tangent with electric eld (bias voltage)(The thickness of PZT lm is 1 µm) [15] .

1.3 Lead Zirconate Titanate Pb(Zr,Ti)O 3

Lead zirconate titanate Pb(Zr,Ti)O 3 (PZT) crystallizes in a perovskite structure [9]. The general formula for perovskite-type oxide is ABO 3 . The unit cell is nearly cubic where When the temperature is above the Curie temperature Tc, the unit cell is cubic and the PZT has a paraelectric order. The cubic phase for PZT takes place above 230 • C , 400 • C 1.3. Lead Zirconate Titanate Pb(Zr,Ti)O 3 and 495 • C for PZO, PZT (with Zr/Ti=0.52/0.48) and PTO respectively. Below the T C , the structure depends on the percentage of Ti (x) in the solution and the temperature. These distorsions of the ideal unit cell can be: the tilting of the oxygen octahedra, the displacements of the cations (Pb 2+ , Ti 4+ and Zr 4+ ) or the distorsion of the octahedra. Thus, as can be remarked in Figure 1.8 (a), these modications lead to the change from paraelectric order to ferroelectric order with presence of tetragonal, rhombohedral or orthorhombic phase.

At room temperature, the lattice parameters of PbZrO 3 in the orthorhombic phase are a=5.886 Å, b=11.749 Å and c=8.248 Å [20] wheras PbTiO 3 in the tetragonal ferroelectric phase are a=b=3.904 Å, c=4.152 Å [21].

Futhermore, when x is between 0.45 and 0.5 as shown in Figure 1.8 (b), dielectric and piezoelectric responses of the PZT become optimal as presented in Figure 1.9. This zone is named Morphotropic Phase Boundary (MPB) [22,23]. The word morphotropic is used to designate an abrupt structure change of a solid solution with the variation in composition. With diraction measurements, it has been long believed that this phase is simply a mixture of tetragonal and rhombohedral phases [24]. In 2000, however, Noheda et al. showed the presence of a monoclinic phase in this area of the phase diagram by using high resolution Synchrotron X-ray diraction [25]. The presence of this monoclinic phase could be at the origin of high dielectric constants and piezoelectric coecients properties of PZT in this particular morphotropic zone. It may act as a bridge between the tetragonal and rhombohedral phases [26]. Figure 1.9: Dielectric constant (blue lines) and electromechanical coupling coecient (green lines) of PZT depending on the zirconium and titanium ratio. Image adapted from Carter and Norton [27] • PZT p-Type Semiconductor Ferroelectric materials like PZT have been previously regarded as an insulator. This approach has been successful to explain the phase transition and ferroelectric switching. Ferroelectric performances of perovskites (ABO 3 ) can be strongly attributed to the nature of Chapter 1. METAL/INSULATOR/METAL BASED ON Pb(Zr 0.52 Ti 0.48 )O 3 THIN FILMS chemical bonds [28]. Basically, chemical bonds of all perovskites were rather considered to be ionic [29]. Recently, ferroelectricity in perovskites has been shown to be quite directly related to the nature of the chemical bonds. First, Cohen gave an origin of the dierence of ferroelectric behavior between the BaTiO 3 (BTO) and the PbTiO 3 (PTO) [30]. In fact, with BTO, the Ba-O bond is purely ionic, while in PTO the Pb-O bond is strongly hybridized (the bond is partially covalent) [28]. Furthermore, the Pb-O bonds in tetragonal PbTiO 3 show rather strong covalency, while those in cubic PbTiO 3 are ionic. From these results, we can say that the type of bond constitutes a key factor on the ferroelectric properties of a perovskite materials.

Chen et al. [31] explain that the dierent ferroelectric behaviors of ATiO 3 perovskites are closely related to charges on A and A-O interaction. They also provide that Pb bonds to O mainly with its 6p AOs whereas Ba atoms link to oxygen atoms through the ns-2s bonding. Finally, they show that the bond order of Pb-O is larger than (between 3 and 4 times more) that of Ba-O, indicating that Pb-O is more covalent than Ba-O. Miyazawa et al. [32] describe that the Born eective charge (dened as the change of polarization associated to a specic atomic displacement) of Ba is not enhanced as much as that of Pb because Ba has no covalent bond with nearest oxygen ions. In fact, Born eective charge gives the importance of the hybridization or the polarization of an atom and thus play a central role in the study of Coulomb eects. Ghosez et al. [33] demonstrate that the covalence eect tend to increase the amplitude of the Born eective charge. Additionally, Born eective charges data from Zhong et al. are respectively 3.9 and 2.7 for Pb and Ba [34]. All these previous results are conrmed by the comparison of the ionic states between Pb and Ba eectuated by Kuroiwa et al. [35], which give a lower estimation of 1.1 for Pb and a high value of 1.9 for Ba. Globally, these calculations have highlighted that the degree of covalence is higher in Pb-based ferroelectric perovskites than in BaTiO 3 .

Furthermore, this ferroelectric approach fails totally in describing the transport mechanisms or other properties that involve internal mobile charges. In fact, many works [36,37] regard ferroelectrics as wide bandgap semiconductors, making it easy to adapt well founded theories for semiconductors. However, how to include the semiconductivity is still a dicult problem when analyzing experimental data. Simplied models based on semiconductivity may ignore important eects or limit the range of parameters.

Pintilie et al. [28] explain that the Pb-based materials should be regarded rather as a semiconductor than an insulator with a specication on the fact that of their electronic properties might be inuenced by the ferroelectric polarization. This assertion have been supported by the analysis performed on the capacitance and hysteresis data of the PZT thin lm. Indeed, results of capacitance and hysteresis are coherently explained using a model based on the conventional metal-semiconductor Schottky contact in which the eect of the ferroelectric polarization on band-bending was also considered.

For ferroelectric perovskite oxides such as PZT, three mobile charge carrier participate in conduction: electrons, holes and oxygen vacancies by far the most mobile ionic species. Basically, acceptor dopants increase the concentration of holes and therefore promote the p-type conductivity. Donor dopants increase the concentration of electrons and therefore promote the n-type conductivity.

In the case of PZT lm with band gap values in the range of 3.2 -3.9 eV range (depending 1.4. Schottky Model of Metal/Semiconductor Contact on the Zr/Ti ratio), the conduction type is still the subject of debate, with arguments both for p and n type conduction. In fact, PZTs should be p-type according to the defect chemistry, but often they are regarded as an n-type semiconductor due to a higher mobility of the electrons. According to Yarmarkin et al. [38] and Smyth [39], a variation of the semiconductor type within the lm thickness has been considered. Due to the oxygen vacancy accumulation, an n-type layer is supposed to occur at the surface whereas the bulk remains p type. Scott [40] stated that in all ferroelectric thin-lm capacitors, the conduction was predominantly due to electrons injected from the cathode, not due to holes (the p-type character of the lm). It also pointed out that n-type perovskite ferroelectric lms could be formed when samples were deposited in reducing atmospheres. When oxygen is lost in the form of neutral O 2 , it leaves behind electrons, thus the vacancies turn out to be donors. In appearance, n-type perovskite has a darker outlook compared to p-type.

Work of Stolichnov et al. [41] on Pt/PZT/Pt capacitors showed that the conduction is supported by holes. Wouters et al. [42] also found that the hole barrier is smaller than the electron barrier in their study on Pt/PZT/Pt capacitors.

Following above description, it is important to recall the features of Schottky contact based on the metal/semiconductor (p and n type) model.

Schottky Model of Metal/Semiconductor Contact

When metal and semiconductor (SC) materials are contacted such as to form an interface, the Fermi level of both materials at thermodynamic equilibrium are equal. Thus, the barrier height Φ B between the metal and the semiconductor after contact is given by Equation 1.7 [9]:

Φ B = Φ M -χ (1.7)
Here χ is the electron anity of the semiconductor which represents the dierence energy between the conduction band of the semiconductor and the vacuum level. Φ M indicates the work function of the metal i.e. the dierence between the Fermi level of the metal and the vacuum level. From the relation giving in Equation 1.7, three kind of contact can be obtained depending on the metal used and the semiconductor. The contacts can be neutral, ohmic (conducting) or rectifying (blocking for one polarity, conducting for the opposite polarity as illustrated in Figure 1.10.

Figure 1.10 (a) presents an ohmic contact for electrons and a rectifying (blocking) contact for holes. In fact, with Φ M < Φ SC electrons in the metal can encounter the least barrier to their ow into the semiconductor. The electrons are injected into the semiconductor near the interface. Thus, an electric eld E i oriented from the metal towards the semiconductor develops, preventing further migration of electrons from the metal. This interface electric eld is described by an energy variation (or band bending) towards lower energies at the level of depletion layer width W . Here E CBm is the Conduction Band minimum, E V BM Valance Band Maximum, (h + ) is the hole, (e -) is electron and E F is the Fermi level. The reverse situation Φ M > Φ SC can be observed in [43]. The work function of the metal is lower (a) or higher (b) than that of the semiconductor. In the rst case, the contact is ohmic for electrons and rectifying for holes. In the second case, the contact is rectifying for electrons and ohmic for holes. Schottky models of the metalsemiconductor Φ M < Φ SC with barriers width W . (h + ) is the hole and (e -) is electron, E F is the Fermi level Furthermore with the presence of the depletion layer width W , the PZT thin lm is assumed to be divided into a layer depleted of charge, and an interior region of p-type side. The space charge region W , can be treated as a voltage dependent parallel plate capacitor, with capacitance. In fact, the depleted regions may present a capacitance, which are serial connected to the capacitance of the bulk material if both metal-semiconductor interfaces behave as Schottky contact and therefore may impact on the measured capacitance of MIM structures.

By assuming that the ferroelectrics such as PZT are wide-gap p-type semiconductors and by adapting the theories for metal-semiconductor rectifying contacts to the metalferroelectric contact, Pintilie and Alexe [44] gave the specic capacitance C of the depleted region when an innite sheet of surface charge (A) is used in the depletion approximation(Equation 1.8):

C = ε 0 ε st W = √ qε 0 ε st N ef f 2 ( V + V ′ bi ) (1.8)
Where, N ef f is the eective charge density in the depleted layer, V voltage bias ,V ′ bi the apparent built-in potential.

1.4. Schottky Model of Metal/Semiconductor Contact Thus, the presence of apparent built-in potential V ′ bi will lead to the appearance of dierent values at the two interfaces of a MFM structure, even in the case of perfectly symmetric electrodes. This implies dierent band bendings at the two electrodes. Additionally, this serial capacitor can modify the total capacitance of MFM capacitor.

• Interfacial Layer Eects at the Level of Metal-Dielectric Interface

We have studied an ideal contact between the metal/semiconductor and the possible eect due to the depleted region. However, band bendings will be always aected by the presence of interfacial layer which often induces the additional eect and will tend to modify the result. Interface eects can be induced by the interface ionized (defect) states, thin oxide layers yielding to additional junctions or adsorbed molecules etc.

Apostol et al. showed that the band bending of Au/PZT [45] and Cu/PZT [46] are untimely linked to the surface polarization. They demonstrated that the band bending at the electrode interface depends on the polarization orientation. Pintilie et al. showed that the polarization charges control the height of potential barriers at the electrode interfaces in the case of Pb(Zr,Ti)O 3 and BaTiO 3 epitaxial lms [47]. Bardeen highlighted the importance of interface states in determining the barrier height [48]. Saravanan et al. [49] described that the surface states (which will participate to the interface formation) can emerge from chemical and physical imperfections. The use of high resolution transmission electron microscopy for probing the atomic structure of the interface SrRuO 3 /Pb(Zr 0.2 Ti 0.8 )O 3 [50] has showed a reduction of atomic displacements at the interface due to the eect of the interfacial layer which leads to the reduction of the spontaneous polarization.

Furthermore, in PZT lms, except the pyrochlore phase [51,52], which is the most known undesired phase at the surface of the PZT thin lm, others authors suggested also the presence of the secondary phase base on the uorite [53], ZrO 2 [54], PbO [55,56,57]. These secondary phases can thus behave as a dead layer [58] at the metal-semiconductor interface and induce a modication of the characteristics at the interface.

In fact, the dead layer is often used in the serial capacitor model to explain the thickness dependence of the dielectric permittivity. Indeed, from the point of view of the dielectric performances, MIM capacitors can be impacted by the presence of interfacial layer (or dead layer with a low dielectric constant) at the level of metal/dielectric interfaces. This additional dead layer induces a capacitance C interf ace in series with the C high-k from the dielectric [59,60]. The total capacitance C tot formed by these two layers is determined by the following relation (Equation 1.9):

1 C tot = ∑ i ( 1 C i ) = 1 C high-k + 1 C interf ace = 1 A.ε 0 [ d high-k ε high-k + d interf ace ε interf ace ] (1.9)
Here A is the surface plate, ε 0 is the vacuum permittivity, d high-k and d interf ace are respectively the thickness of high-k material and dead layer at interface metal/high-k. From a purely capacitive point of view, the interface layer will dominate the value of total capacitance presented in Equation 1.9 if the thickness of structure decrease. Thus, the control of the presence of these secondary phases at the surface of PZT layer constitutes a real lever in order to broad and improve our knowledge on the electrode/PZT interface properties of capacitor devices. 

Conclusion

In this chapter, we have presented some of the basic properties of Metal-Insulator-Metal structure followed by the presentation of crystalline materials and their properties. A large part of this chapter has been devoted to the description of PZT near the morphotropic phase boundary. Additionally, this chapter have pointed out the importance of both the PZT surface and the electrode/PZT interface in the performance of MIM. Given the impact of the surface states in the real interface metal/semiconductor, this thesis will try to understand the surface (and interface) PZT characteristics by associating the structural, microstructural and physicochemical analyses as well as the electrical performances. Before presenting the electrical response relative to the Pb excess and the post-annealing, in the next chapter, we will rst present the dierent stages of the deposition and the characterization of the PZT based metal/insulator/metal heterostructure and the principles of the main techniques used to characterize the surface and interface chemistry and structure. The second chapter divided into four sections is consecrated to the presentation of experimental methods used to elaborate and investigate the capacitors based on the PZT ferroelectric.

In the rst section, we will present the dierent steps of fabrication of Pt/Ru/PZT/Pt/TiO 2 /-SiO 2 stacks on the silicon wafer. In order to achieve this goal, we will proceed rst the bottom electrode fabrication, followed by the PZT thin lm elaboration and nally the top electrode deposition. The second section will be entirely consecrated to the detail of X-ray diraction and Grazing Incidence X-ray diraction tools mainly used to characterize the texture of PZT thin lms. The third chapter will be dedicated to the electron microscopy study, which is used to investigate the surface and interface morphology. Finally, photoelectron spectroscopy used to characterize both the surface and interface of capacitors based on the PZT thin lm will be largely addressed. To nish, we will rst establish the basic principles of photoelectron, followed by the presentation of the X-ray photoelectron spectroscopy and Hard X-ray photoelectron spectroscopy tools used to study the physicochemical surface and the interface of Metal/PZT. Chapter 2. EXPERIMENTAL METHODS

Capacitor Deposition

In order to select an appropriate deposition technology for a specic application, several criteria have to be considered such as applications or material characteristics [1]. Thus, the procedure of Pt/Ru/PZT/substrates deposition used in this PhD is splitted into three parts which are the manufacture of Pt/TiO 2 /SiO 2 on the silicon (Si) substrate then the deposition of the PZT by sol-gel method and nally the deposition of top electrode materials by sputtering.

Bottom Electrode Deposition on the Silicon Substrate

Silicon is the basic material used for manufacturing almost all electronic devices. Silicon is more abundant, cheaper, stronger and presents a larger band-gap allowing it the ability to operate at quite high temperature. However, it is not possible to grow PZT directly on silicon because of interfacial reactions and Pb diusion into the silicon at elevated temperatures (> 500 • C). Thus the choice of the bottom electrode is crucial for the growth and the properties of the PZT. Several electrodes such as LaNiO 3 [2], RuO 2 [3], SrRuO 3 [4] or iridium and iridium oxide [5] have been studied. However, the most commonly used bottom electrode to grow PZT is platinum (Pt) [6,7] because it is chemically inert at elevated temperatures under oxidizing atmosphere (does not oxidize easily) and presents low resistivity. With Pb based materials, the Platinum displays lattice matching, chemical robustness and temperature stability. The standard substrate used for PZT deposition is Pt/TiO 2 /SiO 2 /Si heterostructures [8] as described in Figure 2.1. The manufacturing steps before depositing PZT on the 200 mm diameter (8 inches) 750 µm thick standard Si (100) wafer will be described in the following part. First, the silicon wafers are cleaned using a standard RCA cleaning process [9] in order to remove any organic, particle and metallic contamination which may be present on the surface. After cleaning, a layer of SiO 2 [10] serving as a passivation is thermally grown. This step is carried out at temperature of 1050 • C in a conventional furnace (Tempress) in the presence of oxygen and water vapor. The cooling is carried out under inert atmosphere (N 2 ). Furthermore, temperatures employed for the crystallization of PZT are greater than 500 • C (temperature at which the perovskite phase starts to form). At this temperature, there is a signicant risk of diusion of Pb from the PZT layer down to the substrate because Pt does not constitute a good diusion barrier. In order to prevent the diusion eect of Pb down to the Si substrate, a barrier layer, such as the TiO 2 is deposited between the platinum and the SiO 2 layers.

Further, the adhesion of platinum or any metal on SiO 2 is low [11]. This situation induces the use of a suitable adhesion layer between the platinum and the SiO 2 . Lots of materials 2.1. Capacitor Deposition such as zirconium, tantalum and their oxides [12,13,14] are tested but TiO 2 (addition to the role of diusion barrier) is the material most frequently used as adhesion layer [15]. The deposition of 10 nm of titanium by sputtering is performed at 350 • C under argon. The wafer is then annealed at 750 • C under O 2 to form around 20 nm of TiO 2 . The layer is shown in orange in Figure 2.1.

Pt (100 nm) layer is then deposited at 450 • C. This temperature promotes the (111) Pt orientation and tensile stress in the Pt lm. The tensile stress is caused by the dierences in thermal expansion coecients of the Pt lm and the Si substrate [16]. In case of lower deposition temperature, for example 25 • C, both (111) and (100) orientations occur. According to Cue et al. [17], Pt deposited at 25 • C undergoes a small compressive stress and when the deposition temperature rises, Pt stress becomes more tensile [17]. The Pt orientation used to be a crucial point, because it dened the orientation of PZT [18]. Nowadays, this issue has been overcome with the single crystallized PZT layer acting as a seed layer. The latter guarantees the (100) orientation of the entire PZT lm (with 10 % Pb excess) fabricated in CEA-LETI cleanrooms. In this thesis, platinum layer was deposited at 450 • C.

PZT Deposition

Sol-gel method is one of the most employed method in the microelectronics industry for growing PZT lms [19,20,21]. The sol-gel process has the advantage of being easy to implement at the foundry [21,22]. In addition, this method easily allows to adjust the proportions of the dierent constituents of PZT solution. The PZT solution used in this study is produced by Mitsubishi Materials Corporation from Japan. The solvent made of 1-butanol [C 4 H 9 OH] and propylene glycol [CH 3 CH(OH)CH 2 OH] allows to stabilize the solution over time and control the rheological properties of the sol [23]. The PZT precursors used are lead acetate trihydrate [Pb(CH 3 CO 2 ) 2 .3H 2 O], titanium tetra-iso-propoxide [Ti(i-OC 3 H 7 ) 4 ] and zirconium tetra-nbutoxide [Zr(n-OC 4 H 9 ) 4 ]. This metal-organic solution has a very specic composition, in order to achieve the desired morphotropic composition of the PZT, which is 52 % of Zr and 48 % of Ti [24]. Note that during this research work, dierent proportion of lead acetate is added to the solution (Pb excess from 10 % to 30 %) in order to compensate the amount of Pb lost. These loss of Pb are mainly caused not only by the evaporation of Pb during the annealings but also the diusion of the Pb at Pt/TiO 2 interface. The sol-gel method [25] used during this work to deposit four layers thick PZT lm is described hereafter: Sol-Gel Deposition Process: During this work, 220 nm thick PZT lms were formed by stacking four layers of 55 nm each. The deposition process by sol-gel [26] is illustrated in Figure 2.2. The rst layer (55 nm), which serves as a seed layer is deposited by spin coating, drying, calcination (with n=1) and crystallization. Following that, the spin coating, drying and calcination steps are again performed three times (n=3) in order to deposit the second, third and fourth layers. Finally, a re-crystallization step is performed after calcination of the fourth layer. Spin Coating: The purpose of this step is to coat uniformly the wet solution containing the precursors on the wafer (Pt/TiO 2 /SiO 2 /Si) as presented in Figure 2.3. First, a known volume of precursors is dispensed on the surface of the substrates by using a pipette or pipettor and the plate is then rotated. In contact with the water present in air, sol is hydrolyzed to form a gel on the surface of the wafer. Further, the thickness of a unit layer of PZT depends on centrifugal conditions. The parameters aecting the thickness are the rotation speed, the acceleration and the rotation time. The typical spin coating parameters are set to 1000 rpm (revolution per minute) with 1500 rpm/s acceleration for 20s spin coating duration for our PZT layers. Drying and Calcination: The purpose of these steps is to obtain a dry amorphous layer without any organic compounds. These two steps are achieved on hotplates. The drying is done at 130 • C for 5 minutes. During this step, the remaining solvent in the gel is evaporated. The calcination is operated at 360 • C. During calcination, the remaining organic compounds are eliminated. This step is critical because it is accomplished at a temperature at which 2.1. Capacitor Deposition the PbO can evaporate ( T > 300 • C). This may lead to Pb deciencies and can impact the ferroelectric properties of the lm, or even prevent crystallization into a perovskite phase.

Crystallization: This step is carried out in a Rapid Thermal Annealing (RTA) furnace.

After calcination, the PZT is still in the amorphous state. To crystallize the PZT in the perovskite phase, the wafer has to reach at least 500 • C [1]. Infrared lights are used to heat the wafer by radiation. This type of annealing is extremely fast. During this step, the thin layer of PZT crystallizes in perovskite phase. PZT is heated at 700 • C for 1 minute under an oxygen ow. The rise of the temperature is higher than 10 • C/sec and have to be nely controlled in order to prevent the lm from cracking. The pressure of oxygen in RTA annealing chamber is at atmosphere.

In this thesis, four 200 mm wafers of PZT thin lms at the morphotropic phase boundary composition (Zr/Ti: 0.52/0.48) with 220 nm of total thickness were elaborated at the MINATEC High-Technologies Building cleanrooms at the CEA-LETI (Grenoble). Each sample is composed with four layers of 55 nm of thickness as we can see in 

Top Electrodes

In order to perform electrical characterizations (Capacitance, loss tangent and breakdown voltage) at laboratory and operando hard X-ray photoelectron spectroscopy (HAXPES) measurements under biasing at synchrotron beamline, the deposition of top electrodes is required. Deposition of top electrode materials are carried out by sputtering at room temperature.

For electrical characterizations, top electrodes (Pt/Ru) are made with one layer of 5 nm of Ru then followed of 100 nm of Pt as illustrated in Figure 2.6 (a.1). Following the sputtering deposition of top electrodes of Pt/Ru, PZT and Pt/Ru layers are patterned with a specic design to obtain the desired devices. This step allows to access the bottom electrode contact during electrical measurements. The rst step consists in removing (stripped) a part of PZT in order to obtain an access to the bottom electrode. For that, we deposit a negative photosensitive chemical resist, then, carry out a photolithography process and nally perform a dry etching by Ion beam etching (IBE) on the PZT layer until reach the Platinum layer localized underneath the PZT layer as illustrated in Figure 2.6 (a.2).

The last step of the patterning [9] is performed by depositing a positive photosensitive chemical resist on the Pt/Ru surface. The sample is then partially protected of UV light by a mask containing the desired pattern. Therefore, after insolation, the parts of the resist protected by the mask stay on the wafer after development. The parts exposed to the UV are disintegrated after development and reveal the Pt/Ru electrode. Pt/Ru electrodes is then etching down to the PZT layer. Finally the resist is removed with acetone and isopropyl alcohol (IPA) as seen in 

Capacitor Deposition

According to the very low values of inelastic mean free paths (IMFPs) of electrons in the matter, during the operando HAXPES experiments, top electrodes consist of one layer of 5 nm Ru followed with thinner Pt (5 nm) layer (contrary to the thicker Pt (100 nm) used for electrical measurements) as illustrated in Figure 2.7 (a). Furthermore, even though the patterning process of contact (Pr/Ru) is the same with the ones performed in 

X-rays Diraction

X-ray Diraction (XRD) is used to provide important information on the crystal orientation. Using θ/2θ scans, information about the growth axis perpendicular to the surface of the substrate can be determined. For this type of measurement, the incident X-ray beam is xed while the movements of the sample (θ) and the detector (2θ) are coupled. As shown in Figure 2.9 (a), this method consists in sending an X-rays beam with an angle of incidence θ on the surface of the sample. In this way, the planes (hkl) parallel to the surface of the substrate will be successively brought into a diraction condition. According to the Bragg condition, the dierent scattered beams interfere constructively only when the angle of diusion is equal to the angle of incidence, which results in the following Equation 2.1:

2d hkl sin(θ) = nλ (2.1)
Where, d hkl , the distance between the planes of Miller indices hkl, n the order of the diraction, λ the X-ray wavelength and θ, the incidence angle [27]. XRD (θ/2θ) measurement was performed during this PhD by using a XPER PRO MRD XL from PANALYTICAL with Cuk α radiation (λ = 0.15405nm).

Furthermore, surface texture can be obtained with Grazing Incidence X-Ray Diraction (GIXRD) [28,29]. It was also carried out to obtain information regarding surface crystallography. The advantage of grazing incidence lies in the possibility of controlling the penetration of X-rays into the material. It is thus possible to probe separately dierent depths of a material. When the incident beam is close to or below the critical angle, the total external reection surface sensistivity is enhanced. The in-plane diraction measurements were performed on a Smartlab Rigaku 5-circles [30], using an incidence angle (α i = ω) of 0.5 • as can be shown in Figure 2.9 (b). The diracted X-ray beam (2θχ) is recorded for an azimuthal range from 15 to 65 • while keeping the angle ( α f = θ) of 0.5 • constant with respect to the sample surface. 

Overview of Electronic Microscopes

The main interactions exploited in electron microscopy [31], shown in Figure 2.10 (a), can be summarized in two dierent types of interactions [32]: Figure 2.10: (a) schematic diagram illustrating phenomena resulting from the interaction of highly energetic electrons with matter [33] and (b) Probe conguration in a Scanning Transmission Electron Microscopy [34].

First is the elastic interaction which results in no loss of energy and leads to Rutherford scattering or back scattering and electron diraction.

Second is the inelastic interaction where the kinetic energy of the incident electron changes and can induce the inner-shell ionization, braking radiation (Bremsstrahlung), secondary electrons, phonons, plasmons, cathodoluminescence.

Experimentally, Scanning Electron Microscopy (SEM), which is based on the secondary electrons are utilized when examining thick or bulk specimens while Transmission Electron Microscopy (TEM), which is based on the transmitted electrons used to examine a thin specimens. Further, the addition of scanning coils on the TEM can lead to the creation of a scanning TEM (STEM).

As illustrated in Figure 2.10 (b), STEM can allow to measure, Bright Field (BF: forward elastic scattered), Dark Field (DF: forward diraction scattered), High Angle Annular Dark Field (HAADF: Rutherford scattered), Electron Energy Loss Spectroscopy (EELS:), Electron Energy Loss Spectroscopy (EELS: lost energy distribution due to inelastic scattering through the sample) and Energy Dispersive X-ray (EDX: X-rays generated from electron excitations in the sample)

During this work, Scanning Electron Microscopy is used in backscattering mode. EDX/-STEM and HAADF/STEM measurement are performed with Transmission Electron Microscopy.

Chapter 2. EXPERIMENTAL METHODS

Characterizations of Surface and Interface

Physicochemical properties of surfaces and interfaces can be substantially dierent from those encountered in bulk materials. Understanding the important role played by the surface and interface requires the use of specialized characterization processes. Although, methods of analyzing materials are numerous. Surface-sensitive spectroscopies, such as photoemission (Photoelectron spectroscopy (PES)), have greatly advanced physicochemical knowledge of surfaces and interfaces. PES is based on the photoelectric discovered by Hertz in 1887 [35] and explained theoretically by Einstein in 1905 in terms of quantum physics [36]. This theory allows him to obtain the Nobel Prize in 1921. According to the importance of the PES tool, in the next section, we will recall concepts and theories that describe the photoemission processes, allowing to deduce the electronic structure of a material.

Basic Principles of Photoemission

Photoemission occurs when a light beam (photon for example) with energy hν greater than the work function Φ W of the material illuminates the sample [37]. For an electron with binding energy E bin , the photon with energy hν can cause the ejection of a photoelectron in the vacuum level with kinetic energy E kin . In fact, during the process of photoionization, the ejection of an electron will result in the formation of a positive ion (I + ). The energy required to cause the ejection of an electron is known as ionization energy or electron binding energy. Overall, ionization energy will depend on the location of the electrons in preference to the nucleus of the atom. As electrons are arranged in orbitals surrounding the atomic nucleus, the ionization energy will be higher or lower depending on whether the electrons are located in the core or valence shell. Core electrons, which are closer to the nucleus, will require more energy to be ejected. Furthermore, each chemical element has a dierent number of protons in the nucleus, resulting in a unique set of ionization energies for every element. Thus, from that, energy conservation allows us to write (Equation 2.2):

E kin = hν -E bin -Φ W (2.2)
Further, experimentally the sample is electrically connected to the spectrometer. They have a common Fermi level. In this way, the kinetic energy measured is calibrated relatively to analyzer Φ Sp as seen in Figure 2.11 [37].

By using a common Fermi level, the measured kinetic energy can be obtained with Equation 2.3 and it may allow to determine the chemical elements within a sample.

E meas kin = E kin -Φ analyzer = hν -E bin -Φ W -(Φ Sp -Φ W ) = hν -E bin -Φ Sp (2.3)
However, the previous description of photoelectric emission in Equation 2.3 can not clarify very well the dierent phases of the photoemission process as we will detail later with the three step model. 

Three Step Model of Photoemission Process

Although, the photoemission process is a complex quantum mechanical process taking place in a single step, Berglund and Spicer in 1964 introduced a simpler more pedagogic model allowing to describe the photoemission process in the material [39]. This approach called three step model, in which the photoemission process can be described in terms of three independent steps: (1) the probability of excitation in the bulk solid, (2) the probability of scattering of the excited electron on its path to the surface by the atoms constituting the solid, (3) the probability of transmission through the surface potential barrier into vacuum as sketched in Figure 2.12.

Figure 2.12: Illustration of the three-step model in PES [39].

• Step I: Photoexcitation of the Electron in the Solid

The photoionization of the atom results from an excitation of an electron in atom by a photon with energy hν. This photoelectron can be localized either in valence band or the discrete core levels. The process is subject to a certain transition probability determined by the photoionization cross section (σ) of the electron. This photoionization cross section is associated with the probability of interaction between the photon and the electron.

Photoionization Cross Section (σ): Experimentally, the transition probability is often estimated using the photoionization cross section (σ) of the electron. The photoionization cross section (σ) depends on the type of material, the level of the electron considered and the energy of the incident photons. However, the study of the angular distribution Ω of electrons ejected from atoms in the photoionization process is signicance in the understanding of the transition probability in the solids. Thus the photoelectron angular distribution for circular polarized and unpolarized photon may be written as in Equation 2.4 [40]:

dσ i dΩ = σ i 4π [ 1 - β 2 P 2 (cosθ) + ( γ 2 sin 2 θ + δ ) cosθ ] (2.4)
Where β the dipole parameter, γ et δ are two nondipolar parameters, θ is the angle between the vectors of propagation of photon and photoelectron. P 2 is the second order Legendre polynomial. For instance, cross sections for elements with Z = 1 to Z = 103 have been calculated using the Hartree-Fock one-electron central potential and the dipole approximation [41,42].

•

Step II: Travel of the Photoelectron to the Surface Once that the electron is emitted, the probability for reaching the surface depends on both the material and the kinetic energy of the electron. Indeed, during transport through the sample, the electron can undergo elastic and inelastic scattering by the Coulomb potential of neighbouring atoms, which can modify its energy.

Inelastic Meam Free Path (λ e ): It represents the average length of an electron traveled between two successive inelastic scattering events. It strongly depends on the kinetic energy of the particle and the medium in which the particle moves. A predictive model proposed by Tanuma Powell and Coll [43] presented in Equation 2.5 can be used to determine the IMFP:

λ e = E/E 2 p [ βln(γE) -(C/E) + (D/E 2 ) ] (2.5)
Where E is the kinetic energy of the electron considered, E p the energy of the plasmons and β, γ, C and D are adjustable parameters. This relation takes into account only inelastic electron-electron interactions in atom and conduction plasmons. However, the data t socalled universal curve shown in Figure 2.13 is a good estimation of the free path for many 2.4. Characterizations of Surface and Interface materials.

Indeed, depending on the energy range used, we can increase largely the IMFP. Utilizing photons with high energies, the inelastic mean free depth of photoelectrons increase and allows to probe electronic structures depth in the bulk and buried interfaces with which conventional XPS are dicult to cope. In fact, The probing depth of lab-based XPS can be just a few angstroms according to the universal escape depth curve. However, low energy lasers or high-energy photons available from the synchrotron facility can be used to probe the bulk or interface of materials. The low-energy approach is limited by the nite number of available lasers and by the energy level excitable by the low-energy lasers (no access to the core levels).On the other hand, it is becoming easier to probe the bulk structure at the high kinetic energy side of the curve because of the development of high-energy beamlines at synchrotron facilities (tunable X-rays and high brightness can overcome the low cross section at hard X-ray energy). • Step III: Penetration Through the Surface and Escape Into The Vacuum Finally, the photoelectron can only escape from the surface if its kinetic energy is sucient to overcome the surface potential barrier of the sample Φ W . When this condition is fullled, the photoelectron can be emitted and then detected by the analyzer. The reduced residual pressure in the spectrometer (< 10 -9 mbar) allows to minimize the additional inelastic scattering in the path of electron between the surface sample and the entrance of detector. In this context several types of photoelectrons can be distinguished as illustrated in Figure 2.14: Figure 2.14: Scattering processes involved in photoemission: (I) primary electron, (II) secondary electrons and (III) reabsorbed electrons [46] * Electrons that have no suered inelastic scattering are emitted with maximum kinetic energy and have the expected binding energy (case I in Figure 2.14). They are referred to as primary electrons and contribute to the intensity of main photoelectron peak. They provide chemical (from core levels) and electronic structure (from the valence band) informations . * Due to inelastic scattering (case II in Figure 2.14), photoelectron lose kinetic energy by exciting its surroundings and will be currently detected with a higher binding energy. Thus, kinetic energy losses may arise due to electron-phonon or electron-electron interactions which inducing the presence of others peaks like satellites or plasmons. As for photoelectrons having undergone inelastic interactions, photoelectrons are still emitted but have lost electronic and chemical information. They are found in the energy-loss tail of the main photoelectric peak or in the secondary electrons background at low energy kinetic. * The electrons which undergo so many inelastic scattering interactions will not leave the surface of the material. They are readsorbed and do not contribute to the photoemission signal (case III in Figure 2.14)).

(a) Angle-Dependent Studies Degree of surface sensitivity of an electron-based technique such as XPS may be varied by collecting photoelectrons emitted at dierent emission angles to the surface plane. This approach may be used to perform nondestructive analysis of the variation of surface composition with depth (with chemical state specicity). The Beer-Lambert attenuation law describes how the photoelectron intensity will decrease exponential as a function of depth into the sample. In fact, the intensity of the no-loss peak as a function of the probing depth or electron escape depth d and a take-o angle θ (is the emission angle of the electrons acquired by the analyzer with respect to the surface normal) can thus be written in Equation 2.6:

Characterizations of Surface and Interface

I(d) = I 0 e -(d/λesinθ) (2.6)
Here I 0 is the intensity without attenuation. Overlayer lms of thickness λ e sinθ and 2λ e sinθ contribute respectively to 63 % and 86 % of the total signal. When the percentage of detected photoelectrons is 95 %, d is called sampling depth and is estimated to be 3λ e sinθ. This eect can be used to rapidly estimated if an element is localized at the surface or in the bulk.

According to the relation between the information depth and the take-o angle described in Equation 2.6, it is possible to tune the depth prole. In fact, to enhance the surface signal, we can decrease the angle of electron emission relative to the surface by using the angleresolved XPS [39] as shown in Figure 2.15. Thus, by tilting the sample from near normal emission to near grazing emission provides a method for depth proling the surface region of a solid sample.

Near normal emission produces a spectrum in which, the bulk peak dominates while the surface peak dominates in the spectrum from the grazing emission. According to Equation 2.6, when photoelectrons are collected at angles other than 90 • with respect to the surface normal, these depths decrease by a factor of sinθ relative to the intensity of the bulk peak. In fact, when the take-o angle (TOA) is at 90 • , the sample surface is perpendicular to the line of acceptance of the analyzer, and sampling depth d = 3λ e sinθ is the maximum. Thus, By tilting the take-o angle (TOA) of 60 • and 30 • respectively, the sampling depth decreases from approximately 0.87 and 0.5 relatively to the sampling depth of the TOA = 90 • [47]. Here we briey describe the main aspects of the XPS spectrum shown in Figure 2.16.

Continiuos Background:

An important aspect in the interpretation of photoemission results is the continuous background (Figure 2.16). The continuous background is dominated by electrons that have undergone many inelastic scattering with their surroundings. The inelastically-scattered electrons or Secondary electrons (SE) have lost coherence with their initial state and constituted therefore a background. However, an incorrectly subtraction of background can induce a misinterpretation of the recording data. Numerous background types are published but however, linear and Shirley background have been used during this thesis work [48]. For example Pb 4f and Pb 4d in Figure 2.16, Shirley background is the most sense according to the fact that, the background decreases with increasing kinetic energy.

Core-Level Peaks:

Core level allows to obtain valuable information of electronic structure, chemical state, local geometric structure and nature of chemical bonding of the emitting atom (Pb, Zr, Ti and O in Figure 2.16). These are rather narrow and localized levels around a nucleus. According to the fact that, each atom may have several signatures related to the environment, the understanding of characteristic of core level peaks become, therefore, essential in order to extend our knowledge on the materials.

• Chemical Shifts: Core-electron chemical shift represents a very powerful way of detecting dierent variations of the chemical environment in a complex system. In fact, even though, core electrons do not participate directly on the chemical bonding, they are sensitive to the changes in valence-level charge distributions [49,50]. Indeed, depending to the 2.4. Characterizations of Surface and Interface electronegativity of the neighbors, the core electrons of the atom will present lower or higher binding energies as described in more detail below in section 2.4.1, page 59.

• Multiplet Splitting and Spin-Orbit Splitting: Multiplet splitting can occur when the valence band levels are only partially occupied. In such cases, the valence electrons can couple with one another, such that, there is a net spin S and a net orbital angular momentum L on a given site. Further, when an electron is emitted from a core level, the new (N-1) electrons remaining and the partially lled valence band can be coupled. This can lead to several nal states S f and L f . This is termed a multiplet splitting of core-level binding energies, and includes spin-orbit splitting.

Photoemission Valence Band:

The initial states of these photoelectrons are just below the Fermi level as presented in Figure 2.16. It is these electrons that participate in the band structure. In the case of semiconductors or insulators, they participate in ionic and/or covalent bonds, often directional. In all cases, they determine the chemical, electrical and magnetic properties of the materials. Finally, valence electrons are most often studied using the UPS (Ultraviolet Photoemission Spectroscopy).

(c) Core-Level Chemical Shifts

The interpretation of photoelectron core-level spectra in terms of binding energy shifts is an essential task in photoemission data analysis. The exact binding energy of an electron depends not only on the level from which photoemission is occurring, but also on the formal oxidation state of the atom, the local chemical and physical environment. Indeed, any change in the chemical environment generates dierences in electronic and atomic potentials, which induce a change of the core level binding energy. Thus, a general relation of the core-level energy shift referenced to the Fermi level of the spectrometer ∆E F B can be summarized as follows in Equation 2.7 [51]:

∆E F B = ∆ε -∆E R -∆V -∆ϕ (2.7) 
In this simplied expression, rst two terms on the right account for initial state (chemical shift ∆ε due for example to the oxidation state of the common ion) and nal state (with an extra and intra-atomic relaxation energies ∆E R ) contributions respectively. ∆V is the dierence in crystal eld potential energy and ∆ϕ the work function correction or change surface potential. One of the most important core level shift eect can be highlighted with the investigation of the Surface Core Level Shift (SCLS). The SCLS [39, 52] is caused by the structural environment modication of the atoms at the surface with respect to the bulk. The fact that the atoms in the rst atomic layer of a solid (at the vacuum interface) must have electronic properties which are dierent from those of the atoms in the bulk had long been anticipated on theoretical grounds. Atoms at the surface have fewer neighbors than those in the bulk and are in an environment of lower symmetry. One might expect to nd changes in band width and crystal eld splitting due to the discontinuity at the surface.

Chapter 2. EXPERIMENTAL METHODS Indeed, we consider three atomic environments as shown in Figure 2.17. The rst one in the bulk solid (c), the second one on the solid surface (b) and the third one is an isolated atom (a). The situation of the atom localized at the surface is situated between the situation in the bulk and the situation of isolated atom as illustrated in the diagram in Figure 2.17.

In fact, the rise to degeneracy eect induced by the reducing of the coordination is to shrink the valence band of the surface. However, the number of electrons in the valence band at the surface does not change with respect to the number of the valence band in the volume (this is the condition for maintaining charge neutrality). However, it occupies a wider energy range with the presence of energetic gap. Thus, theoretical binding energy core level shift relation between the bulk atoms and the surface atoms is given by Equation 2.8:

∆ SCLS = [ E Surf (n c -1) -E Surf (n c ) ] - [ E Bulk (n c -1) -E Bulk (n c ) ] (2.8) 
where E Surf /Bulk (n c ) is the total energy of the system considered as a function of the number of electrons n c at the surface or in the bulk respectively [53,54]. There are two models that can explain the physical core level displacement, the microscopic model [50] and thermodynamic model [55].

In the following, we will study the thermodynamic model that allows to describe accurately the SCLS contrary to the microscopic approach based on the Koopmans theory [56] which does not take into account the nal state eects due to the screening of the core-hole.

In fact, Koopmans theorem is based on the assumption that the orbitals of the other electrons of atom remain unchanged when the photoelectron is emitted. It is consequently called the frozen-orbital approximation, and results in a nal state which is not an eigenstate of the system with the photo-hole. In other words, this theorem which freezes the electron orbitals during photoemission, states that the negative of the eigenvalue of an occupied orbital from a Hartree-Fock calculation is equal to the ionization energy of the ion formed by the photoionization of the atom. However, there are limitations to Koopman's theorem. In fact, even if the photoelectron is removed in a time short compared to that characterizing 2.4. Characterizations of Surface and Interface motion of the other electron, i.e. in the sudden approximation, a set of eigenstates is actually produced. The ground state of atom with the hole has the same energy as obtained if the photoelectron leaves the atom slowly enough. This process is called adiabatic description. In this limit the outer orbitals relax as the electron departs from the atom, leaving a hole in an inner shell. This relaxation lowers the energy of the nal state well below that of the koopmans state. For the isolated atom the dierence between the energy of the koopmans state and that of the fully relation state is called the intra-atomic relation energy. If the core electron is removed more rapidly, then the relaxation process will populate not only the ground state of the hole-state atom, but also those of its excited states allowed by selection rules. A sum rule shows that, in the sudden approximation the centroid of the population of these nal eigenstates will coincide with Koopmans energy. The nal state with lowest energy is usually the strongest and is called the main line, the rest are called shake-up satellites, because they correspond to the excited states of hole state atom. Theoretical values for the free-atom binding energies are obtained by calculating the total energy of atom both with and without the core hole. The dierence corresponds to the binding energy measured in photoemission.

Thermodynamic Model: Thermodynamic models are based on the Equivalent Core Approximation (ECA) [57]. ECA is based on the assumption that removing one of the inner electrons is felt by the outer electrons as on increase in the nuclear charge by one unit. This approximation is justied when electrons cannot reach the inner part of the atom, and therefore, cannot make the distinction between the nuclear charge and the additional core hole. In this way it is reasonable to assume that the removal of a core electron is felt by the valence electrons as a change in the nuclear charge from Z to Z+1. [53].

From the ECA one can build up a Born-Haber cycle [55,58]. BornHaber cycles are used primarily as a means of calculating lattice energy (or more precisely enthalpy), which cannot otherwise be measured directly. The lattice enthalpy is the enthalpy change involved in the formation of an ionic compound from gaseous ions (an exothermic process), or sometimes dened as the energy to break the ionic compound into gaseous ions (an endothermic process). A BornHaber cycle applies Hess's law to calculate the lattice enthalpy by comparing the standard enthalpy change of formation of the ionic compound (from the elements) to the enthalpy required to make gaseous ions from the elements.

Thus, the segregation energy for clean surfaces of material was split into two contributions. The rst one is the dierence of surface energy between the elements [Z+1] and [Z] and the second one is a dilution term which was neglected. In fact, Born-Haber cycle in which surface eects arise from a reduction of the cohesive energy due to the lower coordination number have been successfully used to interpret the Surface-atom core-level shifts on clean surfaces. This approach has been also generalized for adsorbate covered surfaces and it was shown that the presence of chemisorbed atoms introduces an additional contribution to SCLS (Equation 2.9).

∆ SCLS = -p ′ /p [E ads (Z + 1) -E ads (Z)]
(2.9) where E ads (Z) is the (positive) adsorption energy of the adatoms at the surface of the [Z] crystal (here the element [Z+1] is assumed to have the same crystalline structure as Chapter 2. EXPERIMENTAL METHODS the element [Z]), p is the number of bonds (assumed to be geometrically equivalent) of an adatom with the substrate atoms and p ′ is the number of bonds (also assumed to be geometrically equivalent) between the substrate atom on which the SCLS is measured and the adsorbates. In the usual cases where these bonds are not equivalent, the above formula can still be used to get an approximate value of the additional SCLS due to adsorbate(s). This formalism also yields excellent estimates of binding energies in metals. It can be readily extended to deal with the change in binding energy at the surface, as well as to relate binding energy shift in alloys to heats of solution.

Basically, the ability to discriminate between dierent oxidation states and chemical environments is one of the major strengths of the XPS technique. In fact, all these shifts are readily observable and interpretable in XPS spectra because this technique is of high intrinsic resolution. Furthermore, as shown in Figure 2.18, atoms of a higher positive oxidation state exhibit a higher binding energy due to the extra coulombic interaction between the photoemitted electron and the ion core. Reversely, atoms of a higher reduction state exhibit a lower binding energy. In addition to the binding energy shifts mentioned above, there are briey other possible eects of binding energy shifts in the case of semiconductor material. Firstly, the variation of the Fermi level, whose position in the gap depends on the semiconductor type and level of doping. Secondly the band bending on the surface, due to the presence of a charge depletion layer to the surface of the material related to surface states in the gap. Finally, an extrinsic phenomenon linked to the illumination of the material such as the surface charge eect during analysis can act the binding energy.

Experimental Set-up of XPS

All surface studies during this thesis were carried out using ScientaOmicron Multi-probe XPS (M-XPS) illustrated in Figure 2.19. The M-XPS system [59] delivered by Scienta Omicron and installed at the Platform For Nanocharacterization of MINATEC (CEA-Grenoble, France) is designed to perform X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), Angle-resolved XPS (ARXPS). The design allows an easy sample transfer between the dierent chambers under ultrahigh vacuum pressure (10 -10 2.4. Characterizations of Surface and Interface mbar). The airlock and a high vacuum analysis chamber are connected to the sample storage chamber. The airlock is equipped with a sample docking station for three samples and can be brought rapidly to atmospheric pressure using N 2 gas in order to minimize the contamination gas upon sample insertion. The storage chamber with multi-samples carousel system is endowed with a heating stage for cleaning surface and heat-treating samples. The analysis chamber is equipped with a sample holder rotatable enabling to vary not only the take-o angle but also a monochromatic X-ray source of aluminum and a hemispherical electron energy analyzer. The shape of photoemission peaks are not simply delta functions δ. Experimentally, photoemission peaks from semiconductors or insulators are described by the Gaussian-Lorentzian (Voigt) prole due to the symmetric peak shape, while asymmetric peaks from metal materials are interpreted by the Doniach-Sunjic prole. This situation is linked to the fact that, the width and shape of photoemission peaks take into consideration several eects that will be discuss below.

One of the rst contribution of the width of photoemission peak is the X-ray source. The linewidth of the X-ray line source used for the excitation is ∆E X . With a good energy resolution (∆E X ≃ 250 meV ), the M-XPS is equipped with a conventional X-ray laboratory source with Alk α photon for core level excitation [60] having a line energy and width of 1486.6 eV and 0.16 eV respectively [61].

A second contribution of the width of photoemission peak is the analyzer used (hemispherical analyzer in the case of the M-XPS). A hemispherical analyzer is constituted of a multi-elements: an electrostatic input lens, a hemispherical deector with entrance ω S , exit slits ω F , and an electron detector (i.e., a channeltron or a multi-channel detector) [61]. Basically, a hemispherical analyzer is consisted of two concentric hemispherical electrodes held at dierent potentials V = V 2 -V 1 . In this case, the trajectory of the incoming electrons is bent into a curve as seen in Figure 2.20. Charged particles of only well-dened kinetic energy called the pass energy E p , are able to complete their path along the median trajectory of radius R 0 = (R 1 + R 2 )/2 with R 1 and R 2 radii of the inner and outer hemisphere and emerge at the exit slit ω F . Particles at energies suciently lower or higher will hit the walls. The system acts as a narrow band pass energy lter. The bandwidth is described by Gaussian prole. The energy resolution of the analyzer ∆E A with an angular aperture of the analyzer α can be expressed by the formula in Equation 2.10:

∆E A = E p [ ω F -ω S 2R 0 + α 2 ] ; E p = e∆V ( R 1 R 2 R 2 1 -R 2 2 )
(2.10) Thus, by using a pass energy of 10 eV with an entrance slit (1 × 10) mm 2 , and acceptance angle of ±3.1 • (acceptance angle is the angle under which the majority of emitted photoelectrons will be collected by analyzer and recognized by detector), the analyzer resolution ∆E A is 90 meV. The overall energy resolution of X-ray source and analyzer is 0.27 eV.

Finally, even though, the XPS tool has a high resolution, we can observe that in Figure 2.16 some peak line-shapes are broad and others are sharp. We can understand these dierences by the consideration of the core-hole lifetime, which is very relevant in photoemission process. The core-hole lifetime ∆t of the state which is instead a Lorentzian function can be related to intrinsic or natural line-width ∆E LS = 2Γ by the Heisenberg uncertainty principle as shown in Equation 2.11:

∆E LS = 2Γ ∼ h 2π × 1 ∆t (2.

11)

Here h is the Planck constant, and ∆t the core-hole lifetime. Heisenberg uncertainty principle dened that the precision with which we can dene the energy of a state, depends on the lifetime of electron in this state. The shorter the lifetime, the less the certainty with which we can dene the energy. In fact, if we suppose an electron in a ground state with a long lifetime and a precisely dened energy. It passes to an excited state with a short lifetime. In this case, the uncertainty principle tells us that the energy of the excited state cannot be dened precisely. It will have an inherent uncertainty in its energy and therefore a widening of the full-width-at-half-maximum of the photoemission peak.

Additionally, we can also note that, the deeper the orbital, the shorter the lifetime of the core level remaining after photoemission and the broader the peak width because of the 2.4. Characterizations of Surface and Interface very large number of electrons around the hole. Thus, the total energy resolution dened as the full-width-at-half-maximum of the peak after background subtraction can be approximated by a quadratic sum of the natural linewidth, X-ray bandwidth and analyzer resolution as illustrated in Equation 2.12 [62]:

∆E T ot = √ (2Γ) 2 + (∆E X ) 2 + (∆E A ) 2
(2.12)

Figure 2.20: HemiSpherical Analyzer (HSA); S and F are the widths of the entrance and exit slit, respectively, and α is the angular spread of the electron beam. R 0 , R 1 and R 2 are the radius of the median equipotential surface and the radii of the concentric hemispheres at potentials V 1 and V 2 and [62] (b) Quantication Analysis XPS signal intensity, measured for a xed kinetic energy E k at a depth z from the surface, depends on several paramters as illustrated in Equation 2.13 [63]. I 0 is the incident photon intensity, n is the atomic density, λ(E k ) is the inelastic mean free path of electrons of energy E k in the sample. D(E k ) is the eciency of the spectrometer detector for the electrons of energy E k , and σ ph (hν) is the photoionization cross section. L(γ) represents angular asymmetry of photoemission intensity from each atom and T (E k ) is the electron spectrometer transmission. θ is the angle formed by photoelectrons escape direction and the normal to the sample.

I(E k,z ) = I 0 n σ ph (hν) D(E k ) T (E k ) L(γ) exp[-(z/λ(E k )cosθ]
(2.13)

Now, we dene the atomic sensitivity factor S by:

S = I(E k,z /n) = I 0 σ ph (hν) D(E k ) T (E k ) L(γ) exp[-(z/λ(E k )cosθ]
(2.14)

In the case where, the incident photons intensity remains constant during the experiment, we can determine the atomic concentration c i of any element by using Equation 2.15 [37]:

c i = n i ∑ j n j = I i /Si i ∑ j (I j /Si j ) (2.15) 
This approach will provide semi-quantitative results for most situations, except where heterogeneous samples are involved, or where serious contamination layers obscure the underlying elements. During this thesis, CasaXPS software [64] was used for treatment all of the acquiring data. The transmission coecient (a, b) were extracted from the ScientaOmicron database.

Synchrotron Beamline

The main interest of using Hard X-rays in photoemission (HAXPES) [65] is to increase the probing depth, which allows to study deeply buried interfaces unlike to the classical XPS (limited only to the extreme surface). Synchrotron radiation used in HAXPES measurement is the electromagnetic light emitted from deviated or accelerated relativistic electrons. The main interests of using synchrotron radiation for photoemission are the tunability of the photons produced, the high photon ux and the high energy resolution that can be achieved [66,67]. The energy range can be between infrared to hard x-rays, allowing to produce low or high kinetic energy photoelectron.

Production of photons with a synchrotron source passes through various stages as illustrated briey below in Figure 2.21. Electrons are produced by an electron gun in the linear particle accelerator (LINAC) followed by the gain of energy from 100 MeV to 2.75 GeV in the BOOSTER RING before nally entering the STORAGE RING. The storage ring (of perimeter 354 m in the case of the SOLEIL synchrotron) is an assembly of components used to conne and maintain a high energy electron beam in a closed orbit for periods of several hours. Electrons produce synchrotron light at each successive orbital deviation for a wide variety of experiments as illustrated in Figure 2.22. In the storage ring, electrons travel in a metal tube in which an ultra-high vacuum is maintained. Thus, there are almost no collisions to slow down the relativistic electrons into the storage ring. The bending magnets are one of the sources of synchrotron light (Figure 2.22), where a narrow cone of radiation is emitted as the electrons pass the bend. Between these circular bending magnets are inserted straight sections with multi-magnet devices called insertion Chapter 2. EXPERIMENTAL METHODS devices (Wiggler and Undulator presented in Figure 2.22). A wiggler generates a quasicontinuum, with a ux higher than a bending magnet roughly in proportion to the number of wiggles (short period and large bend). In an undulator, the self-reinforcing aspect of interaction of the electron beam with the magnetic structure leads to increase a gain in brightness. The undulator allows to get also a partially coherent point source, a highly collimated, and a very highly structured energy spectrum (long period and small bend). The synchrotron light emitted by the electrons is directed to beamlines through the circular beam ports.

(a) Undulator

The HAXPES experiments were done at the Galaxies beamline (SOLEIL synchrotron, Saint Aubin, France). Here, we describe briey the photon source (undulator) and the beamline. The hard X-ray source during operando HAXPES measurements in this thesis is provided by U20 undulator with a 98 magnetic periods installed in a short straight section of the SOLEIL synchrotron. The length of each magnetic periods (N-S poles) called λ 0 is 20mm. The maximum magnetic eld at a minimum gap of 5.5mm of the U20 undulator is 0.96 Tesla [70]. From the undulator, the beam of light enters in the optics hutch which contains several optical devices and the Silicon (Si) double crystal monochromator (DCM). The resolution of the exit beam with desired energy is selected by a double-crystal Si liquid-nitrogen-cooled xed-exit monochromator (DCM). The energy will be selected by performing the angle rotation (for two crystals) and translational motions (parallel and perpendicular motions for second crystal) whilst keeping the crystals parallel to one another as illustrated in Figure 2.24 (a).

During our experiment, the Si(333) reections of the double crystal monochromator [71,72] were used to obtain monochromatized X-ray at 6.8936 keV with a bandwidth of 150 meV as shown in the calculated energy resolution of Figure 2.24 (b). (c) HAXPES Set-up Finally, thanks to mirrors, photoelectrons are measured by a Scienta EW4000 hemispherical photoelectron analyzer installed on the HAXPES station illustrated in Figure 2.25. The hemispherical photoelectron analyzer provides a high transmission thanks to the 60 • total opening angle of the lens. The instrument is optimized for the detection of electron kinetic energies up to 12 keV. The analyzer chamber is compatible with the manipulation of solid samples which are mounted on a specically designed sample holder. The holder is attached to a fully motorized 4 axes-manipulator located on top of the chamber. The sample holder can host two sample plates that are electrically isolated from the sample holder ground. Figure 2.25: HAXPES station at the GALAXIES beamline (Synchrotron SOLEIL) with an SCIENTA EW4000 hemispherical energy analyzer [71,74] From the photon resolution provided by the DCM (150 meV) presented in Figure 2.24 (b) and the analyzer bandwidth (180 meV) from hemispherical analyzer (with a passing energy of 200 eV and a slit size of 400 µm), the total resolution for an energy of 6.8936 keV is ≃ 235 meV.

(d) Advantages of Analysis for Operando HAXPES on the Metal/PZT Stacks HAXPES in-situ technique provides the possibility to access to the chemical and electronic information from the bulk of capacitor devices based on the materials. It also allows to investigate the buried interfaces in layered material stacks. Additionally, with HAXPES technique, photoemission measurements can be performed without any surface cleaning procedures (with the presence of surface contamination) or extra preparations contrary to the XPS technique. However, HAXPES in-situ technique is often applied to materials at equilibrium, which does not allow to get a very accurate representation of interactions at the atomic scale under normal (dynamic) operating conditions. However, for the development of future high capacitance devices, it is crucial to determine the chemical and electronic states of buried interface between the active layer and the electrodes. The use of HAXPES measurement in-operando situation i.e. by applying in-situ an electric eld between the electrodes of the capacitor is a very relevant means to study the complexity of the actual devices under realistic condition. To achieve this experimental challenge, a specic protocol is implemented as described in the next section.

(e) Experimental Protocol for Operando HAXPES manipulator. One for the sample mounting and top electrode bias and a second one to contact the bottom electrode via a Cu spring contact. The sample is mounted on the Printed Circuit Board (PCB) by using a double-sided tape for UHV and the PCB is screwed onto the sample holder. The electric contacts with the top and bottom electrodes are done by wires which contacting the sample plate (for the top electrode) and a second sample plate via a Cu spring for the bottom electrode. In this way, both top and bottom electrodes are oating with respect to the experiment ground. Therefore, capacitor can be poled by using an Agilent E4980A capacimeter/voltage generator and its electrical characteristics measured in-situ.

In Figure 2.27, we can see through the window of the analysis chamber, the sample of PZT and supports. The sample plates used for operando HAXPES are attached to a fully motorized 4 axes-manipulator. This device makes it possible to align the photon beam (with a beam spot of width of ∼ (100 × 100)µm 2 ) and the surface (1mm 2 ) of capacitor that will be analyzed. Angle conguration between analyzer and source is 90 • on the HAXPES tool. We performed all measurements with a take-o angle (θ) of 60 • during this beamtime. 

Conclusion

In this chapter, we have reviewed the processes of deposition and characterization used during this thesis work. We rst presented the dierent phases of fabrication of our Pt/-Ru/PZT/Pt/substrates structures. In particular, we focused on the sol-gel technique, which is very suitable for depositing thin lms. After that, we have described the microstructural (X-ray diraction) and structural (electronic microscopies) tools used for studing the PZT layers. We have developed and explained the functioning of photoemission spectroscopy, which is an extremely eective technique in the physico-chemical study of materials. It also largely allows to study the extreme surface of samples but also the buried interfaces of structures in stacks according to the sources of energy used. Finally, in this chapter, we have described the synchrotron beamline working and the protocol used to perform the operando HAXPES. In the next chapter, we will investigate the electrical performances of PZT thin lm depending both on the Pb excess content in the PZT lm and the post metallization annealing Pt/Ru/PZT/Pt stacks. Properties of PZT lms highly depend on the composition, particularly Zr/Ti ratio [1,2]. PZT grown at the morphotropic phase boundary shows best electrical properties such as piezoelectric coecients and dielectric constant [3,4,5]. In contrast to the Zr/Ti ratio, the lead (Pb) excess content eect has not been much addressed in the literature. We will therefore focus on the study of lead content, which is dicult to control due to volatility of the PbO during heat treatments. In fact, tuning the Pb excess precursor during the growth of PZT, in order to compensate the loss of Pb, might also play a major role in the electric properties of PZT [6]. Further, the post metallization annealing (PMA) of the whole metal-ferroelectric-metal stack might also modify electrical responses of the capacitor [7]. Thus, the thermal treatment and the Lead excess content were considered in this thesis work to optimize and to enhance the performances of PZT-based MIMs.

In this chapter, rst, we will describe the experimental procedures for electrical characterization of PZT based capacitors.

Finally, electrical results (dielectric constant, loss tangent and breakdown eld) from Pt/Ru/PZT/Pt capacitors depending on the rate of lead excess and the PMA will be reported and explained.

Electrical Measurement Processes

We detail the dierent electrical measurement methods used in this thesis to characterize the dielectric constant, loss tangent and breakdown voltage of Pt(100 nm)/Ru(5 nm)/PZT(220 nm)/-3.1. Electrical Measurement Processes Pt(100 nm)/TiO 2 /SiO 2 /Si stacks at room temperature. All capacitors studied are (80 × 80)µm 2 of area. Electrical measurements are carried out with a probe station (cascade) and by applying the bias on the bottom electrode with the top electrode connected to the ground. The measurement tools are monitored by a computer with the software GAMME developped at LETI [8], as shown in The purpose of the capacitance-voltage measurement using impedance meters is to determine the dielectric constant and the dielectric losses of PZT samples as a function of the voltage applied. Experimentally, the properties of the actual capacitor dier from those of the ideal capacitor. Ideal capacitor is characterized by a pure capacitance denoted C (linked to the dielectric constant), which is constant and independent of the source frequency. In reality, the ideal capacitor does not exist. Indeed, with the actual capacitor, the energy losses are often present and the measured values of C always depend on the frequency. Hence, dierent models are used to describe the imperfections in the capacitor systems.

The most common and simplest model of a capacitor called the series-equivalent circuit model is schematically presented in Figure 3.2. With this model, R s (which summarizes all Chapter 3. ELECTRICAL RESPONSE OF Pt/Ru/PZT/Pt CAPACITOR the resistance of metallic plates and connecting wires) represents the losses caused not only by the resistance of the electrodes but also by the electrical interconnection contributions. C is the pure capacitance of the ideal capacitor. R p is the resistance taking into account the nite resistance of the dielectric material and is related only to leakage current but not to dielectric losses, which are included in the imaginary part of the relative permittivity. In practice, for a suciently insulating material, the dielectric losses are typically predominant compared to the losses through the leakage currents [9].

The predominance of R p or R s depends on both the capacitance value and the frequency range. At low frequencies, the parallel circuit will be the most representative while at high frequencies, it is the circuit in series that will be the most representative [10].

Moreover, knowing that the capacitance of a ferroelectric capacitor is small (usually less than 1µF ), the contribution of the equivalent parallel resistance (R p ) has relatively more important than the equivalent series resistance (R s ). Indeed, a small capacitance yields large reactance, which implies that the eect of the parallel resistance R p has relatively more signicant than that of series resistance R s . The low value of resistance represented by R s has negligible signicance compared with the capacitive reactance. Therefore R s can be negligible compared to R p . Taking into account all these considerations, the admittance (We recall that admittance is the reverse of impedance Z = R + JX with a real part R is the resistance and the imaginary part X is the reactance

( X = (2πf C) -1 )
) in the equivalent parallel resistance is [11]:

Y = G + JB = G -J2πf C p = Z -1 = 1 R + JX ; (J 2 = -1) (3.1)
where the real part is the conductance G and the imaginary part is the susceptance B.

These components can also be expressed as a function of R and X.

G = R(Y ) = R R 2 + X 2 ; B = I(Y ) = X R 2 + X 2 (3.2)
3.1. Electrical Measurement Processes Thus, by using the real and imaginary axes projections of the complex admittance Y (phasor diagram) and the relationship between the susceptance B and capacitance C, one can determine respectively:

tanδ = R/X ; C p = X/ ( 2πf. ( R 2 + X 2 )) (3.3) 
From C p , tanδ and geometric parameters of the capacitors (thickness d and surface A), it is possible to obtain the expressions of

ε ′ r and ε ′′ r ε ′ r = C p .d/ (ε 0 .A) ; ε ′′ r = ε ′ r .tanδ (3.4)
During this thesis, capacitance and loss tangent measurements using LCR-Meter HP4284A Agilent are performed by sweeping the bias between -10V and +10V , which superimposed an alternating signal with an amplitude of 100mV and frequency at 10kHz. In order to obtain reliable electric results, for each PZT (PZT10, PZT15, PZT20 and PZT30) samples, several capacitors (13 capacitors) have been studied. In the following, we will present the average result of these statistical studies.

Breakdown Voltage (Field) Measurement

Electrical shorting in FE capacitor i.e. breakdown, results in sudden and permanent damage of the dielectric. The breakdown is manifested by the formation of a conductive path between the conducting parallel plates, which causes high current ow through the dielectric. The mechanism of breakdown is a complex phenomenon. Three mechanisms of breakdown are distinguished: intrinsic or electronic breakdown, thermal breakdown and avalanche breakdown [12]. However, in the case of dielectrics obtained under carefully controlled conditions without any defects, the breakdown strength called intrinsic breakdown occurs at very high electric eld. However, real dielectrics often fail under electric eld stresses below intrinsic breakdown values due to the extrinsic defects, which are linked on external causes, particularly related to defects.

In real dielectrics two types of defect can be distinguished: the intrinsic defects, which are related to the specic properties of the dielectric material (vacancies, dislocations, grain boundaries) and the extrinsic defect, which are based on external causes like particles contamination during material deposition or damages caused during integration process steps like dry etching and passivation deposition.

Regarding to the intrinsic breakdown, two models have been developed to explain this mechanism. A qualitative model presented by Suñé et al. [13] is based on two parameters: critical number of defects and the area of unit cells. This statistical model is based on the random generation of defects into the bulk of dielectric under the inuence of the applied electric eld. Thus, the breakdown process starts when a critical number of defects is reached in one of the elementary cells. To locally reach this critical number of defects, a total number of defects will be created throughout the volume of the oxide leading to the breakdown of dielectric by the creation of the conduction path between the electrodes. However, the model of Suñé is limited by the fact that it considers only the cases where the defects appear at the interface level. The model proposed by Degraeve et al. [14] to supplement the Suñé model is based on percolation model. In the percolation model, the defects are represented by spheres with a constant radius. When electrical eld is applied, the defects are created in the dielectric at random positions. As soon as the two electrodes are connected by overlapping spheres (clusters creation), a conducting path is formed for electrons and the breakdown condition is reached as illustrated in Figure 3.3. Parameters introduced in this quantitative model are the total density of defects generated in the dielectric until breakdown, the size of these defects, and the percentage of occupied defects. From percolation model, Chentir et al. [15] have established a direct correlation between the physical properties of defects (voids, interfaces defects, etc.) and the breakdown statistics of PZT capacitors. They show that percolation defects, which appears under electric eld, participate in the creation of the breakdown path. Note that, in PZT thin lm the main defects take origin either the oxygen-vacancies (V O ) or the Pb-vacancies (V P b ) [16,17,18,19].

During this thesis, breakdown eld (voltage) measurements was carried out using Linear Ramp Voltage Stress (LRVS) [9] test (∆V=0.5 V and ∆t=0.5 s) and Weibull statistical analysis. As shown in Figure 3.4 (a-b), the current as a function of voltage for the PZT10 before and after post metallization annealing were measured by using a Keithley 2400 source meter unit interfaced with a computer to perform the measurement and record data. With an appropriate trigger on the current, the voltage at which the capacitor has shorted can be detected and recorded. Short Circuit is dened for an abrupt current increase, typically greater than a decade in a single voltage step. The criterion of the short Circuit chosen for a capacitor of size (80 × 80)µm 2 is 1 mA. As the breakdown eld follows a probability law (Weibull statistical analysis [20,21,22,23]), by cumulating short Circuit data over 90 capacitors tested per wafer, the repartition function can be tted and breakdown voltage can be extracted.

Electrical Measurement Processes

It is very important to note that the choice of the voltage step and the delay time values used during this thesis is to determine the breakdown voltage (eld) values for each sample and not for studying the dierent leakage current mechanisms in the samples. Indeed, for current-voltage measurements, the voltage step (0.5 V) and the delay time (0.5 s) may be not very appropriate [9]. The voltage step is relatively large which may induce transient currents and the delay time may be not long enough to measure true leakage current, with no parasitic contributions from transient currents. However, a real current-voltage measurement, which requires time dependent current measurement to establish the right delay time and the real leakage current values, is not the main goal of this work. For breakdown eld, experimental data are plotted according to a two-parameter Weibull distribution. The cumulative failure probability is dened as

P (E BD ) = 1 -exp [ - ( E BD α ) β ] (3.5) 
where P (E BD ) is the cumulative probability of failure occurring at the electric eld lower or equal to E BD . E BD is the electric eld obtained by dividing the breakdown voltage by the Chapter 3. ELECTRICAL RESPONSE OF Pt/Ru/PZT/Pt CAPACITOR thickness of the sample. The α scale parameter of scale factor is the nominal eld, i.e. the eld corresponding to a 63.2 % breakdown cumulative probability for the sample and, while the shape parameter or shape factor β evaluates the scatter of data. The experimental plot must be a straight line in a coordinate system:

   X = E BD Y = Ln [ Ln ( 1 1 -P )]
(3.6) From Figure 3.4 (c), linear regression was used to determine β which is 13.9 and 17.5 for PZT10 before and after post metallization annealing respectively. According to the percolation theory [24,25,26], the β value is related to the critical defect density that is necessary to reach for triggering the breakdown. E BD is obtain when the Y reach zero which correspond also to α = 63.2 % of breakdown cumulative probability for the sample. E BD values are 1.60 and 2.09 MV/cm for PZT10 before and after PMA, respectively.

Pb Excess and Post Metallization Annealing Eects

Studies including eg Wang et al. [27], have shown that with below 10 % of Pb excess content in the target, ferroelectric and dielectric properties of PZT thin lms fall drastically, whereas with above 30 % of Pb excess content in the target, no dielectric constant responses are obtained. Even though, no lead oxides were detected by XRD analyses for the lms fabricated with 30 % and 40 % excess PbO. Wang et al. suggested that the residual Pb remains at the grain boundaries of PZT lm in the form of small particles of amorphous PbO. These amorphous PbOs seem to be at the origin of the poor properties. These results can be correlated with the data from Yanovskaya et al. [6] which show a decrease of the capacitance when the Pb excess is below 10 % and above 30 %.

Furthermore, post metallization annealing shows very crucial importance in the performance of the MIM structures. Kim et al. [28] showed a better saturation of the polarization after post metallization annealing. Taylor et al. [29] described a possible electro-migration of the Ruthenium from the top electrode down to the lm during thermal treatment. Al-Shareef et al. [7] observed that annealing the entire capacitor stack after the top electrode deposition improved ferroelectric properties. It described also the possible creation of the Pb 2 Ru 2 O 7-X conductive layer under annealing ruthenium oxide and PZT interface. The presence of the Pb 2 Ru 2 O 7-X between the Metal/PZT interface leads to the increase of the leakage current values but enhanced the ferroelectric properties [30,31,32,33].

Based on the various results provided by Wang et al. [27], Vorotilov et al. [34] and Yanovskaya et al. [6] but also on the impact of the thermal treatment of the entire capacitor, we will study the eects of Pb excess and the post metallization annealing in the electrical responses of the Pt/Ru/PZT/Pt capacitors. (a) Dielectric Constant and Loss Tangent Before PMA Using the electrical set up, capacitance measurements were carried out on Pt/Ru/PZT/-Pt stacks as shown in Figure 3.6. The experimental data from dielectric constant-voltage curves are presented in Figure 3.6 (a)) with an oset for better clarity the presentation of data. Curves show the characteristic buttery loop of a ferroelectric. Buttery loop are not symmetric about zero voltage but they display a high asymmetry along voltage axis with a shift toward the positive voltage relatively to the zero bias . This shift is 0.75 V for PZT30 whereas it is at 0.875 V for PZT10, PZT15 and PZT20, indicating a downwards pointing imprint polarization for all grown lms. Note that the shift along the negative voltage axis is obtained when the bias is applied on the top electrode and the bottom electrode connected to the ground as we will see in chapter 5 in section 5.5 page 132. Finally, like the dielectric constant, loss tangent curves are shifted towards the positive voltage as seen in Figure 3.6 (b)).

Maximum dielectric constant and maximum loss tangent values obtained on each sample (as a function of the Pb excess used on the rst and the fourth layers during the PZT thin lm deposition) are recorded and reported in Figure 3.7. Maximum dielectric constant value shows a net increase (9 %) from 1126 to 1225 between PZT with 10 to 20 % lead excess rate. A maximum dielectric constant value of 1195 is registered for PZT with 15 % of Pb excess. Beyond the 20 % of lead excess, the maximum dielectric constant decreases. Indeed, Chapter 3. ELECTRICAL RESPONSE OF Pt/Ru/PZT/Pt CAPACITOR introduction of 30 % of Pb excess leads to a dielectric constant of 1193. The variations of permittivity values as a function of Pb excess amount are signicant as seen in Figure 3.7. These results are consistent with the assertion that, the ne tuning of Pb content in PZT lms may participate in the optimization of the capacitance density of capacitors.

Figure 3.7 shows also that the increase of the excess of Pb in the PZT matrix presents a positive aspect on the values of the maximum loss tangent. Indeed, the addition of Pb excess from 10 to 15 % favors the decrease of the maximum dielectric losses from 4.53 to 4.09 %. Another signicant drop in losses occurred between 20 and 30 % of Pb, from 4.04 to 3.67 % is also noted. The variation of maximum loss tangent values might be attributed to the energy loss due to the current displacement in the dielectric. This situation can strongly depend on the thin lm microstructure such as grain boundaries and also the defects in the thin lm. According to the literature, the high amount of traps (V O and V P b ) under voltage might behave as a conduction channel. In Figure 3.7, the loss tangent decreases when the lead excess rate increases, which re-establish the stoichiometry of PZT by reducing the defects density, vacancies or traps inside the PZT. According to the data from literature, the Pb evaporation during thermal treatment of sol-gel PZT induces the development of the secondary phase at the surface or in the bulk of PZT lm [27,35,36]. In fact, secondary or parasitic phases at the surface are often described as a non-FE phase such as pyrochlore [27] with a lower dielectric constant and are usually presumed to be at the origin of dead layers observed at the metal/insulator interface. These dead layers tend therefore to modify the electrical properties of capacitor devices. It is important to underline that the composition of the surface of the samples (mixture of PZT and secondary phase) obtained before deposit of the top electrodes should not change after deposit of the top electrodes, except in the case where a thermal treatment under oxygen of the Metal/PZT interface is performed.

Furthermore, from results presented in Figure 3.7, we conclude that there exist an optimum of Pb excess between 15 % and 20 %. This optimum of Pb excess allows to reach the optimal value of ε r . In fact, below the optimum of the Pb excess rate, parasitic phase or dead layer might be created and above this optimum value of Pb content the thin lm The presence of strongly positive shift of buttery curve (dielectric constant-voltage and loss tangent-voltage) suggests the presence of the imprint eect [37,38,39,40] in the MFM which is certainly linked to the creation of internal electrical elds. In fact, the internal electric elds can be explained by several mechanisms [41], such as (i) defects domains pinning, which is due to the charge alignment or accumulation of charged defects, (ii) complex vacancies present at domain walls, that can screen the polarization state of PZT, and cause domain pinning, or by interface charge injection. Additionally, the use of dierent electrode materials for bottom and top contacts, which induces two types of Schottky barrier (asymmetric barrier heights), might participate to the creation of the imprint eect. This internal eld (or Imprint) is obtained by making the ratio between the dierence potential on thickness of the PZT. However, by considering the large thickness of the PZT (220 nm), it is unlikely that this asymmetry plays an important role on the capacitors. Indeed, the Imprints observed in samples are between 34.0 and 39.8 kV/cm in contrast to the eect due to the asymmetry which is of the order of 10 kV/cm. Furthermore, if the asymmetry eects played an important role on capacitors, the value of the Imprint is expected to remain almost identical for all samples.

Chen et al. [42] suggests that the shift of the dielectric constant-voltage curve observed on PZT can be caused by charge injection into defect states (traps), which modies the local potential of interface and shifts the buttery loop.

Furthermore, the presence of internal interfaces created inside the PZT sample during the dierent steps of PZT layer deposition (e.g. between the bulk with 10 % of Pb excess and the interface layers with higher Pb excess (10, 15, 20 and 30 % of Pb excess)) can Chapter 3. ELECTRICAL RESPONSE OF Pt/Ru/PZT/Pt CAPACITOR contributed to appearance of the internal eld and therefore to the imprint of buttery curves.

Considering PZT as a p-type semiconductor is equivalent to setting up a depletion layer width between the PZT and the electrode, resulting a non-zero internal electrical eld. It has been also suggested that a thin layer with low dielectric constant interfacial layer can behave as the dead layer present at the interface , which can induce imprint behavior in the ferroelectric capacitors [43]. Teowee et al. [44] showed that defects in PZT lms, such as V O and V P b , play an important role since they are mobile under electrical stress and can migrate to the PZT-electrode interface or grain domain boundaries. This assertion is in agreement with the results of Lee et al. [45], which shows the hysteresis ferroelectric curve shifted by the presence of oxygen vacancy at the interface metal/BaTiO 3 .

(b) Dielectric Constant and Loss Tangent After PMA Figure 3.8 shows dielectric constant and loss tangent after post metallization annealing (550 • C for 30 min at room temperature) of each PZT (with Pb excess rate used on the rst and the fourth layers during the PZT thin lm deposition) based capacitor. We remark that the characteristics of ferroelectric buttery loop after post metallization annealing (PMA) showed a symmetric curves relative to 0 V. The fact that the dielectric constant and loss tangent buttery curves become symmetrical is related to the impact of PMA because the other parameter have not been modied.

Maximum loss tangent values obtained after PMA of PZT10, PZT15, PZT20 and PZT30 capacitors (Figure 3.8 (b)) are 4.51, 4.36, 3.72 and 3.08 %, respectively. These data show reduction of the maximum loss tangent values relative to the samples before PMA. However, these results are keeping the same trend as the function of the lead excess content in the PZT layers. The enhancement of dielectric constant independently of the Pb excess after PMA can be linked to several phenomena [46]. First, the eects of thermal annealing might induce higher densication [47] of the PZT thin lm capacitors. Uhlmann [48] shows that the size of the grain increases when the post metallization is performed from 100 to 700 • C which tend to decrease the number of grain boundaries. This may favor an enhancement of capacitance (dielectric constant). Furthermore, PMA may favor the migration of the oxygen-vacancies (V O ) or the Pb-vacancies (V P b ) [16,17,18,19] containing in the PZT thin lm towards the top electrode which induces a decrease of defect and therefore improves the performance. PMA might also favor diusion of residual PbO clusters at the interfaces between the polycrystalline PZT lm and the top electrode because up to 350 • C the lead oxide tends to evaporate as described by Uhlmann [48]. Bao et al. [49] explained that the dierence of the electrical performance can be linked by the fact that polarization may penetrate more deeply into an oxide electrode than in the metal electrode. This results in smaller depolarizing elds at the interfaces with oxide electrodes than at the interfaces with metal electrodes. In our case, post metallization annealing might also lead to oxidation of Ru top electrode [50,51,52].

Finally, observation of a symmetry of the buttery after PMA suggest the no-existence of the imprint eect in the capacitors. This situation may be explained by the reduction of the internal electric eld either at the level of metal/PZT interfaces or at the level of internal interfaces inside the PZT samples (due to the multiple solgel deposition steps). This symmetry of the buttery may be also associated by the modication of the Schottky barrier heights at the level of metal/PZT interfaces after PMA. 

Breakdown Field

The breakdown elds measured before and after PMA on PZT capacitors samples with dierent Pb excess rate are shown in Figure 3.10. Regardless the Pb excess content in the Chapter 3. ELECTRICAL RESPONSE OF Pt/Ru/PZT/Pt CAPACITOR precursor, there is an improvement of the breakdown voltage value after thermal treatment under O 2 during 30 min at 550 • C relative to the results obtained before post metallization annealing. Indeed, before post metallization annealing, the increase of the Pb excess content in sol-gel precursors from 10 to 15 % leads to slight increase (from 1.60 to 1.68 MV/cm) of the breakdown eld. Then, higher excess of lead (for 20 % and 30 %) induces the decrease of the breakdown eld to 1.57 and 1.26 MV/cm respectively. With annealing process (red dash line), there is a decrease of the breakdown eld from 2.09 MV/cm to 1.81 MV/cm for 10 % and 30 % respectively. An intermediate value (1.94 MV/cm) is obtained for both 15 and 20 % lead excess.

The results obtain in Figure 3.10, might be in agreement with the percolation theory developed Degraeve et al. [14]. Indeed, with a lower rate of Pb excess such as in PZT10 can induce a presence of high number of oxygen-vacancies (V O ) or the Pb-vacancies (V P b ) which can favor the creation of conduction path. Furthermore, increasing the lead excess content in the precursors solution such as in PZT30, favors the generation of PbO clusters in the bulk at the level of grain boundaries which behaves as conduction way and thus favor the breakdown process [53]. 

Conclusion

In this chapter, both eects of Pb excess content and post metallization annealing on electrical properties of dielectric constant, loss tangent and breakdown eld from the Pt/Ru/-PZT/Pt were presented.

Permittivity results show an optimum between 15 and 20 % of Pb depending on both the lead excess and the post metallization annealing. The decrease of the dielectric constant for the PZT10 and PZT30 might be attributed to the presence of the secondary phase both interface metal/PZT and the bulk of PZT thin lm. Loss tangent reduction due to the increase of the part of Pb excess in the precursor solution is observed. This might be linked

Conclusion

to the reduction of the defect (vacancies) which can favor the current conduction. With the post metallization annealing, the lost tangent evolution shows the same behavior as the one before thermal treatment whereas the values of the dielectric constant increases. Finally, we have shown that the high content of lead excess leads to the reduction of the breakdown eld value. These situation might be linked with the high residual lead excess when the Pb excess is very high.

In the subsequent chapters, we will try to understand how Pb precursor excess and PMA modied the electric results. This is achieved by using primarily photoelectron spectroscopy to probe the PZT surface (XPS), interface (HAXPES) chemistry, and nally by using SEM, TEM and XRD for better understanding the physicochemical, structural and microstructural changes. From chapter 3, the electrical responses of Pt/Ru/PZT/Pt capacitors have been strongly modied by the Pb excess content and the post metallization annealing. Breakdown eld and loss tangent are decreasing with the increase of the lead excess from 10 to 30 % and the maximum of dielectric constant shows an optimum between 15 % and 20 % as the function of the post metallization annealing. Electric data obtained on both dielectric constant and breakdown eld have been enhanced after post metallization annealing. In addition to the eects induced by the bulk, the electrical responses of Metal-ferroelectric-Metal capacitors can be strongly aected by the chemical composition of the interfaces as described in the literature [1,2,3,4]. In fact, the Metal-ferroelectric can present nonstoichiometric interfacial layer or secondary phase with no ferroelectricity or low dielectric constant [5]. this can prevent the optimal function of Metal-ferroelectric-Metal capacitors. However, for the ferroelectric capacitor based on the PZT thin lm, the Pb excess content in the sol-gel solution during the deposition process can be used to control the amount of the secondary (or parasite) phase at the surface of the PZT thin lms.

In this context, the main objective of this chapter is to study the chemical composition of the secondary phase and the mechanisms involved in its creation. By exploiting the extreme sensitivity and the relative ability to quantify the elements oered by X-ray photoelectron spectroscopy (as described in Figure 4.1 and chapter 2 section 2.4.1 page 56), the characterization of the PZT have been performed.

In order to achieve this goal, rst we will analyze the surface of the deposited PZT bare with 30 % of Pb excess (PZT30) which should be without a secondary phase according to the results published by Grader et al. [6]. Then, we will compare the surface states of the PZT thin lm bare for dierent Pb excess content (10 % and 30 %). Finally, we will expand this characterization to the intermediate Pb excess content i.e. with 15 % and 20 % of Pb excess. The surface of PZT deposited with 30 % of Pb excess and its cross-sectional microstructure were analyzed with a high-resolution scanning electron microscopy (SEM). As already shown by Grader et al. [6], our PZT30 sample (deposited at CEA-LETI) presents only large grains, distributed over the whole surface with well-dened grain boundaries as seen in We have a weak percent of Ti (3.4 rather than 9.6) conversely to the Zirconium which is at 15.6 % rather than 10.4 %.

Shirley background and Gaussian-Lorentzian mixing line-shape functions were used for tting each core level. Respectively, we have used , , and for Pb, Ti, Zr and O. Full width at half maximum (FWHM) for all spectra are also obtained Following previous results from the SEM and XPS, for the PZT30 without any secondary phases, in the next section, we will study the impact of Pb excess content on the surface state of samples [6]. For this purpose, we will begin by comparing the microstructures of PZT containing 10 and 30 % of Pb excess. 

Investigations of Surface Chemistry

Surface comparison of PZT10 and PZT30 by SEM is illustrated in Figure 4. 5 (a -b). The surface of PZT10 has a similar underlying grain structure similar to that of PZT30. In addition, the PZT10 is covered by a large number of nanoparticles. The size of these nanostructures or parasitic phase varies between 5 and 25 nm with an average size around 15 nm. Using Image J, the nanostructures cover around 10 to 20 % of the total surface as the function of the basic threshold chosen. A closer inspection (Zoom of 1/4 of the surface) suggests that the nanostructures tend to be predominantly located along the grain boundaries rather than in the center of the large grains. The XPS chemical analysis might allow to elucidate the composition of the nanostructures. The Zr 3d core level spectrum, shown in Figure 4.6 (c), changes dramatically between 10 % and 30 % Pb excess. For the PZT30 sample, it shows a single chemical state labelled Zr I with a Zr 3d 5/2 binding energy of 180.5 eV. In contrast, for 10 % Pb excess, there is an additional component denoted Zr II at 181.5 eV binding energy. Zr I , common to both PZT30 and PZT10, is related to Zr 4+ ions in the PZT perovskite structure. Zr II , shifted by 1 eV to higher binding energy, seems to be correlated with the appearance of nanostructures at the surface of PZT10, as seen in Figure 4. 5 (b). This suggests a dierent chemical composition of nanostructures with respect to that of PZT. In each panel, the upper (lower) spectrum is that of PZT10 (PZT30). The main peak I (light gray, turquoise online) is the perovskite structure; gray peak II (magenta online) surface phase and low intensity, peaks green surface contaminations.

Investigations of Surface Chemistry

The O 1s shown in Figure 4.6 (d), has several distinct core level components. The main peak, O I at 528.70 eV is attributed to O 2-in the PZT perovskite structure and is common to both PZT10 and PZT30. For PZT10, there is a second peak at 529.40 eV. Finally, the green peak for O is present in both samples with weak shift. The green peaks are attributed to surface contamination [7,8] which are linked to the presence of the carbon contamination at the surface. 

Core-Levels

Angle dependent XPS investigations

In order to clarify the assignment of the Zr II component to a surface secondary phase, a depth prole of elements in near surface layers were performed from Angle Resolved XPS (chapter 2 section 2.4.1 page 56). PZT10 was analyzed at TOA of 90 • and 30 • . This Angle Resolved XPS measurement will enable us to highlight the components located at the extreme surface in relatively to the slightly buried elements. Results corresponding to Pb 4f, Zr 3d, Ti 2p 3/2 and O 1s core level spectra at TOA of 30 • are shown in After IBE, the surface is smooth without any detectable nanostructure, as can be seen in Figure 4.8. Therefore the etching treatment has removed the additional surface phase. The 4.3. Investigations of Surface Chemistry absence of a clear grain structure is due to the amorphization of the surface, well-known in the literature [8,9,10,11]. IBE can also reduce the surface [11,12] in which case one would expect a shift in the electronic levels similar to that induced by n-type doping of semiconductors. In order to compare the core level spectra before and after IBE, we have to correct the energy scale and aligned the core level spectra by using the VBMs. Figure 4.9 shows the valence band spectra before and after etching. The position of the valence band maximum (VBM) is determined by a straight line extrapolation [13]. After etching, the VBM shifts from 1.17 to 1.94 eV and the density of states in the band gap appear. The latter is associated with the creation of O vacancies which, schematically, donate 2 free electrons to the PZT lattice, reducing neighboring B-type cations, usually Ti. The resulting n-type doping pins the Fermi level near the bottom of the conduction band. This result in a rigid shift of all electronic levels to higher binding energy.

In Figure 4.10, we compare the Pb 4f, Zr 3d, Ti 2p 3/2 and O 1s core level spectra, before and after IBE. In the Pb 4f spectrum, a new component at lower binding energy appears, and corresponds to reduce Pb at 136.07 eV as described by Lu and Zhu [14]. Similarly, a partial reduction of Ti is evidenced with an additional component to lower binding energy (Ti II at 456.64 eV), as also observed previously [12]. Both results provide chemical conrmation of the surface reduction after IBE. SOL-GEL THIN FILMS depth. We can conclude that the Zr II and O II components observed before etching are directly correlated with the surface nanostructures. Finally, we observe a broadening of FWHM of about 0.2 eV for all spectra of PZT after etching as illustrated in Table4.4. This is probably due to IBE induced surface amorphization, which is responsible for the absence of the grain as can be observed in Figure 4.8. The broadening induced by the amorphization is mainly due to Ar ion bombardment. A morphology change leads to the crystal damage and displacement of the lattice atoms [11,15,16] and thus to the transitions from the crystal phase to the amorphous phases. Otherwise, with IBE, as can be seen in Table4.5 a large decrease of the Pb from 20.9 to 8 and an increase of the Zr after etching are observed. The Ti and O increase slightly. This situation is strongly linked with dierence collision cross sections between argon ions and target atoms (Pb, Ti, Zr and O) as a function of the target and the energy of the argon atoms. Indeed, using individual metal targets of Pb, Zr and Ti for deposition of PZT thin lms, Krupanidhi et al. [17] showed that Pb has a higher Sputtering rate under argon bombardment than Zr and Ti, which induce a higher deposition rate on the substrate. These results are in agreement with lower concentration of Pb on the surface of the PZT10 under argon bombardment during the IBE process. In addition to the angle resolved XPS and IBE experiment, grazing incidence X-ray diraction (GIXRD) was also carried out to obtain the texture information regarding nanostructures at the surface of PZT10. The link between surface microstructure and crystal orientation of PZT bulk has been studied by using standard X-ray diraction as will be presented in the next part. Moreover, electrical performances of PZT based capacitors show a crystallographic orientation dependence. Ehara et al. [18] demonstrated that the saturation polarization of PZT can be modied by the simple tilting angle of the polar axis of the perovskite cell which depends on the crystallographic orientation. Furthermore, the variation dielectric Chapter 4. SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 SOL-GEL THIN FILMS constant values of capacitors as a function of the Pb excess may be partially attributed to the dierences of polarization states, including the growth mode of domains, the tilting angle of the polar axis and the degree of polarization inversion of PZT thin lms when the orientation passes mainly from (100) to (111) as observed in the BaTiO 3 [19].

Pb Ti

In order to highlight the crystallographic composition of the surface of PZT10 and PZT30 layer relative to the bulk, Grazing Incidence XRD (GIXRD) tool is used. GIXRD results are presented in Figure 4.11 (b). Contrary to the θ/2θ scans, the GIXRD is carried out by xing both the incoming x-ray beam and the detector of diracted beam at 0.5 • relative to the sample surface as already illustrated in chapter 2 section 2.2 page 50. It allows to enhance the sensibility of the surface relative to the bulk and therefore provides better information of the surface texture.

Data from GIXRD show that in addition to the crystallographic orientation of the PZT from the rst-order reexion ((100), ( 110) and ( 111)), we also have the the second-order reexion (( 200), ( 201), ( 211) and ( 220)) when increasing the angle. Furthermore, we observe three peaks respectively at 34 • (for (200)), 58 • (for (-222)) and 61.5 • (for (-302)) in PZT10 which will be attributed to the surface phase (or nanostructures based on the ZrO X ) [20] [21]. These reection correspond to monoclinic ZrO X crystal phase [JCPDS Card No. . There is also one peak at 28 • for both samples which corresponds to the relatively intense k β stimulated peak of the PZT (110). 

Discussion

The comparative study between PZT10 and PZT30 reveals several very important aspects. The determination of the composition of nanostructures based on ZrO x and the variation of the crystallographic orientation as a function of the Pb level are highlighted. However, the origin of the presence of ZrO x on the surface of the PZT as seen in Figure 4.5 (b) is a fairly complex process.

Investigations of Surface Chemistry

Using RSFs we can quantify the surface stoichiometry measured by XPS. The quantication reveals several important features. First, a slight Pb enrichment at the surface for both PZT10 and PZT30 is observed. This is expected since the excess Pb is used in both cases, which is greater than the stoichiometric value of 20 %. As expected, the surface enrichment is stronger for PZT30. The higher Pb content at PZT30 surface appears, which is correlated with the complete disappearance of the nanostructures. This suggests that the addition of Pb allows completion of the PZT reaction which consumes all of the other precursors and inhibits the formation of the chemically distinct nanostructures. The O content is slightly depleted, possibly as a result of the high annealing temperature for crystallization. As seen in Figure 4.7, both Zr I and O I decrease at the surface for PZT10 and at the same time the Zr II and O II concentrations increase. O (green) is included to show that their weight also increases at the surface, consistent with the assignment to the surface contamination.

The presence of the nanostructures at the grain boundaries can be understood by the fact that, the formation of the perovskite phase starts from a seed and proceeds by outward, lateral growth. It then enlarges by transforming the remaining precursors into the perovskite phase between 500 • C and 700 • C via three dimensional growth [22]. When the Pb precursor is exhausted, the reaction stops abruptly. Any residual precursors remaining at the grain boundaries become available to form a secondary phase since the TiO 2 precursor is consumed rst. Therefore, the resulting secondary phase nanostructures will be Zr-enriched [23,24]. XRD shows that high Pb excess modies the preferential (100) orientation to a mixed state dominated by (111), in agreement with previous results [25,26]. Despite the dierence of Pb excess, in both cases the reacted PbO has formed the perovskite which is dierent from the secondary phase which not includes Pb. Furthermore, the nanostructures appear only at the surface (according to the prolometric analysis carried out by ion beam etching tool). They are presumably formed at the end of the PZT growth and therefore do not inuence the crystallographic orientation.

The surface Zr content of PZT10 is 15.6 %, while for PZT30 is 14.8 %. This shows that there is slightly more Zr at the surface of PZT10. As can be seen from Table4.3, the Zr surface enrichment is due to the Zr II component. On the basis of the Zr II and O II core level intensities, we can estimate the ZrO x composition. The O II /Zr II ratio for TOA at 90 • gives x = 1.82 (i.e. ZrO 1.82 ), whereas at 30 • the O II /Zr II ratio gives x = 1.89 (i.e. ZrO 1.89 ). The formal valence state of Zr in both PZT and ZrO 2 is 4+. It is therefore surprising that a Zr rich surface oxide shows a distinct core level binding energy with respect to that of Zr in PZT.

Furthermore, the XPS data from the literature shows that the Zr binding energy is 181.4 ± 0.1 eV in PZT [10,22,27,28,29,30,31,32,33,34,35,36,37,38,39] and 182.4 ± 0.3 eV in ZrO 2 [40,41,42,43,44,45,46,47,48,49]. These results are in excellent agreement with 1 eV shift measured here. Beyond the immediate chemical environment of the Zr emitter, two other eects may inuence the BE shift. First, in a simple picture of electron transfer following relative electronegativity, the second neighbor interactions, could modify the electron transfer between ZrO-Ti. The electronegativity of Zr, Ti and O basis of Pauling's Chapter 4. SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 SOL-GEL THIN FILMS scale are 1.33, 1.54 and 3.44, respectively. For Zr-O, a charge transfer are produced from the outer core level of Zr to the O atom. Thus to compensate this charge transfer, the inner core level of the Zr are attracted towards the nucleus which leads the increase of the binding energy. Secondly, we are considering 15 nm nanostructures, with a much higher surface to volume ratio and probable shorter interatomic distances. These might inuence the core level shift. Here some rst principles calculations or even tight binding cluster calculations would be useful to conrm this interpretation.

The core level XPS analyses as a function of the precursor composition, emission angle and ion beam etching demonstrate that the nanostructures at the PZT10 surface are a Zirconium oxide, ZrO 1.82-1.89 .

The XPS results are conrmed by XRD scans at grazing incidence (Figure 4.11 (b)). The intensities centered on 34 • , 58 • and 61.5 • on the PZT10 sample are not visible on the PZT30 sample and can be attributed to ZrO 2 -like monoclinic structure [20]. Using a Scherrer t to the 61.5 • peak width, the diameter of grains is in the range of 15 nm, and is in good agreement with the nanograin size estimated from the SEM image shown in Figure 4.5 (b). The Scherrer formula allows to relate the particle sizes or crystallite sizes in a material to the broadening of a peak in a diraction pattern [50].

Furthermore, the presence of 10 % of Pb excess in PZT leads to the formation of surface nanostructures, preferentially localized at the grain boundaries. This secondary phase has been attributed to the incomplete reaction of ZrO 2 precursor [51] resulting from the opposite slopes in the concentration gradients of Ti and Zr during the growth of sol-gel layers [23,52]. The major portion of Ti incorporated into each layer is consumed at the beginning of nucleation, consistent with the known crystallization temperatures. This process leads to a dramatic reduction of Ti surface concentration and increase of Zr as seen from the quantitative analysis of the XPS data in Table4.3. As a consequence of the gradient, the surface of the layer is strongly Zr-enriched. The complete reaction for the growth of lead zirconate titanate can be written in two stages: PbO + TiO 2 → PbTiO 3 , followed by PbTiO 3 + PbO + ZrO 2 → Pb(Zr 1-x ,Ti x )O 3 , where the initial precursors are PbO, TiO 2 and ZrO 2 [51].

ZrO 2 is a good insulator with a static dielectric constant of 25 [53] and a band gap of 5.8 eV [54]. The presence of ZrO 1.82-1.89 at the PZT/electrode interface of a capacitor might inuence electrical performance. Given the higher band gap with respect to PZT, a discontinuous or continuous interfacial ZrO 1.82-1.89 layer with lower dielectric constant [55] compared to PZT (dielectric constant > 1000) [56] will decrease device capacitance. ZrO 2 is not ferroelectric, therefore a surface phase close to ZrO 2 would act like a ferroelectric dead-layer (or paraelectric layer). In fact, with ZrO 2 layer, several eects can take place. Indeed, a strong depolarization eld due to the uncompensated PZT surface charge by the top electrode may occur due to the presence of ZrO 2 layer and therefore reduce the ferroelectric polarization. For ideal metal, the polarization charges are perfectly compensated at the interface and therefore no depolarization eld emerges in the ferroelectric lm. However, in real case, the depolarization eld arising from the bound charges on the surface of the lm and at the interface with the metal is not fully compensated due to the insucient screening by the free charges from the electrode and the presence of the non-ferroelectric layer. There-4.3. Investigations of Surface Chemistry fore, with the absence of sucient free charges from the electrode induce by the presence of the paraelectric ZrO 2 layer, the depolarization eld may increases and thus modify the capacitor. Furthermore, according to Lichtensteiger et al. [57], the non-ferroelectric layers are also polarized in order to preserve the uniform polarization state and hence eliminate the depolarization elds at the ferroelectric-paraelectric interface level. Thus taking into account these probable impact of ZrO 2 layer, we decided to analyze the eect of an ZrO 2 layer at the interface Metal/PZT. Dielectric constant and loss tangent measurements of PZT10 based capacitor were executed and presented in Figure 4.12. The PZT10 (PZT with 10 % of Pb excess) thickness is 385 nm and top electrodes are 100 nm of Pt or Ru. Depending on the thickness of the interfacial layer of ZrO 2 between the top electrode and the surface of PZT, electrical performances are modied. The dielectric constant and loss tangent curves are performed at room temperature between -10 V to +10 V (superposed with a sinusoidal electric signal with amplitude of 100 mV at the frequency of 10 kHz). The evolution of the maximum values of dielectric constant obtained in Figure 4.12 (a) is an interesting result. The Ru top electrode has a higher dielectric constant value than the Pt top electrode. Ru/PZT/Pt and Pt/PZT/Pt provide a dielectric constant values of 1207 and 1159 respectively. The introduction of a 5 nm of ZrO 2 interfacial layer induces a drop in the capacitance density of about 50 % relatively to the sample without ZrO 2 interfacial layer. Indeed, there are a decrease of the dielectric constant of Ru/ZrO 2 /PZT and Pt/ZrO 2 /PZT up to 708. However, positive eects are recorded with the presence of interfacial layer of ZrO 2 . This produces a drastic reduction in the value of tangent of loss, which is a good advantage. Indeed, we observe a decrease from around 3.5 % to 2.5 %, i.e. a reduction of 50 % as can be seen in Figure 4.12 (b). Figure 4.12 allows to underline three major conclusions. Firstly, the few dierence of the value of the dielectric constant between the PZT with Ru (100 nm) or Pt (100 nm) can Chapter 4. SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 SOL-GEL THIN FILMS be related to the electronic and chemistry bound at interfaces between top electrode-PZT [58,59,60].

Secondly, the low values of the constant dielectric of Zirconium oxide at the interface (Figure 4.12) can strongly aect the function of the top electrode-PZT/Pt structure with impacts of almost 50 % of the dielectric constant. These results are in agreement with the existence of a series capacitor model presented in section 1.4 page 37 chapter 1. Finally, ZrO 2 as an interfacial layer can be considered as a barrier which reduces the energy loss (loss tangent) in the capacitor.

Thus, the formation of nanostructures is favored or inhibited by the Pb excess. However, the composition of these nanostructures has a more complex dependence on the process conditions. Systematic experiments as a function of several Pb excess content will be studied in the last part of this chapter.

Nanostructures as a Function of the Pb Excess

The characterization of PZT10 surface chemistry by XPS reveals the presence of a parasitic phase of Zr oxide. Initial characterization of the PZT30 shows no surface nanostructures. However, the results presented in chapter 3 indicate a decrease of the dielectric constant (section 3.2.1 page 85) and breakdown voltage (section 3.2.2 page 89). In this section, we extend the study by varying the Pb excess content in order to manage mainly the surface secondary phase. We will analyze several PZT samples with 10, 15, 20 and 30 % of Pb excess called PZT10, PZT15, PZT20 and PZT30, respectively. These samples with dierent Pb excess are grown at mophotropic phase boundaries (Zr/Ti: 0.52/0.48) and in the same condition as the PZT10 and PZT30 analyzed previously in this chapter.

Scanning Electron Microscopy

Figure 4.13 shows the surface microstructure of PZT depending to the Pb excess in sol-gel precursors. From 10 to 30 % of Pb amount, SEM images show that the secondary phase is strongly linked to the grain sizes and grain boundary numbers of PZT. The analysis of PZT10 and PZT15 thin lms in Figure 4. 13 (c-d) show the presence of small grains of ZrO x which coexist with perovskite PZT grains. They also reveal that the shape of ZrO x is almost uniform and circular whereas the big grain sizes of PZT are inhomogeneous with a random form. Diameter of parasitic phase can reached 40 nm caused by their gatherings. The mean crystallite size of secondary phase is always around 15 nm. These results are in agreement with the average size determined by Epifani et al. [61]. Using Image J software, we noticed that the proportions of the secondary structures at the surface are around 19.5 % and 15 % for PZT10 and PZT15, respectively. PZT30 and PZT20 (Figure 4.13 (a-b)), show we have practically no Zr oxide at the surface. The size of the large grains also increase with the Pb excess and the number of grain boundaries gradually decrease. Grain size of PZT are ranged from 40 nm to around 350 nm. The average of PZT grains diameter are round 150 and 250 nm for PZT20 and PZT30 respectively. XPS can better quantify both the Zr oxide and PZT at the surface relatively to the Pb excess in the sol-gel solution.

X-ray Photoelectron Spectroscopy

The XPS analysis on PZT thin lm with 10, 15, 20 and 30 % Pb excess allows to follow the secondary phase evolution and determine the optimum of the Pb excess, that, we should use to vanish all ZrO x . All measurements are carried out with a TOA=70 • . Composition of all elements (based on RSFs of each elements) are summarized in Table4.6. 

X-ray Diraction

Even though secondary phase is based on the Zr oxide, the excess Pb content control strongly zircon oxide concentration at the surface and the texturing of the PZT bulk. XRD measurements performed on all PZT thin lms reveal a mixed orientation between (100), ( 110) and (111) localized at 21.9 By increasing the Pb excess content from 10 to 30 % a gradual increase of (111) texture and decrease of (100) are observed, which is in contrast with the resultsshowed by Yanovskaya et al. [62], Cheng et al. [63], Tu et al. [64] and Wang et al. [65]. Composition ratios calculated according to the formula proposed by Harris [66] are summarized in Ta-ble4.7. From PZT10 to PZT15, an increase of orientation around 50 % (from 7.2 to 56.9 %) of (111) is observed. A decrease of more than 50 % for (100) texture with 92.4 % for PZT10 and 41.2 % for the PZT15 is registered at the same time. The increase in (111) orientation as well as the decrease of (100) orientation are still observed on PZT15 and PZT20. Finally, (110) orientation observed in the MPB phase undergoes a continuous decrease from 3.3 to 0.4 % when the Pb excess is reduced. 

Discussion

The large investigation of the Pb excess eect on the chemistry, microstructural surface and texturing characteristics of PZT thin lms highlights several crucial points. Indeed, relative to the high proceeding temperatures, Pb desorption remains high as long as sol-gel solution does not crystallize into a compact lm of PZT. Therefore, solgel solution must contain Pb excess to compensate its loss. Depending on the level of Pb excess used, PZT samples will exhibit important chemical and structural dierences after deposition.

XRD data reveals that the Pb excess inuences the nucleation process and determine texture of PZT. This armation is based on the fact that the rst nanometers of PZT lm control the phase and the texture (orientation) during the transition of PZT from amorphous to perovskite phase. As observed by Seung-Hyun Kim et al. [67], the use of thin seed layer of PbTiO 3 allows to have a PZT with a preferred (100) texture.

The sol-gel PZT layer has a concentration of Zr and Ti as described by abergel et al. [23] and Calame et al. [24]. The highest concentration of Ti is localized near the bottom of the layer and the Zr at the surface of the PZT layer. In others word, the major amount of TiO 2 precursor reacts to PbO at the beginning of the sol-gel deposition (leading the creation of PbTiO 3 ) contrary to the ZrO 2 precursor which is at the origin of the PbZrO 3 perovskite. The phenomenon is linked to the crystallization temperature which increases in the sequence PbTiO 3 < PbZrO 3 < Pb(ZrTi)O 3 [68]. Furthermore, the favor (100) orientation of PZT10 (PZT with 10 % of lead excess contain) is linked to preferential orientation of the rst layer of PbTiO 3 . These rst layers are often described to manage the thin lms orientation as shown by Zeng et al. [69]. Additionally, for PZT with (100) orientation, the grain nucleation energy is low, therefore, (100) phase was energetically favorable as reported by Trolier-Mckinstry et al. [70].

Nanostructures as a Function of the Pb Excess

With the high Pb excess compensation in PZT30 presented in Figure 4.12 (a), a Pt x Pb intermetallic phase may be formed at the bottom interface (PZT/Pt). The Pt x Pb favors the (111) orientation. According to Wu et al. [71], the formation of the transient Pt x Pb phase is related to the nature of the local thermodynamic conditions in the lm. Combustion of the organic groups of solgel precursors during pyrolysis may cause a temporary depletion of O, causing locally reducing conditions. The reduction of Pb 2+ to Pb and the reaction of Pb with Pt to form the Pt x Pb phase is consequently favored.

Finally, Zhu et al. [72] showed that with the increase of Pb concentration, the preferred orientation of PZT lms changes from (100) for 0 %, (110) for 10 % and (111) for 20 %. They explain also that with 20 % of Pb excess, Pb-Pt intermetallic phase is easily formed and enhances (111) oriented lms. With PZT lm with 0 % of Pb excess, the composition changes quickly with the evaporation of (PbO), resulting to the formation (100) orientation. This situation is caused by the fact that with (100) orientation, the grain nucleation energy was energetically favorable as described by Tani et al. [73]. For Zhu et al. [72], the high percentage of relative intensity of ( 110) is linked to the presence of moderate Pb excess (10 %) and of annealing treatment near the quantum of PbO volatilization.

The parasite phase has its origin to the lack of Pb atom (PbO) for interacting with TiO 2 or ZrO 2 after a high evaporation process. With a gradient of Zr/Ti inside the lm, almost of Ti are already transformed at perovskite and the ZrO 2 is found at the surface in the form of secondary phase. Pb loss process can stop the coalescence of the PZT grains [51]. This is supported by the decreasing of PZT grain size when the Pb excess in precursors pass from 30 % to 10 %. For Hassold et al. [74] the decrease of PZT grain size is linked by the inert second-phase particles which is pinning grain boundaries and inhibit grain growth.

The presence of ZrO 2 at the surface might behave as a lower permittivity dielectric interface layer and induce a reduction of the capacitance density when the Pb excess content is too low like PZT10. However, with PZT30, the decline of the dielectric constant might also be linked with a high amount of Pb excess which is localized inside the PZT sample [62]. In fact, under electrical stress, PbO might behave like the ZrO 2 and reduce the capacitance value.

The loss tangent comportment can be attributed to the grain boundary which favor the creation of defects or vacancies. The high number of grain boundaries allow to charge carriers to move from one electrode to another. This phenomenon induces dissipation of energy and increases the loss tangent. By increasing the Pb excess content, small grains aggregate reduces the number of grain boundary and decreases the loss tangent.

The decrease of the breakdown voltage of the PZT thin lm is linked to the presence of the PbO inside of the bulk as mentioned by Yanovskaya et al. [62]. In this context, with increasing the Pb excess, the amount of the PbO increase and favor the generation of Pb cluster inside the ferroelectric which leads an early breakdown voltage. This situation leads the channels path as described by the percolation model and allows the current owing between one electrodes to another. Furthermore, the modication of the internal interfaces inside the PZT samples (due to the multiple solgel deposition steps) occurs at the level of the Ru/PZT interface with the presence of the secondary phase (based on ZrO 2-X ) at the PZT surface under PMA process. This favors the improvement of the electrical performances of capacitors. Indeed, we can hypothesize the creation of alloy between the secondary phase ZrO 2-X and the metal electrode (Ru). This situation would lead to the disappearance of part of nanostructures ZrO 2-X (with lower dielectric constant) at the interface and the creation of new phase which may be conductive. This conductive phase can improve the screening at the interface and the shottky barrier. However, other studies at the level of the interfaces are necessary in order to understand the evolution of the nanostructures and the interface Ru/PZT after PMA process.

Conclusion

This chapter highlights the chemical composition of the PZT surface and the Pb excess dependence on the surface nanostructures. First part focuses on the determination of the parasitic phase composition. The photoemissions spectroscopy measurements of PZT10 and PZT30 are essential for the separation of the perovskite (PZT) and parasitic (ZrO 1.82-1.89 ) phases. TOA study performed from 90 to 30 • allows to distinguish the parasitic phase at the surface and the PZT in the bulk. These results are supported by the grazing incidence X-ray diraction data. Ion beam etching study conrms that the ZrO 1.82-1.89 is only localized at the surface but not inside the PZT thin lms. Scanning electron microscopy increases the size of PZT grain when the rate of Pb excess increase. X-ray diraction shows a change of the crystallographic orientation from mostly (111) to (100) when passing to 30 at 10 % of Pb excess.

The second part of this chapter is dedicated to the wide study of the evolution of PZT thin lm as the function of the Pb excess content. It is observed that with 10, 15, 20 and 30 % of Pb excess, the secondary phase decreases and vanishes at the surface level. From scanning electron microscopy measurements, it is clear that the diminution of the parasitic phase is followed by the increase of the grain size. Finally, the x-ray diraction shows change of the orientations respectively from (100) to (111) when the Pb excess rate increase.

In the next chapter, we will analyze the behavior of interface Metal-PZT stack during the switching polarization by using Hard x-ray photoelectron spectroscopy (HAXPES). This technique is a well-adaptable non-destructive method for the analysis of the electronic interfaces buried of metal ferroelectric. These operando experiments provides important informations of the binding energies of all elements in the ferroelectric under the electrical eld.

Chapter 5. Pt/Ru/PbZr 0.52 Ti 0.48 O 3 INTERFACES crucial to understand the intrinsic chemistry and electronic at the surface of PZT layer. Furthermore, Zircon oxide nanostructures formed at the surface of the PZT layer might lead to the creation of undesired interfacial layer with a lower dielectric constant. This aects the performances of capacitors as already presented in chapter 4, section 4.3.5 (page 111).

In fact, the electrode/PZT interface plays a major role in polarization switching, permittivity, breakdown voltage, fatigue and reliability [1,2,3]. The Schottky barrier height (SBH) at the metal/PZT interface has an important inuence on leakage current [4] and depends on the polarization [3,5,6,7] at the interface. On a microscopic scale the electrode/PZT interface is determined by the local chemistry [7,8]. The resulting interfacial layer has been described in terms of an additional capacitor in series [9] with specic bias dependent chemistry and screening of the depolarizing eld [10]. However, XPS is a surface sensitive tool. Since a probing depth of XPS is between 3 and 6 nm, this technique cannot give us any information on the evolution of nanostructures or the interactions at the electrode/PZT interface.

In order to overcome this limitation, the synchrotron radiation source was used. The higher photon energy provided by synchrotron source, helps to balance out the eect of low IMFP electron observed with XPS, yielding adequate counting rates [11].

In this chapter, we used Hard X-ray Photoelectron Spectroscopy (HAXPES) to probe the buried Pt/Ru/PbZr 0.52 Ti 0.48 O 3 interface in a Pt(5 nm)/Ru(5 nm)/PZT(220 nm)/Pt/TiO 2 /SiO 2 -/Si stack. A customized sample-holder allows in-situ photoemission analysis while applying bias to the capacitor. Thus, operando HAXPES measurements of the Pt/Ru/PbZr 0.52 Ti 0.48 O 3 interface will allow to better understand both, the Pb excess eect and post metallization annealing eects at the interface region.

Hard X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an ideal tool to probe the chemical changes and the electronic structure at the surface. However, the investigations of the actual behavior of dielectric under bias with X-ray photoelectron spectroscopy is very dicult due to the low IMFP and the presence of metal electrode. Chen and Klein used XPS with in-situ bias to probe the interface between single crystal BTO and Pt or RuO 2 electrodes [6]. Rault et al. measured the Pt/BTO/n-doped STO interface band line-up as a function of the polarization [5]. However, standard XPS is very surface sensitive, and requires ultra-thin electrodes which may be discontinuous [12] or poorly metallic [13].

HAXPES allows to access more deeply the buried interfaces [11] making the study of more realistic device architectures possible. Zenkevich et al. [14] measured the barrier-height at the top interface of a Pt/BTO/Cr tunnel junction after ex situ switching. Interestingly, it recently showed that the applied bias gives rise to an additional core level shift due to the strain generated in a relaxor ferroelectric [7]. Such eect is absent under zero eld, underlining the importance of operando experiments for a comprehensive understanding of the prototypical device operation.

PZT Bare with 10 % of Pb Excess

Photoionization cross sections of Pb, Zr, Ti and O elements are signicantly aected when photon energies pass from 1486.6 eV ((Alkα) energy used in the laboratory) to 6893.6 eV used in the 5.2. PZT Bare with 10 % of Pb Excess synchrotron. From a new NIST database for quantitative photoelectron spectroscopy Simulation of Electron Spectra for Surface Analysis (SESSA) based on the formula given by Cooper [15], the values of photoionization cross sections are obtained as shown in Table5.1. A photoionization cross section is a physical quantity, corresponding to the probability of interaction between electron (in the specic core level) in the material and the incident photon. The cross section has the dimension of a surface.

We observe that, by using a photon with energy of 6893.6 eV, the Photoionization cross section of Pb 4d 5/2 become higher than the one of the Pb 4f 7/2 . For the zirconium, the photoionization cross section of Zr 3p 3/2 is more intense that that Zr 3d 5/2 when a synchrotron radiation is employed. These variations of the photoionization cross section might induce several modications in the survey of the PZT with photon energies of 1486.6 and 6893.6 eV.

Cross section (Barn: 1 b = 10 Table 5.1: Photoionization cross section of electrons depending on the photon energy.

The survey of PZT bare with 10 % of Pb excess content (called as deposited PZT10) have been carried out and presented in Figure 5.1. By comparing the survey of PZT10 bare depending on the energy source, we observe several dierences. Relative intensity of all PZT emission lines change when energy is modied from laboratory to synchrotron as already seen with the cross section data presented in Table5.1. The survey from HAXPES and XPS provide all the expected emission lines from Pb, Zr, Ti and O. With 6893.6 eV, the relative intensity of Pb 4f decreases, contrary to the Pb 4d and Pb 4p which become very intense for the same peak line at 1486.6 eV. Further, it is more interesting to measure on the Zr 3p peak instead of the Zr 3d peak when the energy is at 6893.6 eV. All these experimental results are in agreement with the tendency of the photoionization cross section calculated with SESSA. Furthermore, by using IMFP (QUASES-IMFP-TPP2M) calculated by Tanuma et al. [16], the as deposited PZT10 with a lm density ρ = 8g/cm 3 provides a inelastic mean free path electron inside the PZT layer of 8.8 nm for 6896.3 eV and 2.7 nm for 1486.6 eV.

Beside the variation of the photoionization cross section of electrons depending on the photon energy, the prolonged exposures of the sample at high energy of photon source can induce a reduction of element like the formation of metallic (reduced) Pb nanoparticle as described by Popescu et al. [17] on the PZT thin lm. Otherwise, the surface charge which is due to the emission of electrons when X-ray photons strike a sample, can also aect the photoelectron spectrum of elements. Indeed, when the surface is electrically insulating, the emission of electrons causes a positive charge accumulation at the surface. When a non-monochromated source is used for XPS or HAXPES analysis, there are sucient number of electrons in the region of the sample to limit the eect of the charging. However, when using a monochromated X-ray source for XPS (or HAXPES) measurements, there are too few stray electrons to control the charging and the resulting positive charge severely aects the photoelectron spectrum. It causes the shift of the peaks in the spectrum into high binding energies and becomes distorted. However, during all experiences at synchlotron SOLEIL, any surface charge eect is observed with the PZT as deposited analysis.

In Figure 5.2(a-b), the Pb 4f and Zr 3p 3/2 core level spectra from as deposited PZT10 are shown. The results of the ts are given in Table5.2.

In Figure 5.2(a), the main component of Pb 4f (peak I at 137.5 eV) corresponds to Pb 2+ in PZT. A spin-orbit (S-O) splitting of 4.8 eV and branching ratio of 1.33 were used and the FWHM was kept constant at 0.89 eV as described in chapter 4 in section 4.3.1 page 102. The Gaussian-Lorentzian line-shapes are 30/70. The low binding energy (LBE) component (peak II), shifted by 1.3 eV with respect to the main peak. The peak II represents for 5 % of the total intensity. The long exposure to X-rays is a possible source of the reduction of Pb. However, we exclude this eect since no evolution was observed on the spectra during the analysis (It occurs very rapidly at the beginning of photon exposure). In other word this peak does not come from the measurements, but already present in the lm before the measurement Therefore, the small proportion of reduced Pb may be intrinsic to the sol-gel layer. In the following, the Pb and Zr core level shifts and intensity ratios of the as deposited PZT10 lm will be transposed to the spectra obtained by operando analysis of the Pt/Ru/PZT10/Pt stack. According to the position of Pb 4f 7/2 and Zr 3p 3/2 from Table5.2 and the oset in binding energies between photoelectron lines collected from the literature database, the binding energy expected for Zr 3s and Pb 4d 3/2 are 431.9 eV and 412.8 eV, respectively. These results are consistent with the top electrodes attenuation eects for Pb 4d and Zr 3s electrons excited by 6.8936 keV photon energy. According to the data provide by Tanuma et al., IMFP are around 5.9 and 5.5 nm in Ru and Pt, respectively [20]. We will use Pb 4d/Zr 3s to understand chemical and electronic interfacial eects under electrical eld. We will also record the Ru 3p 3/2 and Pt 4f to check all chemical and electronic modications which can aect the interface properties like the Shottky barrier height. During the HAXPES measurements, the Pt/Ru/PZT/Pt structure was biased using an Agilent E4980A capacimeter/voltage generator [21]. All dielectric constant-voltage and polarization-voltage curves presented in this chapter are performed on the capacitor with 10 nm thick of top electrode(Pt 5 nm /Ru 5nm) contrary to what have already presented in chapter 3 (Pt 100 nm /Ru 5nm). However, this Pt (5 nm) and Ru (5 nm) thickness cannot induce any change on the electric responses. In fact, as observed in Figure 5.3(a), the thicknesses of Pt [22] and Ru [23] metals are higher than the coalescence threshold which is dened as the thickness where the rst conducting link forms across the surface. This situation induces a rapid decrease of the resistivity of metal and favors the conductivity.

The maximum value of dielectric constant for the Pt(5 nm)/Ru(5 nm)/PZT10/Pt is 1221.6. This value is dierent with the one of Pt(100 nm)/Ru(5 nm)/PZT10/Pt which is 1126.6 (see Figure 3.7 chapter 3 in the section 3.2.1 page 85). Thickness dierence of the top electrode could potentially be at the origin of this dierence. This dierence might also be partly related to the increase of the capacitor area respectively to (80 × 80)µm 2 and (1 × 1)mm 2 . Buttery dielectric constant characteristic performed at 1 kHz is oset by -1.55 V and the coercive voltages are -2.0 and -1.2 V (Figure 5.5(a)). At zero applied eld there is a strong, downwards pointing polarization, which we will call a P -imprint. The imprint in Figure 5.5(a) is much higher, more than double , than the one observed in Figure 3.6(a) chapter 3 in the section 3.2.1 page 85 which can be explained by the fact that more voltage was applied in the sample with 100 nm of Platinum (-10 V; +10 V) than the sample with 5 nm of platinum (-7 V; +3 V). Thus, the high voltage tends to decrease the imprint and reduce the oset value. The operando analysis was carried out at -7 V (negative voltage on top electrode, P + polarization) and +3 V (positive voltage on top electrode, P -polarization), i.e. symmetrically with respect to the center of the buttery loop of Figure 5.5(a). Remanence measurements are expected to show a similar result to +3 V since the imprint is P -. The high voltages relative to the coercive values ensure true saturation conditions whilst remaining below breakdown voltage which is 34.6 V (1.60 MV/cm). Capacitance values at -7 and +3V do not change during the long exposure to high energy X-rays (6893.6 eV). Dynamic hysteresis loop measurement(DHM) at 1 kHz performed by using an Aixacct TF2000 ferroelectric tester [24]. In this case, a succession of four triangular voltages of a few volts of amplitude is applied across the ferroelectric capacitor according to the timing diagram presented in Figure 5.6. There are a prepol pulse and three bipolar excitation signals (three pulses). Each signal is resaw by a relaxation time pause of 1 second. The measurement of the switching currents is carried out during pulses rst and third (in red). The prepol pulse and the second pulse (in black) of the excitation signal establish dened polarization states. The prepol pulse has a negative state of relaxed remanent polarization. The second pulse ends in the positive state of relaxed remanent polarization. In this case, only the electrical response due to the switching of the ferroelectric domains is available. However, the measurement gives access to a great deal of information such as the positive and negative coercive elds and the remanent, relaxed, and maximum positive and negative polarizations. However, the hysteresis loop in Figure 5.5(b)) reveals a saturation polarization equal to 23 µC/cm 2 . The ferroelectric hysteresis is also oset by 1.7 V towards the negative voltage and the coercive voltages are -2.2 for negative voltage on top electrode and -1.2 V for positive voltage on top electrode (Figure 5.5(b)). Remanent polarization (P r ) are 10.4 and 7.9 µC/cm 2 for respectively P - r and P + r . Zhou et al. [25] showed the same behavior of hysteresis with both the horizontal shifting towards the negative and voltage and the presence of long tail at positive voltage. They explained that imprint phenomena may originate from :(i) stress induced by lm/electrode lattice mismatch or clamping, (ii) domain pinning induced by, e.g., oxygen vacancies, or (iii) degradation of ferroelectric properties in lm/electrode surface layers. Additionally, Zhou et al. [25] argued that the long tail of shape hysteresis loop for ferroelectric thin lms has been induced by the presence of the pseudo-non-switching layer. In fact, the hysteresis loop of the ferroelectric layer is completely cycled, while the polarization of the nonswitching layer only stays in the upper part of the P-E loop so that polarization switching cannot occur.

The use of dierent metals between the bottom and top electrodes which induces two types of Schottky barrier (asymmetric barrier heights) might participate to the creation of the oset P-E curve. However, as we have already stated in the chapter 3 in section 3.2.1 page 87, the eect of the asymmetry of the electrodes remains rather small compared to the shift observed on the dierent samples. Furthermore, the interface metal electrode/PZT can be at the origin of the hysteresis oset. In fact, when a metal electrode is placed in contact with a semiconductor material, there may be a ow of charge carriers from the semiconductor to the metal, depending on the work function of the metal. An accumulation of charge carriers results at the electrode/semiconductor interface, inducing an electrostatic potential that depletes these carriers in adjacent regions. This space charge region or depletion layer is typically formed near interfaces such as grain boundaries and interfaces between heterophases [26]. With ferroelectric materials such as PZT, the presence of space charge region or depletion layer can aect the properties. It suppresses ferroelectricity in the space charge regions. Furthermore, the domain pattern that is formed under the inuence of space charge can substantially dier from those without. Consequently when such a sample is switched, the hysteresis loop constricts with a lowering of the coercive eld, and depending on the extent of the depletion layer, the remnant polarization as well. If the distribution of charges in the sample is asymmetric, the resulting internal electric eld leads to a preferred polarization direction, thereby shifting the hysteresis loop along the electric eld axis; this phenomena is called imprint. In our Pt/Ru/PZT/Pt a preference orientation of the polarization along the P -direction might be obtained. Finally, the presence of the very thin bright layer at the top interface Ru/PZT observed in the Figure 5.3(a), can induce an oset characteristic of the hysteresis and buttery. Figure 5.5(b) also shows that the hysteresis curve presents an asymmetric shape relative to zero voltage bias. This variation of slim shape of the hysteresis at positive voltage might be attributed by a poor switching ferroelectric domains. In fact with the presence of the imprint, major of domains are orientated on the same direction as the electric eld when the bias is positive. Otherwise, when the voltage is negative, a large switching of ferroelectric domains will be observed, which is accompanied by the restoration of the character ferroelectric of the hysteresis shape. These assertions are supported by a supplementary measure performed on the same sample but with a higher voltage as illustrated in the Figure 5.7. In fact, when strong electric eld (voltage) is applied in the ferroelectric, the locked ferroelectric domains become more switchable that when the electric eld is low. 

Bias Correction After HAXPES Measurements

The raw Ru 3p, Pb 4d and Zr 3s spectral regions from the capacitor structure with -7 V (red curve) and +3 V (blue) on the top electrode are shown in Figure 5.8(a). The advantage of the Pb 4d/Zr 3s energy window is that the similar kinetic energies guarantee the same depth sensitivity, despite the additional diculty that the Zr 3s peak partially overlaps the Pb 4d 3/2 , making deconvolution more dicult.

The Ru 3p peak in the two bias states (with an absolute value of 10 V) is separated by 10 eV, showing that there is very little parasitic resistance in the circuit as seen in Figure 5.8( (a)top). Now, once corrected for bias, the spectra of Ru 3p 3/2 are similar (see in Figure 5.8((a)bottom)). The Ru 3p 3/2 spectrum has only a single component at 461.5 eV (component I corresponding to the Ru 0 ) for both bias states as shown in Furthermore, correction of the bias states after operando HAXPES process, demonstrated also the presence of residual binding energy shift at the Pb 4d & Zr 3s core levels between +3 V and -7 V. This residual shift is linked to the intrinsic polarization of PZT under voltage bias and allows to the chemistry and electronic behaviors of sample. 

Background Subtraction

Due to the energy loss tail of the Pt 4d emission from the Pt at top electrode, the background increases with kinetic energy of photoelectron in the Pb 4d/Zr 3s region. Therefore, standard background subtraction like Shirley or Tougaard [27] cannot be used. We have tested polynomial and linear backgrounds and found that the latter gives better results as illustrated in Figure 5.9. Table5.3 shows the dierent areas for each components depending to the background model. Following that, the value of the relative error of each area peak is calculated by the relation: % Relative error = (difference/Area peak) * 100. Thus, by using the linear background model at +3 and -7 V, relative errors are between 16.1 and 12.2 % for the Pb 4d and 7.6 and 8.2 % for the Zr 3s. Otherwise, the use of polynomial background favors an overestimation of the area of the various components. Indeed, the relative error values are between 20.6 and 25.9 % for the Pb 4d and 25.6 and 34.5 % for the Zr 3s. Therefore, we use the linear background subtraction. Pb and Zr core level shifts and intensity ratios found in the PZT10 bare have been directly transposed to the Pb 4d & Zr 3s spectra obtained during the operando measurements. The free parameters during the deconvolution of the spectra are the absolute binding energy, the intensity and any additional, interface-specic component. Figure 5.10 shows the best ts to the Pb 4d/Zr 3s spectrum for (a) the PZT10 bare and (b-d) the operando spectra of PZT10 with the top electrode under bias. The binding energies and line-shape parameters are given in Table5.4.

Area of peaks

The PZT10 bare spectrum (Figure 5.10(a)) has a high signal to noise ratio which is to be expected in the absence of attenuation by the 10 nm Pt/Ru top electrode observed on the capacitor structures. For the spectra with top electrode under bias, once the PZT Pb 4d, PZT Zr 3s, reduced Pb and Zr oxide nanostructure components have been included, there are two important dierences with respect to the as deposited PZT10.

First, there is a 1.4 eV systematic shift of both Pb and Zr emission to higher BE going from +3 V (P -) to -7 V (P + ) whereas the Ru core level does not shift (as shown in Figure 5.8). This suggests a change in electrostatic boundary conditions rather than the chemical environment since the latter would also aect the rst layer or layers of the Ru electrode (except a change of local chemistry eect of PZT that would not aect the photoemission signals of Ru). However, the assumptions of a change in electrostatic boundary conditions is supported by results from Figure 5.3 which suggests any interdiusion between the Ru and PZT layers. The core level shift between +3.0 and 0.0 V is smaller than between 0 V and 5.3. Investigations of Pt/Ru/PZT10 Interfaces -7.0 V consistent with the P -imprint measured electrically. Assuming that the polarizationdependent core level shift is equal to the potential drop across the lm. The residual internal eld is 65 kV/cm, approximately three times the coercive eld. This demonstrates that the polarization charge is poorly screened. The Zr 3s component due to the nanostructures is xed since the nanostructures are above the PZT layer. They should be independent of the polarization. However, the nanostructures might also show polarization due to the stray elds, and this remains an open question. Secondly, there is an additional component, labelled peak III at high binding energy as shown in Figure 5. 10(b-d). This interface-related component shifts from 439.8 eV at -7 V to 438.4 eV at +3 V bias, i.e. 1.4 eV like the other core levels. It is also possible to x the binding energy at 439 eV, which corresponds to an interface contribution, distinct from the PZT as illustrated in Figure 5.11. The single component suggests that it is due to Zr 3s. However, 5-6 eV is too high to be a simple chemical shift of Zr which is already in Zr 4+ valence state in PZT. The absence of such component in the reference spectrum and in the XPS analysis of the bare PZT layer proves that it is related to the capacitor structure. The exact origin of this component is therefore not clear. However given that it was not observed on the as deposited PZT10, it probably come from the interface formed with the top electrode (thin bright layer at the interface Ru/PZT reported in Figure 5.3(a)). Furthermore, we can notice that the peak III is not due to the bias voltage because thepeak III is present when 0 V is applied on the capacitor as seen in Figure 5.10(c). 5.3. Investigations of Pt/Ru/PZT10 Interfaces -7V are 0.7 and 2.1 ± 0.1 eV, respectively. Assuming a 3.4 eV band gap, this gives a SBH for electrons of 1.3(2.7)± 0.1 eV, consistent with the capacitive behavior in Figure 5.5(a).

From the dierence in Schottky barrier height ∆Φ, we can estimate the eective screening length λ ef f in the metal/ferroelectric interface. The eective screening length takes into account all microscopic details of the interface dipole response to the polarization (including electronic and chemical bonding eects). This is in contrast to the Thomas-Fermi model of screening [30] used on the metal/semiconductor interface. [9] explained that the imperfect screening is a property of the interface (the metal, the ferroelectric and the specic interfacial layer), which requires consideration of an eective screening length λ ef f , rather than the Thomas-Fermi model of screening one. These imperfections are described by assuming that the screening charges separated from the bound charges by an empty layer of thickness λ ef f as illustrated in This thickness λ ef f acts like a capacitor in series and induces a potential drop of Φ = λ ef f .D S /(ε 0 ε r ) where D S is the spontaneous polarization of the ferroelectric [28]. Thus, using the dierence Schottky barrier height ∆Φ = 2λ ef f .D S /(ε 0 ε r ) and the value of ε r for the interfacial layer Zr x O y (25 -40), we can obtain the eective screening length which is 0.575 -0.920 nm. These results are in quite good agreement with the thickness of the interfacial layer observed in Figure 5 [31,32] show a decrease of the breakdown voltage from 18.2 to 11.2V for PZT10 and PZT30, respectively. In this context, we will investigate the eect of high amounts of Pb excess content on the chemical and electronic conguration of the interface Pt/Ru/PZT. From Figure 5.14(b), the maximum value of polarization obtained is 16.5 µC/cm 2 with remanent polarization of 2.2 µC/cm 2 for P - r and 1.5 µC/cm 2 for P + r . It presents an oset of 0.58 V towards the negative voltage with coercive voltages of -0.74 and -0.42 at E - C and E + C , respectively. The changes in the electrical properties might be correlated with the high amount of Pb excess content in the PZT lm. shows a slim hysteresis shape compared to the result obtained Pt/Ru-/PZT10/Pt capacitor. The curve is almost linear which can be probably linked to the ferroelectric relaxor [33] behavior caused by high Pb excess residual. Furthermore, this behavior is observed in the PLZT lm when a high concentration of La 3+ (La is used to substitute Pb atom) is incorporated in the PZT lm. Leclerc et al. [34], Park et al. [35] and Podgornyi et al. [36] showed the deterioration of the polarization properties of the samples. These can be linked either to the relaxor properties observed on the highly doped PZT thin lms or to the transformation of the PZT from ferroelectric state to paraelectric state with the increase of La concentration. It is important to notice that even though the degradation of polarization is observed, Park et al. [35] reported that the dielectric was enhanced with the introduction of a high amount of La dopant. [37] explained that the existence of the slim hysteresis loop can be induced by the presence of the pseudocubic phase structure of relaxor ferroelectrics, micro-domains or polar nano-grains. These lead to nonlinear (dielectric) responses under external eld while the ferroelectric domains switching give rise a hysteresis. In fact, the current from the conductivity of material can modify the shape of the hysteresis. Indeed, following Dawber et al. [38]: Q = 2P r A + σEAt (where σ is the electrical conductivity, t is the measuring time, A is electrode area of a parallel plate capacitor, E is the applied eld and the switched charge Q which can allow to get the remanent polarization value P r ). This relation shows that, the ferroelectric response can present two types of contribution: the currents from switching Chapter 5. Pt/Ru/PbZr 0.52 Ti 0.48 O 3 INTERFACES domains and the current from loss (leakage current). According to Jin and Dawber, we can suppose that, under electric eld, the response of these micro-domains may be much faster than macroscopic ferroelectric domains and therefore modify the shape of the hysteresis. This assertion seems to be consistent, when we compare the hysteresis results of the Pt/Ru/PZT30/Pt capacitor performed at 5 V (Figure 5.14(b)) and 20 V (Figure 5.15). These data show that the ferroelectric character of PZT30 seems to be recovered, when the voltage become high (20 V) contrary to the linear response at low voltage (5 V). It is due to the fast response of the micro-domains under polarization electric relative to the ferroelectric domains. However more investigations like the analysis of the dielectric constant as the function of frequency and temperature will be necessary to make more denitive statements on the eect of high rate (30 %) of Pb excess. Figure 5.16 demonstrates once again the presence of the interface component (peak (III)). For PZT10, peak III shifts from 439.8 eV at -5 V bias to 438.4 eV at +1 V bias. Even though, it was also possible to x the binding energy at 439 eV. With uncertainty about the position of the interface component, it is very dicult to determine the exact origin of this component. Furthermore, Figure 5.16 shows an additional chemical state of lead Pb x+ with 2 < x < 4 (blue color) between +1V and -5V. This additional chemical state can be attributed by the residual lead oxide due to the high amount of lead excess content in PZT30. However, the exact formula of PbO x is not determined [33,39,40,41]. Further, this latter component undergoes a shift of 4.4 eV during the switch. It is important to remark that this phase was not observed with laboratory XPS and XRD. In fact, the PbO x seems to be localized in the bulk of PZT and therefore undetectable with the XPS tool. According to the X ray diraction patterns of PZT lms prepared from solutions with dierent Pb excess content published by Yanovskaya et al. [31,32], the component linked to the PbO appears only with 50 % of Pb excess content but not at 30 % (as that is observed in chapter 4) even though that act the electrical responses of PZT capacitors. However, it is easier and appropriated to highlight the PbO x phase with Operando HAXPES measurement under bias.

Thus, the presence of the new component of lead oxide observed in HAXPES spectra can be correlated with the decrease of the dielectric constant value and the lowering of the breakdown voltage (Figure 3.10 chapter 3 in the section 3.2.2 page 89). The presence of this lead oxide component is also in agreement with the hypothesis of the existence of microdomains which leads to the slimming of the ferroelectric hysteresis curve as explained by Jin et al. [37]. Furthermore, lead oxide presents low dielectric constant (25.9-35) [42] compared to PZT. It shows a high electronic polarizability (between 3.311 and 3.450) relatively to the ZrO 2 (between 1.897 and 2.054) [43]. This high electronic polarizability can be explained by Chapter 5. Pt/Ru/PbZr 0.52 Ti 0.48 O 3 INTERFACES the high shift observed during the switching polarization. The PbO can behave like Zr oxide and reduce the capacitance density of MIM capacitors. When the PbO is at the interface, it will behave as a dielectric layer in series with the PZT and induce a lower total capacitance density. Mukhin et al. [44] explained that the series layers of lead oxide deposited between the PZT and the bottom electrode (Pt/PZT/PbO/Pt/Ti/SiO 2 /Si) aect the electrical response by reducing the eective dielectric constant from 760 to 410 and the residual polarization from 13 to 11 µC/cm 2 . However, Mukhin also reported an increase of the coercive eld from 110 to 185 kV/cm. Yanovskaya et al. [32], Maria et al. [45] and Afanasev et al. [46] have studied the presence of PbO inside the PZT thin lms. They showed a reduction of the polarization and the coercive eld with increasing Pb excess. In summary, PbO observed during the operando measurement can be at the origin of the creation of microdomains inside the PZT30 layer and induce the modication of the hysteresis shape as described by Jin et al. [37]. Further, the Pb excess can be localized at the grain boundaries [47] and favor the ow of charge carriers consistent with the premature breakdown eld (voltage).

Post Metallization Annealing of Pt/Ru/PZT10 Interface

According to the results from the literature, the Post Metallization Annealing (PMA) under the oxygen enhances the electric responses of MIM capacitors. Kushida-Abdelghafar et al. [47] showed an increase of the spontaneous polarization of IrO 2 /PZT/Pt capacitor after PMA. PMA makes the hysteresis curve symmetric and increases the polarization. The improved electrical properties have been also observed in other perovskites like Ba 0.5 Sr 0.5 TiO 3 under PMA with O 2 and N 2 [48] such as an increase of the maximum of capacitance and a reduction of the leakage current values. These data are in agreement with the improvement of the maximum dielectric constant and breakdown voltage after PMA presented in the chapter 3 in section 3.8 page 88 and section 3.2.2 page 89. However, the origins and the physico-chemical impact of PMA were not really explored. Using operando HAXPES, we have studied the interface chemistry as a function of the applied bias (switching polarization). The dielectric constant and polarization data under voltage are presented in Figure 5.17.

In contrast to PZT10 before PMA (Figure 5.5(a)), after PMA we observe an increase of the maximum dielectric constant from 1221.6 to 1234.9 and a saturation of the polarization from 23 to 33 µC/cm 2 . In Figure 5.17(b), remanent polarization P - r are 11.2 µC/cm 2 (P + r =-8.7 µC/cm 2 ). The coercive voltages of -0.83 V and 0.76 V are register for E - C and E + C , respectively. The dielectric-voltage buttery and polarization-voltage hysteresis curves are symmetric relative to zero voltage. The symmetric hysteresis loop might be attributed at the thermal treatment of the top electrode. In fact, the two metal electrodes are dierent. The bottom electrode is annealed during the crystallization of the PZT layer while the top electrode is unannealed (Figure 5.17(b)). After PMA a rectifying barrier at the top interface favors the symmetric hysteresis loop as presented in Figure 5.17 The Ru 3p 3/2 /Ti 2p and Pt 4f/Ru 4s core level spectra are presented in Figure 5.18(a-b), respectively. Standard Shirley-type background subtraction is used for Ru 3p 3/2 and Pt 4f spectra. Asymmetric peak-shapes based on the Lorentzian functional form convoluted with a Gaussian are used for tting the metallic Pt 0 [49] and Ru 0 components [50] as observed in Table5.6. Asymmetric line-shapes describe well the intrinsic energy losses due to the interaction between the photoelectron and the conduction band of the metal [51]. During this interaction, a certain part of the kinetic energy of photoelectron is lost. This leads to a trailing higher intensity at high binding energies.

In Figure 5.18(a) (bottom), Ru is only present in metallic form (Ru 0 ) localized at 461.5 eV [50,52,53] as already presented in 5.18 shows the Pt 4f and Ru 4s core level spectra from the Pt/Ru/PZT10 before and after PMA. After deposition of Pt/Ru top electrode without annealing, only Pt 0 is recorded at 71 eV [55,56] as illustrated by the cyan color in Figure 5.18. Similarly, the presence of the Ru 4s at 74.8 eV is in agreement with the Ru 0 binding energy according to the NIST database and Handbook of X-ray Photoelectron Spectroscopy [57]. After annealing, a large part of the Ru is oxidized as illustrated in Table5.7. Once again, oxidation of the Ru is evidenced by the presence of two new components of Ru 4s at high binding energy.

After the PMA process, 33.3 % of Pt is oxidized as Pt +2 (red) and Pt +4 (azure) at 71.9 and 74 eV, respectively , [55,56] as observed in the Table5.6). Thus, Pt oxidation can come from either the oxygen of the annealing chamber or diusion of oxygen from the PZT.

In summary, we can assume that the presence of oxygen (from the annealing chamber or the PZT layer) leads to the oxidation of Ru (RuO x ) and Pt (PtO x ). Results in Figure 5.19 can be explained by the alloys formation at the interface level. In fact, the creation of this red peak can be explained by a diusion of the lead oxide (during the PMA) to the ruthenium layer and the formation of alloy based on the leadruthenium oxide (PbRuO X ) as already observed by Prakash et al. [58]. Hrovat et al. [59] demonstrated an incompatibility reaction between RuO 2 based electrodes and PZT ceramics at low temperature. However, at high ring temperature, a reaction between PZT layer and RuO 2 is possible and can lead to the creation of Pb 2 Ru 2 O 6.5 at the interface level (which is a good conductor layer as described by Bobnar et al. [60]). Kushida-Abdelghafar et al. [47] showed that under annealing (O 2 at 600 • C), the Pb excess diuse through the grain boundaries and reaches the top electrodes. These results are in agreement with the study of Kennedy [61] which described the creation of decient oxygen structure (Pb 2 Ir 2 O 6.5 ) after the diusion of Pb. 5.5. Post Metallization Annealing of Pt/Ru/PZT10 Interface However, with the migration of Pb inside the Ruthenium layer, the presence of ZrO x at the interface might also induce the creation of alloys based on the ZrRuO X . During the PMA process, zirconium can get a higher degree of oxidation (Zr 2 O 5 , ZrO 3 , ZrO 4 [18,19]), which leads to the increase of binding energy up to 439 eV. Thus, with the presence of the ruthenium layer shown in Figure 5.18(a), we can assume a possibility of the creation of alloy between the RuO x and ZrO x . These assumption are in agreement with the data from Zhu et al. [54], which showed a successful preparation of an amorphous Ru 0.48 Zr 0.52 O 2 lm of a solid solution phase by a thermal decomposition at a low temperature (563K). Even though, they did not show the XPS result on this Ru 0.48 Zr 0.52 O 2 lm. Additionally, Weizhen Li et al. [62] described that the RuO 4 can be found in the form of Zr(RuO 4 ) 2 after interaction with the ZrO 2 . Further, Yang et al. [63] mixed RuO 2 with inert metal oxides ZrO 2 , in order to maintain a high catalytic activity and stability of RuO 2 during anodic polarization. These results demonstrate a possible reaction between the Zirconium oxide at the interface and the Ruthenium oxide during the PMA process. Depending to the concentration of the ZrO 2 and RuO 2 , Kristof et al. [64] and Burke et al. [65] also investigated the alloys ZrO X -RuO Y . Finally, we can say that an eventual formation of ZrRuO X at the interface can explain the fact that the peak III remains x at 439 eV during the voltage bias switching.

In summary, beside the potential reduction of the oxygen-vacancies (V O ) and the Pbvacancies (V P b ) inside the PZT bulk under high temperature annealing which can improve the electrical performances, the modication of the interface chemistry also act to the electrical responses. In fact, the presence of the news Pb 2+ (reb) and Zr x+ (wine) components shown in Figure 5. 19 and Ruthenium (Ru 2+ and Ru x+ 2 < x < 4) components illustrated in Figure 5.18 might induce a possible creation of interface PbRuO X and ZrRuO X alloys under thermal treatment. These oxides alloys at the interface lead to the enhancement of electric performances (dielectric constant, breakdown voltage and ferroelectricity) of Pt/Ru/PZT10/Pt after PMA. In fact, the oxide phases observed at the interface before PMA which present a low dielectric constant and lead a formation of the ferroelectric/paraelectric interface can potentially induce a detrimental screening with a higher depolarizing eld. Conversely, the formation of the interfacial PbRuO X and ZrRuO X alloys between the PZT and the top electrode leads to the better screening of bounds charge from the surface of PZT due to the good conductivity of alloys and the absence of oxide phases at the interface.

Conversely to the supposition of the formation of interface alloys and according to the results from Popescu et al. [17] which highlighted the progressive increase of intensity for a low binding energy component of Pb core levels (for both 5d and 4f) during the photoemission process with intense synchrotron radiation beam, we can also suppose that the origin of the new Pb 2+ component at 412.1 eV (red component) in Figure 5.19 may be attributed with the formation of metallic (reduced) Pb nanoparticles. This situation would be due to a partial decomposition of the PZT lm at the interface which promotes the presence of metallic Pb 0 . This nanoscopic separation of PZT structure is also in agreement with the apparition of the peak III. In fact, we can say that with high intensity of source, the decomposition of the perovskite can lead both the reduction of the Pb 2+ into Pb 0 and the ZrO 3 matrix [19]). Thus, the ZrO 3 matrix with higher oxidation degree than the ZrO 2 (in PZT) can explain the presence of the peak III at very high binding energy.

However, the assumption based on the partial decomposition of the PZT lm can not explain why the red component is not observed with the Pt/Ru/PZT10 before PMA process. Even though these two samples are exposed to the same X-ray source during the same time. The fact that the peak III is x at 439 eV is not explained by the decomposition possess of PZT under photon source because under bias voltage the Zr component from ZrO 3 (dielectric) should change a binding energy when the polarization switch from +5 V to -5 V. Additionally, the shoulder of the peak III was already remarked at the rst swept (rst minutes) not after all scans (several hours under synchlotron radiation). According to these information and questions, we suppose that the possible creation upon annealing (PMA) of interface alloys PbRuO X and ZrRuO X seems more relevant to explain our observations than the partial decomposition of the PZT even though more experiments have to be performed in order to clear and understand the interface interaction under PMA process. 

Conclusion

In this chapter, we have carried out operando hard X-ray photoelectron spectroscopy of the top interface in a Pt/Ru/PZT/Pt/TiO 2 /SiO 2 /Si capacitors.

The presence of ZrO 1.89 nanostructures at the surface of the bare sol-gel lm can act as a dead layer in the dielectric structure and reduce screening of the surface polarization charge in Pt/Ru/PZT10/Pt capacitor. The Schottky barrier height for electrons is 1.3 and 2.7 eV for upwards and downwards pointing polarization, respectively, which is consistent with the electrical characteristics and the eective screening length. However, further studies are necessary to nd the real binding energy of the interface layer situated at the Ru/PZT10 interface.

The impact of excess Pb in the precursor is studied by using the PZT with 30 % Pb excess. Sample exhibits a new (PbO x ) component. The presence of high Pb excess induces a reduction of the capacitance due to the low dielectric constant of (PbO x ) and a linear hysteresis loop linked to the micro-domains based on the creation of lead oxide clusters. It seems that the addition of PbO x induces a decrease of breakdown voltage observed with capacitor base on PZT30. These results show that the optimization of PZT via the elimina-5.6. Conclusion tion of parasitic ZrO 1.89 and (PbO x ) phases are needed to improve the dielectric responses and breakdown voltage performance in view of an optimal use in FE capacitor application. Moreover, regarding the lead excess eect, other investigations are required to nd the degree of oxidation of the PbO x .

Finally, post metallization annealing on the PZT10 highlights a modication of the interface by the creation of ZrRuO x and PbRuO x during the annealing process. However, more work is required to fully conrm the origin of the interface related to the signals manifest in the Pb 4d and Zr 3s spectra and to understand if these alloy are responsible for the enhancement of the dielectric constant, the breakdown voltage and the imprint eect on the Pt/Ru/PZT/Pt capacitors. This thesis mainly aims at identifying and explaining certain physicochemical phenomena that could inhibit the integration of Metal-Insulator-Metal (MIM) structures based on the Lead Zirconate Titanate (PZT) thin lms. In particular, we correlate the electronic and chemical structures at the surface level of PZT and at the top interfaces of Pt/Ru/PZT with the electrical results (dielectric constant-voltage, loss tangent and breakdown eld) from Pt/Ru/PZT/Pt capacitors.

In this context, this work focused on both the importance of lead excess in the PZT layers and the eect of the post metallization annealing (PMA) at the metal/PZT interface. This study allows us to extend our knowledge about MIM structures and to overcome certain technological obstacles so that the performances of the thin lms can approach to those of the bulk material in Multi-MIM architectures in microelectronics. This work has given rise to specic contributions in dierent areas, which are now summarized.

Chapter 1 is dedicated to better understand the MIM structures. We have presented the fundamental properties of Metal-Insulator-Metal structure by introducing the capacitance, loss tangent and breakdown eld. The origin of the texture of Lead Zirconium Titanium (PZT for Pb(Zr 0.52 Ti 0.48 )O 3 ), its ferroelectric and its dielectric properties have been largely discussed. Further, this chapter have pointed out the importance of the surface and interface which play a central role in the performance of MIM structures.

Chapter 2 begins by the description of the deposition process used during this thesis work. The main steps for manufacturing our Pt/Ru/PZT/Pt structures are explained. An important place is dedicated to the description of the sol-gel technique, which was used to deposit the PZT layers. Besides that, the goal of this chapter is also to relate all necessary tools used to understand the impact of the structural, microstructural, electronical and physicochemical properties of Metal-PZT-Metal based on the PZT thin lms. We have described the microstructural (X-ray diraction such as XRD and GIXRD) and structural (electronic microscopies such as SEM, TEM, STEM) tools used for studying the PZT layers. We have also developed and explained the work principal of photoemission spectroscopy, which is an eective technique to study the physico-chemical and the electronic properties of materials. Finally, the most important details of XPS setup is presented and work principle of the synchrotron beamline and the protocol used to perform the operando HAXPES are provided.

Chapter 3 provides results of the electrical measurements (dielectric constant-voltage, loss tangent and breakdown eld) performed on Pt/Ru/PZT/Pt capacitors depending on both the lead excess and the post metallization annealing. The rst part of the chapter is devoted to present all characteristics of the electrical measurement setup. The permittivity results show the presence of the optimum between 15 and 20 % of lead excess content depending on both the lead excess and the post metallization annealing. The decrease of the permittivity for PZT10 and PZT30 could be attributed to the presence of the secondary phase respectively at the interface metal/PZT and the bulk of PZT thin lm as shown in chapter 4 and 5. Finally, we have shown that the higher the lead excess content in the PZT thin lm, the lower the breakdown eld response of Pt/Ru/PZT/Pt capacitors. This seems to be linked to the high residual lead excess in PZT as demonstrated in chapter 5.

Chapter 4 is dedicated to show all intrinsic contributions from the surface of PZT lm, which is responsible for the variation in electrical performances as a function of the lead excess. In the rst part, we focus on the determination of the parasitic phase composition. The comparative studies made between the as deposited PZT10 and PZT30 through the use of photoemissions spectroscopy are found to be essential for the separation of the perovskite (PZT) and parasitic (ZrO 1.82-1.89 ) phases. Takeo angle study performed from 90 to 30 • are essential to distinguish the parasitic phase at the surface and at the bulk of the PZT. These results are supported by the grazing incidence Xray diraction data. Ion beam etching study conrms that the ZrO 1.82-1.89 is only localized at the surface of PZT thin lms. Further, scanning electron microscopy shows the increase of size of PZT grain when the rate of Pb excess increases. X-rays diraction shows a change of crystallographic orientation from mostly (111) to (100) when we pass to 30 % at 10 % of Pb excess content. The transformation of the crystallographic orientation is linked to the competition between the PbTiO 3 and the Pt x Pb during the rst stage of the growth of the rst PZT layer. The second part of this chapter is dedicated to the investigation of the evolution of PZT thin lm as a function of the lead excess content. It is observed that with 10, 15, 20 and 30 % of lead excess the secondary phase decreases and vanishes at the surface level. From scanning electron microscopy results, it is clear that the diminution of the parasitic phase is correlated with the increase of the grain size.

In the last chapter of this thesis, we analyze the behavior of interface of Pt/Ru/PZT stack during the switching polarization using Hard X-ray photoelectron spectroscopy (HAXPES). This technique is a well-suited non-destructive method for the analysis of electronic interfaces buried of Pt/Ru/PZT/Pt/TiO 2 /SiO 2 /Si capacitor. It also provides important information of the chemical states from the Pt/Ru/PZT interface under the electric eld.

With HAXPES, as deposited PZT10 have been analyzed. ZrO 1.82-1.89 nanostructures, which present at the surface of the bare sol-gel lm act as a dead layer in the capacitance structure and reduce the screening for PZT10. The Schottky barrier height for electrons is 1.3 and 2.7 eV for upwards and downwards pointing polarization, respectively, consistent with the electrical characteristics and the eective screening length.

The impact of the excess Pb in the precursor is also studied by using the PZT with 30 % of lead excess. The sample exhibits a new component based on the lead oxide (PbO x ) as shown by the photoelectron spectroscopy. The presence of high lead excess in the capacitor induce the reduction of the capacitance due to the low dielectric constant of the lead oxide and the slimming of the hysteresis loop which is linked to the micro-domains based on the PbO x . We assume that the addition of PbO x peak can induce the decrease of the breakdown eld observed with capacitor base on PZT30, as seen in chapter 3. The results show that the optimization of PZT via elimination of parasitic ZrO 1.82-1.89 and lead oxide residual phase is needed to improve the dielectric response and the breakdown eld performance which are important for the ferroelectric capacitor application.

Finally, The post metallization annealing on the PZT10 bare highlights an interface modication. According to the results, the interface seems to be linked to the creation of ZrRuO x and PbRuO x during the annealing process. However, more work is required to fully characterize the origin of the HBE peak in the Pb 4d and Zr 3s spectra, their creation process and the real consequences in terms of the interface dielectric responses.

To conclude, this study has enabled us to highlight several aspects such as the presence and the composition of nanostructures, the variation in the texture and in the morphology of the PZT layers depending on the lead excess and the presence of interface phases and residual Pb oxide in some Pt/Ru/PZT/Pt capacitors. However, additional characterizations are required to understand the impact of the presence of interface phase layers as well as the dierent phase of manufactur-
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 1 Figure 1: Illustration of the occupancy rate of components (a) discrete Surface Mount Devices (SMD) on a (PCB) and (b) Integrated Passive Devices (IPD) on a PCB[2] 
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 2 Figure 2: Planar Ru/PZT/Pt capacitor manufactured at CEA-LETI
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 3 Figure 3: Metal-Insulator-Metal (MIM) technologies (a)Multiple-MIM (Multi-MIM) based PZT oxide [4] and (b) 3D trench MIM capacitor
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 4 Figure 4: Classication of dielectric materials as a function of relative dielectric constant values
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 6 Figure 6: Investigation of adhesion issues in the Multi-MIM based on PZT thin lm (CEA-LETI)
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 7 Figure 7: (a) The amount of Pb with the various deposition temperatures and (b) Dielectric constants and dielectric loss for Pb(Mg 1/3 Nb 2/3 )O 3 PbTiO 3 (PMN-PT) thin lms on LSCO/CeO 2 /YSZ/Si at room temperature and 1 kHz as a function of the lead content
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 11 Figure 1.1: Parallel plate capacitor with insulator inserted between the parallel plates. (+ and -) represent the sign of the conducting plates charge Q, (+ and -) represent the sign of charge Q stored in the insulator. A, d and ε r represent respectively the surface conducting plate, the thickness and dielectric constant of insulator.
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 12 Figure1.2: Classication of crystals according to their piezoelectric, pyroelectric, ferroelectric and electrostrictive properties[8] 
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 1 METAL/INSULATOR/METAL BASED ON Pb(Zr 0.52 Ti 0.48 )O 3 THIN FILMS Indeed, under a sinusoidal electric eld:
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 13 Figure 1.3: Relative permittivity (dielectric constant and loss factor) as a function of frequency [8]
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 14 Figure 1.4: Illustration of the alignment of the dipoles in a dielectric under the eect of the applied electric eld (+δ• -• -δ )
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 3315 Figure 1.5: Typical ferroelectric hysteresis cycle showing saturation polarization P sat± , remanent polarization P r± and the coercive eld E c±[9] 
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 1 METAL/INSULATOR/METAL BASED ON Pb(Zr 0.52 Ti 0.48 )O 3 THIN FILMS Pb 2+ cations with large ionic radius are at the pseudo-cubic corners (site A) , the Zr 4+ or Ti 4+ cations with smaller radius are at the body center of the cube (site B), and the O anions (O 2-) are at the center of the faces as seen in Figure 1.7. The cations A and B are respectively 12 and 6 coordinated. Thus, O atoms form octahedra around the B cation [16].
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 17 Figure 1.7: Perovskite structure of ABO 3 with a cubic unit cell

Figure 1 . 8 :

 18 Figure 1.8: (a) Phase diagram of PZT solid solution. P c , cubic paraelectric phase; F T tetragonal ferroelectric phase; F R HT , High temperature rhombohedral ferroelectric phase; F R LT , low temperature ferroelectric rhombohedral phase; A O , orthorhombic antiferroelectric phase; A T , tetragonal antiferroelectric phase; [18] (b) Phase diagram of PZT solid solution near MPB based on synchrotron X-ray powder diraction data[19] 
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 1 10 (b) which presents an ohmic Chapter 1. METAL/INSULATOR/METAL BASED ON Pb(Zr 0.52 Ti 0.48 )O 3 THIN FILMS contact for holes and a rectifying (blocking) contact for electrons. The two types of carriers cannot ow in the same direction when a certain external voltage is applied on the sample.
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 110 Figure 1.10: Schematics of band bending occurring at a metal/semiconductor interface[43]. The work function of the metal is lower (a) or higher (b) than that of the semiconductor. In the rst case, the contact is ohmic for electrons and rectifying for holes. In the second case, the contact is rectifying for electrons and ohmic for holes. Schottky models of the metalsemiconductor Φ M < Φ SC with barriers width W . (h + ) is the hole and (e -) is electron, E F is the Fermi level
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 21 Figure 2.1: Schematic Pt/TiO 2 /SiO 2 /Si substrates
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 22 Figure 2.2: Sol-gel process ow used for PZT (4 layers of 55 nm) deposition
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 23 Figure 2.3: Coating processes of a solvent on a substrate by spin coating (a) First, the substrate is coated with the solution containing the precursors dissolved in a solvent by using a pipette (b) The substrate is rotated at high speed and the majority of the excess solution is ung o the side by the centrifugal force as shown by the arrows. Further, the centripetal force combined with the surface tension of the solution pulls the precursors coating into an even covering.

  Figure 2.4.
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 24 Figure 2.4: SEM cross section of PZT/Pt/TiO 2 /SiO 2 /Si stack
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 25 Figure 2.5: Stacking of PZT10, PZT15, PZT20 and PZT30 samples depending on the Lead excess amount contained in the rst/second/third/fourth layers
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 26 Figure 2.6: Schematic ow process of Pt/Ru/PZT/Pt stack patterning: (a.1) Pt/Ru/PZT/Pt layers (a.2) Pt/Ru and PZT etching (a.3) patterning of capacitor (BE: Bottom electrode and TE: Top electrode) and (b)top view of the schematic devices

  Figure 2.6 (a.3) and Figure 2.6 (b). Afterwards, capacitor with (80 × 80)µm 2 of area is cut from the wafer. Now the process of device fabrication is nished and MIM capacitors based on the PZT oxide are ready for testing as shown in Figure 2.6 (b).

  Figure 2.6, larger area contact ((1 × 1)mm 2 ) is used here for operando HAXPES experiments as shown in Figure 2.7 (b).

Figure 2 . 7 :

 27 Figure 2.7: Pt/Ru/PZT/Pt (a) Cross section of the Pt/Ru/PZT/Pt stack obtained by STEM and (b) top view of the schematic and actual device
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 28 Figure 2.8: Schematic representation of the PMA furnace of Pt/Ru/PZT/Pt samples
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 29 Figure 2.9: Schematic illustration X-ray diraction in θ/2θ geometry with plane family (hkl), incident beam (1, 2, 3) and scattered beam (1 ′ , 2 ′ , 3 ′ ) and (b) A schematic illustration of 5-circle goniometer system [30].
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 211 Figure 2.11: Energy level diagram from a sample to the spectrometer [38]. V L: Vacuum Level, E CBm Conduction Band minimum, E F Fermi Level, E V BM Valence Band Maximum, electron (blue circle) and empty orbital (red empty circle)
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 2 Figure 2.13: (a) Universal curve of dependence of the inelastic mean free path on the electron kinetic energy [44] [45].

Figure 2 . 15 :

 215 Figure 2.15: Scheme of principle of angle-resolved XPS[47] 
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 216 Figure 2.16: Typical photoemission spectrum with mainly two important regions: the corelevel peaks (here Pb, Ti, Zr, O and carbon from the contamination) and the valence band spectrum. SE stands for Secondary Electrons
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 217 Figure 2.17: Diagram showing how the passage of the isolated atom to the solid state is accompanied by degeneracy of energy levels.
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 218 Figure 2.18: Photoelectron binding energy evolution depending on their oxidation states
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 2 Figure 2.19: M-XPS equipment in MINATEC Nano-Characterization Centre
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 2 Figure 2.21: SOLEIL Synchrotron Radiation Center[68] 
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 222 Figure 2.22: Comparative of the spectral brilliance of bending magnet and insertion devices (wiggler and undulator)[69] 
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 2 Figure 2.23 (a) shows a schematic of the undulator. The magnetic pole successions force the electrons to move in a sinusoidal-like fashion around the central axis with spatial period λ 0 . Thus each electron emits individual synchrotron radiation at each deviation. These radiation emissions will overlap and interfere with each other, sometimes constructively with narrow bands centered at the harmonics λ , λ/3 λ/5 . . . and sometimes destructively with λ/2 , λ/4 . . . As illustrated in the Figure 2.23 (b).Usually, harmonic curves or photon energy can be promoted by tuning mechanically the magnetic gap between the magnetic poles. Indeed, by changing the gap the value of the magnetic eld is varied.
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 2 Figure 2.23: (a) Schematic description of the undulator and (b) U20 (from SOLEIL) spectral brilliance of harmonics depending on the accessible energy
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 2 Figure 2.24: (a) Schematic description of the Double Crystal Monochromator (DCM) and (b) calculated energy resolution Si double crystal monochromator[73] 
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 2 Figure 2.26 shows a schematic of the sample conguration and the actual experimental measuring device employed during this PhD. Two Omicron sample plates are used on the
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 226 Figure 2.26: Samples geometry of the operando HAXPES: First, the spring contact allows to connect the bottom electrode (Platinum) of sample and the ground. The wire bonding joints second sample holder under voltage and the top electrode (Pt/Ru). This created a closed circuit which makes it possible to polarize the capacitor. Photon is focus on the center of the surface of capacitor (1mm 2 ) and the electron extracted are analyzed by the hemispherical photoelectron analyzer and then detected by the detector. The inset presents the actual assembly[START_REF] Gueye | Operando hard X-ray photoelectron spectroscopy study of the Pt/Ru/PbZr 0.52 Ti 0.48 O 3[END_REF] 
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 227 Figure 2.27: Complete assembly of electrical measurements in the analyze chamber of HAX-PES station
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 31 Figure 3.1. For breakdown voltage tests, current measurements are performed with Keithley 2400 source meter Voltage, while for the capacitance and loss tangent, it is plugged on the LCR-Meter HP4284A Agilent.
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 31 Figure 3.1: Schematic electrical measurements set up
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 32 Figure 3.2: Electric equivalent circuit model of a capacitor with C, R s and R p are the ideal capacitor, the serial resistance and the parallel resistance, respectively
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 33 Figure 3.3: Illustration of the percolation model. (a) As a rst step, the defects (empty circle) are randomly generated in the dielectric. (b)Defects overlap or come into contact withthe electrodes agglomerates as referred by the black lled circle (c) Finally, the breakdown is triggered when a percolation path between the two electrodes is formed.[9] 
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 34 Figure 3.4: The density of current of PZT10 as a function of electric eld: (a) before and (b) after post metallization annealing. Electric eld (Voltage) was applied to a certain value in a successive voltage step of 0.5 V with delay time of 0.5 s, until the leakage current increased sharply and abruptly, indicating the occurrence of breakdown. (c) Determination of the breakdown eld (voltage) before and after post metallization annealing of PZT10 through Weibull distribution [21]. (Note: PZT10 means PZT with 10 % of lead excess)

  Figure 3.5 (a) shows the measurement bench.
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 235 Figure 3.5: Actual electrical measurements bench
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 36 Figure 3.6: Dielectric constant and Loss tangent before post metallization annealing as function of voltage for dierent Pb excess rate used on the rst and the fourth layers during the PZT thin lm deposition
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 2 Pb Excess and Post Metallization Annealing Eects might present a residual cluster of PbO because the Pb oxide is often accumulated in the intercrystalline and interface layers of the lms. Both situations favor the decrease of the capacitance density of PZT as seen with the PZT in 10 % and 30 % of Pb excess.
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 37 Figure 3.7: Maximum of dielectric constant and maximum loss tangent values before post metallization annealing as function of voltage for dierent Pb excess rate used on the rst and the fourth layers during the PZT thin lm deposition

Figure 3 . 8 :

 38 Figure 3.8: Dielectric constant and Loss tangent after post metallization annealing as function of voltage for dierent Pb excess rate used on the rst and the fourth layers during the PZT thin lm deposition

Figure 3 . 9 :

 39 Figure 3.9: Comparison of maximum Dielectric constant values before and after post metallization annealing (PMA) as a function of the Pb excess rate used on the rst and the fourth layers during the PZT thin lm deposition

Figure 3 . 10 :

 310 Figure 3.10: Breakdown Field as function of the Pb excess rate used on the rst and the fourth layers during the PZT thin lm deposition: (Black) before post metallization annealing and (Red) after post metallization annealing

4. 1 .

 1 Pb(Zr 0.52 Ti 0.48 )O 3 Surface with 30 % Pb Excess

Figure 4 . 1 :

 41 Figure 4.1: Schematic description of the XPS probing with 90 • take-o angle (angle between the surface sample and the detector axe).

4. 1

 1 Pb(Zr 0.52 Ti 0.48 )O 3 Surface with 30 % Pb Excess

  Figure 4.2 (a). The grain size varies from 40 nm to 250 nm. The surface is clean with no other visible Chapter 4. SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 SOL-GEL THIN FILMS grain types (dierent to the large PZT grains). Cross-sectional microstructure presented in Figure 4.2 (b) allows to demonstrate a perfect deposition process of the PZT30. We remark also a perfect adhesion of the PZT30 layer on the substrate. The PZT30 lm was ∼ 220 nm thick and Pt bottom electrode ∼ 100 nm thick.

Figure 4 . 2 :

 42 Figure 4.2: SEM images of PZT30 as deposited (or bare) (a) surface microstructure image and (b) cross section image

4. 2 .

 2 X-ray Photoelectron Spectroscopy with 0.89, 0.73, 0.85 and 0.95 eV for the Pb 4f, Zr 3d, Ti 2p 3/2 and O 1s, respectively.

Figure 4 . 3 :

 43 Figure 4.3: XPS measurements of PZT30 (a) survey spectrum and core level spectra for b) Pb 4f; c) Ti 2p 3/2 d) Zr 3d and e) O 1s

Figure 4 . 4 :

 44 Figure 4.4: XPS measurements of C 1s peak at the surface of the PZT30 as function of the TOA

Figure 4 . 5 :

 45 Figure 4.5: SEM images of as deposited (a) PZT30 and (b) PZT10. The scale bar is the same for both images.

4. 3 . 1 XPS

 31 Measurement at Normal EmissionThe Pb 4f, Zr 3d, Ti 2p 3/2 and O 1s core level spectra recorded at normal emission (TOA = 90 • ) on the PZT10 and PZT30 are shown in Figure4.6 (a -d) and the results of the best ts to the data are given in Table4.2.The Pb 4f 7/2 binding energy (137.5 eV) is identical for both PZT10 and PZT30 as illustrated in Figure4.6 (a). The single Pb component is attributed to Pb 2+ ions in the PZT perovskite structure. No other chemical state of Pb is observed. Similarly, the Ti 2p 3/2 binding energy (457.2 eV) is unchanged between PZT30 and PZT10 and is attributed to Ti 4+ ions in the PZT matrix as seen in Figure4.6 (b). The FWHM of the Pb 4f 7/2 and the Ti 2p 3/2 emission are 0.89 eV and 0.73 eV, respectively.

Chapter 4 .Figure 4 . 6 :

 446 Figure 4.6: XPS core level spectra for a) Pb 4f; b) Ti 2p 3/2 c) Zr 3d and d) O 1s. Open circles are the experimental points, red lines the best t, colored peaks the dierent components.In each panel, the upper (lower) spectrum is that of PZT10 (PZT30). The main peak I (light gray, turquoise online) is the perovskite structure; gray peak II (magenta online) surface phase and low intensity, peaks green surface contaminations.

Figure 4 .

 4 7 (a -d), and compared with the normal emission case.

Figure 4 . 7 :

 47 Figure 4.7: XPS ore level spectra of PZT10 as a function of take-o angle a) Pb 4f; b) Ti 2p 3/2 c) Zr 3d and d) O 1s. Symbols and color code as in Figure 4.6
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 33 Depth Prole by Ion Beam EtchingIn order to enhance the interpretation of additional Zr II and O II peaks and to demonstrate the link between the presence of secondary phases (SEM) and Zr II and O II peaks (XPS), another trick is used. Total etching of the surface of PZT10 has been carried out and all nanostructure phases have been removed. Ion beam etching (IBE) of the PZT10 (with nanostructures at the surface) was performed by utilizing the NEXUS 350A machine during 45s. After the etching process using pure Ar gas, the measurement of thickness shows that it has been removed around 20 nm thick of PZT. Moreover the nano-grains have vanished and the surface has become perfectly smooth as reported in Figure4.8. The etching damage and nanostructure removal are supported by the XPS results presented below.

Figure 4 . 8 :

 48 Figure 4.8: SEM image of PZT10 after ion beam etching.

Figure 4 . 9 :

 49 Figure 4.9: Valence band maxima of PZT10 before (blue) and after IBE (red)

Figure 4 .

 4 Figure 4.10: PZT10 a) Pb 4f; b) Ti 2p 3/2 c) Zr 3d and d)O 1s core level spectra before and after ion beam etching. Open circles are the experimental points, continuous (red) lines the best t. Color coding of the core level components as for Figure 4.6.

Figure 4 .

 4 Figure 4.11: XRD scans at (a) θ/2θ geometry of PZT10 (top, red) and PZT30 (bottom, blue) (b) XRD scans at grazing incidence of PZT10 (top, red) and PZT30 (bottom, blue)

Figure 4 . 12 :

 412 Figure 4.12: Dielectric constant depending on both ZrO 2 thickness and top electrodes (frequency 10 kHz)

Figure 4 .

 4 Figure 4.13: SEM images of as deposited (a) PZT30, (b) PZT20, (c) PZT15 and (d) PZT10. The scale bar is the same for all images.

Figure 4 .

 4 Figure 4.14 (a-b) displays the Pb 4f 5/2 (at 137.5 eV) and Ti 2p 3/2 lines (at 457.2 eV) respectively and do not show any binding energy shift. The chemical state of Pb does not change by passing from 10, 15, 20 and even up to 30 % excess of Pb. These data seem to be in good agreement with the previous results from PZT10 and PZT30. From XPS, the relative concentration of Pb varies by 19.6, 24, 25.8 and 24.1 % for PZT10, PZT15, PZT20 and PZT30 %, respectively.Figure 4.14 (b) reveals a low level of Ti at the surface of the PZT layers with 3.4, 2.8, 2.7 and 3.2 % for PZT10, PZT15, PZT20 and PZT30 respectively. The results of relative composition of PZT10 and PZT30 are dierent to section II of this

Figure 4 .

 4 Figure 4.14 (a-b) displays the Pb 4f 5/2 (at 137.5 eV) and Ti 2p 3/2 lines (at 457.2 eV) respectively and do not show any binding energy shift. The chemical state of Pb does not change by passing from 10, 15, 20 and even up to 30 % excess of Pb. These data seem to be in good agreement with the previous results from PZT10 and PZT30. From XPS, the relative concentration of Pb varies by 19.6, 24, 25.8 and 24.1 % for PZT10, PZT15, PZT20 and PZT30 %, respectively.Figure 4.14 (b) reveals a low level of Ti at the surface of the PZT layers with 3.4, 2.8, 2.7 and 3.2 % for PZT10, PZT15, PZT20 and PZT30 respectively. The results of relative composition of PZT10 and PZT30 are dierent to section II of this

Figure 4 .

 4 Figure 4.14: XPS core level spectra for PZT30, PZT20, PZT15 and PZT10. a) Pb 4f, b) Ti 2p 3/2 c) Zr 3d and d) O 1s. Open circles are the experimental points, red lines the best t, colored peaks the dierent components. In each panel, the upper (lower) spectrum is that of PZT10 (PZT30). The main peak I (turquoise online) is the perovskite structure; gray peak II (magenta online) surface phase and low intensity, peaks green surface contaminations.
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 4 Figure 4.15: XRD scans (θ -2θ) of PZT thin lms with dierent Pb excess content in sol-gel precursors

Chapter 4 .

 4 SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 SOL-GEL THIN FILMSFinally, the enhancement of the electric properties observed after PMA (referred chapter 3) can be linked at several eects. The diusion (or the decrease) both the O/Pb vacancies and residual PbO (often accumulated in the intercrystalline and interface layers of PZT) inside the PZT towards the Ru/PZT interface can allow to improve the electrical responses.

Figure 5 . 1 :

 51 Figure 5.1: PZT10 as deposited survey depending on the photon energy: Top (HAXPES: 6893.6 eV) and Bottom (XPS: 1486.6 eV)

Figure 5 . 2 :

 52 Figure 5.2: (a) Pb 4f and (b) Zr 3p 3/2 spectra. The Pb components are in cyan and the Zr components are in green. The label I represents Pb/Zr in PZT, whereas label II identies reduced Pb or Zr in surface nanostructures, respectively.

Figure 5 .

 5 Figure 5.3(a) shows the high resolution bright eld Transmission Electron Microscopy (TEM) cross section of Pt/Ru/PZT stack. An abrupt interface between PZT layer and Pt/Ru is observed in the TEM cross section. No diusion between layers is observed and the Pt-Ru electrode follows their topography. The crystalline Zr oxide based nanostructures already observed at the surface of bare PZT shown in Figure 4.5 chapter 4 in section 4.3 page 100, are clearly present at the interface (bump of ZrO 1.89 ). The typical nanostructure diameter in Figure 5.3(a) is around 10 nm. We can emphasize the presence of a very thin bright layer at the interface Ru/PZT.

Figure 5 .

 5 Figure 5.3(b) shows the energy dispersive X-ray analysis cross-sections on Pt, Ru, Pb, Zr and O elements. At the level of very thin bright layer at the interface Ru/PZT, we can observe the presence of the Zirconium and higher amounts of oxygen (Zr x O y ) [18, 19]. Finally, the nanostructure (bump of ZrO 1.89 ) composition shows no evidence of Pb particles.

Figure 5 . 3 :

 53 Figure 5.3: Cross section of the as-grown Pt/Ru/PZT10 interface: (a) High-resolution bright TEM and (b) Energy dispersive X-rays analysis of Pt, Ru, Pb, Zr, and O elements

5. 3 .

 3 Figure 5.4: Comparison of HAXPES Survey of as deposited PZT10 and Pt/Ru/PZT10 stack

Figure 5 . 5 :

 55 Figure 5.5: Electrical measurements Pt/Ru/PZT10/Pt stack: (a) Dielectric constant and (b) Polarization characteristic

Figure 5 . 6 :

 56 Figure 5.6: Advanced DHM parameter with excitation signal

Figure 5 . 7 :

 57 Figure 5.7: Polarization characteristic measurement Pt/Ru/PZT10/Pt stack at 1 kHz

Figure 5 .

 5 8(b). These results are in agreement with the observation of the Figure 5.3 which show an unoxidized electrode layers. Component (II) observed in Figure 5.8(b) is linked by the presence of the Ti 2p 3/2 . Shift of the Ti 2p 3/2 under voltage is equal at 1.4 eV with respectively 457.3 eV for +3V and 458.7 eV for -7V. The residual dierences observed with Pb 4d & Zr 3s in Figure 5.8(a) and the shift of the Ti 2p 3/2 in 6(b) are attributed to polarization-dependent changes.

Figure 5 . 8 :

 58 Figure 5.8: (a) operando Ru 3p, Pb 4d and Zr 3s spectra with -7 (red curve) and +3 (blue curve) on top electrode before (top) and after (bottom) correction for bias and (b) Ru 3p 3/2 /Ti 2p 3/2 depending on the bias.

Figure 5 . 9 :

 59 Figure 5.9: Comparison of the linear and polynomial background used for data treatments depending on the bias: Top (-7V) and Bottom (+3V)

Figure 5 . 10 :

 510 Figure 5.10: Pb 4d and Zr 3s spectra and best ts for (a) PZT10 as deposited lm compared with electrode under (b) +3 (c) 0 and (d) -7 V applied bias. The Pb and Zr components have been transposed from the as deposited PZT10 spectra and the color code is the same as in Figure 5.2. Label III identies the interface related peak discussed in the text

Figure 5 . 12 :

 512 Figure 5.12: Schematic cross section of Pt/Ru/PZT with interface phase (Zr x O y ) and nanostructures (ZrO 1.89 )

Figure 5 . 13 :

 513 Figure 5.13: Schematic distribution of the electrostatic potential Φ in the MFM structure with ±P polarization direction, d F thickness of ferroelectric (a) Thomas-Fermi model of screening, δ 1,2 screening length in the metal and (b) Eective screening length model (λ ef f ), D S is the spontaneous polarization

  Figure 5.13(b).
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 41 Pt/Ru/PZT30/Pt Electrical Measurements

Figure 5 .

 5 Figure 5.14(a), shows that the dielectric constant-voltage of Pt/Ru/PZT30/Pt is shifted 1.24 V towards the negative voltage. It also has a dissymmetric buttery shape. Values of a dielectric constant at -5 and 1V are 670.3 and 899.3, respectively . The maximum value of the dielectric constant is 1181.7. Coercive voltages are -1.48 and -1V for polarization along to the P + and P -, respectively. According to this fact, the capacitor based on the PZT30

Figure 5 .

 5 Figure 5.14(b) shows a slim hysteresis shape compared to the result obtained Pt/Ru-/PZT10/Pt capacitor. The curve is almost linear which can be probably linked to the ferroelectric relaxor[33] behavior caused by high Pb excess residual. Furthermore, this behavior is observed in the PLZT lm when a high concentration of La 3+ (La is used to substitute Pb atom) is incorporated in the PZT lm. Leclerc et al.[34], Park et al.[35] and Podgornyi et al.[36] showed the deterioration of the polarization properties of the samples. These can be linked either to the relaxor properties observed on the highly doped PZT thin lms or to the transformation of the PZT from ferroelectric state to paraelectric state with the increase of La concentration. It is important to notice that even though the degradation of polarization is observed, Park et al.[35] reported that the dielectric was enhanced with the introduction of a high amount of La dopant.

Figure 5 . 14 :

 514 Figure 5.14: Electrical measurements Pt/Ru/PZT30/Pt stack: (a) Dielectric constant and (b) Polarization characteristic

Figure 5 . 15 :

 515 Figure 5.15: Polarization characteristic measurement Pt/Ru/PZT30/Pt stack at 1 kHz

Figure 5 . 16 :

 516 Figure 5.16: Pb 4d and Zr 3s spectra and best ts for Pt/Ru/PZT30 (a) +1 (b) -5 V applied bias. The color code for cyan, green and wine peaks are the same as in Figure 5.10. Blue peak corresponds to the additional lead component.
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 5 Post Metallization Annealing of Pt/Ru/PZT10 Interface 5.5.1 Electrical Characterization After PMA

  (b).

Figure 5 . 17 :

 517 Figure 5.17: Electrical measurements Pt/Ru/PZT reference with PMA/Pt stack: (a) Dielectric constant and (b) Polarization characteristic

  Figure 5.8(b). After PMA, the oxidation of the Ru layer is illustrated in Figure5.18(a) (top). Finally, Table5.7 shows a drastic decrease of the Ru 0 which is lower 10 % after PMA, in contrast to what was observed before PMA. This situation is induce by the large oxidation (higher 90 %) of the Ru under the form of RuO 2 and RuO x with x > 4. Ru metallic is only at 8.1 % after PMA. Majority of Ru is transformed (green component at 462.5 eV represents 48.3 % of Ru 3p 3/2 /Ti 2p area) in the form of RuO 2 corresponding to the Ru 4+ . Part of the Ru shows a higher oxidation state (6 and/or 8) as suggested by the (orange) component at 464.8 eV. This HBE component represents 41.8 % of the total Ru 3p 3/2 /Ti 2p intensity. Thus, PMA induces strong changes at the interface and modify the MIM capacitor behaviour.

Figure 5 . 18 :

 518 Figure 5.18: Ru 3p 3/2 /Ti 2p and Pt 4f/Ru 4s core level spectra and best ts for Pt/Ru/PZT10/Pt (bottom) before and (top) after post metallization annealing

Figure

  Figure 5.18 shows the Pt 4f and Ru 4s core level spectra from the Pt/Ru/PZT10 before and after PMA. After deposition of Pt/Ru top electrode without annealing, only Pt 0 is recorded at 71 eV[55, 56] as illustrated by the cyan color in Figure5.18. Similarly, the presence of the Ru 4s at 74.8 eV is in agreement with the Ru 0 binding energy according to the NIST database and Handbook of X-ray Photoelectron Spectroscopy[57]. After annealing, a large part of the Ru is oxidized as illustrated in Table5.7. Once again, oxidation of the Ru is evidenced by the presence of two new components of Ru 4s at high binding energy.
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 53 Analysis on Operando HAXPES Data Based on PZT10 After PMA The Pb 4d/Zr 3s core level spectra presented in Figure5.19 provide a crucial information on the HBE component (peak III). The t parameters and the Pb 4d and Zr 3s binding energies as a function of the bias are reported in Table5.8. The binding energy of peak III Chapter 5. Pt/Ru/PbZr 0.52 Ti 0.48 O 3 INTERFACES remains x at 439 eV independently of the applied bias. The dierence of binding energy between Zr 4+ (from the PZT thin lm (cyan peak) at 432.0 eV for +5V (or 433.4 eV for -5V)) and the position of the peak III is too high (between 5.6 and 7 eV respectively). A new Pb 2+ component (red component) in Figure5.19 is highlighted. This Pb 2+ component (red) is to be xed at 412.1 eV and insensitive to the value of the applied electric eld. Two possible assumptions can be used to discuss these results: the partial decomposition of the PZT lm or the creation of alloys at the interface level.

Figure 5 . 19 :

 519 Figure 5.19: Pb 4d and Zr 3s spectra and best ts for Pt/Ru/PZT10 after PMA (a) +5 (b) -5 V applied bias. The color code for cyan and green peaks are the same as in Figure 5.10. Wine peak is linked to oxidation of the interface. Red peak corresponds to the additional lead component after PMA.
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 4 • , respectively. These data support that the carbon is localized at the surface of Chapter 4. SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 SOL-GEL THIN FILMS the sample rather than into the bulk. 1: Synthetic table of nominal and real composition of the PZT30

		Elementary composition of PZT30 (%)
		Nominal composition	Real composition
	Lead	20 (+ Pb excess content)	21.9
	Zirconium	9.6	3.4
	Titanium	10.4	15.6
	Oxygen	60	59.1

Table 4 .

 4 

		Gaussian-Lorentzian		PZT30		PZT10
			BE (eV) FWHM (eV) BE (eV) FWHM (eV)
	Pb 4f 7/2	30-70	137.5	0.89	137.5	0.89
	Ti 2p 3/2	30-70	457.2	0.73	457.2	0.73
	Zr 3d 5/2	50-50	180.5	0.85	180.5	0.85
	Zr 3d 5/2		-	-	181.5	1.02
	O 1s (I)	40-60	528.7	0.95	528.7	0.95
	O 1s (II)		-	-	529.4	1.18

2: Pb 4f, Zr 3d, Ti 2p 3/2 and O 1s line shapes, binding energies and FWHM of the ts shown in Figure 4.6 for PZT30 and PZT10 4.3. Investigations of Surface Chemistry

Table 4 .

 4 4. SURFACE CHEMISTRY IN Pb PRECURSOR-RICH Pb(Zr 0.52 Ti 0.48 )O 3 3: PZT composition based on the XPS intensities at 90 • and 30 • take-o angles for both as deposited PZT30 and PZT10

	SOL-GEL THIN FILMS		
		PZT30	PZT10
		90 • 30 • 90 • 30 •
	Pb	21.9 25.3 20.9 20.3
	Ti	3.4 2.8 4.3 3.6
	Zr I Zr II	15.6 14.8	11.3 7.3 6.8 8.3
	O I		36.7 34.5
	O II	59.1 57.1 12.4 15.7
	O (green)		7.6 10.3

Table 4 .

 4 4: Pb 4f, Zr 3d, Ti 2p 3/2 and O 1s line shapes, binding energies and FWHM of PZT10 before and after ion beam etching

	4.3. Investigations of Surface Chemistry

  θ/2θ scans inFigure 4.11 (a) show peaks characteristic of PZT (at the level of the rstorder reexion), the Si substrate and the Pt electrode. The X-ray diraction XRD reveals several structural dierences between PZT10 and PZT30. With 10 % Pb excess content during deposition, the sample is almost fully (100) oriented. Increasing the Pb excess from 10 to 30 % leads to a modication of the structure i.e. the PZT lm is strongly (111) oriented. Finally, the peak at 31.2 • in Figure4.11 (a) corresponds to the PZT (110) orientation. By taking into account only the area of diraction peaks and the data provided by the Joint

		Zr	O
	PZT30 before Etch 21.9 3.4 15.6 59.1
	PZT10 before Etch 20.9 4.3 18.1 56.7
	PZT10 after Etch	8 5.9 27 58.1
	Table 4.5: Relative composition of PZT30 before etch, PZT10 before and after ion beam
	etching as quantied by XPS using the tabulated RSFs
	4.3.4 X-ray Diraction Analysis	
	Committee on Powder Diraction Standards [JCPDS] card for the PZT, the comparison of
	peaks from PZT10 and PZT30 lms showed that the (100), (110) and (111) orientation are
	93.2, 2.6 and 4.2 % for PZT10 and 18.4, 21.5 and 60.2 % for PZT30, respectively.

The

Table 4 .

 4 • , one have respectively ZrO 1.98 , ZrO 1.63 and ZrO 1.61 for the PZT10, PZT15 and PZT20. 6: Composition of the PZT thin lms based on the XPS intensities at 70 • take-o angle

		PZT30 PZT20 PZT15 PZT10
	Pb	24.1	25.8	24.0	19.6
	Ti	3.2	2.7	2.8	3.4
	Zr I	14.2	13.1	11.4	9.4
	Zr II	-	2.6	5.2	7.1
	O I	50.3	43.1	38.7	35.9
	O II	-	4.2	8.5	14.1
	O (green)	8.2	8.5	9.4	10.5

Table 4 .

 4 • , 31.0 • and 38.3 • , respectively, as presented in Figure 4.15. 7: Pb excess eect on the PZT crystallographic orientation

			% Avarage orientation	
		PZT30 PZT20 PZT15 PZT10
	(100)	9.4	27.7	41.2	92.4
	(110)	3.3	2.2	1.9	0.4
	(111) 87.3	70.1	56.9	7.2

Table 5 .

 5 .3(a). 4: Pb 4d 5/2 and Zr 3s core level binding energies (eV), FWHM and percentage of Gaussian peak in the Gaussian-Lorentzian peak shapes as a function of applied bias on top electrode of PZT reference capacitor5.4 Interface Analysis of Pb Excess Content in PZTAccording to the results in chapter 4, high proportion of Pb induces the disappearance of nanostructures (ZrO 1.89 ) at the surface. Considering the ZrO 1.89 as a dead interface layer, their disappearance should enhance the dielectric properties. However, we observed in chapter 3, the dielectric constant and the breakdown eld decrease when the Pb excess reaches 30 % (PZT30). Yanovskaya et al.

				Binding energy (eV)			
			PZT	Bias on top electrode (V) FWHM GL
			reference +3.0 0.0	-7.0	(eV)	(%)
	Cyan	Pb 4d 5/2 (PZT) Pb 4d 5/2 (Reduced)	412.5 411.2	412.4 413.0 411.1 411.7	413.8 412.5	3.6	82
	Green	Zr 3s (PZT) Zr 3s (ZrO 1.89 )	432.0 433.0	432.0 432.6 433.0 433.6	433.4 434.4	6.0	70
	Wine	III	-	438.4 439.0	439.8	3.6	70

Table 5 .

 5 5: Pb 4d 5/2 and Zr 3s core level binding energies (eV), relative intensity, FWHM and percentage of Gaussian peak in the Gaussian-Lorentzian peak shapes as a function of applied bias on top electrode of Pt/Ru/PZT30/Pt capacitor.

		Binding energy (eV)			
		Bias on top electrode (V)	Relative	FWHM GL
		+1	-5	intensity (%)	(eV)	(%)
	Pb 4d 5/2 (Pb 2+ ) Pb 4d 5/2 (PbO x )	412.4 413.1	413.8 417.5	57.9 22.4	3.6	82
	Zr 3s (Zr 4+ )	432.0	433.4	19.9	6.0	70
	III	438.4	439.8	3.9	3.6	70

Table 5 .

 5 5.5. Post Metallization Annealing of Pt/Ru/PZT10 Interface 6: Ru 3p 3/2 /Ti 2p and Pt 4f/Ru 4s core level binding energies (eV), FWHM and symmetric Gaussian-Lorentzian and asymmetric LA(α, β, m) and LF (α, β, w, m) peak shapes (where LA is Lorentzian Asymmetric lineshape, LF is Lorentzian Asymmetric lineshape with Tail Damping. The implementation of asymmetric parameters α and β enables the spread of the Lorentzian tail to be dierent either side of the Lorentzian component. The integer m is responsible for the control of the width of a Gaussian which allows to perform a convolution between the Lorentzian Asymmetric lineshape and a Gaussian to adjust the actual shape of the photoemission peak. Finally, the damping parameter w which allows to limit the range of the asymmetric tail by suppressing the extended tail.

		Oxidation state Binding Energy (eV) FWHM	Line shape
		Ru 0		461.5	2.5	LF(1.1,1.2,25,5)
	Figure 5.18(a)	Ru 4+		462.5	2.8	GL(70)
		Ru x+ (x > 4)	464.8	4.8	GL(80)
		Ti 4+		457.3	1.5	GL(30)
		Pt 0		71.0	0.6	LA(0.8,2,60)
		Pt +2		71.9	1.2	GL(70)
	Figure 5.18(b)	Pt +4		74.0	1.2	GL(70)
		Ru 0		74.8	1.8	LF(1.1,1.2,25,5)
		Ru 4+		75.8	2.0	GL(70)
		Ru x+ (x > 4)	78.2	3.4	GL(80)
				Concentration (%)
		Oxidation state Before PMA After PMA (%)
			Ru 0	98.2	8.1
	Figure 5.18(a)	Ru 4+	-	48.3
		Ru x+ (x > 4)	-	41.8
			Ti 4+	1.8	1.8
			Pt 0	91.3	58.0
			Pt +2	-	11.4
	Figure 5.18(b)	Pt +4	-	21.9
			Ru 0	8.7	0.7
			Ru 4+	-	4.3
		Ru x+ (x > 4)	-	3.7

Table 5 .

 5 7: Relative composition of the Pt 4f/Ru 4s and Ru 3p 3/2 /Ti 2p before and after PMA

Table 5 .

 5 8: Pb 4d 5/2 and Zr 3s core level binding energies (eV), relative intensity, FWHM and percentage of Gaussian peak in the Gaussian-Lorentzian peak shapes as a function of applied bias on top electrode of Pt/Ru/PZT10/Pt capacitor after PMA

		Binding energy (eV)			
		Bias on top electrode (V)	Relative	FWHM GL
		+5	-5	intensity (%)	(eV)	(%)
	Pb 4d 5/2 (Pb 2+ ) Pb 4d 5/2 (Interface)	412.4 412.1	413.8 412.1	46.12 30.46	3.6	82
	Zr 3s (Zr 4+ ) Zr 3s (ZrO 1.89 )	432.0 433.0	433.4 434.4	10.58 1.8	6.0	70
	III	439.0	439.0	11.04	3.6	70
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Chapter 5. Pt/Ru/PbZr 0.52 Ti 0.48 O 3 INTERFACES The existence of this interface component can be linked to the interface rumpling. The relative intensity of peak III is 4.7 % of the total intensity of Pb 4d and Zr 3s spectra. Assuming an IMFP of 5.7 nm (average of values in Ru and Pt), the intensity corresponds to that expected from some unit cell layer of PZT. First principles calculations have shown that rumpling at electrode interface changes signicantly with polarization [9]. This explanation is in good agreement for the Pt-PbTiO 3 interface of 0.11 Å [9,28]. The rumpling variation would induce a change in the local chemistry and might be responsible for an additional Zr component. This has to be conrmed by further experiments with higher statistics and by acquiring the Pb 4f and Zr 3p. 5.12 illustrates a schematic of the localization of interface layer (based on the Zr x O y as seen in Figure 5.3) at the level of interface Ru/PZT. In fact, with the presence of high rate of O 2 at the interface, the Zr tends to oxidize at Zr 2 O 5 , ZrO 3 , ZrO 4 [18,19]. The presence of these zircon oxide phase (interfacial layer) can be probably at the origin of the interface component (III) observed in Figure 5.10 and Figure 5.11.

The valence band oset at the interface is calculated using the expression of binding energies: Ru 3p 3/2 -(Ru 3p 3/2 -Pb 4d 5/2 )-(Pb 4d 5/2 -VBM) [29], where Ru 3p 3/2 is the binding energy measured from the Pt/Ru/PZT10 stack. Pb 4d 5/2 in the (Ru 3p 3/2 -Pb 4d 5/2 ) term represents the binding energy measured from the Pt/Ru/PZT10 stack. Pb 4d 5/2 and VBM (valence band maximum) in the (Pb 4d 5/2 -VBM) term are the binding energy measured on the as deposited PZT10. The resulting oset obtained by switching the voltage from +3 to ing processes. Additional TEM/EDX measurements at the Pt/Ru/PZT interface are necessary to complete the results obtained on the PZT with 30 % of lead excess and the PZT10 sample with post metallization annealing.

Finally, operando HAXPES analysis methodology which allows to highlight several important results could be adapted to operando studies of active devices, for example, gate/channel interfaces in transistors based on the functional oxides in future.