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General Introduction

The fundamental research of this thesis aims at developing and optimizing resistive ZnO nanowire arrays embedded in a flexible polymer composite. These ZnO nanowires are grown by chemical bath deposition (CBD), and by controlling the properties of these ZnO nanowires (i.e., morphology, dimensions, electrical properties, doping), optimized piezoelectric sensors can be developed as pressure sensors (in a compressive mode) or flow sensors (in a shear mode).

Great advantages arise when using ZnO nanowires as a piezoelectric material.  Zinc is the 24 th most abundant element on Earth, way above other elements that compose piezoelectric materials (i.e., Ga, Pb, Nb, Bi, In).  The high aspect ratio of ZnO nanowires produce remarkable properties, where the large piezoelectric constants of these structures could play an important opportunity toward optimizing piezoelectric nanodevices.  Our expertise allows us to grow vertically aligned ZnO nanowires via chemical bath deposition, which is a low-cost and low-temperature growth technique.  Furthermore, ZnO is non-toxic, biocompatible, and stable in biological media, which would allow us to specifically target medical and health applications (i.e., ex vivo and in vivo flexible sensors). Hence, by optimizing the piezoelectric properties of these ZnO nanowires, their incorporation in pressure sensors would be highly attractive due to their (i) low-cost manufacturing process, (ii) potential high sensitivity, and (iii) materials that are non-toxic, biocompatible, and stable in biological media, which would facilitate their application in medical and health applications. However, a crucial challenge emerges when considering this project. ZnO nanowire arrays own an n-type doping and are conductive due to the high residual density of free electrons, coming from the intrinsic and extrinsic point defects acting as donors (i.e., oxygen vacancies, zinc interstitial, and hydrogen-related defects). This important number of free electrons screens the piezoelectric potential that could be generated, giving a strong detrimental effect in the overall performance of sensors based in ZnO nanowires.

Therefore, this thesis focuses on the in-depth study of the intrinsic and extrinsic point defects of ZnO nanowires toward their optimization for piezoelectric devices. Within the framework of this thesis, the following main open questions found in the state-of-the-art serve as a guideline:

-The nature and identification of the hydrogen-and nitrogen-related defects incorporated within the crystal structure of spontaneously grown ZnO nanowires, originating from residual impurities from the chemical precursors. Different publications have separately addressed and identified hydrogen-and nitrogen-related defects in ZnO structures synthesized using different methods, without an appropriate merging of the generated knowledge. Furthermore, the luminescence identification in the visible band region of viii these defects is highly debated in literature. Hence, we find it necessary to perform a recapitulative study considering the overall knowledge developed in the last decades and perform density-functional theory (DFT) calculations to understand the nature of these defects. -The thermal stability and combined reaction mechanisms of the hydrogen-and nitrogen-related defects when thermally annealed under oxygen atmosphere at different temperatures. Correlated with the effect of thermal annealing on the electrical properties of the ZnO nanowires. -The modulated incorporation of hydrogen-and nitrogen-related defects through the modification of the pH in the CBD solution, when growing unintentionally doped ZnO nanowires via CBD. -The incorporation mechanisms of antimony within the ZnO NWs grown in different pH regions via CBD. Furthermore, the nature and identification of Sb-related defects in ZnO NWs. Hence, this would also answer the interrelation of the hydrogen-, nitrogen-, and antimony-related defects. The listed main questions from the state-of-the art will be developed in detail in Chapter 1 and in the initial section of each chapter. Now, let me introduce the chapters of this thesis. Chapter 1 is titled "Pressure sensors based on array of ZnO nanowires", and as the introductory chapter, it develops the required theoretical background and state-of-the-art for this thesis. Starting with the fundamentals of piezoelectricity, the piezoelectric effect of ZnO nanowires is developed and it introduces the main issue to address in this thesis, the piezoelectric screening effect caused by the high carrier density coming from hydrogen-related defects. Then, Chapter 2 develops the experimental, first-principle calculations and characterization procedures recurrently used for the in-depth study of our ZnO nanowires. In Chapters 3 to 7, the common developed characterizations are scanning electron microscopy imaging, Raman spectroscopy, and 5 K cathodoluminescence, among others.

Chapter 3 is titled "Understanding hydrogen-and nitrogen-related defects in ZnO nanowires grown via chemical bath deposition technique", and it is a critical chapter that serves as a basis for the understanding of the incorporation of these defects in spontaneously grown ZnO nanowires by CBD. To assess the potential issue of the piezoelectric screening effect caused by the known hydrogen-related defects, the electrical conductivity of ZnO nanowires was assessed by four-point probe resistivity measurements. Furthermore, by DFT calculations with 5 K cathodoluminescence and Raman spectroscopy, the nature and incorporation of hydrogenand nitrogen-related defects in the crystal structure of our ZnO nanowires can be evaluated. The aim of this chapter is to reveal the incorporation and properly identify the hydrogen-and nitrogen-related defects in spontaneously grown ZnO nanowires and the significance of defect engineering for the optimization of the overall properties of ZnO nanowires for their incorporation in piezoelectric devices.

Then, different strategies were evaluated to engineer the hydrogen-and nitrogen-related defects, and in this way aim to reduce the piezoelectric screening effect by reducing the free carrier density. Targeting optimized and resistive ZnO nanowires that could be ready for their incorporation in piezoelectric devices. The developed strategies in our ZnO nanowires are divided into the following studies: ix -Strategy 1. Ex situ thermal annealing under oxygen atmosphere.

o Developed in Chapter 4 -"Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by chemical bath deposition". -Strategy 2. Modulation of the pH in the chemical bath deposition solution.

o Developed in Chapter 5 -"Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment". -Strategy 3. Incorporation of antimony as a compensatory dopant in ZnO nanowires.

o Developed in Chapter 6 -"Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition". The Chapter 4 describes the tuning of the hydrogen-and nitrogen-related defects by using thermal annealing under an oxygen atmosphere, where a fine evolution of the nature and concentration is observed in a temperature range from 200 to 1000 °C. At the end of the chapter, a comprehensive diagram shows the complex interplay of each hydrogen-and nitrogen-related defect during thermal annealing and its dependence on the annealing temperature. With the knowledge gained in this chapter, thermal annealing at a specific temperature is also performed in the engineering strategies of Chapter 5 and Chapter 6, to evaluate and exploit the combined effect of these techniques.

Since the ZnO NWs are grown by CBD, their formation in an aqueous solution containing many impurities needs to be carefully addressed. Through the adjustment of the initial pH of the CBD solution (pH0), Chapter 5 evaluates the impact of the formation of hydrogen-and nitrogen-related defects in ZnO nanowires. Allowing their modulation through: (i) the electrostatic interactions occurring along the nanowire nucleation; and (ii) the influence of the oxygen chemical potential (µO) in the formation energy of point defects, supported by DFT calculations. Hence, by adjusting the pH0 under different pH conditions, the latent evolution of the morphological and optical properties of ZnO NWs is shown, as well as the modulated incorporation of hydrogen-and nitrogen-related defects in their center using Raman and cathodoluminescence spectroscopy. All this, in a pristine (not annealed) series and annealed series with a thermal annealing treatment under O2 atmosphere. In summary, this chapter elucidates the role of the pH of the CBD solution and opens new possibilities for simultaneously engineering the morphology of ZnO NWs and the formation of hydrogen-and nitrogen-related defects.

Chapter 6 describes the final engineering strategy toward resistive n-type ZnO nanowires by the incorporation of antimony as a compensatory p-type dopant. Hence, this chapter elucidates the complex modulation between the hydrogen-, nitrogen-and antimony-related defects under different growth conditions (pH conditions, as developed in Chapter 5) and the different annealing conditions (as developed in Chapter 4). Hence, the incorporation of antimony via the addition of antimony glycolate (SbG2 -) on the CBD of ZnO NWs is extensively investigated and shown through a complete series of characterizations with additional X-ray absorption near edge structure (XANES) performed in the European Synchrotron Radiation Facility (ESRF), to evaluate the local coordination of the Sb atoms within the ZnO NW crystal structure.

x Chapter 7 is the final chapter of the thesis and it merges different studies on the piezoelectric properties of ZnO nanowires grown by CBD. These studies were conducted within the framework of the ANR Roller project [1] and its collaborators from LGEF, INSA-Lyon. The knowledge developed between Chapter 3 to Chapter 6 helped to optimize the ZnO nanowires grown by CBD, and in this chapter, the technology was migrated to flexible piezoelectric devices. Hence, this chapter includes several strategies to effectively incorporate the ZnO nanowires into flexible substrates.

This thesis is concluded with the General Conclusions and Perspectives for each chapter. Future improvements of this technology could include enhanced ZnO nanowires grown by CBD with optimized morphology and compensated doping with thermal annealing and/or surface plasma treatment. Additionally, the morphology of the flexible piezoelectric composites can be further optimized by changing the thickness of the bottom substrate, and the thickness of the dielectric sitting on the top-layer. However, the results and conclusions obtained from Chapter 3 to Chapter 7, move us forward to feasible and operational engineered ZnO nano and microsensors grown via CBD, aiming at a wearable sensor market that has registered a compound annual growth rate of 19.15 % during the 2021 -2026 period. In fact, this last section also introduces the sensing of Mitral Valve Coaptation for Mitral Valve Repair surgeries, a potential application explored for our flexible sensors within the framework of the ANR ROLLER project [1].

Abstract (en français)

Cette thèse se concentre sur l'étude des défauts cristallins dans les nanofils de ZnO dopés non intentionnellement et élaborés par dépôt en bain chimique (CBD, pour Chemical Bath Deposition en anglais). Ces défauts cristallins jouent un rôle capital sur leurs propriétés optiques et électriques, régissant les performances de nombreux dispositifs d'ingénierie à l'échelle nanométrique. Cependant, la nature de ces défauts cristallins est encore très débattue et sujette à controverse. En particulier, les défauts ou complexes de défauts incorporant de l'hydrogène et/ou de l'azote n'ont pas encore été explorés en détail bien que le milieu de croissance fonctionne en solution aqueuse, riche en impuretés résiduelles provenant des précurseurs chimiques. Dans le cadre du Projet ANR ROLLER [1], la fabrication de nanofils de ZnO résistifs élaborés par CBD doit être intégrée dans un capteur flexible adapté aux milieux biologiques. Ainsi, de manière successive, différentes stratégies d'ingénierie sont adoptées dans ce travail de thèse pour obtenir des nanofils de ZnO résistifs en modulant les défauts liés à l'hydrogène et à l'azote.

Le Chapitre 1 sert d'introduction à cette thèse en développant l'état de l'art des différents sujets abordés du Chapitre 3 au Chapitre 7. En commençant par les principes fondamentaux de la piézoélectricité, la problématique autour de l'effet piézoélectrique dans les nanofils de ZnO est développée et la question principale à traiter dans cette thèse, à savoir l'effet d'écrantage piézoélectrique [2][3][4] causé par la densité élevée de porteurs libres provenant des défauts liés à l'hydrogène, est introduite [5]. Le Chapitre 2 revient sur les procédures expérimentales associées à la synthèse par CBD des nanofils de ZnO et à leur caractérisation physico-chimique utilisée de manière récurrente, ainsi que sur la méthodologie employée pour les calculs ab initio basés sur la théorie de la fonctionnelle de la densité (DFT). Le Chapitre 3 s'intitulant "Comprendre les Défauts Liés à l'Hydrogène et à l'Azote dans les Nanofils de ZnO Elaborés par la Technique de Dépôt en Bain Chimique" sert à établir le contexte autour de ces défauts dans les nanofils de ZnO. En utilisant des mesures de résistivité par sondes à quatre pointes, nous montrons que les nanofils de ZnO élaborés par CBD suivant une procédure standard employant du nitrate de zinc et de l'hexaméthylènetétramine (HMTA) présentent une conductivité électrique élevée associée à des densités d'électrons allant de 2,7 × 10 18 à 3,1 × 10 19 cm -3 , donc pour la plupart supérieures à la concentration critique de 4,1 × 10 18 cm -3 définissant la transition de Mott. La plupart des nanofils de ZnO possèdent ainsi une conduction électrique de type métallique. Grâce à des mesures de cathodoluminescence à 5 K et de spectroscopie Raman soutenus par des calculs DFT, nous révélons que la conductivité électrique élevée provient principalement de l'incorporation d'atomes d'hydrogène en sites interstitiels localisés en centre de liaisons (HBC) et de la formation de complexes composés d'une lacune de zinc liée à n atomes d'hydrogène en site interstitiels (VZn-nH). En particulier, xii nous mettons en évidence que HBC et VZn-3H agissent comme deux donneurs superficiels avec une énergie de formation très faible, pour lesquels les configurations les plus stables sont rapportées. Outre les défauts ou complexes de défauts de type HBC et VZn-nH, les défauts liés à l'azote, notamment de type NO-H et VZn-NO-H, affectent également fortement les propriétés physiques des nanofils de ZnO. Les calculs DFT montrent que VZn-NO-H agit comme un accepteur profond avec une énergie de formation relativement faible. En outre, cette approche théorique et expérimentale combinée nous permet de réexaminer l'origine très controversée des bandes d'émission visibles et ultraviolettes (UV) présentes dans les spectres de luminescence des nanofils de ZnO élaborés par CBD. La bande d'émission proche du bord de bande (NBE, pour Near-Band Edge en anglais) a été attribuée à des recombinaisons excitoniques impliquant HBC et VZn-3H. En revanche, les bandes d'émission rouge-orange et jaune-vert situées à 1,86 eV et 2,25 eV ont été attribuées à la présence de VZn et VZn-H dans les nanofils de ZnO. En outre, VZn-NO-H présente une raie proéminente située à 3078 cm -1 sur les spectres de diffusion Raman , ainsi qu'une bande d'émission rouge-orange autour de ~1,82 eV sur les spectres de cathodoluminescence à 5K. La présence de liaisons de type NO-H dans les configurations ABN⊥ et ABN|| conduit en outre à deux raies situées à 3121 et 3160 cm -1 , respectivement, sur les spectres de diffusion Raman. Ces résultats représentent une avancée importante dans l'identification des défauts natifs et extrinsèques prédominants qui déterminent les propriétés optiques et électriques des nanofils de ZnO élaborés par CBD. Ils révèlent également l'importance de l'ingénierie de l'hydrogène et de l'azote pour régler la source des défauts cristallins afin d'optimiser les propriétés physiques des nanofils de ZnO. Des stratégies d'ingénierie ont été développées dans les Chapitres 4 à 6.

Le Chapitre 4 s'intitulant "Approche de Recuit Thermique pour l'Ingénierie des Défauts Liés à l'Hydrogène et à l'Azote dans les Nanofils de ZnO Obtenus par Dépôt en Bain Chimique" développe la première stratégie d'ingénierie visant à fabriquer des nanofils de ZnO résistifs. La nature et la concentration des défauts liés à l'hydrogène et à l'azote peuvent être adaptées par recuit thermique sous atmosphère d'oxygène [6], mais une évolution fine et plutôt complexe, comprenant des processus successifs de formation et de dissociation de ces défauts et complexes de défauts, est mise en évidence en fonction de la température de recuit allant de 200°C à 1000°C. Les nanofils de ZnO recuits à la température modérée de 300 °C présentent spécifiquement l'une des plus faibles densités d'électrons autour de 5,6 × 10 17 cm -3 ainsi qu'une mobilité élevée de ∼60 cm 2 /Vs suite à l'analyse du couplage phonon-plasmon optique longitudinal sur les spectres de diffusion Raman. Cette faible densité d'électrons est due à la diminution évidente de la concentration des défauts liés à l'hydrogène (i.e., HBC et VZn-nH). En outre, à une température d'environ 450 °C, l'activation et la génération de VZn-NO-H sont révélées. Un diagramme complet montrant l'interaction complexe de chaque défaut lié à l'hydrogène et à l'azote pendant le recuit thermique et sa dépendance à la température de recuit a été obtenu. Finalement, l'ingénierie thermique des défauts liés à l'hydrogène et à l'azote, qui constituent la principale source de défauts cristallins dans les nanofils de ZnO non intentionnellement dopés obtenus par CBD, est capitale pour obtenir les nanofils résistifs nécessaires à leur incorporation dans les capteurs piézoélectriques, mais non suffisant ce qui nécessite de développer des stratégie d'ingénierie complémentaires.

xiii Le Chapitre 5 s'intitulant "Modulation du Dépôt en Bain Chimique des Nanofils de ZnO et de la Formation de Défauts Liés à l'Hydrogène et à l'Azote à l'Aide de l'Ajustement du pH" développe la deuxième stratégie d'ingénierie visant à fabriquer des nanofils de ZnO résistifs. Comme les nanofils de ZnO sont élaborés par dépôt en bain chimique, leur formation dans une solution aqueuse contenant de nombreuses impuretés résiduelles provenant des précurseurs chimiques doit être soigneusement étudiée. En particulier, le pH de la solution CBD et son effet sur les mécanismes de formation des nanofils de ZnO et des défauts liés à l'hydrogène et à l'azote en leur sein sont encore largement inexplorés. L'ajustement du pH initial de la solution (pH0) de CBD entraîne un impact important sur la formation des défauts liés à l'hydrogène et à l'azote dans les nanofils de ZnO, permettant leur modulation suivant des interactions électrostatiques se produisant durant la croissance du nanofil et suivant l'influence du potentiel chimique de l'oxygène (µO) dans l'énergie de formation de ces défauts. Ainsi, en ajustant sa valeur dans une région à pH faible ou élevé, l'évolution latente des propriétés morphologiques et optiques des nanofils de ZnO est montrée, ainsi que l'incorporation modulée de défauts liés à l'hydrogène et à l'azote en leur sein. L'augmentation du pH0 de la solution CBD influence fortement les principales espèces présentes dans le bain, où dans la région à pH élevé, les ions Zn(NH3)4 2+ chargés positivement et stabilisés favorisent une incorporation massive de défauts liés à l'azote en raison des fortes interactions électrostatiques avec les plans c-polaires chargés négativement. De plus, l'augmentation du pH0 amène le dépôt en bain chimique des nanofils de ZnO dans des conditions plus riches en oxygène (augmentation de µO), ce qui, selon les calculs DFT, favorise une diminution de l'énergie de formation de VZn et VZn-nH, alors que l'énergie de formation de HBC et VZn-NO-H reste invariable. Par conséquent, les nanofils de ZnO élaborés dans la région à pH élevé devraient former massivement VZn et VZn-nH, ce qui est clairement observé expérimentalement à travers i) la raie proéminente située à ~3369 cm -1 sur les spectres de diffusion Raman attribuée à VZn-nH avec une plus coordination; (ii) les bandes d'émission rouge-orange et jaune-vert sur les spectres de cathodoluminescence à 5K principalement attribuées à V Zn -H, V Zn -N O -H et V Zn -2H; et (iii) l'émission NBE diminuée pour la série pristine, qui est ensuite améliorée par le recuit thermique sous atmosphère à partir de la réduction de ces défauts liés aux V Zn . Il est intéressant de noter que l'incorporation massive de défauts liés à VZn et à l'azote contribue également, avec d'autres impuretés résiduelles, à la présence de modes silencieux de type B1 sur les spectres de diffusion Raman, qui sont activés par le désordre qui apparait après un recuit thermique à 450 °C sous l'atmosphère d'oxygène en raison de la forte distorsion et de la relaxation de la structure cristalline. En résumé, ce chapitre souligne le rôle crucial du pH de la solution de CBD et ouvre de nouvelles possibilités d'ingénierie simultanée de la morphologie des nanofils de ZnO et de la formation de défauts liés à l'hydrogène et à l'azote. Le Chapitre 6 s'intitulant "Elucidation des Mécanismes d'Incorporation de l'Antimoine dans les Nanofils de ZnO Elaborés par Dépôt en Bain Chimique" développe la troisième stratégie d'ingénierie visant à fabriquer des nanofils de ZnO résistifs. Cette approche consiste à incorporer dans les nanofils de ZnO de l'antimoine agissant comme accepteurs afin de réaliser un dopant compensatoire. Ainsi, ce Chapitre élucide la modulation complexe entre les défauts liés à l'hydrogène, à l'azote et à l'antimoine dans les différentes conditions de croissance (conditions de pH développées au Chapitre 5) et de recuit thermique (développées au Chapitre xiv 4). L'incorporation de l'antimoine via l'ajout de SbG2 -dans le dépôt en bain chimique des nanofils de ZnO élaborés dans la région des pH faibles ou élevés a été largement étudiée. Les rapports [SbG2 -] / [Zn(NO3)2] sélectionnés sont de 0,0, 0,2 et 1,0 % tandis que le pH0 est fixé à ~6,6 et ~10,8 pour les régions à pH faible et élevé, respectivement. En combinant les calculs thermodynamiques avec l'analyse chimique et structurale, il a été démontré que l'incorporation d'atomes d'antimoine dans la structure cristalline des nanofils de ZnO est possible grâce au complexe SbG2 -stabilisé dans la solution CBD, et à l'interaction électrostatique favorable avec les plans chargés positivement des nanofils de ZnO. Dans le cas d'un pH faible, les plans m-et c-sont tous deux chargés positivement et entraînent deux effets principaux: (i) une croissance axiale préférentielle et des vitesses de croissance modérées, qui favorisent la nucléation des nanofils de ZnO avec une face hexagonale plate, et (ii) l'incorporation d'antimoine plus forte observée par spectroscopie de rayons X à dispersion d'énergie et par diffraction de rayons X. Au contraire, les nanofils de ZnO élaborés dans le cas d'un pH élevé présentent seulement le plan m chargé positivement et montrent les effets suivants: (i) une vitesses de croissance radiale accrue qui favorise leur nucléation sous forme de terrasses facettées et (ii) une incorporation d'antimoine plus faible observée par spectroscopie de rayons X à dispersion d'énergie. De plus, aucune phase parasite d'oxyde ou d'hydroxyde d'antimoine n'est mise en évidence par diffraction de rayons X et spectroscopie de diffusion Raman. En particulier, les nanofils de ZnO élaborés à faible pH avec un ratio [SbG2 -] / [Zn(NO3)2] de 1% montrent une émission NBE fortement atténuée avec une raie d'émission DAP proéminente lorsqu'ils sont traités avec un recuit thermique en deux étapes. Cela prouve l'effet combiné du recuit des défauts liés à l'hydrogène (c'est-à-dire HBC et VZn-3H), l'activation thermique de VZn-NO-H et la capacité de dopage compensatoire des nanofils de ZnO dopés à l'antimoine. En outre, l'incorporation d'atomes d'antimoine dans la structure cristalline des nanofils de ZnO a été mise en évidence par spectroscopie de structure près du front d'absorption de rayons X (XANES, pour X-ray Absorption Near-Edge Structure en anglais) et dichroïsme linéaire de rayons X (XLD, pour Xray Linear Dichroism), où un changement majeur dans les atomes voisins de Zn a été observé pour la région à faible pH. Il est intéressant de noter par ailleurs que le Sb L1-edge a subi un changement important lors du recuit thermique, ce qui suggère un changement dans la coordination locale des atomes d'antimoine. Corrélativement, ceci a également été observé par spectroscopie de diffusion Raman avec la présence des nouveaux modes vibrationnels de AM 2 (Sb)-α (690 cm -1 ) à AM 2 (Sb)-β (715 cm -1 ). En conclusion, en obtenant des informations approfondies sur les défauts liés à l'hydrogène, à l'azote et à l'antimoine avec les trois stratégies d'ingénierie: (i) ingénierie thermique, (ii) ingénierie chimique par ajustement du pH, et (iii) incorporation de dopant Sb, les nanofils de ZnO sont prêts à être incorporés dans des substrats flexibles pour les capteurs piézoélectriques.

Le dernier Chapitre de cette thèse, le Chapitre 7, est intitulé "Intégration de Nanofils de ZnO Ayant Subi une Ingénierie des Défauts Comme Capteurs Piézoélectriques Flexibles". Dans ce Chapitre, différentes études sur les propriétés piézoélectriques des nanofils de ZnO élaborés par dépôt en bain chimique sont développées. Ces études ont été menées dans le cadre du projet ANR ROLLER [1] en collaborations avec LGEF, INSA-Lyon.

Des mesures de réponse piézoélectrique ont été effectivement réalisées sur un ensemble de dispositifs en configuration capacitive, basés sur des structures de ZnO. Les composites à base xv de nanofils de ZnO ayant poussé spontanément sur un substrat rigide de Si recouvert d'une couche d'amorce de ZnO et encapsulés par du PMMA ont montré que le coefficient de charge effectif (d33) atteignait 3,53 pC/N lorsqu'ils étaient empilés avec une couche de PMMA de 1,5 µm d'épaisseur, contre 1,21 pC/N dans le cas d'une couche de PMMA de 2 µm d'épaisseur. Ces résultats expérimentaux, corrélés aux conclusions obtenues à partir de modèles par méthodes par éléments finis (FEM, pour Finite Element Method en anglais) sur le logiciel COMSOL, ont montré que la diminution de l'épaisseur de la couche supérieure diélectrique améliorerait la réponse piézoélectrique. Cette étude initiale a montré l'opportunité existant pour les nanofils de ZnO élaboés par dépôt en bain chimique par rapport à d'autres particules piézoélectriques, comme le BaTiO3 (d33~5 pC/N). Par la suite, deux stratégies différentes ont été évaluées pour incorporer les structures de ZnO obtenues par dépôt en bain chimique dans un capteur piézoélectrique flexible. La première stratégie a consisté à faire croître de façon hétérogène des nanofils de ZnO sur une couche d'amorce de ZnO déposée sur un substrat flexible en PDMS. En utilisant un schéma combiné pour l'ingénierie des nanofils de ZnO avec un dopage Sb de 1,0 % ([SbG2 -] / [Zn(NO3)2]) et un recuit thermique à 220 °C (atmosphère d'oxygène, 2 h), d 33 a été multiplié par quatre (d 33 ~1,055 pC/N ) par rapport aux nanofils de ZnO dopés non intentionnellement et non recuits (d33~0,288 pC/N ). Ensuite, la deuxième stratégie a montré une nouvelle technique de croissance de microfils (MRs) de ZnO cultivés sur des nanoparticules de ZnO présent en suspension dans une solution de CBD, qui ont ensuite été filtrés, séchés, recuits thermiquement et incorporés dans un composite à base de PDMS. Le composite flexible ZnO MRs/PDMS a été préparé par une méthode de coulée de film et par une étape d'électrophorèse, les ZnO MRs ont été alignés dans le composite. Le d33 du composite ZnO MRs/PDMS à 8 % vol. a été multiplié par six (d33~0,10 pC/N) lorsqu'il a été structuré par le processus de diélectrophorèse, par rapport à la structure aléatoire (d33~0,02 pC/N).

Les améliorations futures de cette technologie pourraient inclure des nanofils de ZnO élaborés par dépôt en bain chimique avec une morphologie optimisée suivant une croissance sélective par exemple et un dopage compensatoire optimisé plus finement par recuit thermique et/ou un traitement plasma de surface. En outre, la morphologie du composite peut être encore optimisée en modifiant l'épaisseur du substrat inférieur et l'épaisseur du diélectrique situé sur la couche supérieure, en variant la nature du diélectrique, en optimisant la surface des nanofils, voire en modifiant l'architecture entière. Cependant, les résultats et les conclusions obtenus tout au long des Chapitres 3 à 7 nous font avancer progressivement vers des nano et microdispositifs en ZnO réalisables et opérationnels, produits par dépôt en bain chimique.

The piezoelectric phenomena

The piezoelectric effect is based on the interaction between the mechanical and electrical properties, where an application of an external mechanical stress causes an internal electric polarization. This piezoelectric effect owns a strong dependence on the symmetry of the crystal.

The piezoelectric phenomenon was discovered by the brothers Curie back in 1880. Pierre Curie (1859Curie ( -1906) ) and Jacques Curie (1855Curie ( -1941) ) found that quartz crystals showed positive and negative charges on their surfaces when compressed in certain directions [1]. Curiously, these charges were proportional to the applied pressure and disappeared with the cessation of the pressure. These findings were obtained after Pierre Curie's previous work on pyroelectricity, defined as the manifestation of spontaneous polarization in certain solids from temperature dependence. Nowadays, we know that all pyroelectric materials are intrinsically piezoelectric. Months later, the Franco-Luxembourgish physicist Gabriel Lippmann made an important contribution to piezoelectricity, by predicting that a piezoelectric crystal would undergo a deformation when placed in an electric field, e.g., the converse effect of piezoelectricity [2]. This effect was later proven by the brothers Curie [3]. Great advances in the phenomenological understanding and physical theory were developed by Voigt in 1890-1910, when he published the first rigorous formulation of thermodynamic potentials for piezoelectricity [4,5]. It was at the beginning of the XX th century when the piezoelectric applications gained attraction with the development of piezoelectric sonar by Paul Langevin for submarine detection [6], and resonators/oscillators with quartz crystals by W.G. Cady [7].

More than 140 years have passed since the discovery of the piezoelectric phenomena and great advances have been achieved in the application of piezoelectricity and the development of novel piezoelectric materials. Moreover, strong efforts are invested yearly to search for novel and efficient piezoelectric materials [8].

Principles of piezoelectricity

The piezoelectric effect is the manifestation of an electric polarization by the application of a mechanical stress to a crystal. Hence, a material is piezoelectric if the application of an external mechanical stress causes an electric displacement [8]. By studying quartz crystals, the piezoelectric principles are easily explained. Figure 1-1 shows a schematic of a 2D quartz crystal cut to the x-axis called the X-cut. In the direct piezoelectric effect, when a compressional force (𝐹 ⃗ ) [N] is used, the electrical polarization 𝑃 1 [C/m 2 ] is proportional to the mechanical stress 𝑇 11 = 𝐹 𝐴 ⁄ [N/m 2 ]. Therefore, the electric polarization charge obtained on the electrodes covering the area (𝐴) [m 2 ], is proportional to the force causing the strain. Contrarily, when a tension is applied, the sign of pressure is reversed and with it the electric polarization. In the converse piezoelectric effect, when an electric field (𝐸 ⃗⃗ ) [V/m] is applied, the quartz plate is deformed with the strain 𝑆 11 [N/m 2 ]. The direct piezoelectric effect is defined by 𝑃 1 = 𝑑 111 𝑇 11 with 𝑃 1 and 𝑇 11 representing the components of the polarization vector and the component of the stress tensor, respectively. Then, the coefficient 𝑑 111 is called the piezoelectric coefficient.
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In the converse manner, when an external electric field 𝐸 1 is applied, a strain 𝑆 11 is produced according to 𝑆 11 = 𝑑 111 𝐸 1

( 1-2)

Figure 1-1. Direct and converse piezoelectric effects. Copyright Springer-Verlag Berlin Heidelberg 2010. Adapted from Ref. [8].

The thermodynamic theory of the piezoelectric effect is defined by a set of 8 equations that correlate the mechanical quantities 𝑇 𝜇 or 𝑆 𝜇 (stress or strain) [N/m 2 , 2 nd order tensor, 3×3] and electrical quantities 𝐸 𝑘 [N/C, 1 nd order tensor, 1 × 3] or 𝐷 𝑘 [C/m 2 , 1 st order tensor, 1×3] (electric field or electric displacement) [8]. The piezoelectric coefficient (𝑑 𝑖𝜇 ) [C/N, 3 rd order, 3×3×3], also known as charge coefficient, is experimentally determined in Chapter 7 in sensors to be based on ZnO nanowires. Hence, for practical considerations in this thesis, the piezoelectric effect is defined with the constitutive thermodynamic relations ( 1-3) and ( 1-4) detailed below.

𝐷 𝑖 = 𝜀 𝑖𝑘 𝐸 𝑘 + 𝑑 𝑖𝜇 𝑇 𝜇 (1)(2)(3) 𝑆 𝜆 = 𝑑 𝑘𝜆 𝐸 𝑘 + 𝑠 𝜆𝜇 𝑇 𝜇 (1)(2)(3)(4) Where 𝜀 𝑖𝑘 is the permittivity tensor [C 2 N -1 m -2 , 2 nd order tensor, 3×3] (electric polarization) and 𝑠 𝜆𝜇 is the elastic compliance tensor [m 2 /N, 4 th order tensor, 3×3×3×3] (elastic deformation) of the material. By assuming a constant electric field (𝐸 𝑘 = const. ), the relation ( 1-3) reduces to the direct piezoelectric effect.

𝐷 𝑖 = 𝑑 𝑖𝜇 𝑇 𝜇 (1)(2)(3)(4)(5) Then, the piezoelectric coefficient 𝑑 𝑖𝜇 gives the relationship between the specific mechanical stress component 𝑇 𝜇 and the specific component of electric displacement 𝐷 𝑖 . The Chapter 1 Pressure sensors based on array of ZnO nanowires 1-5 different subscripts (𝑖, 𝑘, 𝜆) refer to the different directions in the material coordinate system. Then, the rotational motion is denoted by the subscript (𝜇). According to the direction of the electric displacement and the mechanical stress, four different cases of piezoelectric effect are distinguished and schematically illustrated in Figure 1-2. In a simplified manner, the coefficients 𝑑 11 , 𝑑 22 , and 𝑑 33 describe the longitudinal piezoelectric effect (denoted with the symbol L in Figure 12). In these cases, both the mechanical stress component and the piezoelectric polarization are acting in parallel. The second possibility is denoted as a transversal effect (denoted with the symbol T in Figure 1-2) and it occurs when the piezoelectric polarization is perpendicular to the applied normal mechanical stress. Then, the application of shear mechanical stress might result in a piezoelectric polarization perpendicular (parallel) to the plane of the applied shear stress, such shear piezoelectric effect is called longitudinal shear (transversal shear) defined with the symbol SL (ST) in Figure 12. Generally, piezoelectric devices act with two primary operating modes: mode 33, in which the applied stress lies in the direction of polarization, and mode 31, in which the applied stress is perpendicular to the direction of polarization. Furthermore, the electromechanical coupling coefficients (𝑘) are essential coefficients of a piezoelectric material. These coefficients account for the conversion efficiency of the supplied mechanical energy versus the recovered electrical energy. The electromechanical coupling 1. 1 The piezoelectric phenomena 1-6 coefficient 𝑘 33 is widely used, and it defines the condition of finite 1D stress parallel to the z-axis, 𝑇 ≠ 0, as realized in a tall, narrow bar. As a result, 𝑘 33 is defined as the ratio 𝑘 33 = 𝑑 33 √𝜀 33 𝑇 𝑠 33 𝐸 (1)(2)(3)(4)(5)(6) with 𝜀 33 𝑇 as the permittivity under constant mechanical stress, and 𝑠 33 𝐸 the mechanical strain under a constant electrical field. We may deduce from equation ( 1-6) that a material with high piezoelectric constants, as well as low elastic and permittivity constants, must produce an effective piezoelectric device. Other parameters are often used for piezoelectric device design, such as the characteristic acoustic impedance (𝑍), the speed of longitudinal or shear propagation (𝑣), and the density of the material (𝜌) [10,11]. Hence, depending on the piezoelectric application, the previously defined parameters are used as figures of merit to measure the efficiency of piezoelectric devices.

Piezoelectric materials

The piezoelectric effect originates from the crystallographic nature and distribution of ions of certain materials. As shown in Figure 1-4(a), an illustrative schematic shows a squaredshaped structure subjected to a compressive stress. In this particular case, the equivalent center of charge is still at the same point and no change in electric polarization occurs. Contrarily, for a 2 D hexagon (depicted in Figure 1-4(b)), when stress is applied, the center of charges changes slightly due to the shifts of the anions and cations, inducing a change in electric polarization.

Particularly, the piezoelectric effect could exist just in non-centrosymmetric crystallographic symmetry classes. A total of 32 crystallographic classes belong to this group, and 10 crystallographic classes have a singular polar axis and are defined as polar crystals. These classes are the 1, 2, 3, 4, 6, m, mm2, 3m, 4mm and 6mm [8]. Copyright Advanced Science published by Wiley-VCH GmbH, Ref. [12].

Since the discovery of the piezoelectric phenomena, a wide variety of natural and synthetic materials have shown piezoelectric properties. Initially, both quartz (SiO2) and Rochelle salt (KNaC4H4O6•4H2O) were the flagship materials for piezoelectric studies. Around the 1940s, they were replaced by ferroelectric oxides such as BaTiO3 (BTO), and later in 1952 by lead Chapter 1 Pressure sensors based on array of ZnO nanowires 1-7 zirconate titanate (PZT) that exhibited greater sensitivity. Nowadays, a wide selection of materials have shown piezoelectric properties and they are mostly divided into the following categories: piezoceramics, piezocrystals, piezopolymers and piezocomposites [11].

Piezoceramics

Piezoceramics are the most widely commercially available and used piezoelectric materials. BaTiO3 (BTO) was initially developed and extensively used since the 1950s. Then, lead-based materials emerged with the highest performance for practical applications [13,14]. Particularly, lead zirconate titanate (PZT) is a perovskite with a hexagonal symmetry (class 6mm). PZT is widely used and available in different forms (see Table 1-I), generally they are divided into soft and hard types, such as PZT-5H and PZT-4, respectively. However, other ceramics such as PbNbO3 are also available for specific applications at temperatures up to 400 °C. 

Piezopolymers

Piezopolymers own their piezoelectric effect due to their molecular structure and orientation. The most widely used piezoelectric polymer nowadays is Polyvinylidene fluoride (PVDF). This polymer has very low symmetry due to uniaxial or biaxial stretching during its preparation. PVDF belongs to the 2mm class and owns an orthorhombic structure [15]. PVDF and Parylene-C [16] are categorized as semicrystalline piezopolymers. Additionally, copolymers such as PVDF with trifluoroethylene (TrFE) have an enhanced crystal orientation, which helps with the piezoelectric properties [17]. The piezoelectric properties of these polymers are detailed in Table 1-II. 1. 1 The piezoelectric phenomena 1-8 Piezocrystals Quartz (SiO2) and Rochelle salt (KNaC4H4O6•4H2O) were the first piezocrystals to be widely used. However, there are other piezocrystals worth mentioning, such as lithium niobate (LiNbO3) [19], and more recently, the family of lead magnesium niobate doped with lead titanate, [Pb(Mg 1 3 ⁄ Nb 2 3 ⁄ )O 3 ] (x) -[PbTiO 3 ] (1-x) (PMN-PT) [20]. Piezoelectric semiconductors such as the wurtzite III-V nitrides (i.e., BN, AlN, GaN and InN) are interesting candidates due to their known strong piezoelectric polarization [21][22][23][24][25]. Additionally, ZnO is another piezoelectric semiconductor with a wurtzite structure, and with GaN, are one of the most studied and used wide band gap semiconductors with a reasonable piezoelectric coupling and are attractive due to their growth as highly oriented films and nanowires by various methods [11,26]. The properties and applications of ZnO NWs as piezoelectric material is the main topic of this thesis and it will be introduced in Section 1.2 and 1.3. The piezoelectric properties of these piezocrystals are detailed in Table 1-III. 

Piezocomposites

Piezocomposites are composed of piezoelectric ceramics or single-crystal phases incorporated with a polymer dielectric matrix. Generally, they are defined by their dimensional connectivity [28], as shown in Figure 12345. IV describes the 1-3 composite of PMN-PT which are encapsulated within an epoxy polymer [29], and also macro-fiber composite (MFC ® ), which is based on the rod/polymer arrangement [30]. Recently, highly performant piezocomposites based on dielectric polymers and different types of piezoelectric fillers comprising nanomaterials have been developed. These are defined as polymer nanocomposites and will be detailed in the following section.
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Piezoelectric nanocomposites

Nanocomposites allow the versatility of piezocomposites to be enhanced and implemented in smaller scale devices, typically in sizes smaller than ~1 µm. The commonly developed nanostructures have a great variety of morphologies, such as thin films (2D), nanowires (1D), and nanoparticles (0D). Generally, the electrical, optical and mechanical properties of these nanostructures are enhanced, as compared to their bulk properties, due to their higher surface-to-volume ratio [32,33]. Hence, these nanocomposites have been developed with different piezoelectric materials such as PZT nanofibers, PZT nanowires, PMN-PT nanowires, BaTiO3 nanowires, GaN nanowires, ZnO nanowires, which generally are embedded within a polymer matrix of PVDF, PVDF-TrFE, PDMS, PMMA, SU-8 [12].

Table 1-V lists a series of piezoelectric nanocomposites with their respective 𝑑 33 value. Curiously, due to the nanostructure morphology, the piezoelectric coefficient 𝑑 33 for BaTiO3 goes from 190 to 25-35 pC/N when changing its morphology from bulk to nanoparticles. Contrarely, an important enhancement for ZnO is observed in its piezoelectric coefficient 𝑑 33 , going from 12.3 to 30-50 pC/N when it has a bulk to nanoparticle morphology, respectively [12,34]. The origin of the enhanced piezoelectric coefficient for ZnO nanostructures has been identified and justified by its size effect using ab initio calculations [35][36][37][38][39]. For example, Agrawal and Espinosa presented DFT calculations of the strong increase in the piezoelectric coefficient 𝑒 33 for ZnO nanowires when their diameter was smaller than 2.4 nm [35]. These size effects (further detailed in Section 1.3.3) are attributed to the charge redistribution near the surfaces leading to changes in local polarization, and this surface effect is recurrent [38,39].

Piezoelectric nanogenerators based on ZnO nanowires
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Further detail on the nanogenerators to be based on ZnO nanowires is given in the following section. 

Piezoelectric nanogenerators based on ZnO nanowires

Piezoelectric generators are known for powering portable electronic systems by the transformation of mechanical energy, vibrational energy, and hydraulic energy into electrical energy. Particularly, nanogenerators (NGs) are generators composed of nanostructured piezoelectric materials and they aim to provide self-powered nanosystems [7][8][9][10].

The pioneer work of Z. L. Wang and J. Song was the first demonstration of the use of ZnO NWs as a piezoelectric NGs, in 2006 [45]. A ZnO NW was scanned in contact mode with a Pt-coated AFM tip (T), while the NW had an Ohmic contact with the grounded side (G). Thus, the AFM tip deforms an individual NW and an electric current is generated according to the mechanism described in Figure 123456. The presence of Pt in the AFM tip allows the appearance of a Schottky barrier when it comes into contact with the ZnO NW, as depicted in the band diagram in Figure 1-6(a). When the tip bends the piezoelectric NW, an asymmetric potential field appears, changing the conduction band profile. Additionally, the local positive piezoelectric potential at the contact area of the tip causes electron migration from the grounded electrode to the tip, but the electron movement is limited due to the reverse-biased Schottky barrier (Figure 1-6(b)). When the tip reaches the center of the NW, the piezoelectric potential at the contact zone is zero and the accumulated electrons in the tip return to the grounded contact (Figure 1-6(c)). Finally, when the tip reaches the zone of the NW in compression, the local piezoelectric potential at the contact zone becomes negative, allowing a rise in the conduction band profile and the passage of free electrons present in the NW toward the external circuit (Figure 1-6(d)) [46]. Piezoelectric NGs composed of a large number of ZnO NWs become highly interesting because of their simultaneous excitation under the effect of a simple mechanical vibration. Two families can be distinguished depending if the ZnO NWs are integrated laterally or vertically, with respect to the substrate in the final device. Then, laterally integrated nanogenerator (LING) and vertically integrated nanogenerator (VING) can be defined. These two configurations will be discussed in the following sections.

Laterally integrated nanogenerators

Laterally integrated nanogenerators are composed of arrays of NWs with the major axis parallel to the substrate and ideally aligned with each other. The first mentions of this type of nanogenerator dates back to 2010 in two studies published by the research group of Z. L. Wang, and they were based on ZnO NWs [47,48]. For example, Xu et al. synthesized the ZnO NWs aligned along the c-axis parallel to the substrate by chemical bath deposition. Then, the gold metal contacts were deposited in order to contact the different rows of ZnO NWs, as shown in Figure 1234567b) [47]. Zhu et al. transferred the ZnO NWs to a separate substrate, obtaining a good horizontal alignment. Then, the metallic contacts were deposited. As shown in Figure 1-7(c), the SEM figure shows the alignment of the ZnO NWs and the inset shows the photograph of the final device integrated on Kapton [48]. Xu et al. and Zhu et al. showed generated peak voltage of 1.26 V and 2.03 V for applied strains of 0.19 % and 0.1 %, respectively [47,48]. 
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Vertically integrated nanogenerators

Vertically integrated nanogenerators are composed of arrays of NWs where their main axis is perpendicular to the substrate. This type of architecture is widely reported in the literature due to its ease of implementation [49,50]. The first device consisting of an array of ZnO NWs embedded between two metal electrodes is shown in Figure 1-8(a) and it was reported by Wang et al. [51]. In this device, the top contact consisted in a Schottky electrode with a zigzag profile and it managed to generate a peak voltage of 1 mV for ultrasonic vibrations of ~41 kHz.

Alternatively, the ZnO NWs can also be deformed by compression by modifying the design of the piezoelectric structure. One of the first examples was detailed in 2010 by Xu et al., where the piezoelectric NG is simply composed of an array of vertically aligned ZnO NWs immersed in a flexible dielectric polymer and sandwiched between two metal electrodes, as depicted in Figure 1-8(b) [47]. This device generated a peak voltage of 50 mV for a compressive stress of 6.25 MPa. The sandwiched VING is the structure selected for the characterization of the piezoelectric properties of the engineered ZnO NWs grown by chemical bath deposition to be presented in Chapter 1 Pressure sensors based on array of ZnO nanowires 1-13 Chapter 7. Particularly, the capability of this structure to detect compressive forces is the basis of the pressure sensors of this thesis.

Contrasting the structure presented in Figure 1-8(b), the structure developed in Chapter 7 has a dielectric polymer embedded within the NWs and also sitting on top of the ZnO NWs as shown in Figure 1-8(c). In this way, the device works in capacitive mode and it blocks the passage of the electric current in the semiconductor NW. Using the dielectric polymer matrix and a capacitive contact give the following advantages: (i) it makes the device mechanically robust, (ii) it helps to avoid current leakages, and (iii) it helps to distribute the strain force (vertical compression) in the array of NWs.

From the previous discussion, ZnO stands out from different piezoelectric materials because of the many advantages it combines. ZnO has interesting piezoelectric coefficients, while being naturally abundant, non-toxic, and biocompatible, as well as being easily synthesized into nanowires. Within the framework of this thesis, the LMGP laboratory has developed an important expertise on the chemical synthesis of ZnO nanowires via Chemical Bath Deposition (CBD). The following section will introduce the structural and electrical properties of ZnO, the growth of ZnO NWs by CBD and the main challenges that the ZnO NWs face towards their incorporation in efficient piezoelectric devices.

ZnO nanowires -Overall properties and its piezoelectric opportunities

ZnO nanowiresan overview

Zinc oxide is an inorganic compound with the chemical formula ZnO. Although it can occur naturally in the form of zincite, ZnO is most often synthesized via industrial methods. More than half of all ZnO produced in the world is used in the rubber and tire industry, where it is added as a vulcanizing activator. The second greater usage of ZnO is developed in the ceramics industry, particularly in the production of tiles, where ZnO acts as an additive. Finally, it is also used in various products including concrete, plastic polymers, cosmetics, foods and paintings [53]. Furthermore, ZnO is a II-VI semiconductor with a direct wide band gap of ~3.37 eV at room temperature, making it particularly interesting in the field of nanotechnology for developing optoelectronic components in the blue to UV range of the electromagnetic spectrum, or as a transparent conducting oxide (TCO) [54,55].

Within the framework of this thesis, fundamental information of ZnO will be developed in the following section regarding the structural, electronic, optical and electrical properties with a special emphasis on ZnO NWs.

Structural properties

Under standard conditions of pressure and temperature, ZnO crystallizes into the hexagonal wurtzite structure. However, under particular conditions, it can adopt a zinc blende and rocksalt crystal structures [56,57]. Particularly, the wurtzite crystal structure belongs to the space group 𝑃6 3 𝑚𝑐, which is non-centrosymmetric, and a schematic representation of this structure is Intrinsically, ZnO owns a spontaneous dipole moment inside its crystal structure and a spontaneous electric polarization. This is due to its non-centrosymmetric wurtzite structure along with the significant ionicity of the Zn-O bonds with an ionic-covalent character. This spontaneous polarization, measured at -0.057 C/m 2 and along the crystal's c-axis [60], is the source of the polar character and plays a critical role on many chemical and physical characteristics [26,58,[61][62][63]. Indeed, the crystal facets formed by the c-planes or (0 0 0 1) planes are electrically charged, hence defined as polar surfaces. Contrarily, planes that are Chapter 1 Pressure sensors based on array of ZnO nanowires 1-15 electrically neutral are defined as nonpolar, e.g., planes such as the (1 0 1 ̅ 0) and (1 1 2 ̅ 0), defined as m-planes and a-planes, respectively. Consequently, the polar or nonpolar character of the planes have a direct consequence on the surface energy of the planes, as detailed in Table 1-VI. Due to the higher surface energy, the polar c-planes are more unstable than the nonpolar m-planes [64,65]. Many different processes have been proposed to account for the stability of the polar planes, including electron transfer, surface reconstructions, point defect generation, and adsorbates presence [66][67][68][69][70][71][72]. 

Electronic properties

As previously mentioned, ZnO is a semiconductor material type II-VI with a direct and wide band gap of 3.37 eV at room temperature [73] and with free-exciton binding energy of 60 meV [74,75]. Figure 1-11(a) shows the calculated band gap by density functional theory (DFT) [76], and it depicts that the global minimum of the conduction band (CB) is located at Γ in the Brillouin zone, just as the global maximum of the valence band (VB) [77].

The lowest CB is formed from the empty 4s states of Zn 2+ or the antibonding sp 3 hybrid states. The highest VB originates from the 2p orbitals of O 2-or the bonding sp 3 and due to spin-orbit coupling and crystalline field, it splits into three twofold-degenerate bands [77]. These VBs are labeled from the highest to the lowest energies as A, B, and C bands, as illustrated in Figure 1 
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Native point defects

The study of point defects in the ZnO crystal structure is a topic with many breakthroughs since the 2000s [78][79][80][81]. Native point defects, or intrinsic point defects, are imperfections in the crystal lattice that only involve Zn or O, the constituent elements. The nature of these native point defects is summarized in Table 1-VII. The formation and nature of intrinsic point defects is essential because they can heavily influence the electrical and optical properties of ZnO. The concentration of a native defect in a solid is determined by its formation energy (𝐸 𝑓 ) through the relation

𝑐 = 𝑁 𝑠𝑖𝑡𝑒𝑠 exp ( -𝐸 𝑓 𝑘 𝐵 𝑇 ) ( 1-7)
where 𝑁 𝑠𝑖𝑡𝑒𝑠 is the number of sites per unit volume on which the defect can be incorporated, 𝑘 𝐵 is the Boltzmann constant and T the temperature. Equation (1)(2)(3)(4)(5)(6)(7) shows that point defects with high formation energy will occur in low concentrations. The formation energy of a defect and its related concentration can be computed by density functional theory (DFT) calculations. Nowadays, these DFT calculations use three-dimensional supercells containing up to several 100 atoms. One great advantage of DFT calculations is that the growth and annealing conditions can be set in the calculations by the definition of the chemical potentials. For example, the formation of zinc vacancies (V Zn ) is determined by the abundance of Zn and O atoms, and these are detailed by the chemical potentials µZn and µO, respectively. Additionally, if the point defect has a specific charge, its formation also depends on the electron chemical potential (i.e., electron reservoir), which is defined by the Fermi-level (𝐸 F ). In the previous example of the VZn in ZnO, the formation energy is given by 𝐸 f (𝑉 Zn 𝑞 ) = 𝐸 tot (𝑉 Zn 𝑞 ) -𝐸 tot (ZnO) + 𝜇 𝑂 + 𝑞(𝐸 F + 𝐸 VBM )

( 1-8)
where 𝐸 tot (𝑉 Zn 𝑞 ) is the total energy of a supercell containing the VZn in the charge state 𝑞, 𝐸 tot (ZnO) is the total energy of a ZnO perfect crystal in the same supercell and 𝜇 𝑂 is the oxygen chemical potential [76,80,82]. Hence, the experimental conditions can be defined as Zn-rich, O-rich, or somewhere in between (i.e., intermediate). These are defined by the chemical potential µO, and the values are Chapter 1 Pressure sensors based on array of ZnO nanowires 1-17 limited by the enthalpy of formation of ZnO (∆𝐻 f (ZnO) = -3.63 eV) [83] and follow the relation defined as [76,84] These results were based on local-density approximation (LDA) and LDA+U calculations [78,84].

𝜇 𝑂 + 𝜇 𝑍𝑛 = ∆𝐻 f (ZnO) ( 1-9)
As defined in Table 1-VIII, important differences are observed in Figure 1-12 between the Zn-rich and O-rich conditions. For example, the higher abundance of O atoms expected in O-rich conditions, is traduced with: (i) Zn being the limiting atom, hence the higher probability to form VZn (lower formation energy of VZn), (ii) the high abundance of O atoms would increase the probability to form Oi (lower formation energy of Oi), and (iii) also OZn (lower formation energy of OZn). The logic and trend of these examples are also valid for describing the respective Zn-rich conditions.

Furthermore, the Fermi-level is generally referenced to the valence band maximum (VBM), and it theoretically defines the chemical potential of the reservoir with which electrons are exchanged [85]. Experimentally, the Fermi-level can be defined as the chemical potential of the nucleation environment. For example, when growing ZnO with a solution growth method, the Fermi-level of the solvent/electrolyte can be modified by changing the pH value or by applying a bias voltage [86]. Therefore, the incorporation and nature of point defects can be engineered along the growth.

ZnO structures generally show an unintentionally n-type conductivity, and the reason for this conductivity has been extensively developed [54,[87][88][89]. Table 1-IX lists the different native defects expected for ZnO and defines if the defects are rather shallow/deep acceptors or donors. VO is a deep donor and is not expected to play a major role in the unintentionally ntype conductivity of ZnO. Zni and ZnO are shallow donors with relatively high formation energy, hence not very stable under standard conditions. Furthermore, VZn, OZn and Oi(oct) act as deep acceptors, and VZn has relatively low formation energy and can act as a compensator for n-type conductivity. Finally, Oi(split) is electrically inactive, as observed from its horizontal line in Figure 1-12. 
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Electrical properties

ZnO is a semiconductor material particularly known to be easily doped with n-type dopants up to high densities, while p-type doping is difficult to achieve. Hence, ZnO is generally known to be an n-type semiconductor [54,[87][88][89]. Figure 1-13 shows the experimental temperature dependence of electron Hall mobility (𝜇) for undoped ZnO film grown by laser molecularbeam epitaxy (closed blue circles) and for a bulk ZnO crystal (open green circles). Curiously, the film has a higher mobility than the bulk crystal [90]. The values of the film are ~440 cm 2 V s ⁄ at 300 K. From drift mobility calculations performed by Makino et al., we can observe that at room temperature, the mobility limit (in relatively pure material) is dominated by the polar optical phonon scattering mechanisms. While at temperatures lower than 100 K, the piezoelectric phonon interaction is the dominant scattering mechanism. These scattering mechanisms are calculated assuming that the material is uncompensated [90]. Figure 1-14 shows 300 K experimental Hall mobility plotted against carrier concentration of n-type films doped with variable amounts of Gallium, from Ref. [90]. The Ga-doped films show a smaller mobility than the undoped films [90,91]. This decrease in mobility can be assigned to the increased density of impurities within the ZnO structure (i.e., ionized impurity scattering), and the plasmon scattering for carrier concentrations greater than 10 17 cm -3 [90,92,93]. While the mobility values of undoped and Ga-doped ZnO films range from a few 10 to 400 cm 2 V s ⁄ , the free carrier concentration ranges from 10 16 cm -3 to ~10 21 cm -3 , as depicted in Figure 1 
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In the case of ZnO nanowires, the electrical properties are hard to quantify due to the technical difficulty to probe a single nanowire. Despite this difficulty, ZnO NWs are generally characterized by four-point probe electrical measurements, where the current is injected through the external electrodes and the voltage is measured across the two inner contacts separated by a length l. Electrical measurements of ZnO NWs grown by carbothermal reduction [94], hydrothermal growth [94], metal-organic chemical vapor deposition (MOCVD) [95], and chemical bath deposition (CBD) [96], are depicted in Figure 1-15. This figure shows the resistance R over the length l versus the radius of the nanowire, because the electrical resistivity (𝜌) is represented as

𝜌 = 𝑅𝑆 𝑙 ⁄ ( 1-10)
where S represents the conduction section, being 𝑆 = 𝜋𝑟 2 for bulklike conduction in a flatband regime [95]. The previous equation assumes that the nanowires have a circular morphology.

A strong variation in the resistivity is observed between the as-grown ZnO NWs by different growth methods. For illustration, Table 1-X summarizes the average values shown in Figure 1-15 and then the free carrier concentration is computed by assuming an average mobility value of 75 cm 2 V s ⁄ as reported by field-effect transistor (FET) measurements [START_REF] Park W Il | Fabrication and electrical characteristics of high-performance ZnO nanorod field-effect transistors[END_REF][START_REF] Kälblein | Top-gate ZnO nanowire transistors and integrated circuits with ultrathin selfassembled monolayer gate dielectric[END_REF]. The ZnO NWs grown by carbothermal reduction show the most resistive nanowires with values up to ~3000 mΩ cm and a free carrier concentration of ~3×10 16 cm -3 . Then, both MOCVD and CBD techniques show the less resistive nanowires with free carrier concentrations higher than 10 18 cm -3 .

These electrical properties have a direct impact on the piezoelectric capabilities of ZnO nanowires, because of the piezoelectric screening effect occurring within its structure. As detailed in the following section, this screening effect is a major challenge to the incorporation of ZnO nanowires in highly efficient piezoelectric devices.

Figure 1-15. R/l versus wire radius along of experimental data reported on unintentionally doped ZnO NWs grown by carbothermal reduction [94], MOCVD [95], hydrothermal method [94], and chemical bath deposition [96]. The dotted lines represent isoresistivity values following a bulklike conduction [95].

Chapter 1 Pressure sensors based on array of ZnO nanowires 1-21 -X. List of the minimum and maximum resistivity values and computed free carrier concentration of ZnO nanowires/nanorods grown using the methods reported in Figure 1-15. These values are for illustrative purposes only. (1) The computed free carrier concentration assumes an average mobility value of 75 cm 2 V s ⁄ as reported from Refs. [START_REF] Park W Il | Fabrication and electrical characteristics of high-performance ZnO nanorod field-effect transistors[END_REF][START_REF] Kälblein | Top-gate ZnO nanowire transistors and integrated circuits with ultrathin selfassembled monolayer gate dielectric[END_REF].

Min Resistivity

(𝜌)

Max resistivity (𝜌)

Free carrier concentration (1) (𝑛) mΩ cm mΩ cm cm -3

CBD -Zn-polarity ~4 ~20 4×10 18 -2×10 Hydrothermal ~15 ~500 2×10 17 -6×10 18 Carbothermal reduction ~20 ~3000 3×10 16 -4×10 18 1.3.2 Piezoelectric screeningthe issue of ZnO as a piezoelectric material Earlier calculations by Gao and Wang [START_REF] Gao | Equilibrium potential of free charge carriers in a bent piezoelectric semiconductive nanowire[END_REF], showed the particular effect that free electrons in the conduction band screen the piezoelectric polarization charges generated when laterally bending a n-type ZnO nanowire. With the electric field generated by the piezoelectric effect, the free electrons migrate toward the positively charged electrode. With this migration, they partially compensate the generated piezoelectric potential, and thus decrease the overall performance of the ZnO nanowire.

Romano et al. performed finite element method calculations to evaluate optimizations toward high output nanogenerator. The calculations demonstrated that a major piezopotential enhancement is observed when the free carrier concentration is lower than 1×10 17 cm -3 and when the nanowire's radius is smaller than 200 nm, this last result is illustrated in Figure 1 shows the simulation results for free carrier concentrations ranging from 10 12 to 10 18 cm -3 , and the relatively small free carrier concentration of 10 15 cm -3 is sufficient to have a 80 % reduction in the generated piezopotential [START_REF] Tian | Understanding the Potential Screening Effect through the Discretely Structured ZnO Nanorods Piezo Array[END_REF]. 
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We can observe that, regardless of the growth technique, as-grown ZnO nanowires should all encounter a strong piezoelectric screening effect due to their high carrier concentration (as reported in Table 1-X). These results put in perspective the importance of controlling the free carrier concentration in ZnO nanowires, where highly resistive ZnO nanowires are crucial for their incorporation in highly performant piezoelectric devices.

It is important to mention that the piezoelectric screening effect is one of the major detrimental factors to the efficiency of piezoelectric-semiconducting material based devices. However, other factors can also have a detrimental effect on these devices. These factors include the design of the device, dielectric material selection, selection of contacts and nanowire morphology. The following section elucidates the effect of the ZnO NWs morphology in the piezoelectric response in NGs, these studies were performed by finite element method (FEM) calculations.

Optimization strategies for maximizing the piezoelectric response of VINGs based on ZnO nanowires

It was previously developed that a free carrier density higher than ~1×10 17 cm -3 in ZnO NWs promote an important piezoelectric potential screening [100]. However, other variables related to the architecture of the VING and the morphology of the ZnO NWs also play a major role in the efficiency of its piezoelectric output, allowing different optimization strategies to be considered in the design of these piezoelectric devices.

Taking into account the VING morphology of If the radius of the NW is small enough, the depletion region can reach the core of the NW and suppress the free carrier screening [52,[START_REF] Gao | Equilibrium potential of free charge carriers in a bent piezoelectric semiconductive nanowire[END_REF][START_REF] Tao | Unveiling the Influence of Surface Fermi Level Pinning on the Piezoelectric Response of Semiconducting Nanowires[END_REF]. Conclusively, the Zn-and O-polar ZnO NWs would require ZnO NW radius lower than 12 nm and 15 nm to cause a full depletion of the NW, respectively [52]. Additionally, increasing the length of the ZnO NW helps to improve the piezoresponse of the VING. shows that O-polar ZnO NWs longer than 4 µm show no additional improvement in the piezoresponse [52].

While considering the design of the VING in capacitive mode (see Figure 1-8(c)), the thickness of the top dielectric layer and the density of ZnO NWs also play a major role in the piezoresponse of the device. As illustrated in Figure 1 Nevertheless, special attention is oriented to the issue of the piezoelectric screening influenced by the high carrier concentration, due to the scope of this thesis. In the LMGP laboratory, high expertise has been developed in the growth of ZnO nanowires via the CBD technique. The ZnO nanowires to be developed from Chapter 3 to Chapter 7, are all based on this growth technique. Hence, the fundamentals in the growth, chemical and physical properties of these nanowires are developed in the following section.

ZnO nanowires grown via chemical bath deposition
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ZnO nanowires grown via chemical bath deposition

Vapor transport [START_REF] Huang | Catalytic growth of zinc oxide nanowires by vapor transport[END_REF], thermal evaporation [105], molecular beam epitaxy [START_REF] Heo | Site-specific growth of Zno nanorods using catalysis-driven molecular-beam Chapter 1 Pressure sensors based on array of ZnO nanowires 1-39 epitaxy[END_REF], molecular beam evaporation [105], pulsed laser ablation [START_REF] Sun | Growth of aligned ZnO nanorod arrays by catalyst-free pulsed laser deposition methods[END_REF], metal organic chemical vapor deposition [START_REF] Wu | Heterostructures of ZnO-Zn coaxial nanocables and ZnO nanotubes[END_REF]109], electrochemical deposition [110], hydrothermal growth [START_REF] Ehrentraut | Solvothermal growth of ZnO[END_REF], and chemical bath deposition [112] are all examples of physical or chemical techniques that can be used to synthesize ZnO nanowires. Chemical bath deposition is of special relevance among these approaches as a low-cost and low-temperature (60-95 °C) procedure that may be executed on any type of rigid or flexible substrate to grow nanocrystals or epitaxial layers [113][114][115]. The CBD technique is not to be confused with the hydrothermal growth of single crystals, where this last one requires pressurized (200-1500 bar), high growth temperatures (300-400 °C) and alkaline medium to grow bulk crystals [START_REF] Jacobs | Low-temperature chemical bath deposition of crystalline ZnO[END_REF].

Because of the noble benefits of the CBD technique and the LMGP´s great expertise in this field, it was chosen as the synthesis process for developing ZnO nanowires in this thesis. The following sections present a detailed explanation of the chemical bath deposition procedure for creating ZnO nanowires, as well as a state-of-the-art summary of the techniques for controlling the morphological and electrical characteristics of the nanowires using this technique.

Chemical bath deposition technique

Fujita et al. [START_REF] Fujita | CRYSTAL SHAPES OF ZINC OXIDE PREPARED BY THE HOMOGENEOUS PRECIPITATION METHOD[END_REF] published the first reference to the synthesis of ZnO nanowires by chemical bath deposition in 1984, followed by Vergés et al. [118] in 1990. However, these studies only report the creation of nanowires in suspension in a chemical bath (i.e., through homogeneous growth), not as an array of oriented nanowires on a substrate. Following this, Vayssieres et al. reported the first demonstration of the formation of such an array of ZnO nanowires oriented from a substrate (i.e., through heterogeneous growth) by chemical bath deposition in 2001 [112,119], paving the way for a new field of research for the elaboration of ZnO nanostructures using a solution process.

Fundamentals of chemical bath deposition

The synthesis of ZnO nanowires by chemical bath deposition is schematically illustrated in Figure 1 As discussed in Section 1.3.1.1, due to the anisotropy of the crystal structure of ZnO, the polar facets of ZnO have higher surface energy and are much less stable and more reactive than its non-polar facets with lower surface energy [64]. Hence, this promotes the spontaneous formation of ZnO along the polar c-axis as high aspect ratio nanowires [113]. 

2OH -+ Zn 2+ → ZnO(𝑠) + H 2 O ( 1-14)
According to the reaction (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11), HMTA gradually hydrolyzes and generates formaldehyde (HCHO) and ammonia (NH3). The produced ammonia then hydrolyzes, generating ammonium (NH 4 + ) and hydroxide (OH -) ions (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12). Due to the OH -ions, the pH in the bath has an important effect in the hydrolysis of HMTA. Later, zinc nitrate hydrolyzes to form Zn 2+ and NO 3 -ions ( 1-13). Finally, ZnO is formed via the interaction of Zn 2+ and OH -ions, as described in (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14). It is worth noting that one role of HMTA is to supply the OH -to drive the ZnO(𝑠) precipitation reaction, hence acting as a buffer [124]. In the reactions described above, Zn 2+ ions are the limiting reactant. Hence, the solubility and concentration of these ions in the solution need to be higher than the equilibrium concentration in solution [Zn 2+ ] eq to have a supersaturated solution and promote the precipitation of ZnO(𝑠).

The supersaturation ratio (𝑆 𝑟 ) is a critical parameter and concept to properly understand these mechanisms. It is generally defined as the ratio between the concentration at any given time (t) [Zn 2+ ] 𝑡 and [Zn 2+ ] eq . For the sake of thermodynamic simplification, the initial concentration [Zn 2+ ] i is taken and the ratio shown in (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15) is set as defined in Ref. [125].

ZnO nanowires grown via chemical bath deposition

1-26 𝑆 𝑟 = [Zn 2+ ] i [Zn 2+ ] eq ( 1-15)
As illustrated in Figure 1-19(b), a combination of homogeneous and heterogeneous nucleation occurs in the CBD growth and the parameter to take into account to properly understand the proportion of these two growths is basically the supersaturation ratio. Figure 1-20 shows that when the supersaturation ratios are greater than 𝑆 𝑟 * * , a strong and fast homogeneous precipitation occurs across the chemical bath. In contrast, for sufficiently low supersaturation ratios below 𝑆 𝑟 * , the reaction occurs in a slower manner and there is not enough energy for the homogeneous formation of a ZnO nucleus, but it can be sufficient for the heterogeneous formation of ZnO nanowires. The heterogeneous nucleation of ZnO nanowires has lower energetic requirements because of the contribution of the substrate [113]. Zn(NH 3 ) n 2+ + OH -→ ZnO(𝑠)

( 1-16)
ZnO nanowires nucleation: Spontaneous growth versus selective area growth Generally, two different strategies can be adopted for the heterogeneous nucleation of ZnO nanowires, namely (i) the spontaneous growth approach (Figure 1 Either by the spontaneous or the selective area growth approach, a wide variety of flexible and rigid substrates can be used to heterogeneously grow the ZnO nanowires. However, the nanowires need a specific surface for their epitaxial growth, generally composed of an oriented polycrystalline film. One objective of this film is to act as nucleation sites and minimize the formation energy of the ZnO nuclei [134]. Generally, polycrystalline films of ZnO are used as a seed layer to deposit ZnO nanowires by chemical bath deposition [135][136][137][START_REF] Li | Fabrication of ZnO nanorods and nanotubes in aqueous solutions[END_REF][START_REF] Yu | A general low-temperature route for large-scale fabrication of highly oriented ZnO nanorod/nanotube arrays[END_REF][140][141]. These films can be deposited by sol-gel method [135-137], pulsed laser ablation [140], atomic layer deposition (ALD) [START_REF] Li | Fabrication of ZnO nanorods and nanotubes in aqueous solutions[END_REF]141], and magnetron-sputtering technique [START_REF] Yu | A general low-temperature route for large-scale fabrication of highly oriented ZnO nanorod/nanotube arrays[END_REF]. Guillemin et al. discovered that the crystallographic orientation and polarity of the nanoparticles that make up the ZnO thin film are immediately transmitted to the ZnO nanowires, which is explained by the nucleation of the nanowires through homoepitaxy [133,142,143]. Next, specificities of the selective area growth and spontaneous growth approach are developed.

 Selective area growth approach

The selective area growth (SAG) approach consists of the localized growth of nanowires using a prepatterned substrate, consisting of an organic selective mask (i.e., PMMA) patterned by electron-beam lithography [120,[144][START_REF] Xu | Patterned growth of vertically aligned ZnO nanowire arrays on inorganic substrates Chapter 1 Pressure sensors based on array of ZnO nanowires 1-41 at low temperature without catalyst[END_REF][START_REF] Zhang | Growth and replication of ordered ZnO nanowire arrays on general flexible substrates[END_REF] The spontaneous growth approach consists of the direct growth of ZnO nanowires in a substrate without the application of a patterned mask. As previously mentioned, polycrystalline ZnO, acting as a seed layer, is a good candidate for growing ZnO nanowire arrays oriented along the polar c-axis with optimal verticality [133], these nanowires are depicted in Figure 1-21(a). Furthermore, the diameter and density of ZnO nanowires are influenced by the size of the nanoparticles, as well as the roughness and porosity of the seed layer [133,142,[START_REF] Chen | Hydrothermal synthesis and characterization of hexagonal zinc oxide nanorods with a hexamethylenetetramine (HMTA) templateassisted at a low temperature[END_REF].

Within the framework of this thesis, the ZnO nanowires will be grown by the spontaneous growth approach due to the relatively simple technical process already developed in the LMGP laboratory. The detailed experimental procedures for the ZnO seed layer preparation via sol-gel procedure [133] and the growth of ZnO nanowires via chemical bath deposition [123] will be detailed in Chapter 2.

Having described the chemistry of CBD, it is clear that the ZnO nanowires are formed in aqueous media highly rich in hydrogen, due to the (i) deionized water media, (ii) the reaction with OH -and (iii) the required dehydration process of the [Zn(H 2 O) 6 ] 2+ ions. Additionally, nitrogen and carbon species are also present in the bath as residual impurities from the precursors, Zn(NO3)2 and HMTA, which subsequently can also be incorporated as extrinsic point defects. The following sections will further develop the influence of hydrogen-and nitrogen-related point defects within the crystal structure of ZnO.

Hydrogen-related defects in ZnO

Back in the year 2000, the paramount investigation of Chris G. Van de Walle located the hydrogen atom as the source of n-type conductivity in ZnO, based on DFT calculations [81]. Figure 1-22(a) shows that interstitial hydrogen (Hi) behaves as a shallow donor, with the positive charge state (Hi + ) through the bandgap. Additionally, Figure 1-22(b) depicts that the H i in the bond-centered (BC) configuration, in a bond that is not parallel to the c-axis (BC⊥), is the most thermodynamically stable configuration. Oxygen-partial-pressure dependence was observed in unintentionally n-type conductivity in ZnO, which could not be attributed to VO (known to be a deep donor) [78]. It was until 2007, when Janotti and Van de Walle showed by DFT that substitutional hydrogen in an oxygen site (HO) acted as a shallow donor, as depicted in Figure 1-22(c), hence answering the oxygenpartial-pressure versus conductivity dependence. Then, these two shallow donors were uniquely identified in an outstanding study of combined characterizations involving Raman spectroscopy, IR absorption, photoluminescence, and photoconductivity by Lavrov et al. [152], these results are further discussed in the state-of-the-art of Chapter 3.

As previously shown in Figure 1-12 for O-rich conditions, the VZn is the lowest energy native defect in n-type ZnO. Curiously, in hydrogen-rich conditions, it is possible to hydrogenate/passivate these VZn defects and form VZn-nH complex defects, as shown in Figure 1 This section introduced the major role of hydrogen-related defects in the ZnO crystal structure, particularly of Hi and HO, as an important source of n-type conductivity in ZnO. The state-of-the-art of Chapter 3 will further develop the effect of these extrinsic point defects in the context of ZnO nanowires grown by chemical bath deposition. Addressing the issue of hydrogen-related defects is an important milestone toward the optimization of ZnO nanowires for their application in piezoelectric devices.

1. 4 ) coming from the precursors (Zn(NO 3 ) 2 and HMTA) are abundant in the CBD solution. Hence, they can promote the incorporation of nitrogen-related defects within the ZnO NWs crystal structure. Among the group V, nitrogen is an interesting candidate for its incorporation in ZnO because its atomic size is close to that of oxygen. In 2002, Park et al. investigated by first principle calculations the effect of p-type doping in ZnO and concluded that substitutional nitrogen in the oxygen site (NO) was a promising candidate for achieving a p-type ZnO due to its smallest ionization energy [START_REF] Park | Origin of p-type doping difficulty in ZnO: The impurity perspective[END_REF]. Later, evidence of vibrational modes of N-H bonds were shown in as grown ZnO single crystals [154] and in nitrogen-doped ZnO films grown by MOCVD [START_REF] Li | Hydrogen passivation effect in nitrogen-doped ZnO thin films[END_REF]. In this last study in 2005, Li et al. investigated the formation of the NO-H complex with first principle calculations and showed that the passivation of NO -with H + would form neutral defect complexes, hence compensating the nitrogen-related acceptors [START_REF] Li | Hydrogen passivation effect in nitrogen-doped ZnO thin films[END_REF]. This assumption was proved one year later, when the same team prepared ZnO:N films by MOCVD with very high levels of nitrogen (~10 21 cm -3 ), however the acceptor concentrations were relatively low (from 10 14 to 10 17 cm -3 ). This was possibly due to the passivation effects of the unintentional incorporation of hydrogen and carbon impurities within the ZnO structure [START_REF] Li | Impurity effects in ZnO and nitrogen-doped ZnO thin films fabricated by MOCVD[END_REF]. It was until 2013, when Reynolds et al. claimed the formation of a complex involving a VZn, NO, and an ionized hydrogen (H + ) (i.e., VZn-NO-H + ), acting as a shallow acceptor with an approximated ionization energy of 134 meV. The formation of these complex defects were shown through Raman spectroscopy and photoluminescence in N-doped ZnO films grown by organometallic vapor phase epitaxy (OMVPE), with in situ and ex situ annealing procedures under N-rich atmospheres [157]. However, recent DFT calculations have challenged the nature of the VZn-NO-H defect by claiming its deep [START_REF] Amini | The role of the V Zn -N O -H complex in the p-type conductivity in ZnO[END_REF] or shallow [START_REF] Yong | H-stabilized shallow acceptors in N-doped ZnO[END_REF] acceptor character.

The state-of-the-art of Chapter 3 will further develop the nitrogen-related defects observed in ZnO nanowires grown by chemical bath deposition.

Compensatory p-type doping in ZnO nanowires grown by chemical bath deposition

ZnO nanowires grown by chemical bath deposition have a high charge carrier concentration (10 17 to 10 18 cm -3 , as shown in Table 1-X) due to various point defects that give them an unintentional n-type conductivity. The massive incorporation of hydrogen (to be developed in Chapter 3), shall promote a massive screening of the piezoelectric potential, as detailed in Section 1.3.2. It is thus, vital to find strategies to develop highly resistive ZnO nanowires by i) decreasing the hydrogen-related defects acting as shallow donors, ii) identifying p-type dopants capable of incorporating and activating in ZnO nanowires grown by chemical bath deposition.

Elements of columns IA (Li, Na), IB (Cu) or V (N, P, As, Sb) are candidates for p-type doping that has been extensively developed for ZnO [79]. Based on this, other studies have attempted to incorporate these elements in ZnO nanowires via chemical bath deposition, with the doping element being added to the bath as an additive [START_REF] Polat | The influence of Cu-doping on structural, optical and photocatalytic properties of ZnO nanorods[END_REF][START_REF] Chow | Synthesis and characterization of Cu-doped ZnO one-dimensional structures for miniaturized sensor applications with faster response Sensors Actuators[END_REF][START_REF] Huo | High-performance Sb-doped p-ZnO NW films for self-powered piezoelectric strain sensors[END_REF][163][164][165][166][167][168][169][170]. However, obtaining a stable and repeatable p-type doping remains challenging because of (i) the incorporation From the column IA, lithium (Li) is an interesting element based on several promising experimental results [166][167][168][169]. The Li atom resides on the substitutional Zn site (LiZn) and the neighboring O atoms suffer significant relaxation, with a relatively shallow acceptor level (90 meV) [START_REF] Park | Origin of p-type doping difficulty in ZnO: The impurity perspective[END_REF]. When the Fermi level is closer to the valence-band maximum with the formation of LiZn, the formation of Lii acting as a shallow donor becomes more favorable, hence the ptype doping is limited due to the formation of self-compensating interstitial donors. However, under the experimental conditions of chemical bath deposition with an oxygen-and hydrogenrich environment, the formation of LiZn is expected to be more favorable From the column IB, copper (Cu) is a promising candidate for p-type doping of ZnO nanowires, with a substitutional Cu with a transition energy of 0.7 eV [172]. Additionally, copper has the main benefit of not forming self-compensating interstitial donors [172], and its atomic size is close to that of zinc, facilitating its incorporation into ZnO. Many studies have reported the preparation of Cu-doped ZnO nanowires by chemical bath deposition 1.5 ANR Roller Project -Final remarks 1-32 [START_REF] Polat | The influence of Cu-doping on structural, optical and photocatalytic properties of ZnO nanorods[END_REF][START_REF] Chow | Synthesis and characterization of Cu-doped ZnO one-dimensional structures for miniaturized sensor applications with faster response Sensors Actuators[END_REF]173]. Lausecker et al., a member of our team in the LMGP, conducted a complex study demonstrating deep insights into the physicochemical processes and incorporation mechanisms of Cu into ZnO nanowires grown under various conditions by chemical bath deposition [132]. Figure 1-24(c) shows how the nature of the nucleated Cu(II) species, and the incorporation mechanisms varies according to the initial pH (pH0) of the CBD solution [132].

Another option is to use elements from the V column, where arsenic (As), and antimony (Sb) occupy the Zn sites while forming a complex with two Zn vacancies (AsZn-2VZn and AsZn-2VZn). These complexes show ionization energies of 150 and 160 meV for the As-and Sb-related complexes [174], respectively. In 2011, Wang et al. proposed a strategy for the synthesis of Sb-doped ZnO nanowires by chemical bath deposition, where the antimony precursor consisted of the Sb 3+ ions stabilized by α-hydroxycarboxylate ligands [170]. These Sb-doped ZnO NWs showed a carrier concentration of 6×10 17 cm -3 and field effect mobility of 1.2 cm 2 V s ⁄ . Then, several studies of Sb-doped ZnO nanowires prepared by chemical bath deposition have been reported [START_REF] Huo | High-performance Sb-doped p-ZnO NW films for self-powered piezoelectric strain sensors[END_REF][175][176][177]. In the framework of this thesis, antimony was selected as the compensatory dopant for ZnO nanowires and further information of the state-of-the-art will be given in Chapter 6.

ANR Roller Project -Final remarks

This thesis was developed with the financial support from the French National Research Agency through the project ROLLER (ANR-17-CE09-0033) [178]. The main objective of this research project was to develop resistive, unipolar and ordered ZnO NW arrays embedded in a polymer matrix for their integration into efficient flexible sensors designed from FEM simulations for optimizing electromechanical coupling and adapted to biological media. Given that the growth of the ZnO NWs occurs by CBD, important opportunities arise due to the known piezoelectric screening effect (see Section 1.3.2) caused by the high free carrier density produced by the hydrogen-related defects (see Section 1.3.2) incorporated in their crystal structure. Hence, to address the main objective of the ANR ROLLER project, two objectives were defined at the beginning of the thesis:

Objective 1.
Fabrication and characterization of resistive ZnO NWs grown by chemical bath deposition.

Objective 2.

Migrate the ZnO NWs technology into a flexible substrate for flexible piezoelectric sensors.

Chapter 1 Pressure sensors based on array of ZnO nanowires 1-33 As a result, with the proper knowledge and targeted engineering of the hydrogen-, nitrogen-, and antimony-related defects, resistive ZnO NWs grown by chemical bath deposition were implemented in a flexible substrate to address the Objective 2. Hence, Chapter 7 shows two different approaches to incorporate ZnO NWs in a VING in capacitive mode. The final devices developed in Chapter 7 are the deliverable of the ANR Roller Project [178] and demonstrate the attractiveness and existing opportunities for exploiting these ZnO NWs as piezoelectric sensors. This brief chapter aims to gather the experimental and characterization procedures that are recurrent along this thesis, hence simplifying the text along this manuscript. The first section details the chemical bath deposition (CBD) technique used for the spontaneous nucleation of ZnO NWs. Then, it develops the ex situ thermal annealing treatment under oxygen atmosphere. The second section details the different characterization procedures used along the thesis for the in depth study of the morphology, structural, electrical, optical and chemical properties of the ZnO NWs grown by CBD.

Experimental procedures for ZnO nanowires
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Experimental procedures for ZnO nanowires

Growth of ZnO nanowires by chemical bath deposition

The synthesis of ZnO NWs is performed following a double-step process, as detailed in schematic Figure 2-1. First, the polycrystalline ZnO seed layers are deposited by dip-coating on Si(100), corning glass and fused quartz substrates, precleaned with acetone and isopropyl alcohol in an ultrasonic bath (Figure 2-1(a,b)). A solution containing 375 mM zinc acetate dihydrate (Zn(CH3COO)2•2H2O, Sigma-Aldrich) and 375 mM monoethanolamine (MEA, Sigma-Aldrich) in pure ethanol was initially stirred for several hours at 60 °C on a hot plate and then at room temperature. The substrates were subsequently dipped in the solution under controlled atmosphere (<15% hygrometry) and annealed for 10 min at 300 °C on a hot plate for the evaporation of the residual solvent and for 1 h at 500 °C in an oven under air for the crystallization of the polycrystalline ZnO seed layer [1]. Second, the ZnO NWs are grown by CBD in a sealed reactor containing an aqueous solution of zinc nitrate hexahydrate (Zn(NO3)2•6H2O, Sigma-Aldrich) and HMTA (C6H12N4, Sigma-Aldrich) mixed in an equimolar ratio of 30 mM (Figure 2-1(c)) in deionized water. As depicted in Figure 2-1(c), the substrate with the polycrystalline ZnO seed layer is placed facing down on top of the inert glass holders. Then, the sealed reactor was placed for 3 h to 5 h in an oven maintained at 85 °C corresponding to a pH value of about 5.5 [2]. The time length of the experiments will have a direct impact on the length of the ZnO NWs [3]. The nucleation of ZnO is thermally activated and it promotes the heterogeneous nucleation of ZnO NWs (see Figure 2-1(d)) and the homogeneous nucleation of ZnO nano/microparticles, generally seen as suspended white powder.

Ex situ thermal annealing treatment in a tubular oven

The ex situ thermal annealing treatment is performed in a tubular oven consisting of a fused quartz tube. A dedicated quartz tube (with smaller diameter) and a silicon sample holder are cleaned with a diluted-HCl cleaning solution and later rinsed with deionized water to avoid residual contaminants. Then the ZnO NWs samples are placed on top of the silicon sample holder The tubular oven is sealed and a series of purges consisting of vacuum and filling with dry oxygen are applied to remove the residual air inside the chamber. Then, with a fixed dry oxygen flow, the heating ramp was set to 20 °C per minute and generally the annealing treatments last for 1 h in the required temperature, with the working range of temperatures between 200 and 1000 °C. Finally, the cooling rate was 60 °C per minute and the oven is not open until the samples cool down to room temperature.

Characterization procedures

Structural characterization by FESEM and EDS-FESEM

The morphology of ZnO NWs was evaluated with a FEI Quanta 250 field-emission scanning electron microscopy (FESEM) instrument were the samples were cleaned with dry nitrogen and clamped in the sample holder with a metallic clamp, to assure good electrical conductivity. In particular cases, FESEM with energy-dispersive X-ray spectroscopy (EDS) spectra were recorded on top of a single ZnO NW using a Bruker X-ray detector incorporated in the FEI Quanta 250 FESEM operating at 15 kV. The single ZnO NWs were probed with the spot acquisition mode.

Access of the vibrational properties by Raman spectroscopy

Raman spectroscopy is an experimental methodology used for obtaining information about the lattice vibrational modes (phonons) of a crystal. It allows to determine the crystallographic structure and molecular composition of the studied material. Particularly, it can detect the effect 2.2 Characterization procedures 2-6 that doping elements cause in the vibrational properties of a crystal. Hence, by acquiring the Raman spectra of the ZnO NWs, specific signatures of the nature of hydrogen-, nitrogen-, antimony-related defects and the wurtzite crystalline quality will contribute to the in-depth studies to be developed from Chapter 3 to Chapter 7. The following section will develop the principles of Raman effect and later the experimental procedure is detailed.

2.2.2.1

Principles of the Raman effect When light interacts with matter (a medium), the photons may be absorbed, scattered or have no interaction at all and pass through it. In the scattering process, the scattered photons that interacted with the medium can be collected at an angle to the incident light beam.

In 1928, Sir C. V. Raman discovered the Raman effect, defined as the inelastic scattering of a photon caused occurring when a medium slightly modifies the frequency of the incident electromagnetic wave. Raman spectroscopy uses a single-frequency radiation source to irradiate the sample, and it is the frequency shift that corresponds to the exchange of energy between the incident light beam and the material (scattered radiation) that is detected [4].

The wurtzite structure of ZnO has six optical phonon modes in the center of the Brillouin zone, and can be classified according to the following irreducible representation [5]:

Γ opt =A 1 +E 1 +2E 2 +2B 1 ( 2-1)
The A 1 and E 1 modes each have a longitudinal (LO) and a transverse mode (TO), which are active Raman modes. The B 1 modes are Raman silent modes and generally not observed, but in special conditions of crystal asymmetry [6] they provide important information (as detailed in Chapter 5 and Chapter 6). Finally, the E 2 modes are separated into a low frequency E 2 low mode and a high frequency E 2 high , which are both Raman active modes. The observation of these modes depends on the configuration of the experimental measurements. In this thesis, the Raman scattering configuration is the z(-,-)z ̅, following the Porto notation [7]. shows the schematic of this configuration, where the z and z ̅ define the direction of the incident and scattered light, respectively. Furthermore, the measurements were performed with no polarization selection on the scattered beam, hence the Chapter 2 Experimental, first-principle calculations and characterization procedures for ZnO nanowires 2-7 (-,-) is defined for the polarization. This means that the measurements were performed so that the incident light beam is parallel to the c-axis of the ZnO NWs, and thus perpendicular to the surface.

For this particular configuration, only 3 main modes are detected, namely A 1 (LO), E 2 low , and E 2 high [5]. These modes correspond to the vibrations of the atoms presented in Figure 2-3(a).

The A 1 (LO) mode corresponds to the vibrations of the Zn-O bonds in the wurtzite phase along the c-axis. The E 2 low mode corresponds to the vibrations between the zinc atoms and the E 2 high mode corresponds to the vibrations between the oxygen atoms. These last two vibrational modes are perpendicular to the c-axis and operate in the basal plane. On a Raman spectrum, it is also possible to highlight combinations of modes, namely second-order modes, such as E 2 high -E 2 low or the 2E 2 low [5]. Table 2-I shows the essential wurtzite Raman modes expected for ZnO NWs with their respective vibrational mode frequency. Raman spectroscopy of ZnO NWs was performed with a Horiba/Jobin Yvon Labram spectrometer equipped with a liquid nitrogen-cooled CCD detector located in the LMGP Laboratory. As suggested by Refs. [5,9,10], a 514.5 nm Ar + laser (i.e., green laser) with a power on the sample surface ~0.51 mW was focused to a spot size ~1 µm 2 using a 100× objective. The integration time was set to 200 s per spectral window from 50 cm -1 to 3750 cm -1 . The Raman spectrum acquisition was achieved in a z(-,-)z ̅ geometry, where the laser probes the ZnO NWs from the top. Additionally, in situ postdeposition annealing studies were performed under an O2 atmosphere, using a 50× objective. Temperature control was performed using a commercial Linkam heating stage (THMS600). 

Characterization procedures
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A silicon reference sample was used for spectrum calibration at room temperature, with the theoretical Raman line set to 520.7 cm -1 . Generally, the bulk treatment of the x-axis of the acquired spectrum is performed using the Spectragryph software [11]. With this software, the treatment of spikes, noise removal and background removal are performed. Additionally, the peak intensity, position and full width at half maximum (FWHM) can be easily obtained with the "Analize + extract data" function from this software. The Origin(Pro) software has also been used for the advanced deconvolution of Lorentzian peaks in close proximity [12].

Cathodoluminescence spectroscopy at 5 K

The interaction of an electron beam with an energy in the range of keV with a semiconductor material leads to different types of signals that can be used for its characterization, as shown in Figure 2345. The cathodoluminescence (CL) spectra of ZnO NWs was acquired in Institut Neel. The following subsections will detail the principles of cathodoluminescence and the experimental methodology.

2.2.3.1

Principles of the cathodoluminescence spectroscopy Cathodoluminescence defines the technique of exciting luminescent materials by an electron beam, which subsequently leads to the emission of photons with wavelengths between the ultraviolet (UV), visible range and infrared (IR). Hence, light is emitted as the result of electronic transitions between energy levels of about 1 eV to about 3.5 eV [13]. Given that ZnO is a direct band gap semiconductor, Figure 2-6(a) shows a schematic of the energy transition in a radiative recombination between electrons and holes from the CBM and the VBM, respectively. The CL emission spectra can be classified between (i) intrinsic, or near band edge (NBE), emission and (ii) extrinsic or defect band emission [13,15,16]. The NBE emission refers to the recombination of electrons and holes across the fundamental energy gap, i.e. in ZnO it should be an emission of ~3.62 eV [17,18]. In the case of the presence of impurities within the crystal structure, the CL emission shows important contributions caused by the impurity atoms or other defects such as intrinsic point defects.

The incident electron beam can promote electrons to the conduction band, causing the electron and hole become free. At low temperature, these electron-hole pairs can form a bound state, defined as exciton and generally denoted as X. As expected from a semiconductor, the cathodoluminescence spectra is highly dependent on temperature and these effects are observed in the energy position and the intensity of the emission lines in the CL spectra. The effect of temperature in the CL spectra is due to two main causes: (i) lattice dilatation influencing the energy position of band states and (ii) the electron-phonon interactions [13,16]. In the present thesis, the cathodoluminescence spectra are measured at liquid helium temperature, giving an experimental measurement of 4.9 K. The 5 K cathodoluminescence (CL) acquisition was performed on ZnO NWs with a FEI Inspect F50 FESEM instrument equipped with a liquid helium-cooled stage. The samples were glued with silver paste in a conductive sample holder and placed inside the FESEM equipment. An electron beam with a low acceleration voltage of 5 kV and a small spot size (i.e., less than 10 nm) was used to probe the ZnO NWs in scan mode. Depending on the study, two different conditions were used to probe the ZnO NWs, with (i) an array of vertically aligned ZnO NWs with a magnification of 400 000× (Figure 2-7(a)) and (ii) single ZnO NWs dispersed in a SiO2/Si (Figure 2-7(b)). A parabolic mirror controlled with nanomanipulators helped to collect the cathodoluminescence signal on a 550 mm focal length monochromator equipped with 600 grooves/mm diffraction grating. Cathodoluminescence spectra were recorded with a thermoelectric cooled silicon CCD detector. The acquired CL spectra were calibrated with the emission line from a mercury line, with a theoretical emission line at 404.66 nm [19]. The bulk treatment of these data was performed using the Spectragryph software [11]. Additionally, the peak intensity, position and full width at half maximum (FWHM) can be easily obtained with the "Analize + extract data" function from this software. The Origin(Pro) software has also been used for the advanced deconvolution of Lorentzian peaks in close proximity [12].

In situ pH measurement

During the growth of ZnO NWs detailed in Chapter 5 and 6, the in situ measurement of pH and temperature was performed with an InLab Versatile Pro pH electrode from Mettler Toledo. The pH electrode is calibrated with the respective buffer solutions at room temperature. Then the pH measured along the experiments is automatically corrected by the device according to the respective temperature of the sample. The final raw data is transferred to a personal computer and plotted with the Origin(Pro) software [12].
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X-ray diffraction

The identification of the phase, structure and orientation of the ZnO NWs was performed by X-ray diffraction (XRD) using the Bragg-Brentano configuration. The used equipment was a Bruker D8 Advance Serie II diffractometer with a monochromatic Cu Kα1 radiation (λ = 0.15406 nm), with an instrumental shift corrected by aligning the Si(400) diffraction peak to its theoretical value of 69.132°. The instrumental shift was corrected in the DIFFRAC.SUITE EVA program from Bruker. The ZnO diffraction peaks were indexed according to the ICDD 00-036-1451 file. The fitting of the XRD peaks was performed using the Fityk software [20].

Scanning transmission electron microscopy (STEM)

Scanning transmission electron microscopy (STEM) specimens were prepared by dispersing ZnO NWs on a copper grid, using a diamond tip. STEM-EDS spectra and maps of single/dispersed ZnO NWs were collected with a JEOL SDD Centurio detector having a large solid angle of up to 0.98 steradians incorporated in a JEOL 2100F field-emission-gun scanning electron microscope operating at 200 kV and having a 0.2 nm resolution in the scanning mode.

Electrical characterization

Current-Voltage (I-V) characteristics were obtained using a source-measurement unit (Keithley 2636B source-meter). Two type of electrical measurements were performed in the thesis: (i) four-point-probe electrical measurements in a single ZnO NW, in Chapter 3 and Chapter 4, and (ii) two-probe electrical measurements on a planarized array of ZnO NWs, Chapter 4. Due to the specific conditions of each electrical characterization, the procedures of the acquisitions will be developed in their respective chapter. However, in the present section the process flow for contacting each device performed in the Clean Room facility 1 of Institut Neel, Grenoble, France.

2.2.7.1

Four-point-probe contact on a single ZnO nanowire

The procedure for connecting a set of 5 single ZnO NW with four-point probe metal contacts required an investment of approximately 14 working hours. The procedure consisted in the following 4 main steps: (i) substrate preparation, (ii) identification of the NW, (iii) contact design, (iv) final contact preparation. Each step will be detailed in the following list and an example of the procedure is observed in Figure 2345678, with the contact of the ZnO NW identified as (y1).

(i)

Substrate preparation 1 Special thanks to the Nanofab team at Neel Institute.
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2-12 a. A highly conductive Si substrate with 50 nm of SiO2 (Si/SiO2) was prepared via a laser lithography process with a "Chessy" design to identify the location and facilitate the alignment of the ZnO NW. b. The procedure was performed with a standard lithography process: spin coating of S1805 (recipe for 400 nm), UV exposure, development with microdeposit developer, final clean with oxygen plasma (10 W for 3 s), the deposition of Ti/Au (5 nm/30 nm), and the final lift-off with acetone. c. The final result can be visualized in Figure 2345678b,c). (ii)

Identification of the NW a. Alignment of SEM LEO 1530. i. Alignment of the column with the required apertures, current measurement (for dose calculation), calibration of fields and diaphragms. b. Field calibration of the aperture and the field of view. c. Set a 0,0 (x,y) mark on the sample (a specific location in the Chessy pattern). d. Locate the NW, record the position and take pictures (one per field of view) (iii) Contact design a. Perform a mask with the software ELPHY plus for each nanowire, using the pictures taken at each field of view. (iv)

Final contact preparation a. Spin coating with PMMA (recipe for 450 nm). b. Exposure of the ZnO NWs i. Perform all the calibrations and procedure detailed in (ii) ii. Locate and center the NW with the prepared design and proceed to use the recipe for exposure of PMMA at each field of view. iii. Repeat the process for the other NWs. c. Develop the exposed ZnO NWs with MIBK:IPA (1:3) for 30 s. Proceed with an immediate rinse with IPA. d. Clean with oxygen plasma (10 W for 10 s). e. Metal evaporation of the contacts and final lift-off in acetone. f. Perform final verification of contacts with SEM imaging (see Figure 2345678). 
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Planarization and two-probe contact deposition on an array of ZnO nanowires

The procedure for connecting an array of ZnO NWs with two-point probe was relatively simpler than the procedure for contacting a single ZnO NW. The procedure consisted in the following 2 main steps: (i) ZnO NWs planarization, and (ii) lithography process. Chapter 2 Experimental, first-principle calculations and characterization procedures for ZnO nanowires 2-15

Density Functional Theory Methodology

To investigate in more detail the role of hydrogen and nitrogen in ZnO, density-functional theory (DFT) calculations were performed using the Vienna ab initio simulation package (VASP) code with projector-augmented wave (PAW) potentials [21,22] under the Perdew-Burke-Ernzerhof derivation of the generalized gradient approximation (GGA-PBE) [23,24]. These DFT calculations were performed by Prof. Joseph Kioseoglou 2 and the results are presented in Chapters 3 and 5.

General DFT methodology

A Monkhorst-Pack mesh of 8 × 8 × 6 for the 1 × 1 × 1 unit cell was set to define the reciprocal-space resolution corresponding to the k-point mesh generation. The k-point mesh was Γ-centered, and the cutoff energy was set to 600 eV. A 4 × 4 × 3 supercell composed of 192 atoms was used to ensure the structural relaxation and the accurate calculations of the optoelectronic properties of point defects in ZnO. Extensive tests concluded that these properties cannot be accurately determined in smaller sized supercells. The convergence with respect to k-point sampling, slab, and vacuum thickness was explicitly checked.

The DFT + U method was selected to accurately calculate the electronic structure and optical properties, as a computational cost-efficient method in large-sized supercells [25]. The values of the Hubbard parameters U were incorporated for the d states of Zn (𝑈 𝑑,𝑍𝑛 ) and p states of O (𝑈 𝑝,𝑂 ) to produce good lattice constants and band gap energy of 3.4 eV for ZnO [26]. The following U values were taken [27]: 𝑈 𝑑,𝑍𝑛 = 10.5 eV and 𝑈 𝑝,𝑂 = 7.0 eV. The application of self-consistent values of U produces electronic structures that are in better agreement with hybrid functional calculations, as well as almost universally in better agreement with the experimental lattice geometry [28]. The s states of H were treated at the PBE level, which is a common approach for these atoms. The p states of N were introduced using the same U value as the p states of O: 𝑈 𝑝,𝑁 = 7.0 eV. This assumption considering 𝑈 𝑝,𝑂 = 𝑈 𝑝,𝑁 as reported in Refs. [25,29,30] is realistic and consistent because N atoms substitute for O atoms in the ZnO lattice. The oxygen chemical potential (µO) was set to -2.11 eV, corresponding to intermediate growth conditions. The formation energies of each point defect complex were computed using the well-established formalism described in Ref. [31]. The detailed expression for the formation energy of a defect in a specific charge state (Q) is fully developed in the next subsection.

Detailed expression for the formation energy of a defect (ΩD)

The formation energy of defects requires examining the modification of the chemical potentials of species upon introducing a vacancy or impurity atoms in the simulation supercell. In pure bulk ZnO, the chemical potentials should satisfy the following relations [32]:

𝜇 𝑍𝑛𝑂 𝑠 = 𝜇 𝑍𝑛 + 𝜇 𝑂 ( 2-2)
2 Physics Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
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∆𝐻 𝑍𝑛𝑂 𝑓 = 𝜇 𝑍𝑛𝑂 𝑠 -𝜇 𝑍𝑛 𝑠 -𝜇 𝑂 2 𝑔 ( 2-3)
where (∆𝐻 𝑍𝑛𝑂 𝑓 ) is the heat of formation of ZnO, (𝜇 𝑍𝑛𝑂 𝑠 ) is the chemical potential of the bulk ZnO in the wurtzite phase and, (𝜇 𝑍𝑛 𝑠 ) and (𝜇 𝑂 2 𝑔 ) are the chemical potentials of the condensed (Zn metal) and of the gaseous (O2) phases, respectively. Then these expressions can conveniently be re-written as:

𝜇 𝑍𝑛 = 𝜇 𝑍𝑛 𝑠 + (1 -𝜆) × ∆𝐻 𝑍𝑛𝑂 𝑓 ( 2-4) 𝜇 𝑂 = 𝜇 𝑂 2 𝑔 + 𝜆 × ∆𝐻 𝑍𝑛𝑂 𝑓 ( 2-5)
Where 𝜆 (0 ≤ 𝜆 ≤ 1) is a parameter defining O-rich (𝜆 = 0) or Zn-rich (𝜆 = 1) conditions. The chemical potential difference between species is then given by:

∆𝜇 = (𝜇 𝑍𝑛 -𝜇 𝑍𝑛 𝑠 ) -(𝜇 𝑂 -𝜇 𝑂 2 𝑔 ) = (𝜇 𝑍𝑛 -𝜇 𝑂 ) -(𝜇 𝑍𝑛 𝑠 -𝜇 𝑂 2 𝑔 ) = (1 -2𝜆) × ∆𝐻 𝑍𝑛𝑂 𝑓 ( 2-6)
and should satisfy the obvious condition:

-∆𝐻 𝑍𝑛𝑂 𝑓 ≤ ∆𝜇 ≤ ∆𝐻 𝑍𝑛𝑂 𝑓 (𝜆 = 1) (𝜆 = 0) 𝑍𝑛 -𝑟𝑖𝑐ℎ 𝑂 -𝑟𝑖𝑐ℎ ( 2-7)
The formation energy of an electrically neutral defect at 𝑇 = 0 𝐾 is given by [33]:

Ω 𝐷 (𝜇 𝑍𝑛 , 𝜇 𝑂 ) = 𝐸 𝐷 - 1 2 (𝑛 𝑍𝑛 + 𝑛 𝑂 )𝜇 𝑍𝑛𝑂 𝑠 - 1 2 (𝑛 𝑍𝑛 -𝑛 𝑂 )(𝜇 𝑍𝑛 𝑠 -𝜇 𝑂 2 𝑔 ) - 1 2 (𝑛 𝑍𝑛 -𝑛 𝑂 )∆𝜇 ( 2-8) 
Where 𝑛 𝑍𝑛 and 𝑛 𝑂 , represent the numbers of Zn and O atoms, respectively. By combining the relations above, one easily obtains:

Ω 𝐷 (𝜇 𝑍𝑛 , 𝜇 𝑂 ) = 𝐸 𝐷 -𝐸 𝑟𝑒𝑓 𝑡𝑜𝑡𝑎𝑙 -𝑛′ 𝑍𝑛 𝜇 𝑍𝑛𝑂 𝑠 -(𝑛′ 𝑂 -𝑛′ 𝑍𝑛 )𝜇 𝑂 ( 2-9)
where, 𝐸 𝑟𝑒𝑓 𝑡𝑜𝑡𝑎𝑙 is the total energy of the reference structure, and 𝑛′ 𝑍𝑛 , 𝑛′ 𝑂 are the differences between the numbers of Zn and O atoms in the defected supercells and in the reference structures, respectively. Equally, the formation energy of a defect in a specific charge state (𝑄) is given by:

Ω 𝐷 (𝜇 𝑍𝑛 , 𝜇 𝑂 ) = 𝐸 𝐷 -𝐸 𝑟𝑒𝑓 𝑡𝑜𝑡𝑎𝑙 -𝑛 ′ 𝑍𝑛 𝜇 𝑍𝑛𝑂 𝑠 -(𝑛 ′ 𝑂 -𝑛 ′ 𝑍𝑛 )𝜇 𝑂 + 𝑄(𝐸 𝐷 𝐹𝑒𝑟𝑚𝑖 + 𝐸 𝑟𝑒𝑓 𝑉𝐵𝑀 ) ( 2-10)
where, 𝐸 𝐷 𝐹𝑒𝑟𝑚𝑖 is the Fermi-level energy of the defective system with respect to the Valence Band Maximum (VBM), 𝐸 𝑟𝑒𝑓 𝑉𝐵𝑀 , in the reference system, shifted by the difference between average electrostatic potentials in the defected and the reference systems.

Luminescence transitions calculations by DFT

The luminescence positions of the hydrogen-and nitrogen-related defects were calculated within the Franck-Condon approximation in the framework of the effective one-dimensional configuration coordinate model, where the configuration coordinate Q connects the initial and final states [17,34]. DFT + U method. The resulting emission energy (Eem) and absorption energy (Eabs) were deduced from the following relations:

Eem = EZPL -ΔEg ( 2-11) Eabs = EZPL + ΔEe ( 2-12)
where ΔEg and ΔEe are the relaxation energies of the ground and excited states referred to as Franck-Condon shifts, respectively. 

Concluding remarks

This Chapter developed the experimental and characterization procedures that support the in-depth study of the ZnO NWs of Chapters 3-7. Additionally, the first-principle calculations by DFT will support the study of the hydrogen-and nitrogen-related defects of Chapters 3-7, and complement the cathodoluminescence spectroscopy with the theoretical luminescence transitions of these defects, as detailed in Section 2.3.3.

The results from these characterizations will grow the knowledge, in a foundational manner, from one Chapter to the other, uncovering the path towards engineering resistive ZnO NWs grown by CBD. This Chapter is dedicated to set the foundations for this thesis and reveal the major role of hydrogen-and nitrogen-related point defects in the overall properties of spontaneously grown ZnO NWs via chemical bath deposition. The main breakthroughs on the topic are developed in the state-of-the-art from Section 3.1. The chapter is divided in two main parts. The 1 st part, is an overview of the morphology of spontaneously grown ZnO NWs (Section 3.2) along with the presentation of the DFT calculation about the hydrogen-and nitrogen-related defects (Section 3.3). Later, the 2 nd part gives evidence of the incorporation of these defects in ZnO NWs (Section 3.4) with Raman spectroscopy, 5 K cathodoluminescence and four-point probe electrical measurements in single ZnO NWs. With these results, the great opportunity existing toward the engineering of hydrogen-and nitrogen-related defects is exposed and opens the path for the different engineering strategies to be presented in the Chapters 3 to 7.

As detailed in the following sections, the 1 st part and 2 nd part are based on the published articles:

Villafuerte, J. et al. Zinc Vacancy-Hydrogen Complexes as Major Defects in ZnO Nanowires Grown by Chemical Bath Deposition. J. Phys. Chem. C 124, 16652-16662 (2020).

Villafuerte, J. et al. Engineering nitrogen-and hydrogen-related defects in ZnO nanowires using thermal annealing. Phys. Rev. Mater. 5, 056001 (2021).
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State-of-the-art: Extrinsic point defects in ZnO nanowires

As introduced in Table X of Chapter 1, the electron density of ZnO nanowires lies in the range of ~10 17 to ~10 19 cm -3 . This high electron density indicates the formation of a high concentration of intrinsic/extrinsic point defects in their center. The nature of intrinsic/extrinsic point defects governing the electronic structure properties of ZnO in the form of single crystals and epitaxial films has been highly debated over the last two decades [1,2]. As discussed in Chapter 1, the oxygen vacancy (VO) with its low formation energy over a broad range of Fermi level has been identified, in the past, as one of the major intrinsic point defects. However, a consensus has emerged progressively on the fact that VO acts as a deep donor and thus it cannot account for the high electron density in unintentionally doped ZnO [3][4][5][6][7][8][9][10][11]. Zinc vacancy (VZn) with its low formation energy when the Fermi level is close to the conduction band minimum (CBM) has been shown to be formed as well, but it acts as a deep acceptor and thus it cannot explain the source of n-type conductivity in unintentionally doped ZnO either [6,12].

Then, when comparing the growth of ZnO nanowires (NWs) with different techniques, chemical bath deposition (CBD) provides a low-temperature and a growth environment rich in residual impurities such as hydrogen, nitrogen, and carbon [13]. The combination of these factors provides special characteristics to the ZnO NWs and helps them with the incorporation of extrinsic point defects denoted as hydrogen-and nitrogen-related defects. These hydrogenand nitrogen-related defects have been initially discussed in Section 1.3 of Chapter 1. However, in the following section, these defects will be developed under the perspective of ZnO NWs grown by CBD.

Hydrogen-related defects in ZnO nanowires

The predominance of hydrogen-related defects has been emphasized using density functional theory (DFT) calculations performed by Van de Walle in 2000, showing that hydrogen exhibits a unique positive charge state over the expected range of Fermi level in ZnO acting always as a donor [14], as depicted in Figure 1-22 of Chapter 1. This behavior is unique to ZnO, contrasting other semiconductors where hydrogen is known to act as an amphoteric impurity, i.e. hydrogen incorporates as a donor (H + ) in p-type materials, and as an acceptor (H -) in n-type materials [15].

Hydrogen can be incorporated in ZnO in the form of (i) interstitial hydrogen (Hi) [14], with the bond-centered interstitial hydrogen (HBC) acting as the most stable configuration (Figure 3-1(a)), (ii) substitutional hydrogen on the oxygen lattice site (HO) (Figure 3-1(b)) [5], and as well as (ii) zinc vacancy and interstitial hydrogen (VZn-nH) defect complexes, where n is the number of involved Hi atoms and typically lies in the range of 1-4 [16,17], i.e., a zinc vacancy with three interstitial hydrogens (VZn-3H) (Figure 3-1(c)).

In 2002, two donors defined as D1 and D2 were shown by Hofmann et al. via electron paramagnetic resonance (EPR), which were later identified as defects related to hydrogen [18]. In 2009, Lavrov et al. performed the identification of hydrogen-related defects in ZnO through a combined study of Raman scattering, infrared absorption spectroscopy, photoluminescence and photoconductivity measurements. With this combined characterization study, the two Chapter 3 Understanding hydrogen-and nitrogen-related defects in ZnO nanowires grown via chemical bath deposition technique 3-5 hydrogen donors were identified as shallow donors, i.e. HBC and HO [19]. Additionally, hydrogen in ZnO has been experimentally proven by electron nuclear double resonance (ENDOR) spectroscopy [20], photoluminescence [21,22], and Raman spectroscopy [23].

While the HBC defect has been recognized as the most stable configuration, the wide variety of configurations associated with the VZn-nH defect complexes is a complicated issue that has yet to be resolved. The estimated number of participating Hi atoms in this defect complex is yet to be determined. Several reports have contradictorily shown from DFT calculations that VZn-2H or VZn-3H could be the most stable defect complexes [6,16,17,[24][25][26]. In the last decade, hydrogen has been identified in ZnO NWs grown by CBD. In 2012, Huang et al. showed the presence of hydrogen using nuclear magnetic resonance and evaluated their stability as a function of annealing temperature [28]. Later in 2016. Barbagiovanni et al. measured the presence of hydrogen using elastic recoil analysis and investigated their stability as a function of annealing temperature under oxygen atmosphere [29].

A recent study by Cossuet et al. in collaboration between LMGP and Institut NEEL in 2018, showed that ZnO nanorods (NRs) grown by CBD present a bulk-like electrical conduction [27]. The unipolar ZnO NRs were grown directly on Zn-and O-polar single crystals via the selective area growth approach (shown in Chapter 1, Section 1.4.1), hence the substrate polarity was transferred to the NRs. The mean electron densities were approximated to lay in the range of 6.4×10 17 to 1.3×10 18 cm -3 for O-polar ZnO NRs and 5.4×10 18 to 1.1×10 19 cm -3 for the Zn-polar ZnO NRs. The hydrogen-related defects were subsequently identified by Raman and cathodoluminescence spectroscopy, and it was conclusively found that H BC was largely incorporated in both polarities, while H O and V Zn -nH defect complexes were the dominant hydrogen-related defects in O-and Zn-polar ZnO NRs, respectively.

Nitrogen-related defects in ZnO nanowires

The role of nitrogen in the ZnO needs special attention due to the potential compensatory p-type doping that the N-related defects could cause, as developed in Section 1.4.4. The addition of NO in ZnO has been investigated in detail using DFT calculations and it shows that it acts as a deep acceptor [30][31][32][33]. Additionally, in conditions where the hydrogen-rich conditions and given that hydrogen has a low migration barrier in ZnO [34], the formation of the NO-H defect could be expected because its formation energy is lower than the sum of the
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3-6 formation energies of the individual NO and H species [30,31,33]. The formation of the VZn-NO-H complex has also been proposed, and it was suggested that it acts as a shallow acceptor with an ionization energy of 134 meV [35]. However, recent DFT calculations have challenged the nature of the VZn-NO-H complex defect by claiming its deep [32] or shallow [33] acceptor character. As described in Section 1.4, the CBD growth medium contains carbon and nitrogen species coming from the Zn(NO3)2 and the HMTA molecules (depicted in Figure 3-2(a)). Sugunan et al. showed that the HMTA molecules acts as a shape inducing molecule, by capping the nonpolar m-planes of the ZnO nanorods [36], as depicted in Figure 3-2(b). From this adsorption of HMTA in the m-planes of the ZnO, N-H bonds have been identified to be incorporated either in the surface or bulk of ZnO nanowires via photoluminescence [38] and Raman spectroscopy [37,39]. Examples of vibrational modes attributed to N-H bonds are shown in Figure 3-3.

Parize et al. showed that annealing ZnO NWs grown by CBD at 300 °C for 1 h in nitrogen atmosphere, formed a strong vibrational mode at 3070 cm -1 attributed to N-H bonds [37], as Chapter 3 Understanding hydrogen-and nitrogen-related defects in ZnO nanowires grown via chemical bath deposition technique 3-7 depicted in Figure 3-3(a). This mode is in great proximity to the VZn-NO-H defect located at 3078 cm -1 and identified by Reynolds et al. in N-doped films grown by metal organic vapor phase epitaxy (MOVPE) [35], as depicted in Figure 3-3(b). Then, it is clear that N-related defects can also be identified by Raman spectroscopy for hydrothermally grown ZnO NWs. Interestingly, these findings also show that the vibrational mode at 3070 cm -1 is enhanced after annealing, which correlates with the activation shown by Reynolds et al. when annealing at 450 °C for 300 s [35].

Objectives

This Chapter will perform a thorough development of the hydrogen-and nitrogen-related defects found in ZnO NWs grown by CBD with the spontaneous approach. The objectives for this Chapter are the following:

 Objective 1. Evaluate the nature of hydrogen-and nitrogen-related defects by DFT calculations.

By performing the DFT calculations using the VASP code with PAW potentials and GGA-PBE with a 192 atoms supercell, accurate results are expected as compared to previous calculations from literature.  Objective 2. Elucidate the incorporation of hydrogen-and nitrogen-related defects with a combined characterization study with 5 K cathodoluminescence, Raman spectroscopy and four-point probe electrical measurements on a single nanowire. With the knowledge to be developed in this Chapter, the foundations for this thesis will be set by the proper identification and understanding of these extrinsic point defects. Facilitating the analysis of the engineering strategies to be developed from Chapters 4-6.

Spontaneously grown ZnO nanowires via chemical bath deposition

The optimization and control of the electrical and optical properties of ZnO NWs grown by the widely used, low-temperature CBD technique is a critical issue for enhancing the performances of the related piezoelectric [40,41], piezotronic [42], optoelectronic [43], photovoltaic [44], and chemical/biological sensor devices [45]. Accurate knowledge on the nature and concentration of intrinsic-extrinsic point defects governing the electronic structure properties of ZnO NWs is required.

As described in Section 1.3.1., the spontaneous growth approach is a versatile and technologically simple technique to study the crystallization process of ZnO NWs operating in a hydrogen-rich environment. Hence, to properly understand the nature of hydrogen-and nitrogen-related defects, the following chapter is based in the study of ZnO NWs spontaneously grown via the CBD technique.

Structure of crystal defects using density-functional theory
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Morphological properties of ZnO nanowires

The ZnO NWs grown for 5 h via chemical bath deposition, as detailed in Section 2.1.1, have the morphology presented in Figure 34. The formation of vertically aligned nanowires preferentially nucleate along the polar c-axis of the ZnO nanoparticles in the seed layer [46,47]. Specifically, these as-grown ZnO NWs have a hexagonal shape that is typical of their wurtzite structure and present a typical mean diameter and length of 100 ± 27 and 1560 ± 71 nm, respectively.

Figure 34. Cross-sectional and top-view FESEM images of ZnO NWs grown by CBD under standard conditions using the spontaneous growth approach. The scale bar corresponds to 500 and 250 nm for the cross-sectional view and top-view images, respectively.

Structure of crystal defects using density-functional theory

To investigate in more detail the role of hydrogen and nitrogen in ZnO, density-functional theory (DFT) calculations were performed using the VASP code with projector-augmented wave (PAW) potentials [48,49] under the Perdew-Burke-Ernzerhof derivation of the generalized gradient approximation (GGA-PBE) [50,51].

Formation energies of hydrogen-and nitrogen-related defects

This DFT methodology is detailed in Section 2.3. The formation energies of VZn, VZn-nH defect complexes with n = 1-4, and VZn-NO-H defect complex as a function of the Fermi level are presented in Figure 345. The transition levels of the different thermodynamic charge states of VZn, VZn-nH and VZn-NO-H defect complex are gathered in Figure 3456. 
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Hydrogen-related defects

As expected from previous investigations reporting DFT calculations [1,2], VZn is a deep acceptor with a -2 charge state and low formation energy when the Fermi level is close to the conduction band minimum (CBM). In contrast, HBC with the +1 charge state is a shallow donor with very low formation energy regardless of the Fermi level in the band gap, which agrees with Refs. [5,14]. The situation of VZn-nH defect complexes strongly depends on the number n of involved Hi atoms. The VZn-H complex is a deep acceptor with a -1 charge state and fairly low formation energy when the Fermi level is close to the CBM. It is thus unlikely to be ionized 
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3.3 Structure of crystal defects using density-functional theory 3-10 at room temperature. In contrast, the VZn-2H complex is neutral and exhibits low formation energy over a broad range of Fermi level. Both defect complexes are liable to form in ZnO, but their electrical activity is low at room temperature. In contrast, it is shown that the VZn-3H complex is a shallow donor with a +1 charge state that exhibits very low formation energy regardless of the Fermi level in the band gap, suggesting a massive formation in ZnO along with a large electrical activity. In contrast, the VZn-4H complex with a neutral charge state exhibits fairly high formation energy regardless of the Fermi level in the band gap and thus is not expected to play a significant role here. All of the atomic configurations of the VZn-nH defect complexes in the tetrahedral environment of the relaxed wurtzite structure were calculated and the most stable ones are represented in Figure 3-7. To investigate the hydrogen incorporation at the position of a VZn, it should be noticed that two inequivalent positions of H atoms should be considered. The axial position where the H atom saturates the axial oxygen atom and three equivalent basal positions where the H atom is bonded to the basal oxygen atom can be defined. The calculations concluded that for an odd number of H atoms (i.e., VZn-H and VZn-3H), one H atom is systematically bonded to the axial position. Only by the use of a single electron addition (i.e., V Zn -H -1 ) or for the cases of an even number of H atoms (i.e., V Zn -2H), the basal positions are preferential. These basal positions of the H atoms in VZn with the presence of an axial O dangling bond have already been identified experimentally [52,53]. The present DFT calculations show that the HBC and VZn-3H defect complex are both shallow donors, which should be considered as the major source of n-type conductivity in ZnO grown in a hydrogen-rich medium along with HO.

Nitrogen-related defects

The addition of NO in ZnO has been investigated in detail using DFT calculations [30][31][32][33]. NO typically acts as a deep acceptor when the Fermi level is close to the conduction band Chapter 3 Understanding hydrogen-and nitrogen-related defects in ZnO nanowires grown via chemical bath deposition technique 3-11 minimum with a -1 charge state and a relatively large formation energy for intermediate and O-rich conditions [30]. In the ZnO NWs grown by CBD where the hydrogen concentration is large [27] and given that hydrogen has a low migration barrier in ZnO [34], the following reaction spontaneously occurs because the formation energy of the NO-H defect is lower than the sum of the formation energies of the individual NO and H species [30,31,33]:

NO + H → NO-H ( 3-1)
The formation of NO is thus unlikely in ZnO NWs grown by CBD at the benefit of the NO-H defect complex, as it will be revealed in the Raman spectra of Figure 3-11 and Figure 3456789101112 showing no additional modes related to NO in the low-wavenumber range [54] but instead the occurrence of two lines associated with NO-H bonds at 3121 and 3160 cm -1 [55]. It should further be noted that the formation of NZn is even less likely in the present conditions [56]. Additionally, in the ZnO NWs grown by CBD where the concentration of V Zn is large [27], the following reaction spontaneously proceeds as well to form the VZn-NO-H defect complex [33]:

NO + VZn → VZn-NO-H ( 3-2)
In contrast, the formation of the VZn-NO defect complex is unlikely when the hydrogen concentration is large. The formation energy of the VZn-NO-H defect complex lies in the same range as the formation energy of VZn and appears slightly larger than the one of the VZn-H defect complex when the Fermi level is close to the conduction band minimum for intermediate conditions, as shown in Figure 3-5. The VZn-NO-H which agrees with the hybrid functionals study reported in defect complex acts as a deep acceptor with a -2 charge state, Ref. [32]. The density of states (DOS) of the VZn-NO-H defect complex using the PyProcar Python package [57] is presented in Figure 345678. The p states of O and N in the band gap are found to coincide, which is in accordance with the corresponding hybrid functionals study [6]. The (-1/-2) transition level lies at 1.49 eV above the valence band maximum, as represented in Figure 3456.

The stable atomic configurations of the VZn-NO-H defect complex in the relaxed wurtzite structure are presented in Figure 3456789. To investigate the structural configurations of the VZn-NO-H defect complex, all the possible atomistic configurations have been considered taking into account the neutral, +1, -1, and -2 charge states. Initially, the N atom was considered to substitute an O undercoordinated atom in one of the three basal neighboring positions of the VZn as well as the axial O undercoordinated atom. Moreover, the H atom was examined to be bonded with the N atom as well as with the rest of O undercoordinated atoms. In all cases, the energetically favorable H bond interaction is found to be the H-N by about 0.4-0.5 eV with respect to the H-O. On the other hand, the substitution of the axial O undercoordinated atom by an N atom is found to be energetically favorable with respect to the basal substitution by only 0.04 eV, for all examined charge states. Figure 3456789. Structural models for the most stable atomic configuration of the VZn-NO-H defect complex. In (a), the axial VZn-NO-H defect complex is represented. In (b), the basal VZn-NO-H defect complex is represented. The axial configuration is found to be energetically favorable by 0.04 eV with respect to the basal one. Large gray balls, small red balls, small green balls, and small pink balls denote zinc, oxygen, nitrogen, and hydrogen atoms, respectively. The zinc atom in front of the VZn was taken out for the sake of clarity, and only its bonds with the neighboring oxygen atoms are represented.
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Luminescence transitions of hydrogen-and nitrogen-related defects

The luminescence positions of the hydrogen-and nitrogen-related defects were calculated within the Franck-Condon approximation in the framework of the effective one-dimensional configuration coordinate Q, as described Section 2.3.3. [6,25]. The resulting emission energy (Eemission) and absorption energy (Eabsorption) are reported in Table 3-I. The following Section 3.4, will provide evidence of the incorporation of the hydrogen-and nitrogen-related point defects via 5 K cathodoluminescence by using previously calculated theoretical luminescence lines at the given Eemission as reported by DFT. Additionally, Raman spectroscopy and four-point probe electrical measurements will give further evidence of the influence of these defects in the optical and electrical properties of ZnO NWs.

Incorporation of hydrogen-and nitrogen-related defects in ZnO nanowires

In this section, a combination of low-temperature cathodoluminescence measurements and Raman spectroscopy with the DFT calculations (see section 3.3) are used to elucidate the important incorporation of hydrogen-and nitrogen-related defects within the crystal structure of the ZnO NWs grown by CBD in the pristine condition, defined as as-grown.
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Cathodoluminescence spectroscopy of as-grown ZnO nanowires

To correlate the Eemission lines obtained by DFT calculations (see Section 3.3 and Table 3-I) with experimental data, cathodoluminescence measurements collected on single ZnO NWs grown by CBD under standard conditions were achieved at low temperatures, as detailed in Section 2.2.3. A typical spatially resolved 5 K cathodoluminescence spectrum is presented in 3-I and from experimental data in Refs. [19,22].

The NBE emission is dominated by radiative transitions involving neutral donor-bound A-excitons (D°XA) pointed at 3.36 eV. From the I nomenclature used to label the excitonic lines [21], the shape and position of the NBE emission may be attributed to the occurrence of the I4 and I5 lines at 3.3628 and 3.3614 eV related to HO and VZn-nH defect complexes with an unknown n, respectively [19,22]. The line assigned to HBC at about 3.360 eV is also involved [19]. The visible emission band is marked by the highly intense red-orange band centered at 1.86 eV and by the less intense yellow-green band centered at 2.25 eV along with a green-blue band centered at 2.65 eV. Although VO has been related to the yellow-green emission band [58] of ZnO NWs grown by CBD [59][60][61][62] and of ZnO nanocrystals [63,64], it should be noted here that its role has recently been questioned by DFT calculations [6]. The related emission energies corresponding to the (+1/0) and (+2/+1) transition levels were shown to be smaller than 1 eV and thus do not lie in the range of energy probed in the cathodoluminescence spectra. Here, it is worth noticing that Zn(II) species are the limiting reactants in the CBD of ZnO NWs [65]. As such, the growth by CBD typically occurs under intermediate or oxygen-rich conditions, which are less favorable for the formation of a high density of VO as reported by DFT calculations [1,2]. 

© ε(-1/-2) ª ε(0/-1) « ε(+1/0) ¬ ε(+2/+1) © « « ª ª «¬ « ¬ « ¬ surface-related effects other charge states V Zn -3H ε(+1/0) V Zn -2H ε(+1/0) V Zn ε(-1/-2) V Zn -N O -H ε(-1/-2) V Zn -H ε(0/-1)
(a)

H BC FX A n=1 D°X B D°X A Cathodoluminescence Intensity (arb. units) Energy (eV) V Zn -3H ε(+1/0) (b)
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As reported in Table 3-I, the emission energy of 3.37 eV corresponding to the (+1/ 0) transition level of the VZn-3H defect complex lies in the NBE emission band. This statement supports the involvement of the I5 line in this band and its assignment to the VZn-3H defect complex, as suggested in Ref. [22]. Interestingly, the emission energy of 1.82 eV corresponding to the (0/-1) transition level of the VZn-H defect complex very well matches the energetic position of the red-orange emission band. This indicates the predominant involvement of that defect complex in the red-orange emission band. This assignment agrees well with a previous investigation suggesting the involvement of VZn-based defect complexes in the red emission band [66]. Additionally, the red-orange band also involves the contribution of the (-1/-2) transition level of the VZn-NO-H defect complex with an emission energy of 1.82 eV. The redorange band is thus related to two different deep acceptors (i.e., VZn-H and VZn-NO-H), but the decoupling of each contribution is not straightforward due to the proximity of both emission energies. The emission energy of 1.60 eV corresponding to the (-1/-2) transition level of the VZn may also be involved to some extent. The small shoulder in the red-orange emission band around 1.60 eV is thus assigned to VZn. This assignment is in good agreement with a previous investigation suggesting that the red emission band in ZnO NWs grown by CBD is associated with the VZn [67].

Furthermore, the emission energy of 2.29 eV corresponding to the (+1/0) transition level of the VZn-2H defect complex is also in very good agreement with the energetic position of the yellow-green emission band. This statement supports the involvement of the VZn-2H defect complex in this band. This assignment is in good agreement with previous investigations suggesting the involvement of VZn-based defect complexes in the green emission band of ZnO NWs [68,69]. VZn-H and VZn-2H defect complexes are thus formed in the bulk of ZnO NWs and clearly assigned in the cathodoluminescence spectra. Other emission energies associated with different charge states of VZn, VZn-H, and VZn-2H may fit the energetic position of the yellow-green emission band, but (i) the direct formation of these defects is unlikely when the Fermi level is close to the CBM and (ii) their indirect formation through the capture of one or several holes from the corresponding stable defects with the expected charge state is unlikely as well in the bulk of ZnO NWs with a high electron density. The small discrepancies in the emission energy of these hydrogen-related defect complexes with previous DFT-based calculations [6,25] are owing to (i) the 192-atom supercells that were used in this investigation in contrast to the previously used 96-atom supercells as well as to (ii) the aforementioned DFT + U approach that was used in the current study where in addition to the U values for the dstates, U values were also considered for the s-or p-states. Moreover, one should notice that zinc dangling bonds with a presumable high density on the surfaces of ZnO NWs grown by CBD may also contribute significantly to the yellow-green emission band with expected emission energy around 2.41 eV [6].

The green-blue emission band centered at 2.65 eV is expected to originate from surface defects in ZnO NWs. Following the electron-hole pair generation from the electron beam with an energy of 5 keV, holes migrate from the bulk of ZnO NWs to their surfaces. The present phenomenon is due to the upward band-bending related to a surface depletion region originating from the adsorbed oxygen ions [70]. This creates a region close to the surface where holes are highly concentrated during the electron-hole pairs generation. They affect the charge
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states of the VZn and VZn-nH defect complexes, which can deviate from the most stable configurations. Accordingly, we expect from Table 3-I that the green-blue emission band is mostly related to the (+1/0) and (+2/+1) transition levels associated with the VZn, VZn-H, and VZn-2H defect complexes. In this sense, the green-blue emission band originates from the VZn and hydrogen-related defects on the surfaces of ZnO NWs, which are probed under the typical conditions used with an electron beam or a UV radiation. This assignment agrees well with previous investigations attributing the green emission band to surface defects [66,71] such as VZn [72,73], which can exhibit lower formation energy on the surfaces of ZnO NWs [74].

Raman spectroscopy of as-grown ZnO nanowires

To complement the cathodoluminescence measurements, Raman spectroscopy collected on the ZnO NWs grown by CBD under standard conditions was performed at room temperature, as detailed in Section 2.2.2. A typical Raman spectrum is presented in Figure 3-11. The typical optical phonon modes characteristic of the wurtzite structure of ZnO occur in the wavenumber range of 50-900 cm -1 [75]. The Raman lines at 99, 378, 438, and 574 cm -1 are assigned to the E2 low , A1(TO), E2 high , and A1(LO) modes, respectively. Second-order Raman lines at 203, 483, 666, and 812 cm -1 correspond to 2TA/ 2E2 low , 2LA, TA + LO, and LA + TO modes, respectively. The Raman line at 333 cm -1 is usually attributed to the E2 high -E2 low mode [75], and it has also been reported from the 1s → 2p donor state transition involving HBC, at low temperatures [19]. Similarly, the shoulder around 273 cm -1 may also come from the 1s → 2p donor state transition involving HO [19]. No sign for the presence of additional modes occurs in that wavenumber range either, excluding again the possible incorporation of residual extrinsic impurities such as aluminum, gallium, or indium [76][77][78].

Figure 3-11. The typical Raman spectrum of unintentionally doped ZnO NWs grown by CBD under standard conditions using the spontaneous growth approach. The insets delimit the calculated and experimental vibrational frequencies from Raman and infrared absorption spectroscopy as deduced from Refs. [6,24,35,79,80].

In the high wavenumber range of 2750-3750 cm -1 , many Raman lines are associated with the presence of hydrogen, carbon, and nitrogen. From 2750 to 3000 cm -1 , several sharp Raman lines at 2890, 2918, 2948, and 2988 cm -1 are attributed to the antisymmetric and symmetric stretching bonds of C-Hx groups (x = 1, 2, 3) [55], originating from the residual HMTA molecules adsorbed on the nonpolar m-plane sidewalls of ZnO NWs [36,81,82 species are thus detected only on the surfaces of ZnO NWs. A prominent Raman line at 3078 cm -1 with a FWHM of 24.1 cm -1 along with two weak lines at 3121 and 3160 cm -1 also occurs as shown in Figure 3-12 and typically lie in the wavenumber range where the phonon modes are associated with nitrogen-related bonds [30,31,55,83,84]. Nickel and Fleischer [55] identified a Raman line at 3096 cm -1 tentatively assigned to the stretching vibration of the NO-H bonds. Li et al. [30] showed the presence of a line at a wavenumber of 3020 cm -1 using infrared absorption spectroscopy. From DFT calculation, they revealed that N O -and H i + have a high probability of forming neutral NO-H defect complex in the antibonding configuration both in perpendicular (AB N⊥ ) and parallel (AB N∥ ) positions, exhibiting the lowest formation energies. Depending on the pseudopotentials used, two respective infrared modes with a corresponding line at 3055/3117 cm -1 and 3084 cm -1 were calculated. Also, the breaking of the NO-H bonds requires an energy > 1.25 eV, highlighting its high stability [31]. Correlatively, Jokela and McCluskey [83,84] unambiguously identified a NO-H bond-related phonon mode giving rise to a line at 3150.6 cm -1 using infrared absorption spectroscopy. Kumar et al. [85] correspondingly showed the presence of the same line ~3150 cm -1 using Raman spectroscopy. From these theoretical and experimental investigations, the Raman lines at 3121 and 3160 cm -1 separated by ~40 cm -1 are attributed to the NO-H bonds in the AB N⊥ and AB N∥ configurations, respectively. These NO-H bonds are located on the surfaces of ZnO NWs when originating from the residual HMTA molecules [81], and in their center via the related NO-H defect complex. More importantly, a Raman line at 3078 cm -1 was assigned to the VZn-NO-H defect complex as a presumably single shallow acceptor with an ionization energy of 134 meV [35], stabilizing the VZn-NO defect complex [56]. The line position of VZn-NO-H defect complex perfectly fits our line in the present Raman spectra. Consequently, it turns out that our prominent Raman line pointing at 3078 cm -1 is attributed to the VZn-NO-H defect complex presumably located on the surfaces of ZnO NWs and in their center. During the CBD process, the solubilization of Raman Intensity (arb. units) Wavenumber (cm -1 )

V Zn -N O -H N O -H (AB N | | ) N O -H (AB N⊥ )
Cumulative Fit Peak 3078 cm -1 3160 cm -1 3121 cm -1
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Zn(NO3)2 in aqueous solution results in the formation of Zn 2+ and NO 3 -ions, which may be favorable for the incorporation of a significant amount of nitrogen in the center of ZnO NWs.

From 3200 to 3750 cm -1 , several additional Raman lines related to hydrogen in different forms and located on the surfaces and in the center of ZnO NWs take place. An asymmetric broad Raman band centered at 3575 cm -1 involves a dominant Raman line assigned to H BC [79,86], and a shoulder ~3500 cm -1 attributed to O-H bonds [35,79,80] on the surfaces of ZnO NWs. Another asymmetric broad Raman band centered ~3375 cm -1 involves the contribution of VZn-nH defect complexes in the wavenumber range of 3300 -3418 cm -1 , mainly VZn-H [6,79], VZn-2H [79], and VZn-3H [24] defect complexes.

It was shown by Cossuet et al., that ZnO nanorods grown by CBD using the selective area growth approach, present a bulk-like electrical conduction and are highly conductive due to the massive incorporation of hydrogen-related defects within its structure [27]. The next section will evidence the influence of hydrogen-related defects in the ZnO NWs spontaneously grown by CBD.

Four-point probe electrical measurements on as-grown ZnO nanowires

To investigate their electrical properties, several ZnO NWs were dispersed on dedicated silicon wafers covered with a 100 nm thick SiO2 layer grown by thermal oxidation for their processing. The Ohmic contacts using Ti/Au (50/50 nm) metallization were fabricated by e-beam lithography (EBL). The electrical measurements were subsequently recorded in a patterned metal contact configuration. The four-point manipulator probes in a FEI Inspect F50 FESEM instrument (see Figure 3 The current varying in the range of a few microamperes was injected from the outer contacts, while the voltage was measured across the two inner contacts separated by a length l, as shown in the inset of Figure 3-14(a). The resistance R of each ZnO NW between the two inner contacts was deduced from the slope of the current-voltage (I-V) linear curve, as revealed in Figure 3-14(a). A special emphasis was made to fix the range of electron beam dose (EBD) used to desorb the oxygen species adsorbed on the NW surfaces, which are responsible for the carrier Chapter 3 Understanding hydrogen-and nitrogen-related defects in ZnO nanowires grown via chemical bath deposition technique 3-19 depletion leading to the huge apparent resistance of the NW [87]. The evolution of the resistance as a function of the electron beam dose is presented in Figure 3 A value of 1 × 10 5 μC/cm 2 was used for the electron beam dose before the resistance measurement of each NW, which was further taken once the current vs time was stable to avoid any persistent conductivity [88,89]. A statistical analysis of the four-probe resistance R over the length l as a function of the NW radius r was achieved over a population of six ZnO NWs, as presented in Figure 3-15, along with experimental data reported on unintentionally doped ZnO NWs grown by carbothermal reduction [90], metal-organic chemical vapor deposition (MOCVD) [88], hydrothermal method [90], and CBD [27].

The ZnO NWs exhibit R/l values varying in the range of 4.6 × 10 3 -4.0 × 10 4 Ω/μm with their radius r ranging from 43.5 to 62.5 nm. The electrical resistivity ρ is written as RS/l, in which S represents the conduction section. In the range of radius considered, a bulk-like conduction dominated by the core of the NW is expected and hence S is given by S vol = πr 2 in a flat-band regime. The present experimental data together with the one reported in Ref. [27] on unintentionally doped Zn-polar ZnO nanorods grown by CBD under identical conditions using the selective area growth approach are delimited in Figure 3-15 by 1/r 2 dependence corresponding to a bulk-like conduction. Following this procedure, the mean electrical resistivity of ZnO NWs is found to be in the range of 4.1 -28.4 mΩ cm, corresponding to a high electrical conductivity of 35.2 -243.1 S/cm. It is further deduced that the single ZnO NWs measured electrically in this investigation very likely exhibit Zn polarity [27]. 
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Figure 3-15. R/l versus r along with experimental data reported on unintentionally doped ZnO NWs grown by carbothermal reduction [90], MOCVD [88], hydrothermal method [90], and CBD [27]. The solid black lines represent the isoresistivity lines of 4.1 and 28.4 mΩ cm.

By assuming that the electron mobility in the ZnO NWs ranges between 50 to 80 cm 2 V -1 s -1 as typically reported from field-effect transistor (FET) measurements [91,92], the carrier density lies in the range of 2.7 × 10 18 -3.1 × 10 19 cm -3 . Additional FET measurements of these NWs revealed no channel conduction modulation versus backgate bias voltage up to -50 V. For higher backgate bias voltage, the SiO2 layer breakdown occurred. By considering that the NW radius is about 50 nm and that the capacitance is overestimated by a factor of 2.5 [93], this shows that the carrier density is above 2.6 × 10 18 cm -3 . This confirms that the lowest value of the carrier density in the deduced range is very close to the effective critical concentration nC of 4.2 × 10 18 cm -3 corresponding to the Mott transition separating the non-metal/insulator from metal regimes in terms of electrical conduction [94]. Most of these NWs thus exhibit metallic electrical conduction.

This high electron density in unintentionally doped ZnO NWs grown by CBD cannot be explained only by the role of single vacancies including VO nor by the incorporation of residual extrinsic impurities including aluminum, gallium, or indium because (i) no metal additives were used here and because (ii) the range of pH below 7 in the present standard conditions is associated with unfavorable electrostatic repulsion between the possible residual metal cations and positively charged surfaces of ZnO NWs [76,77]. Instead, it should be noted that the crystallization process of ZnO NWs by CBD typically occurs through the dehydration process of [Zn(H2O)6] 2+ ions, as shown by X-ray absorption near-edge structure measurements in Ref. [95] and by the modeling of the NW elongation process in Refs. [65,96]. This crystallization process is highly favorable for the massive incorporation of hydrogen-related defects in the center of ZnO NWs. 

Conclusions

ZnO NWs can be formed by a large number of physical and chemical deposition techniques in vapor phase or in a solution using the spontaneous growth approach (i.e., without any catalyst) owing to the highly anisotropic degree of the wurtzite structure. Their high electrical conductivity corresponding to a high electron density has been revealed regardless of the deposition techniques used [88,90] and with CBD as well. However, the origin of this high electron density should be distinguished and strongly depends on the deposition techniques used. While the high electron density in ZnO NWs grown using vapor phase deposition techniques has commonly been attributed to the significant incorporation of residual extrinsic impurities that inherently occur in the dedicated chamber [88], it has been revealed here that the situation of ZnO NWs grown by CBD strongly differs. The metallic electrical conduction of unintentionally doped ZnO NWs and the correlated high electron density above 2.7 × 10 18 cm -3 is instead due to the large incorporation of hydrogen in their center. Both cathodoluminescence (see Section 3.4.1) and Raman spectroscopy (see Section 3.4.2) measurements have clearly revealed the presence of HBC and VZn-nH defect complexes with n = 1-3 in the center of ZnO NWs, which is in excellent agreement with DFT calculations (see Section 3.3) showing their low formation energy when the Fermi level is close to the CBM. While HBC is a shallow donor that accounts, to a significant extent, for the source of n-type conductivity of ZnO NWs grown by CBD, the situation of the V Zn -nH defect complexes strongly depends on the number n of involved Hi atoms. The formation of all of the VZn-H, VZn-2H, and VZn-3H defect complexes has been shown in the cathodoluminescence and Raman spectra. However, their electrical activity is highly distinct. The VZn-H, and VZn-2H defect complexes acting as a deep acceptor, and neutral complex, respectively, have a limited impact on the electrical properties of ZnO NWs grown by CBD. Nevertheless, they are largely formed in the center of ZnO NWs owing to their low formation energy. Also, they have a high impact on the optical properties of ZnO NWs, specifically through the respective (i) red-orange and yellow-green emission bands when located in the bulk and (ii) green-blue emission band when located on the surfaces. In contrast, the VZn-3H defect complex acting as a shallow donor with very low formation energy regardless of the Fermi level in the band gap should be considered as one of the major sources of n-type conductivity in ZnO NWs grown by CBD. Additionally, HO as a further shallow donor is also expected to play a significant role here. By considering that the hydrogen-related shallow donors are partially ionized, we further expect that the hydrogen concentration in ZnO NWs is huge and above 1-5 × 10 19 cm -3 . Furthermore, Nrelated defects also form in the ZnO NW structure. Particularly, the VZn-NO-H defect acts as a deep acceptor with a relatively low formation energy and it was clearly identified with a Raman line at 3078 cm -1 along its read-orange emission energy in cathodoluminescence spectroscopy.

Hence, Sections 3.3 and 3.4 have presented findings that hydrogen-and nitrogen-related defect engineering is a capital issue in the field. Hydrogen-and nitrogen-related defect engineering in ZnO NWs grown by CBD is crucial for tuning their optical and electrical properties as an important issue for improving the performance of nanoscale devices integrating this type of object. They further pave the way for innovative strategies aiming at increasing or decreasing the density of these defects in ZnO NWs depending on the devices Within the context of this thesis manuscript of obtaining highly resistive ZnO NWs for their application in piezoelectric devices, the path taken will be described in the following chapters along with the following different engineering strategies: With evidence from Chapter 3 of the high electrical conductivity of ZnO NWs caused by hydrogen-related defects, this chapter is dedicated to developing a methodology for engineering the hydrogen-and nitrogen-related defects using a thermal annealing approach. This chapter will be divided into two main parts, the 1 st part elucidates the existing opportunity of decreasing the hydrogen-related defects by performing thermal treatments under O2 atmosphere. Later, the thermal stability of the hydrogen-and nitrogen-related defects will be revealed with the fine evolution observed in FESEM imaging, Raman spectroscopy, 5 K cathodoluminescence. Furthermore, the electrical properties of the ZnO NWs are accessed via the LO phonon-plasmon interaction through a Raman A1(LO) peak-fit.

Then, the 2 nd part shows further evidence in the properties of the optimized and engineered ZnO NWs treated by thermal annealing. A study consisting of two-probe electrical measurements in planarized arrays of ZnO NWs, gives evidence of the major role of space-charge limited current conduction in ZnO NWs devices (Section 4.5). Additionally, by advanced scanning probe microscopy (Section 4.6), a straightforward comparative analysis shows the direct improvement of the piezoelectric properties of ZnO NWs with a reduction of the screening effect caused by the increase in resistivity.

As detailed in the following sections, the 1 st part is based on the published articles: 

State-of-the-art: Thermal annealing approach for engineering ZnO nanowires

The major source of crystal defects in unintentionally doped ZnO NWs grown by CBD are the hydrogen-and nitrogen-related defects, as developed in Chapter 3. In this section, thermal annealing as a postdeposition approach will be developed for engineering the hydrogen and nitrogen species and tuning of the morphological, optical and electrical properties of ZnO NWs grown by CBD.

Benefits of thermal annealing in ZnO

In the field of piezoelectric devices [1], unintentionally doped ZnO NWs grown by CBD face the critical challenge of piezoelectric potential screening originating from the high density of free charge carriers in their center [2][3][4][5], as introduced in Section 1.3. Under a mechanical stress, a piezoelectric potential is generated along the polar c-axis of ZnO NWs from the displacement of the charge centers of anions and cations. For a high concentration of shallow donors, a screening potential created from mobile free electrons is generated in the opposite direction, reducing in turn the overall magnitude of the piezoelectric potential [2]. Through analytical and finite element method simulations, the piezoelectric potential has been strongly reduced as the concentration of shallow donors is increased above 10 17 cm -3 [3][4][5]. The control of the concentration of shallow donors was thus shown to drastically improve the performance of sound-driven piezoelectric nanogenerators [6]. Additionally, surface Fermi level pinning was theoretically found to compensate for the detrimental effects of the high concentration of shallow donors by depleting the center of ZnO NWs but only to a limited extent for a high doping level [7]. As discussed on Section 3.4.3, statistical studies have revealed in ZnO NWs grown by CBD that the high density of free charge carriers in the range of 6.4×10 17 to 1.1×10 19 cm -3 for selective-area-grown ZnO nanorods and 2.7×10 18 to 3.1×10 19 cm -3 for spontaneously grown ZnO NWs is directly attributed to the massive incorporation of hydrogen by using Raman and cathodoluminescence spectroscopy [8]. Specifically, coming from the hydrogen-related defects acting as shallow donors, i.e. HBC and VZn-3H, shown by DFT calculations that have a relatively low formation energy.

As a result, the engineering of hydrogen-related defects (i.e., in terms of nature and concentration) in unintentionally doped ZnO NWs grown by CBD is of high significance. A typical strategy has involved a postdeposition thermal annealing to dissociate hydrogen-related defects and exodiffuse hydrogen from the bulk of ZnO thin films [9] and NWs [10,11]. As depicted in Figure 4-1, Koch et al. showed different thermal stabilities for HBC and HO defects via a Raman scattering investigation in ZnO samples. For example, the annealing of the HBC and HO defect occurs at 200 and 800 °C. Curiously, when increasing the annealing temperature, the HBC defect forms again [9].

Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-5 More recently, the alternative oxygen plasma treatment in ZnO nanorods has also improved the Schottky contact with Au on their top c-plane faces through the strong effects on the nature and concentration of hydrogen-related defects [12]. Furthermore, the growth medium contains hydrogen but also carbon and nitrogen species. The involvement of hydrogen, carbon, and nitrogen in the same medium is expected to play a significant role as well, for instance, by forming additional nitrogen-and hydrogen-based defect complexes [13][14][15][16]. Even though the nature of these defect complexes and their assignment by Raman and cathodoluminescence 
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Annealing methodology

Thermal annealing treatment was performed on the ZnO NWs samples grown following the methodology detailed in Section 2.1.1. The annealing treatment was performed as detailed in Section 2.1.2, in a tubular furnace under oxygen atmosphere for 1 h in the temperature range of 200-1000 °C, as detailed in Table 4-I. Thermal annealing under an oxygen atmosphere provides the oxidizing conditions for the formation and activation of VZn-related defects [17][18][19] and N-related defects [20,21], and the known exodifussion mechanisms of hydrogenrelated defects [9][10][11]22,23]. 

(not annealed) ---------------------------Annealed under O 2 atmosphere ---------------------------
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Morphological changes in annealed ZnO nanowires

The CBD of unintentionally doped ZnO NWs on a c-axis oriented polycrystalline ZnO seed layer was performed at 85 °C and at a pH value of ∼5.5 using Zn(NO3)2 and HMTA [24,25]. The morphology of the as grown and annealed ZnO NWs is presented in Figure 4-3 by FESEM imaging. Before the thermal annealing, as grown ZnO NWs are vertically aligned with a hexagonal shape that is typical of their wurtzite structure along the polar c-axis [26]. They exhibit a mean diameter and length of 100 ± 27 and 1560 ± 71 nm, respectively. In the annealing temperature range of 200-800 °C, no change of the morphology of ZnO NWs is shown, indicating their morphological stability as expected from the high melting point of ZnO ∼2248 K [27]. As the annealing temperature is raised to 900 °C, ZnO NWs start to coalesce to a larger extent, and their hexagonal shape is less pronounced. At an annealing temperature of 1000 °C, ZnO NWs have a wavy structure, and their hexagonal shape is completely lost at the benefit of a cylinder shape. From 900 °C, ZnO thin films and NWs typically undergo recrystallization phenomena through diffusive transport process, leading to a structural reordering that was previously used to transform ZnO thin films into NW arrays [28].

Raman spectroscopy of as grown and annealed ZnO nanowires

The Raman scattering spectra of as grown and annealed ZnO NWs were acquired following the methodology developed in Section 2.2.2, and the spectra are presented in Figure 4-4. The optical phonon modes observed are detailed in Section 3.3.2. Along the low-wavenumber range of 50-900 cm -1 as the annealing temperature is raised from 200 to 1000 °C, the nature of the optical phonon modes does not differ. However, the significant increase in the intensity of the E2 high mode along with the decrease in its full width at half maximum (FWHM) from 17.5 to 10.1 cm -1 , highlight an improvement of the crystallinity of annealed ZnO NWs through restoring and recrystallization phenomena. Correlatively, the line position of the E2 high shifts toward lower wavenumbers until its stabilization at ~437.6 cm -1 , indicating a possible relaxation of the wurtzite structure of ZnO NWs. In the high-wavenumber range of 2750-3750 cm -1 , the Raman spectra were normalized with respect to the line assigned to the E2 high mode, and the relative intensity of each line was determined by fitting its area by a Lorentzian function. The evolution of the relative intensity of the Raman lines attributed to hydrogen-and nitrogen-related defects with the annealing temperature is presented in logarithmic scale in Figure 4-5(a). At the annealing temperature of 200 °C, a strong decrease in the relative intensity of ∼50% is shown for both Raman lines assigned to H BC and V Zn -nH defect complexes, with a significant steady decrease in the annealing temperature range of 400-1000 °C. At the annealing temperatures of 300 and 600 °C, an increase in the relative intensity of both Raman lines assigned to HBC and VZn-nH defect complexes is revealed. This increase is more pronounced for the Raman line ascribed to VZn-nH defect complexes in ZnO NWs annealed at 300 °C and for the Raman line attributed to HBC in ZnO NWs annealed at 600 °C. This specific behavior was previously reported partly by Koch et al. [9], showing that HBC forms electrically inactive interstitial hydrogen molecules (H2) after a thermal annealing at low temperature. The further increase in the annealing temperature makes HBC energetically favorable compared with H2 molecules, resulting in its dissociation and in the reappearance of HBC with a maximum concentration in the range of 650-700 °C [9]. In this study, the formation of interstitial H2 molecules at the expense of HBC accounts for the sharp decrease in the relative intensity of this mode at the annealing temperature of 200 °C. However, the further increase in the annealing temperature could make energetically favorable the formation of not only HBC but also other hydrogen-related defects such as C-Hx, VZn-nH, NO-H, and VZn-NO-H defect complexes, hence explaining the sharp increase in the Raman lines related to these defects at the annealing temperatures of 300 and 600 °C. The Raman lines assigned to NO-H bonds and the VZn-NO-H defect complex present greater stability since only a 30% decrease in their relative intensity is shown in ZnO NWs annealed at 200 °C together with a small variation up to the annealing temperatures of 800-900 °C [21]. The evolution of the relative intensities of the NO-H bonds in AB N∥ configuration and of the VZn-NO-H defect complex is very similar, whereas the evolution of the relative intensity of the N O -H bonds in AB N⊥ configuration significantly differs in the annealing temperature range of 700-900 °C. Gao et al. [33,34] stated that the thermal annealing of nitrogen-doped ZnO NWs under oxygen atmosphere at temperatures above 500 °C promotes the exodiffusion of N O via an oxygen vacancy-assisted mechanism, as supported by DFT calculations. However, this diffusion mechanism is expected to occur gradually since NO is systematically compensated by Hi, and residual amounts of NO-H and the VZn-NO-H defect complex have been shown up to an annealing temperature of 800 °C [21,33], which is even higher here at ~1000 °C. Hence, an interplay between the contributions from both defects with different thermal stability is expected to account for the evolution of the present Raman lines. It should also be noted that, at the annealing temperature of 1000 °C, the Raman lines attributed to NO-H bonds and the VZn-NO-H defect complex and, followed by HBC, present the most prominent intensities for the hydrogen-and nitrogen-related defects. The relative thermal stability of the C-Hx bonds also confirms that they are trapped on the m-plane 4.2 Effect of thermal annealing treatment in ZnO nanowires 4-10 sidewalls of ZnO NWs, hence requiring high annealing temperatures for activating efficient desorption phenomena starting at the annealing temperature of 700 °C.
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Cathodoluminescence spectroscopy of as grown and annealed ZnO NWs

The 5 K cathodoluminescence spectra of as grown and annealed single ZnO NWs are presented in Figure 4-6, and were acquired as detailed in Section 2.2.3. As detailed in Section 3.4.1, the NBE emission of as grown ZnO NWs is marked by the dominant contribution of radiative transitions involving neutral donor-bound A-excitons (D•XA) around 3.369 eV with a FWHM of 39.5 meV, as revealed in Figure 4-6(b) and Figure 4567. The involvement of the I4 and I5 lines at 3.3628 and 3.3614 eV assigned to HO and theVZn-3H defect complex, respectively, proceeds in that energy range [22,35,36]. Additionally, HBC involved in a line ∼3.360 eV also contributes to the NBE emissions [22]. 

© ε(-1/-2) ª ε(0/-1) « ε(+1/0) ¬ ε(+2/+1) (a)
surface-related effects other charge states

2°N BE © « « ª ª «¬ « ¬ « ¬ V Zn -3H ε(+1/0) V Zn -2H ε(+1/0) V Zn ε(-1/-2) V Zn -N O -H ε(-1/-2) V Zn -H ε(0/-1)
H BC As the annealing temperature is increased up to 300 °C, a significant 6.7 meV redshift of the NBE emissions of annealed ZnO NWs is induced, as shown in Figure 4567. At the annealing temperature of 500 °C, the NBE emission centered at 3.363 eV lies in the energy range of radiative transitions involving D°XA. However, its FWHM broadens to the highest value of 50.9 meV, suggesting an important contribution of radiative transitions involving neutral acceptor-bound A excitons (A°XA) [37]. At the annealing temperature of 600 °C, a prominent redshift of 15.2 meV centers the NBE emissions of annealed ZnO NWs at 3.354 eV, where radiative transitions involving A°XA are mostly involved [37]. The increase in the contribution of A°XA emissions very well correlates the highest VZn-NO-H to HBC relative intensity ratio from the corresponding Raman lines, as depicted in Figure 4-5(b). This might again indicate that the VZn-NO defect complex [38] is more favorable for trapping the dissociated Hi atom [21] than a single VZn. Starting from 700 °C, the high crystalline quality of annealed ZnO NWs is inferred by the overall appearance of longitudinal optical (LO) phonon replicas separated from each other by a phonon energy of ~72 meV in ZnO [35]. The 3.289, 3.219, and 3.149 eV lines are associated with the first, second, and third LO phonon replicas of D°XA transitions. The presence of the second order of the NBE emissions (2° NBE) also occurs at ~1.68 eV [39]. The spectra recorded on ZnO NWs annealed at 800 and 900 °C, to a smaller extent, contain a prominent shoulder ~3.31 eV, which has usually been related to A°X A [40,41], donor-acceptor pair (DAP) [42][43][44], and free electron-to-acceptor (FA) [45] transitions in nitrogen-doped ZnO films and NWs. The line at 3.248 eV further represents the first LO phonon replica of the FA transitions (FA-1LO). The nature of the nitrogen-related defects involved in this line is, however, still under debate. The contribution of NO can be excluded here as no related additional modes in the Raman spectra in Figure 4-4 occur. More recently, Reynolds et al. [21] correlated the presence of this line related to FA transitions with the formation of the VZn-NO-H defect complex. However, this line does not occur in ZnO NWs annealed at a lower temperature, while the Raman line at 3078 cm -1 clearly occurs in Figure 4-4, which somehow contradicts this assignment to the VZn-NO-H defect complex. At the annealing temperatures of 900 and 1000 °C, the NBE emissions are considerably narrower and dominated by radiative transitions involving D°XA, where a drastic decrease in the FWHM from 39.5 down to 4.7 meV
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4-12 is shown in Figure 4567. At the annealing temperature of 1000 °C, the FA transitions have vanished, suggesting the disappearance of the associated defects. At this high annealing temperature, the narrow line from the NBE emission is centered on the I4 line and presents a shoulder located ∼3.33 eV, originating from the corresponding two-electron satellite (TES) transitions [35]. As a result, both transitions show the predominance of residual HO in ZnO NWs annealed at 1000 °C. Additionally, the presence of residual HBC as revealed in Figure 4-4 and Figure 4-5 also contributes to the NBE emissions at this annealing temperature.

Following the assignment of the radiative transitions to hydrogen-and nitrogen-related defects in the visible region of the electromagnetic spectrum as in Section 3.4.1, the relative intensity of each emission band was determined by fitting its area by a Lorentzian function, as depicted in Figure 4 Both the red-orange and yellow-green emission bands exhibit a steady decrease in their relative intensity from the annealing temperatures of 200 to 400 °C, reaching a ∼64% decrease at 400 °C. In contrast, the relative intensity of the green-blue emission band stabilizes at the annealing temperature of 200 °C after a significant drop and 400 °C. This steady decrease in the relative intensity of the visible emission bands in Figure 45678) is in very good agreement with the variation of the relative intensity of the Raman lines assigned to hydrogen-related defects in Figure 4-5(a). At the annealing temperature of 500 °C, a general increase in the relative intensity of the visible emission bands correlates with the previously discussed broadening of the NBE emission, which appears to be due to the activation and generation processes of the VZn-NO-H defect complex. The thermal annealing at this temperature under oxygen atmosphere promotes the formation of NO-H bonds [33] and could be accompanied with the formation of the VZn-nH defect complex with a low coordination in the center and on the surfaces of ZnO NWs [12]. This can lead to the formation of the VZn-NO-H defect complex Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-13 on the surfaces of ZnO NWs where holes are highly concentrated under electron beam excitation, leading to transition levels other than the expected -1/-2 one. This statement is very well supported by the largest increase in the relative intensity of the yellow-green emission band, which is related to the +1/0 and 0/-1 transition levels of the VZn-2H and VZn-NO-H defect complexes. The formation of the VZn-NO-H defect complex following a thermal annealing at 450 °C was also reported by Reynolds et al. [21]. Further thermal annealing from 600 to 900 °C shows that the red-orange and green-blue emission bands have a steady decrease in the relative intensity. In contrast, the yellow-green emission band presents a small increase at the annealing temperatures of 700 and 900 °C, which is somehow in agreement with the evolution of the relative intensity of the Raman lines assigned to NO-H bonds and the VZn-NO-H defect complex in Figure 4-5(a). The red-orange and green-blue emission bands show a strong annihilation at the annealing temperature of 1000 °C, hence revealing the complete disappearance of VZn-nH defect complexes, both in the bulk and on the surfaces of ZnO NWs, which is in accordance with the Raman spectra in Figure 4-4. The yellow-green emission band also reveals a significant decrease in its relative intensity but not a complete annihilation, suggesting that the residual V Zn -N O -H defect complex still occurs as further indicated by the less intense Raman line at 3078 cm -1 recorded after thermal annealing at 1000 °C.

Electrical properties via LO phonon-plasmon coupled modes

Following the determination of the optical properties of as grown and annealed ZnO NWs through Sections 4.2.3 and 4.2.4, their free charge carrier density and mobility are extracted using Raman spectroscopy through the investigation of the coupling between the LO phonons and plasmons. When the LO phonon frequency is close to the free charge carrier plasmon frequency, their macroscopic electric fields strongly interact and couple, hence creating LO phonon-plasmon (LPP) coupled modes. This methodology has been widely used in polar semiconductors and earlier reported for SiC and GaN bulk materials [46][47][48][49] and later for Si-doped GaN wires grown by metal-organic vapor phase epitaxy [50] and ZnO rods grown by chemical vapor deposition [51].

LPP Model methodology

In as grown and annealed ZnO NWs, their free charge carrier density (n) and mobility (μ) were evaluated via a line-shape fitting, in which both the contributions of the electro-optical mechanisms and of the deformation potential were considered [46,47]. The Raman scattering efficiency 𝐼(𝜔) is then defined by the following equations:

𝐼(𝜔) ∝ [1, 𝐶, 𝐶 2 ] × 𝐼𝑚 [ 1 𝜀(𝜔) ] ( 4-1)
and

𝜀(𝜔) = 𝜀 ∞ × [1 + 𝜔 𝐿𝑂 2 -𝜔 𝑇𝑂 2 𝜔 𝑇𝑂 2 -𝜔 2 -𝑖𝛾𝜔 - 𝜔 𝑃 2 𝜔 2 + 𝑖𝛾 𝑃 𝜔 ] ( 4-2)
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where 𝜀(𝜔) is the dielectric function, 𝜔 is the Raman shift, 𝜀 ∞ = 3.68 is the high frequency dielectric constant of ZnO [52]. C = 6.4 is the Faust-Henry constant [53], 𝜔 𝑇𝑂 = 409.7 cm -1 and 𝜔 𝐿𝑂 = 574.2 cm -1 are the frequencies for quasi-TO (qTO) and quasi-LO (qLO) modes for ZnO NWs with a 6° vertical inclination [54,55]. For our LPP fitting model, the quasimodes were used as an optimization due to the vertical inclination of 5.8 ± 4.5° seen on the crosssectional view FESEM images of spontaneously grown ZnO NWs in Figure 4-3, which is close to the average 6° inclination angle previously reported in Ref. [24]. The phonon damping constant (𝛾) of the A1(LO) mode was assumed to be equal to one of the non-polar E2 high modes, deduced from the FWHM of the E2 high Raman line. The free charge carrier density can then be determined by the plasmon frequency (𝜔 𝑃 ) as follows:

𝜔 𝑃 = √ 4𝜋𝑒 2 × 𝑛 𝑚 * × 𝜀 ∞ ( 4-3)
and the mobility is linked to the plasmon damping constant (𝛾 𝑃 ) as follows:

𝛾 𝑃 = 𝑒 𝑚 * (𝐸 𝐹 ) × 𝜇 ( 4-4)
where 𝑚 * is the effective mass of electrons in the parabolic, isotropic conduction band and equals 0.23me at the Fermi level EF [56]. As a result, the free charge carrier density and mobility are the only free parameters of the model. The parameters and constants used in the LPP model are summarized in Table 4-II. The LPP model was developed to perform a line-shape fitting, where an experimental A1(LO) line is compared with a calculated theoretical A1(LO) line via a mean squared error method. Figure 456789shows the variation of the A1(LO) mode with the variation of the charge carrier concentration, following the developed LPP model. The widening and shift to higher frequency with the increase of charge carrier concentration is a typical feature of the LPP coupling [46]. The experimental A1(LO) line was delimited in the region between 565 and 620 cm -1 to avoid discrepancies from the asymmetrical band shape due to the LPP coupling broadening and other possible contributions from ZnO Raman lines. A wide range of the free charge carrier density and mobility was evaluated from 1.0×10 16 to 3.1×10 19 cm -3 and 1 to 150 cm 2 /V s, respectively.

Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-17 4-III for as grown (1a) and annealed ZnO NWs for 1 h under oxygen atmosphere at 200 °C (2a), 300 °C (3a), 400 °C (4a), 500 °C (5a), 600 °C (6a), 700 °C (7a), 800 °C (8a), 900 °C (9a), and 1000 °C (10a). The empty circles represent the corresponding acquired Raman spectra. (1-10b) Color-coded map following the root mean squared error (Smin) between the calculated A1(LO) phonon plasmon line and the A1(LO) region of Raman spectra versus charge carrier density and carrier mobility for as grown and annealed ZnO NWs. ) shows a color-coded map where the top 500 (free charge carrier density/mobility) pairs with the minimum root mean squared error (Smin) were plotted and where a Smin value up to 0.075 was selected. The uncertainty of the best LPP fit is also detailed in Figure 4-11, where a combined analysis is shown between the LPP line-shape fit and the results obtained by the four-point probe resistivity measurements. As seen in Figure 4-10(1b), for the expected mobility range from the LPP fit, the free charge carrier density is less than 1.0×10 18 cm -3 away from the carrier-depleted region condition, obtained from the ZnO NW measured under air. The comparison of the LPP fit results is in a better correlation under the depleted region condition than with the electrical properties reported in Section 3.4.3, of as grown ZnO NWs spontaneously grown by CBD under the same conditions, where the almost-flat-band conduction regime condition was probed. Four-point probe resistivity measurements were performed on as grown ZnO NW grown by CBD using the spontaneous growth approach under the same conditions, as shown in Figure 4-11(a) and discussed in Section 3.4.3. While taking the electrical measurements of single ZnO NWs, special care needs to be taken with the applied electron beam dose (EBD) to desorb oxygen species adsorbed on the NW surfaces, as shown in Figure 4-11(b). The trend of R/l with EBD shows that after desorbing oxygen species from the NW surface, stable resistance measurements are acquired with an EBD of 1× 10 5 µC / cm 2 . Later, a sudden increase in the resistance is seen for the data point (data point (a)) when exposing the NW to air, a behavior also seen after exposing the NW under air for 5 min (data point (c)) and further 10 min (data Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-19 point (d)), hence confirming the high influence of oxygen species on the electrical properties of ZnO NWs. The resistivity calculated for the measurements under air fall in the region of 70.3 to 100.3 mΩ cm, a fivefold from the measurements at 1× 10 5 µC / cm 2 .
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LPP Model results

The LPP fits for the A1(LO) mode in as grown, 300 °C-and 1000 °C-annealed ZnO NWs are presented in Figure 4-12(a). The model was evaluated over a wide range of free charge carrier density and mobility from 1.0×10 16 to 3.1×10 19 cm -3 and 1 to 150 cm 2 /V s, respectively, where the variation of the LPP fit from the A1(LO) mode was calculated using a mean squared error method. The related two-dimensional error color maps, where pairs of free carrier density/mobility values give a reliable fit with a root mean squared error lower than 0.05, are shown in Figure 4 4-III for as grown (black solid line), 300 °C-(green solid line), and 1000 °C-(red solid line) annealed ZnO NWs for 1 h under oxygen atmosphere. The empty circles represent the corresponding acquired Raman spectra for as grown (black), 300 °C-(green), and 1000 °C-(red) annealed ZnO NWs for 1 h under oxygen atmosphere. (b) Mobility vs free charge carrier density (red dots) in as grown and annealed ZnO NWs from 200 to 1000 °C as deduced from the best LPP fit results. In the inset, Hall-effect measurements for un-doped and Ga-doped ZnO epitaxial thin films (black dots) are reported from Makino et al. [57] for comparison.

The best LPP fit for as grown ZnO NWs shows free charge carrier density and mobility values of n = 1.02×10 18 cm -3 and μ = 31.3 cm 2 /V s, respectively, corresponding to a resistivity value of 195.7 mΩ cm. Using four-point probe resistivity measurements in the patterned metal configuration, a free charge carrier density ranging from 2.7×10 18 to 3.1×10 19 , and resistivity ranging from 4.1 to 28.4 mΩ cm was reported in as grown ZnO NWs grown by CBD under the spontaneous growth approach using the same conditions. The apparent discrepancy between the resistivity values obtained from the best LPP fit and four-point probe measurements in as grown ZnO NWs is explained in Section 4.3.1 and mainly originates from the oxygen species adsorbed on the NW surfaces during the Raman scattering measurement. It has been shown in Chapter 3 that these ZnO NWs show metallic bulk-like electrical conduction dominated by the core. When probing an array of NWs by Raman scattering, an average LPP coupling is obtained due to the contributions from the core of the NW representing a flat-band regime, and the surface depleted region of the NW representing an upward band bending regime [58], where the free charge carrier density is considerably lower than in the bulk section due to the adsorbed oxygen species on the NW surfaces. Four-point probe resistivity measurements show a sudden increase in the resistivity of the NW due to its exposure to air. 

Mechanisms of reaction of hydrogen-and nitrogen-related defects via thermal annealing

The effects of thermal annealing under oxygen atmosphere on the nature of hydrogen-and nitrogen-related defects in unintentionally-doped ZnO NWs by CBD are summarized in Figure 4-13. The schematic illustration consists in an inclined top-view cross-section of one ZnO NW, where spheres represent single point defects and their association to form the nitrogen-and hydrogen-related defects distributed along the profile of the NW. It aims at representing the different mechanisms of reaction at work during thermal annealing at different temperatures from 200 to 1000 °C. The involvement of hydrogen, carbon, and nitrogen species along with their association gives rise to a large number of hydrogen-and nitrogen-related defects with different characteristics, as recapitulated in Table 4-IV. The as grown ZnO NWs show relevant and well-known hydrogen-related defects, including HBC, VZn-nH defect complex with n = 1-3, C-Hx, and NO-H bonds, along with the VZn-NO-H defect complex.

Following thermal annealing at the low temperature of 200 °C, a strong reduction of HBC occurs, indicating the formation of electrically inactive H2 molecules (Figure 4-13(2a)) [9] which can either be trapped in the center of ZnO NWs or exodiffuse if located nearby their surfaces (Figure 4-13(2b)). The (NO-H) defect complexes are also affected strongly and their concentration is significantly reduced as well as the VZn-NO-H defect complex, but to a much smaller extent. Further thermal annealing at 300 °C results in the dissociation of H2 molecules and makes energetically more favorable Hi (Figure 4-13(3a)) [9], which can either rest as HBC or be preferentially trapped by other hydrogen-and nitrogen-related defects to form the VZn-nH defect complexes with n = 1-3 and NO-H groups (Figure 4-13(3b)). It appears that the free charge carrier density in ZnO NWs is significantly reduced here and reaches the second smallest value. This is due to the redistribution of the nitrogen-and hydrogen-related defects, for which the nature differs and involves shallow donors and deep acceptors. These behaviors have clearly been shown and discussed in Figure 456.

Following thermal annealing at 500 °C, the activation and generation of VZn-NO-H defect complex with the -2 charge state is revealed through the formation of VZn at high temperatures (Figure 4-13(5a)) and its reaction with the NO-H groups (Figure 4-13(5b)). The broadening of the NBE emission in the CL spectrum along with the sharp increase in the relative intensity of the green-blue emission band are strong evidence [21,33,61]. At the annealing temperature of 600 °C, an exodiffusion phenomenon of HBC in the form of H2 molecules is expected to some extent (Figure 4-13(6a)), with the further activation and generation of the VZn-NO-H defect complex (Figure 4-13(6b)). The important contribution of the VZn-NO-H defect complex through the predominance of A°XA transitions in the NBE emission is strong evidence [21]. Further annealing in the range of 700 to 900 °C results in an interplay between the activation, and formation of VZn-NO-H defect complex, owing to the observed A°XA [40,41], DAP [42][43][44], and FA [45] transitions, as typically reported in nitrogen-doped ZnO films and NWs. Additionally, the vanishing of C-Hx bonds trapped on the m-plane sidewalls of ZnO NWs is activated from the annealing temperature of 700 °C (Figure 4-13(7a)). [62]. c Reference [22]. d Reference [9]. f Reference [30] (hybrid functionals). e Chapter 3 (GGA + U approach). g Reference [63]. h Reference [64]. i Reference [19] (hybrid functionals). j Reference [32]. k Reference [36]. l Reference [14]. n Reference [15]. m DFT from Section 2.3 (GGA + U approach). o Reference [65]. p Reference [21]. q Reference [13].
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The exodiffusion phenomenon of NO located in the bulk of ZnO at high annealing temperature has been proposed via an oxygen vacancy-assisted mechanism [34]. High-temperature annealing under oxygen atmosphere is unfavorable to the formation of oxygen vacancies, but the contribution of HO should be taken into account here as its presence has already been noticed in ZnO nanorods grown by CBD with the same conditions [8]. Given that HO is stable up to 800 °C [9], the high annealing temperatures could dissociate HO and lead to its exodiffusion, in turn leaving oxygen vacancies (Figure 4-13(8a)) that could be involved in the suggested oxygen vacancy-assisted mechanism. The dissociation of nitrogen-related defects along with the oxygen vacancy-assisted mechanism (Figure 4-13(9a)) and further binding of two interstitial nitrogen atoms would form a N2 molecule [34], hence deactivating NO. Finally, the thermal annealing at 1000 °C shows a clear morphology change where the hexagonal shape is lost (Figure 4-13(10a)) and a strong decrease in the concentration of hydrogen-related defects is inferred, but the nitrogen-related defects still occur to some extent. The annihilation of the related visible emission bands is strong evidence. Interestingly, the clear 4.5 Further evidence -Part I: Space charge limited current measurements 4-24 NBE emission related to HO via the I4 line and its related TES shoulder at 1000 °C give an insight into its presence in ZnO NWs grown by CBD. Hence, correlating these findings, it can be stated that residual HO, HBC, VZn, NO-H bonds, VZn-NO-H defect complex are expected at 1000 °C, while the VZn-nH defect complexes with n = 1-3 have completely vanished. It appears that the free charge carrier density is significantly decreased and reaches the smallest value of the series of samples.

The previous sections have shown that engineering ZnO NWs by thermal annealing under O2 atmosphere has a strong influence on the hydrogen-and nitrogen-related defects, which subsequently influence the electrical and optical properties of nanoscale devices based on these nanostructures. The following sections consist of supplementary studies that give further evidence in the effect of the recently developed thermal annealing strategy in device-like structures based on ZnO NWs.

Further evidence -Part I: Space charge limited current measurements

Accessing the electrical properties of ZnO NWs is essential for their study and optimization. It is also of main interest the development of stable and compatible metallic Ohmic contacts with low contact resistance for their incorporation in nanoscale devices. Both the selection of a metallic contact and the deposition of the contact become major challenges due to the technical difficulty in the fabrication of the device [66]. Electrical characterizations such as the four-point probe measurements [8,67] detailed in Section 3.4.3 are of great technical difficulty, also we proceeded to perform a study with two-point probes 𝐼 -𝑉 measurements in top/bottom contacts.

Performing two-point probes measurements requires a deposition of an Ohmic metal contact on top of the ZnO NWs. Therefore, a planarization process is required to fill the gaps existing between the NWs with a matrix that would satisfy: (i) a good incorporation between the NWs to avoid voids, (ii) good thermal and mechanical stability for the metal contact deposition, and (iii) provides electrical insulation between the top and bottom contacts. After testing and reviewing different materials, the SU8-2002 (Microchem) polymer was selected as the matrix material [68,69].

In the following section, the methodology for the device preparation and 𝐼 -𝑉 acquisition is given. The origin of different behaviors along the 𝐼 -𝑉 acquisition elucidates the importance of the device preparation, history and the influence of the intrinsic/extrinsic defects acting as traps in the ZnO NW structure.

Device preparation and 𝐼 -𝑉 acquisition methodology

The ZnO seed layer and ZnO NWs growth follow the methodology defined in Section 2.1.1. The device preparation was prepared in a Clean Room facility 1 of Institut Néel, Grenoble, Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition
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France. The ZnO NW sample was cut in 1.5 cm×1.5 cm size, and then cleaned in an acetone solution for 15 s and later dried with nitrogen gas.

The planarization process consists in the incorporation of a SU8-2002 matrix within the ZnO NWs array. In a drop-wise manner the polymer SU8-2002 was added to the top of the ZnO NWs sample and it was let still for 5 min to let the polymer seep to the bottom of the NWs to avoid voids in the matrix. After, a spin coating procedure is performed to obtain a matrix height of ~2 µm on top of the ZnO NWs (see Figure 4-14(a)). Later, the top-layer of SU8-2002 was etched with a 12 min O2 plasma with a radiofrequency power of 40 W. Before the metal contact deposition, the etched sample goes through a 100 s exposure with a 30 % filter delivering ~60 mJ/cm 2 , in a UV-KUB machine which allows an emission of 365 nm to crosslink the SU8-2002. Finally, the metal top Ti/Al (150 nm / 50 nm) contacts were deposited by electron beam evaporation (see Figure 4-14(b)), using a mask with different circular diameters going from 10 to 500 µm-diameter. The devices were analyzed using 𝐼 -𝑉 electrical measurements between the top and bottom contacts by a two-point probe nanomanipulators located in a FEI Inspect F50 FESEM instrument using a Keithley 2636B source-meter. The ground was located in the bottom contact. Each device study consisted of the following 𝐼 -𝑉 acquisition protocol: (i) logarithmic acquisition from -1 V to -10 µV (10 points per decade) plus 10 µV to 1 V (10 points per decade), (ii) linear acquisition from 0.1 V to 10 V with a 0.1 V step, with a polarization giving the electron injection on the ohmic top-contact [70]. Then the steps (i) and (ii) were performed for a second time, to evaluate reproducibility. Each 𝐼 -𝑉 acquisition was performed on several devices for statistical analysis. As a visual example of the effective contact, Figure 4-15 shows the tungsten tip in contact with the metallic contact while applying a voltage of 5 V. The contrast difference shows that the voltage is only applied on the circular contact connected with the tip. Moreover, the uniformity of the dark grey level on the contact demonstrates the even distribution of the applied voltage through all the metal contact surface.

Influence of traps along the conduction regimes in ZnO nanowires

When talking about conduction regimes, a large part of the conduction carriers injected cannot participate in the conduction mechanisms because of the existence of defects/traps. When this process is dominant, it is called trap-charge limited (TCL) conduction, which is a special case of the general space-charge limited current (SCLC) regime. Hence, intrinsic and extrinsic point defects in semiconductors have a great influence on their electrical and optical properties. A SCLC mechanism is observed in materials with low free carrier concentrations and Ohmic contacts [70]. In an ideal case when the injected electron concentration is small compared to the equilibrium electron concentration (n0), the current density follows Ohm's law:

J = 𝑒𝑛 0 𝜇 𝑉 𝐿 ( 4-5 )
where 𝜇 is the carrier mobility, 𝐿 is the gap between the electrodes and V is the applied voltage. Eventually, at the cross-over voltage (Vx), the injected charge begins to exceed the equilibrium charge and the transport characteristics become non-linear. In addition to the generation of a SCLC, the sample geometry plays a big role due to the non-uniform distribution of the electric field and charge distribution [71].

The expression of the current voltage variation in the case of a TCL conduction mechanism was established by Rose [72]:

J ≈ 𝑉 𝛼 ( 4-6 )
with the exponent (𝛼 = 𝑙 + 1) defined as the power-law dependence, and the coefficient 𝑙 is dependent on the trap temperature 𝑇 𝑐 .

𝑙 ≈ 𝑇 𝑐 𝑇

( 4-7 )
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Back in 1956, Lampert [70] discussed the simplified theory of SCLC for a single discrete trap level and showed the triangle behavior in the logarithmic scale 𝐽 -𝑉 as shown in Figure 4-16, with the three limiting curves: (i) Ohm's law, (ii) Child's law for solids, and (iii) trapsfilled-limit (TFL) curve. Where the Child's law, also known as trap-free SCLC [70], has a power law of 𝛼 = 2 and the expression in bulk geometries goes as the following:

𝐽 = 9 8 𝜖𝜇 𝑉 2 𝐿 3 ( 4-8 )
Figure 4-16. log-log plot of limiting current density (J) versus voltage (V) characteristics for space-charge limited currents in an insulator with traps. Adapted from Lampert (1956) [70].

Under the simplification of a discrete-trap-charge limited (D-TCL) mechanism, the current voltage relationship in bulk geometries is [73]:

J ≈ 9 8 𝜖 𝜇 1 + 1 𝜃 𝑉 2 𝐿 3 ( 4-9 )
where 𝜖 is equal to 𝜖 0 𝜖 𝑟 with 𝜖 0 being the permittivity of vacuum and 𝜖 𝑟 the relative dielectric constant [52], 𝜇 is the carrier mobility, 𝐿 is the gap between the electrodes, and 𝜃 is the fraction of carriers available in the SCLC. The 1/𝜃 ratio tells the change of free carrier concentration

(𝑛) to trapped carriers (𝑛 𝑠 ~ 𝑛 × 1 𝜃
) at the traps-filled limit (TFL) [70,73]. Additionally, with the D-TCL assumption, the 1/𝜃 ratio can also be defined as the ratio between the current densities at the onset and the end of the rise in the TFL region [70,72,74]: Special care needs to be taken experimentally, to not mistake the sudden TFL jump as an electronic breakdown of the device [70]. To further visualize how complex the 𝐽 -𝑉 curves can become, Yang and Shen [73] developed different calculations on possible scenarios where free, discrete, and exponential trap distributions can show a more complex interplay in the transport mechanisms. These cases would give 𝐽 -𝑉 curves such as the ones depicted in Figure 4-17. From these graphs, is valuable to observe the following trends: (i) the sudden current density jump occurs only for the D-TCL (single) case, (ii) a sharp TFL density jump is observed greatly in discrete traps with deep energy, (iii) all the traps are filled after the D-TCL region, and the trap-free SCL becomes dominant, (iv) a TCL with an interplay of traps with a discrete and exponential energy distribution would dampen the sudden jump in the current density. occurs. Let's recall that this sudden jump is expected to occur in the D-TCL conduction mechanism [70,73]. The V (TFL) is defined as the voltage required to generate enough field to overcome the existing Coulomb interactions between the traps and carriers, which later promotes the filling of the single-discrete deep energy traps [70,73]. After reaching the point M1c in Figure 4-18(b1), the 𝐽 -𝑉 follows a SCLC mechanism with a slope of ~3.8, contrary to the expected Child's law slope of 2 for a trap-filled mechanism [70]. This could elucidate that after the filling of discrete traps, an exponential trap distribution becomes dominant [72,75]. The second measurement (M2) is also shown in Figure 4-18 and several differences are observed in the 𝐽 -𝑉 characteristics, as compared with M1. As shown in Figure 4-18(a) at a low-injection, the device shows an Ohmic region with higher conductivity and a smaller cross-over voltage at ~0.1 V. Later, a SCLC mechanism becomes dominant starting at ~0.1 V with slopes oscillating between ~2 to ~5. Curiously, passed the V (TFL) , the current and conduction mechanism merges with the one observed for M1. These observations reveal that the electronic change that occurred after the filling of the traps at V (TFL) , gives a SCLC dominated by exponential traps and these remain dominant for M2 and for subsequent observations. These as grown ZnO NWs spontaneously grown by CBD have a high density of free charge carriers in the range of 2.7×10 18 to 3.1×10 19 cm -3 . According to the simulations performed by Alagha et al., nanowires with a free carrier concentration > 10 17 cm -3 should not show the SCLC mechanism because the cross-over voltage would be at very large voltages [71]. However, the SCLC mechanism is observed in this case due to the important carrier depletion caused by chemisorbed O2 in the surface of the ZnO NWs [58,[76][77][78] and from the relatively high aspect ratio of these ZnO NWs [79]. From the previous paragraphs, the conduction mechanisms observed for the as grown ZnO NWs are complex and their interpretation is not straightforward. However, in the following discussion, we will try to elucidate the influence of the hydrogen-and nitrogen-related defects in the different mechanisms.

 Ohmic conduction mechanism

A current conduction following Ohm's law is observed when the injected electron concentration is small compared to the equilibrium free electron concentration. The Ohmic conduction is observed in both M1 and M2, however, the cross-over voltage (Vx) for M1 (~2.5 V) is much larger than for M2 (~0.1 V). By combining equations ( 4-5 ) and ( 4-8 ), the cross-over voltage is often used to estimate the free carrier concentration (𝑛) with [70]:

𝑛 = 2 𝜖 𝑒 𝐿 2 𝑉 𝑥 ( 4-11 )
By computing the values of 𝑛 we obtain values for M1 and M2 in the range of 10 15 and 10 13 cm -3 , respectively. The reason for this important decrease could be two phenomena: (i) the further depletion with the transformation of physisorbed oxygen into chemisorbed oxygen through the reaction O 2 + 𝑒 -→ O 2 -, which was shown to occur with electron injection in ZnO NWs [76]. Or with (ii) consumption of free carriers in the filling of deep traps in the TFL step [70]. Due to the expected decrease in the free carrier concentration, the increase in the conductivity from M1 to M2 could be suggested by a moderate improvement in the mobility values.

 Trap-filled mechanism

Passed the cross-over voltage, the excess carriers injected in the ZnO NWs promote the formation of a SCLC mechanism. In the case of M1, it forms a clear trap-filling mechanism with a massive current density jump at V (TFL) . As shown in Figure 4-17(a), it has been suggested that the TFL jump is very sharp for deep traps [70,73]. In the as grown ZnO NWs grown by CBD, the VZn, VZn-H, VZn-2H, VZn-NO-H are deep defects and are massively formed. The electron injection and filling of these deep traps could be assisted due to the upward band-bending and the respective Fermi level pinning by the surface states coming from the chemisorbed oxygen ions in the surface [58,[76][77][78]80]. For illustration, a brief scheme of these energy levels is shown in Figure 45678910111213141516171819.
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 Space-charge limited conduction mechanism

After the filling of deep traps in the TFL section, the SCLC mechanism has a slope of ~3.8 and it suggests that an exponential trap distribution is dominant in the conduction mechanism [72,75]. Traps originating from surface defects have an exponential energy distribution [77]. Additionally, defects such as HBC, VZn-3H act as shallow donors and are attributed to give a metal-like electrical conduction to ZnO NWs. This great impurity concentration would promote a broad impurity band that would merge with the conduction band tail [81]. Hence, an interplay between the surface defects and/or shallow defects could explain the SCLC mechanism due to exponential traps. The previous section showed the importance of the preparation and history of the device. Our experience while performing these acquisitions show that the changes in the electronic properties and the 𝐽 -𝑉 characteristics of these devices are stable within a couple of days. However, measurements performed after a two-month period on the same device showed again the 𝐽 -𝑉 characteristics of the M1 case, giving proof that the trap-filling mechanism occurring when crossing V (TFL) is reversible.

Having explained the SCLC mechanism on the as grown ZnO NWs device, the following section will detail the influence of thermal annealing under O2 atmosphere in the ZnO NWs prepared as detailed in Section 4.2.1. 

Space-charge limited current mechanism in as grown and annealed ZnO nanowires

Following the analysis of the as grown ZnO NWs device from the previous section, the 𝐽 -𝑉 characteristics of the as grown and annealed ZnO NWs devices for the first measurement (M1) and the second measurement (M2) are shown in Figure 4-20 and Figure 4-21, respectively. The series of annealed ZnO NWs show similar characteristics as the as grown ZnO NWs. For example, in M1 we can observe: (i) an Ohmic conduction, (ii) a TCL transition until the threshold value of V (TFL) , (iii) the sudden current density jump corresponding to the TFL condition, and (iv) a SCLC conduction mechanism. In addition for M2: (i) an Ohmic Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-33 conduction with a smaller cross-over voltage than M1, and (ii) a SCLC mechanism with a slope higher than 2. Despite the similarities, important differences can also be observed in the ohmic resistance of the devices, the cross-over voltages (Vx), the V (TFL) position of the trap-filled limit jump, and in the 1/𝜃 ratio, all these are detailed in Table 4-V and Table 4-VI.

Table 4-V. Detail of the ohmic resistance (R), cross-over voltage (Vx), free carrier concentration (n), trap-filled limit voltage (V (TFL) ), 1/𝜃 ratio, mobility (μ), and trap density (Nt) obtained from the log-log 𝐽 -𝑉 characteristic curves of the first measurement (M1) in the as grown and annealed ZnO NWs devices. The parameters were calculated with the following equations: n ( 4-11 ), μ ( 4-9 ), and Nt ( 4-12 ).

Annealed sample

R (M1) (MΩ) Vx (M1) (V) n (M1) (×10 14 cm -3 ) V (TFL) (V) 1/𝜃 (a.u.) 𝜇 (cm 2 V -1 s -1 )
𝑁 𝑡 (×10 14 

 Ohmic conduction mechanism

As observed in Figure 4-20(a1) and Figure 4-21(a1), important differences in the resistance and in the cross-over voltage are observed in the Ohmic conduction mechanism for the M1 and M2 conditions. It's valuable to recall that in this device configuration, an influence of the contact resistance could be expected, so the interpretation of the resistance is not meant to be straightforward. However, it is interesting to observe certain trends on the Ohmic conduction and SCLC transport mechanisms for the different annealing temperatures and correlate them with our understanding of the effect of thermal annealing on hydrogen-and nitrogen-related defects in ZnO NWs grown by chemical bath deposition (see Section 4.2). In Figure 4-22(a) we can observe the evolution of the M1 resistance [R (M1) ] and M2 resistance [R (M2) ] versus the annealing temperature. For the as grown, 200 °C, and 300 °C annealed samples the R (M2) is approximately one-order of magnitude smaller than R (M1) . Later, the 400 °C, 500 °C, 600 °C, and 800 °C annealed samples show a minor change between the R (M1) and R (M2) . From these observations, the increase in conductivity observed in M2 is due to the filling of traps occurring at the V (TFL) point. The free carrier concentration was computed with eq. ( 4-11 ) and its evolution versus the annealing temperature is shown in Figure 4-22(b). The free carrier density in M2 [n (M2) ] considerably decreases due to the filling of the traps. From these two observations, we can suggest that a moderate increase in the mobility is observed when the traps are filled, possibly due to an enhanced electron hopping between traps. Moreover, the annealing of VZn, VZn-H, VZn-2H and VZn-NO-H known to act as deep defects, and HBC and VZn-3H known to act as shallow donors, would decrease the traps density and consequently the number of free carriers to be trapped. Hence, the low density of deep defects observed at temperatures higher than 400 °C, doesn't promote an important change in the resistance from M1 to M2.

Further evidence -Part I: Space charge limited current measurements
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 Trap-filled mechanism

As previously discussed along eq. ( 4-9 ) and ( 4-10 ), the ratio 1/𝜃 is proportional to the jump occurring at the V (TFL) [70]. From Figure 4-23(a), we observe the 1/𝜃 ratio steadily decreasing from 200 to 600 °C, which correlates with the steady annealing of VZn, VZn-H, VZn-2H and VZn-NO-H. The ZnO NWs annealed at 600 °C show the lowest value for 1/𝜃 at 1.8, a value close to unity that would approximate the conduction mechanism to a trap-free SCLC. Furthermore, assuming the simplification of the D-TCL model, the carrier mobility is computed with eq. ( 4-9 ). The computed carrier mobility of the as grown and annealed ZnO NWs (see Figure 4 Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition
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expected 50 to 80 cm 2 V -1 s -1 , typically reported from field-effect transistor (FET) measurements [59,60]. The 𝐽 -𝑉 characteristic curves of the 800 °C annealed ZnO NW device shows an increase of 1/𝜃 increases and the V (TFL) drastically moves up to 7.20 V. As discussed in Section 4.4, the principal annealing mechanism occurring at this temperature is the dissociation of the HO defect, allowing the formation of Hi and VO (H O → H i + V O ). Hence, the massive formation of VO as a deep donor [82] and Hi as a shallow donor [22] could suggest the shift observed to a higher V (TFL) . As defined by Lampert [70], the V (TFL) can be used to calculate the trap density (𝑁 𝑡 ):

𝑁 𝑡 = 2 𝜖 V (𝑇𝐹𝐿) 𝑒𝐿 2 ( 4-12 )
The trend of the V (TFL) and 𝑁 𝑡 can be observed in Figure 4-23(c) and Figure 4-23(d) respectively. The calculated trap densities lay in the range of 1×10 15 cm -3 to 3×10 15 cm -3 , quite close to the 2×10 15 cm -3 densities reported for shallow electron-trap and deep electron-trap centers in ZnO layers grown by molecular-beam epitaxy, measured by admittance spectroscopy [83]. The 𝐽 -𝑉 characteristic curves of the second measurement (M2) are shown in Figure 4-21. Compared with Figure 4-18 for the as grown ZnO NWs device, the SCLC conduction mechanism observed for the M2 case also replicates for the annealed series. Regardless of the annealing temperature, the slopes oscillate between ~2 to ~6 and it elucidates a complex conduction mechanism where traps with an exponential energy distribution become dominant as long as the discrete traps are filled.

Thermal annealing under O2 atmosphere also modifies the amount of current density for each device, especially at temperatures higher than 500 °C. Special attention is drawn to the highly resistive 600 °C sample, which closely correlates with the temperature reported for the thermal activation of the VZn-NO-H defect complex acting as a deep acceptor. This temperature has also been shown to own the highest acceptor-to-donor ratio observed via Raman spectroscopy in Figure 4-5(b). The 800 °C sample shows an increase on the current density, which again could be correlated with the previously discussed generation of VO and Hi defects acting as deep donor and shallow donor, respectively.

Electrical behavior down to 5 K of ZnO NWs devices

Finally, temperature-dependent 𝐽 -𝑉 characteristic acquisitions were performed down to 5 K to further evaluate the influence of thermal annealing on ZnO NWs. In Figure 4-24, we can observe the effect of decreasing temperature in the resistance measurements of the as grown and annealed ZnO NWs devices. Each resistance measurement at each temperature used a different device, to avoid the effect of changing the electrical properties of the ZnO NWs. Even though the contact resistance plays an important role in the overall resistance of the device, this study aimed to increase the contribution of the ZnO NWs resistance by cooling down the device. Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition
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Both the as grown and the 200 °C annealed sample shows an almost flat curve with a relatively low change on the resistance, with ~5 MΩ at 5 K. Then, the 300 °C annealed sample shows a two-decade increase in the resistance while changing from room temperature down to 5 K. It was shown by the LPP fit model that the ZnO NWs annealed at 300 °C shows a strong decrease on the free carrier concentration due to the thermal annealing of HBC and VZn-3H, both acting as shallow donors (see Section 4.3). Later, the ZnO NWs annealed at 400 °C and 500 °C show an increase of ~4 decades in the resistance. Following the previous discussion on the 600 °C annealed sample, it is the device that owns the highest resistance at room temperature and the second highest resistance at 5 K, just beat by the 800 °C sample with a device resistance of ~45 GΩ.

Concluding remarks

In this study, as grown and annealed ZnO NWs grown using the CBD technique were characterized by two-point probe electrical measurements by depositing Ti-Al metal contacts on top of the SU8-filled ZnO NWs arrays. A systematic acquisition of 𝐼 -𝑉 characteristics were performed to review the electrical properties of these devices. All the devices showed two different types of SCLC mechanisms: (i) a D-TCL, and (ii) a SCLC mechanism with a powerlaw coefficient (𝛼) higher than 2. The change from these mechanisms occurs with the filling of deep traps at the V (TFL) at ~3 V, with the exception of the 800 °C annealed sample with the V (TFL) at 7.20 V. The traps filled in the D-TCL mechanism are attributed to the high density of VZn, VZn-H, VZn-2H and VZn-NO-H, known to act as deep defects. Furthermore, the decrease in the 1/𝜃 ratio with annealing temperature further shows the reduction of these deep defects by thermal treatment. After the V (TFL) is reached, the SCLC with 𝛼 > 2 shows the dominant effect of traps with an exponential energy distribution attributed to the HBC, VZn-3H and surface states [77,81].

Comparing the carrier density of the first measurement n (M1) (from the two-probe electrical measurements) with the carrier density obtained from the LPP fit (see Section 4.3), a strong discrepancy is observed in the magnitude of the values. For example, the as grown ZnO NWs show values ~1.02×10 18 cm -3 via the LPP fit, while the electrical measurements with two-point probe show values ~1.04×10 15 cm -3 . These values are highly underestimated compared with the four-point probe electrical measurements that lead to values in the range of 2.7×10 18 -3.1×10 19 cm -3 , see Section 3.4.3. To our consideration, an important reason contributing to this strong underestimation of the carrier density would be the expected role from the contact resistance. The important effect of adsorbed oxygen atoms on the ZnO NW sidewalls is not likely to contribute to this discrepancy, since this effect is expected to be similar between the encapsulated devices (see Figure 4-14) and the Raman spectrum acquisition under ambient atmosphere. However, despite this discrepancy, both the LPP fit and the two-point probe electrical measurements show a steady decrease when annealing the ZnO NWs from 200 to 300 °C under oxygen atmosphere, an effect attributed to the annealing of the shallow donors HBC and VZn-3H (see .

Finally, although the two-probe electrical measurements show a complex behavior between the different conduction mechanisms, this study helps elucidate the different behaviors that 

Further evidence -Part II: Advanced scanning probe microscopy

Some practical alternatives for accessing the electrical properties of ZnO NWs at the nanoscale level are based on atomic force microscopy (AFM) measurements in the scanning capacitance microscopy (SCM) in contact mode. In 2016, Wang et al. determined by AFM-SCM mode the residual carrier concentration in as grown ZnO NWs spontaneously grown by CBD. These NWs had an estimated carrier concentration of 5×10 17 to 2×10 18 cm -3 [84]. It has been shown that the SCM method can reach resolutions of 10 nm and its main challenges include the quantification and calibration methodologies. Additionally, obtaining consistent and repeatable results for highly conductive materials remains challenging with SCM measurements [85]. Another mode called scanning spreading resistance microscopy (SSRM) has been shown to be a promising candidate for 2D carrier profiling and tool for the electrical characterization of nanostructures. This technique will be developed below. 4.6.1 Principles and experimental procedure SSRM measurements act in contact mode and it is required for the applied force to exceed a certain threshold, in order to make the spreading resistance dominant [86]. It was shown by Wolf et al. that the resolution for SSRM measurements under air could reach values better than 25 nm [87]. Then Zhang et al. demonstrated 1 nm spatial resolution of SSRM by measuring in vacuum [88]. The electrical characterizations by SSRM can be combined with piezoelectric force microscopy (PFM) measurements, yielding a direct comparison of the electrical and piezoelectric properties at the nanoscale. Within this context, Synhaivskyi et al. showed direct evidence of piezoelectric potential and the screening effect in single highly doped ZnO:Ga and ZnO:Al nanowires grown by CBD, through a series of consistent characterizations in SSRM electrical mode and piezoresponse force microscopy in dual-frequency resonance tracking mode (PFM DFRT) [89].

The present section shows the results obtained with a set of samples consisting on the as grown ZnO NWs and the thermally annealed ZnO NWs at 300 °C, 500 °C, 600 °C, 800 °C, prepared in the same conditions detailed in Section 4.2.1

. The planarization process, ZnO:Ga calibration curve, the electric and piezoelectric measurements were performed by Oleksandr Synhaivskyi, Brice Gautier, and Georges Bremond from INSA de Lyon2 . This collaboration was part of the framework of the ANR ROLLER Project [90].

The main framework of this section is supported by the publication: The ZnO seed layer and ZnO NWs growth follow the methodology defined in Section. 4.2.1. The device preparation consisted of filling the gaps between the ZnO NWs with a dielectric solution consisting of tetraethyl orthosilicate (TEOS) via a dip-coating method and subsequent thermal annealing steps at 100 °C and 500 °C to bake and stabilize the SiO2 matrix. Afterwards, chemical-mechanical polishing was performed using a colloidal silica solution with an average particle size of 25 nm to obtain the final result of planarized ZnO NWs. For illustration, Figure 4-25 shows the cross-section FESEM image of Ga-doped ZnO NWs grown by CBD, and Figure 4-25(b) shows these NWs after the encapsulation in the SiO2 matrix and chemo-mechanical polishing [89]. 
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Electric and piezoelectric properties measurements

The electrical measurements were performed in ambient conditions of 21 °C with an AFM platform (Nanoscope Dimension 3100) with the commercial electrical mode for SSRM mode and electrical mode extended tunneling AFM (TUNA) for the acquisition of I-V curves. The schematic Figure 4-26(a) depicts the device consisting of the encapsulated ZnO NWs within the SiO2 dielectric matrix. Additionally, it shows the conductive AFM tip consisting in a highly doped conductive diamond tip CDT-NCHR (Nanosensors). The ZnO:Ga multilayer sample (to be detailed below) was tested under the same circumstances as the other ZnO NW devices. The interaction forces for the SSRM measurements were always set to be sufficient for an adequate contact with the ZnO sample but insufficient for damage, and were estimated to have an applied force (Fapp) of 2.6 ± 0.4 µN. An HF2LI from Zurich Instruments was used along with the NT-MDT Ntegra AFM platform for piezoelectrical measurements. Additional studies with the Nanoscope Dimension 3100 Atomic Force Microscope produced similar results. A multilayer sample with a known concentration of free charge carriers was grown by molecular beam epitaxy (MBE) on a ZnO single crystal with a variation of gallium content distributed in 18 layers. With secondary ion mass spectroscopy (SIMS) measurements, the amount of gallium was shown to be from 4×10 17 to 5×10 20 at./cm 3 , and along with SSRM measurements, the final calibration curve is shown in Figure 4-26 [89]. This calibration is optimized for obtaining the charge carrier concentration in ZnO:Ga NWs. For this investigation, it is important to consider carefully this assumption because the ZnO:Ga NWs would present different mobility values as the ones expected for the unintentionally doped ZnO NWs [57,59,60]. Hence, the charge carrier concentration values for the unintentionally doped ZnO NWs are not expected to be as accurate as for the ZnO:Ga NWs. However, this calibration curve and overall methodology are very interesting as an initial strategy for accessing the electrical properties of unintentionally doped ZnO NWs. 

Experimental results

The topography images and SSRM measurement signal taken on the planarized nanowires are shown in Figure 4-27 for the as grown and annealed series samples. Each analysis consisted in the measurement of twenty SSRM profiles from different nanowires. Also for the PFM measurements, the topography images and the vertical piezoresponse vibration amplitude are shown in Figure 4-28.

The results of this study are shown in Figure 4-29 by comparing the resistivity with the piezoelectric response as a relative piezoelectric vibration. Following the SSRM measurements, the SSRM calibration method shown in Figure 4-26 was used to define the free charge carrier concentration. These results are detailed in Table 4-VII.

The experimental charge carrier concentration of 1.18×10 19 cm -3 of the as grown ZnO NWs gives an estimated resistivity range of 6.61 to 10.58 mΩ cm by using values of mobility Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-41 previously reported from FET measurements in the range of 50 to 80 cm 2 /V s [59,60]. This charge carrier concentration is located in the same order as the range of 2.7×10 18 to 3.1×10 19 cm -3 previously reported by four-point probe electrical measurements on as grown single ZnO nanowires (see Section 3.4.3). Annealing at 300 °C shows a massive increase in the resistivity up to values ~100 mΩ cm. This effect is extremely well correlated with the strong annealing of hydrogen-related defects, especially the HBC, VZn-3H defects acting as shallow donors (see Section 4.4), and with the strong decrease in charge carrier concentration observed at 300 °C by the LPP-fit model in Further annealing at 500 °C and 600 °C show an important decrease of the resistivity to ~15 mΩ cm along with the detrimental effect of the piezoelectric vibration. Both the 500 °C and 600 °C samples are expected to have similar properties regarding the H-and N-related defects, since the thermal activation of the V Zn -N O -H complex acting as a deep acceptor, and the formation of zinc vacancies are expected around these temperatures. Additionally, the proximity between the 500 °C and 600 °C samples correlates with the free carrier densities reported by the LPP-fit model.

Finally, the 800 °C annealed sample shows a decrease in the resistivity values down to ~10 mΩ cm and an increase to 9.44×10 18 cm -3 in the charge carrier concentration. Consequently, this has a detrimental effect on the relative piezoelectric vibration (~0.82×). Figure 4-13 shows that at 800 °C, that the highly stable HO acting as a shallow donor is decomposed into Hi and VO defects acting as shallow and deep donors [82,92], respectively. Correlatively, the LPP-fit model shows that the samples at 800 °C and 900 °C show a steady increase in the free charge carrier density to values up to 7.5×10 17 and 8.2×10 17 cm -3 , Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-43 respectively. Hence, the residual formation of Hi (probably as HBC) and VO acting as donors is shown by the increase in the free charge carriers in both the LPP-fit and the SSRM/PFM measurements. With these results, the effect of hydrogen-related defects acting as shallow donors is connected with the changes in resistivity observed by the SSRM measurements. Additionally, the detrimental effect of the decrease in resistivity on the piezopotential of ZnO NWs correlates with the piezoelectric potential screening effect discussed by Synhaivskyi et al. [89].

Conclusions

In summary, this detailed chapter has shown the possible tuning of the hydrogen-and nitrogen-related defects using thermal annealing under an oxygen atmosphere, resulting in a rather complex and fine evolution of their nature and concentration as a function of annealing temperature ranging from 200 to 1000 °C. The resulting electrical properties strongly depend on the balance between the nitrogen-and hydrogen-related defects and on their redistribution upon thermal annealing. ZnO NWs annealed at the moderate temperature of 300 °C specifically exhibit one of the smallest free charge carrier density of 5.6×10 17 cm -3 along with high mobility of about 60 cm 2 /V s following the analysis of longitudinal optical phononplasmon coupling. A comprehensive diagram showing the complex interplay of each nitrogen-and hydrogenrelated defect during thermal annealing and its dependence on the annealing temperature has been developed in Section 4.4. Furthermore, the influence of thermal annealing in ZnO NWs was directly evidenced in device-like structures in Sections 4.5 and 4.6. Remarkably, the piezoelectric vibration recorded by PFM showed a 2.2× improvement in the piezoelectric potential at the annealing temperature of 300 °C, compared with the as grown ZnO NWs. Correlating with the decrease in the piezoelectric screening effect caused by the annealed free carriers attributed to the H-related defects.

Ultimately, the engineering of the hydrogen-and nitrogen-related defects as the major source of crystal defects in unintentionally-doped ZnO NWs grown by CBD is capital to control their electronic structure properties governing their electrical and optical properties in any nanoscale engineering devices.
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In Chapter 3, the formation of ZnO NWs spontaneously grown by chemical bath deposition shows the need to carefully address the effect of hydrogen-and nitrogen-related defects for their optimal application in nanoscale devices. Additionally, the pH of the CBD solution and its effect on the formation mechanisms of ZnO NWs and of hydrogen-and nitrogen-related defects are still unexplored. By adjusting the growth in the low-and high-pH region, this chapter shows important differences in the morphological and optical properties of ZnO NWs, as well as the modulated incorporation of hydrogen-and nitrogen-related defects in their center using Raman and cathodoluminescence spectroscopy. The increase in the pH is related to the increase in the oxygen chemical potential (µO), for which the formation energy of hydrogen and nitrogen-related defects could be engineered. Furthermore, this chapter shows the effects of annealing at 450 °C under oxygen atmosphere in tuning the optical properties of ZnO NWs by reducing the density of HBC and VZn-related defects, while activating the formation of VZn-NO-H defect complexes, as shown in Chapter 4. All these findings show the influence of pH on the nature of Zn(II) species, the electrostatic interactions between these species and ZnO NW surfaces, and the formation energy of the involved defects. They emphasize the crucial role of the pH of the CBD solution and open new possibilities for simultaneously engineering the morphology of ZnO NWs and the formation of hydrogen-and nitrogen-related defects.

This chapter is based on the published article: Villafuerte, J. et al. Modulating the growth of chemically deposited ZnO nanowires and the formation of nitrogen-and hydrogen-related defects using pH adjustment. Nanoscale Adv. 4, 1793-1807 (2022).
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State-of-the-art: Role of pH in chemical bath deposition

As discussed along Chapter 1 and in the state of the art of Chapters 3 and 4, the study of ZnO nanowires (NWs) in the last two decades has shown high interest towards gaining a better understanding on their potential use as efficient nanoscale devices [1][2][3][4][5]. In this particular Chapter, the growth of ZnO NWs will be revisited by taking close attention on the role of pH in chemical bath deposition (CBD).

The growth of ZnO NWs by the low-temperature and low-cost solution route of the CBD technique, occurs with their crystallization that follows the thermally-activated dehydration of [Zn(H2O)6] 2+ ions coming from the Zn(II) ions, representing the limiting reactant at low pH. Combined with the kinetically controlled growth by the thermally-activated decomposition of hexamethylenetetramine (HMTA) that slowly releases hydroxide ions in an aqueous solution [6][7][8][9][10]. Hence, the understanding of the different experimental parameters such as the chemical precursor concentration [8,9,11,12], the nature of the species present in the solution [11,[13][14][15][16][17], pH of the solution [11,18,19], temperature, and growth time [10,20], have shown to play a key role in the morphology, structural, chemical, optical, and electrical properties of ZnO NWs.

Universally, the hydronium (H 3 O + ) and hydroxide (OH -) ions are referred to as the water ions, and their study is crucial in aqueous solutions. The hydronium ion corresponds to the protonation of a water molecule, as depicted in Figure 5-1. Hence in the case of this study, special attention is brought to the physicochemical parameter of pH. ( 5-1)

Furthermore, the hydronium molar ionic activity (𝑎 H 3 O + ,M ) can be defined through the activity coefficient (𝛾 H 3 O + ,M ) and the molar concentration

([H 3 O + ]). 𝑎 H 3 O + ,M = 𝛾 H 3 O + ,M [H 3 O + ]
( 5-2)

In the particular case of diluted solutions, we have the hypothesis that 𝛾~1. Then, in simple terms, the pH operational concept is defined as the following: pH = -log 10 [H 3 O + ]

( 5-3)
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where [H 3 O + ] is determined with respect to a reference pH value [22][23][24]. Conversely, the concentration of hydroxide ions [OH -] is also derived by pH measurements and immediately highlights the importance of pH in the CBD solution as a potential source of oxygen for the crystallization of ZnO NWs. Additionally, it is well-known that the pH also impacts the concentration and nature of the species present in the CBD solution (as seen in Figure 5-2(a) and Figure 5-2(b)) [9], and the growth mechanisms of ZnO NWs [10,11,19]. By the addition of ammonium chloride (NH4Cl), Joo et al. showed that in a zinc-only CBD system, a modest variation (<1.5-fold range) of the aspect ratio of ZnO NWs can be expected by adjusting the pH alone within the range of 10.6 to 11.4 (see Figure 5-3(a)) [11]. Dahiya et al. showed that the addition of ammonium hydroxide (NH4OH) slowly degrades the optical response of ZnO NWs, as depicted in Figure 5-3(b1), through the increase in the concentration of point defects within the pH range of 6.6 to 7.1. This degradation is clearly observed in Figure 5-3(b2) by the decrease in the intensity ratio of the NBE emission (UV) and the defect band emission (green-band emission) [18]. Additionally, the intentional doping of ZnO NWs with Al [15], Ga [13], and Cu [14], was developed through the addition of their respective chemical Hence, with the advances on the understanding of the nitrogen and hydrogen-related defects in unintentionally doped ZnO NWs grown by CBD presented in Chapter 3 and Chapter 4, it is valuable to further understand how the pH of the CBD solution influences the formation and incorporation of these defects.

Objectives

In this chapter, ZnO NW arrays are grown using a series of CBD solutions in the pH range of 7.00 to 11.07 and subsequently are thermally annealed at 450 °C under oxygen atmosphere, following the knowledge developed in Chapter 4. This study is necessary to evaluate the behavior of the hydrogen-and nitrogen-related defects when growing unintentionally doped ZnO NWs under different pH conditions, within the framework of the second strategy for engineering our ZnO NWs. The objectives for this Chapter are the following:

Chapter 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-7  Objective 1. Understand the effect of pH in the nature of the Zn(II) species and the hydrogen-and nitrogen-related defects through thermodynamic computations and DFT calculations.  Objective 2. Elucidate the fine evolution of hydrogen-and nitrogen-related defects by performing in situ pH measurements, Raman spectroscopy and 5 K cathodoluminescence spectroscopy characterizations, on both the pristine and annealed series. With this comprehensive analysis, the latent opportunity to engineer the morphological, optical and electrical properties of ZnO NWs via the modification of the pH in the CBD solution (combined with thermal annealing) will be unveiled.

Experimental and theoretical methods

Methodology for the synthesis and thermal annealing of ZnO nanowires

The growth methodology for the ZnO seed layer and ZnO NWs is the one detailed in Section 2.1.1, with the difference of the addition of ammonia (NH3, Sigma-Aldrich) to modify the pH. Hence, the initial pH of the solution before heating, denoted as pH0, was changed from 7.00 to 11.07 by the further addition of different concentrations of ammonia (NH3, Sigma-Aldrich) ranging from 0 to 1505 mM. Table 5-I summarizes the concentration of added ammonia and the growth time for each pH0 condition. The growth time was varied in the range of 60 to 360 min to form ZnO NWs with a length higher than 1 µm regardless of the pH0 value, which is favorable to investigate the pH effects mainly during the elongation process. A thermal annealing treatment at 450 °C for 1 h was eventually performed in a tubular furnace under oxygen atmosphere. The growth condition with a pH0 of 11.07 presented no growth of ZnO NWs and it even dissolved the ZnO seed layer due to the known high solubility of ZnO at high pH. Hence, this condition is shown in Figure 5-7 and it will not be part of the present analysis. 

Thermodynamic Computations

Thermodynamic simulations were performed with the Visual MINTEQ software to determine the speciation diagrams of Zn(II) species as well as the theoretical solubility plots of ZnO at 85 °C at each NH3 concentration. The Zn 2+ cation in aqueous solution is capable of forming hydroxide and/or amine complexes with the two possible ligands (HO -and NH3) denoted as L, Given the general reactions nZn 2+ + iL ↔ ZnnLi n ⋅ 2+ , where ZnnLi n ⋅ 2+ is the complex considered with i as the coordination number. The related stability constants 𝛽 𝑖 𝐿 associated with each reaction are given by 𝛽 𝑖 𝐿 =

[Zn 𝑛 𝐿 𝑖 𝑛⋅2+ ]

[𝑍𝑛 2+ ] 𝑛 [𝐿] 𝑖 . These constants at room temperature were taken from the National Institute of Standards and Technology (NIST) database and the constants at 85 °C were deduced from Van't Hoff relation. To calculate the theoretical solubility plots for each condition, Zn-related oxides and hydroxides were considered.

Density-Functional Theory Method 1

The wurtzite structure of ZnO and the specified point defects from the current study were investigated using the VASP code with projector augmented-wave (PAW) potentials [32,33] along with the Perdew-Burke-Ernzerh derivation of the generalized gradient approximation (GGA-PBE) [34,35] of the DFT, as detailed in Section 2.3.

Effect of pH adjustment of the CBD solution on the growth of ZnO nanowires

Description of the structural morphology of ZnO nanowires

The heterogeneous formation of ZnO NWs was performed on top of c-axis oriented polycrystalline ZnO seed layers deposited via dip-coating technique with the same structural morphology for the entire study [36,37]. The morphological properties of as grown pristine ZnO NWs by CBD with pH 0 values in the range of 7.00 -10.94 are shown in Figure 5-5 by FESEM imaging and in Figure 5-6 by representing the axial growth rate along the polar c-axis, radial growth rate, aspect ratio, apparent density and deposited volume for each condition. The axial and radial growth rates were deduced from the ratio of the length and diameter of ZnO NWs over the effective growth time, respectively. The effective growth time was defined as the total growth time subtracted by the nucleation time of ~20 min needed to reach the temperature of 60 °C required to start the elongation process of ZnO NWs. The deposited volume of ZnO NWs was inferred from their diameter, length, and apparent density. 1 DFT calculations performed by Prof. Joseph Kioseoglou. Physics Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece Chapter 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment
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The pristine ZnO NWs grown in the pH0 region of 7.00 -10.94 are vertically aligned with the hexagonal shape characteristic of their wurtzite structure oriented along the polar c-axis [38]. The ZnO NWs grown within the increasing pH0 region of 7.00 -7.44, defined as the low-pH region, exhibit a wide-hexagonal tip despite a drastic decrease in their axial growth rate from 0.29 to 0.10 µm/h, and a correlated significant decrease in their aspect ratio from 13 to 6. Interestingly, the decrease in the axial growth rate is accompanied by an increase in the apparent density of ZnO NWs from 51 to 98 NW/µm 2 . This is attributed to the apparition of O-polar ZnO NWs that have a slower growth rate than their counter Zn-polar ZnO NWs [36,39], hence in standard conditions the Zn-polar NWs grow faster and mask the presence of O-polar NWs. From Table 5-I, it is evident that no growth was performed along the intermediate pH0 region ranging from 7.44 to 10.55 owing to the known predominant homogeneous nucleation occurring in the CBD solution [19]. The ZnO NWs grown within the pH0 region of 10.55 -10.94, defined as the high-pH region, exhibit higher aspect ratios (> 20), which are more suitable for piezoelectric applications [6,40]. These ZnO NWs have different types of morphologies, where the NWs grown within the pH0 range of 10.55 -10.62 show a narrow-hexagonal tip while the NWs grown within the pH 0 range of 10.70 -10.80 show a pencil-like tip. These morphologies are correlated with the prominent increase in the axial growth rate of ZnO NWs seen in the high-pH region. ZnO NWs grown with an axial growth rate of ~1.5 µm/h have a narrow-hexagonal tip, while the ZnO NWs grown with a higher growth rate have a pencil-like tip. These morphologies have previously been shown on ZnO NWs from Refs. [10,13,14,41], using the conditions where no dopant solution was added to the CBD solution with pH0 > 10.3. Remarkably, the ZnO NWs grown at pH0 value of 10.94 has a high aspect ratio and it presents a narrow-hexagonal tip instead of a pencil-like tip. As shown by Lausecker et al., the drastic increase in the axial growth rate prevents the complete formation of the nonpolar m-planes on their sidewalls, hence reducing the size of the NW tip [14]. Simultaneously, an erosion process of the NW top facets by HO -ions at high pH has also been shown [42]. However, the extended growths under dynamic condition cause the depletion of chemical reactants, promoting a decrease in the axial growth rate and giving the opportunity for the nonpolar m-planes to form [10]. Hence, this would explain how our ZnO NWs grown at the pH0 value of 10.94 could have passed from a pencil-like tip at the initial growth stage to a narrow-hexagonal tip at the final growth stage. 
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5-10

Effects of pH on CBD Bath: thermodynamic simulations versus experimental results

Recently, the spontaneous growth of ZnO NWs without the addition of ammonia to the CBD solution has extensively been studied in Refs. [10]. In these standard CBD conditions, an initial equimolar concentration of Zn 2+ ions, from the solubilization of zinc nitrate, and NH 4 + ions, from the hydrolysis of HMTA, is expected in the bath [9]. To carefully understand the influence of pH and the behavior of the CBD solution along the growth of ZnO NWs, thermodynamic computations were performed using Visual MINTEQ software. Along these computations, the initial concentration for Zn 2+ species was set to 30 mM and the concentration of NH 4 + was varied from 30 mM up to 1600 mM, with a 1 mM step. The theoretical pH corresponds to the equilibrium pH in the bath at a given temperature and it was calculated using the software from mass and charge equilibrium balances.

A speciation diagram of Zn(II) species at 85 °C is presented in Figure 5-8 and shows a crucial difference on the nature of the pH-dependent species: (i) the Zn 2+ ions are the main species in solution in the low-pH region, whereas (ii) the Zn(II) amine complexes, including Zn(NH 3 ) 4 2+ ions as the main species, are predominantly present in solution in the high-pH region.

To complement the thermodynamic calculations, in situ pH and temperature measurements of the CBD solution (see Section 2.2.4) were performed during the growth of ZnO NWs at different conditions, as detailed in Table 5-I. Figure 56789shows that a duration of ~20 min is required for the growth reactor to reach temperatures > 65 °C, which has been shown to be an important starting point for ZnO NWs elongation [10]. shows that, as the temperature is raised, a shift to lower values of pH is expected from thermodynamic solubility curves of Zn(II) species. A whole picture of this growth process is seen in Figure 5-10, where the in situ pH measurements are depicted along with the theoretical solubility of Zn(II) species illustrated as a color-coded map. Specific physicochemical processes and thermodynamic considerations related to surface energy minimization, electrostatic forces, and kinetically-controlled diffusive mechanisms need to be taken into account to understand the growth of ZnO NWs [11,46]. In these parameters, the supersaturation ratio represents a crucial concept and is defined as the ratio between the 30 mM from the initial concentration of Zn 2+ ions and the equilibrium concentration of soluble Zn(II) species [47]. Note that the growth of ZnO NWs by CBD is typically achieved within intermediate supersaturation conditions, a metastable domain where both heterogeneous and homogeneous growths occur [6].
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The low-pH region shows that increasing the pH0 value from 7.00 to 7.44 brings the growth of ZnO NWs to increasing supersaturation levels, which are detrimental to the heterogeneous nucleation; hence, this explains the steady decrease in the axial growth rate and deposited volume of these NWs in Figure 5-5 and Figure 56, respectively. The increase in the pH value seen around a growth time of ~60 min has been attributed to the continuous hydrolysis of HMTA, which releases a large excess of HO -ions in the bath [9]. Additionally, this supports well the deposition mechanism discussed by D. Lincot, where the Case 1 deposition process is associated with a pH shift to higher values [6]. As Figure 5-10 depicts on the right section, the surface electrical charge of ZnO NWs is pH dependent and it can show different regions depending on the expected value of the point-ofzero-charge (PZC). The PZC is defined as the point where the surface electrical charge is neutral and does not bare any individual charges. It has been reported to be located at 8.7 ± 0.2 and 10.2 ± 0.2 for the polar c-plane and nonpolar m-plane of ZnO, respectively [11,[43][44][45]. All the growth for the low-pH region occurs when both the c-and m-planes are positively charged, and where the dehydration of [Zn(H2O)6] 2+ ions and crystallization of ZnO NWs is promoted by the capping and reaction of OH -ions coming from the HMTA [9]. Hence, the electrostatic interactions between the positively charged crystallographic planes with the Zn 2+ ions are not expected to play a major role along the nucleation of ZnO NWs. The intermediate pH region is clearly visualized as blue-colored in Figure 5-10. As discussed previously, in this region from pH0 of ~7.60 to ~9.10, the homogeneous growth is favored at the expense of the heterogeneous nucleation due to the very high supersaturation levels. As depicted in Figure 5-11, the supersaturation ratio in this region reaches a maximum at a pH of ~8.30, and later it starts decreasing until reaching again supersaturation values < 40 at a pH0 of ~9.2.

Effect of pH adjustment of the CBD solution on the growth of ZnO nanowires
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Consequently, the high-pH region shows that increasing the pH0 value from 10.55 to 10.94, brings the growth of ZnO NWs to decreasing supersaturation levels and higher Zn(II) species concentration. It is worth mentioning that, in the high-pH region, the homogeneous nucleation is highly reduced due to the stabilization of Zn 2+ ions in the form of Zn(NH 3 ) 4

2+ ions [48],

which is well correlated with the higher deposited volume of ZnO NWs, as shown in Figure 5-6. In this region, a pH decrease through the growth of ZnO NWs proceeds, contrasting the case at the low-pH region. Hence, this trend supports the deposition mechanism discussed by D. Lincot, where the Case 2 deposition process is associated with a pH shift to lower values [6].

The growth performed at the high-pH region has a pH0 value where both the c-and m-planes are negatively charged; however, after ~20 min of growth, the pH curves cross the m-plane PZC value, leaving the rest of the growth with the m-planes positively charged and the c-plane remaining with the negative charge. From a thermodynamic approach, the growth of ZnO NWs follows a surface area minimization by the preferred formation of the m-plane, which has a lower surface energy than the polar c-plane [46]. Hence, the high axial growth rate giving a pencil-like morphology to the ZnO NWs is well explained by combining this highly reactive crystallization along the c-plane [46] and the electrostatic forces between the positively charged Zn(NH 3 ) 4

2+ species with the negatively charged c-plane. It is worth noticing that the samples grown at pH0 of 10.55 and 10.62 enter and stay in the c-plane PZC region ~120 min. This could explain why the axial growth rate of these samples is lower than the samples grown with pH0 > 10.70, and their narrow-hexagonal tip. From Figure 5-9, it is also evident that at the pH0 of 11.07, the solubility of Zn(II) is so high that it even dissolved the ZnO seed layer. These results correlate and bring attention to the high importance on the type of Zn(II) species, the The formation energy of nitrogen-and hydrogen-related defects in ZnO was carefully investigated by DFT calculations following the methodology as reported in Chapter 3 and 4, using the VASP code [32,33] with PAW potentials under the GGA-PBE approximation [34,35]. In Chapters 3 and 4, the µO value was set to -2.11 eV to emulate intermediate growth conditions. However, in this investigation, the formation energy of the main nitrogen-and hydrogen-related defects were calculated within the µO range of -4.22 to 0 eV when the Fermi level is set to the conduction band minimum (CBM), as depicted in Figure 5-12(a). Two different behaviors relating the evolution of the formation energy of nitrogen-and hydrogenrelated defects are revealed: (i) a steady decrease in the formation energy of the VZn, VZn-H, VZn-2H, and VZn-3H defects as µO approaches the O-rich condition; and (ii) a constant formation energy of HBC (Hi) and VZn-NO-H defects, regardless of µO. Additionally, the formation energy depicted as histograms for the Zn-and O-rich conditions is shown in Figure 5-12(b) and Figure 5-12(c), respectively. These figures give a better visualization of the two different behaviors described previously. These results are comparable with the results of Fabbri et al. [31]. A complex, yet elegant approach was developed by Todorova et al. where the correlation between DFT calculations and experimentally measurable quantities, like the pH and electrode potential, were associated with the state of an electrochemical system [28,29]. Using this approach and correlations, we can state: for a given electron potential, an increase in the pH of V Zn -H ( -1 ) V Zn -2H ( 0 )

V Zn -3H ( +1 ) Zn-rich conditions the CBD solution would promote a reasonable increase in µO. Hence, this indicates that by increasing the pH0 (and consequently µO) in the CBD solution, the formation of a higher concentration of VZn-related defects (except VZn-NO-H defects) could be promoted owing to their lower formation energy.
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Cathodoluminescence spectroscopy of as grown and annealed ZnO nanowires

The pristine series (not annealed) of ZnO NWs grown by CBD using pH0 values in the range of 7.00 to 10.94 were thermally treated at 450 °C under oxygen atmosphere, following the methodology detailed in Section 2.1.2. This additional set of ZnO NWs for our study is defined as annealed series and the 5 K cathodoluminescence spectra for the pristine and annealed series of ZnO NWs grown by CBD are presented in Figure 5-13. Furthermore, the cathodoluminescence spectra were acquired from an array of ZnO NWs as detailed in Section 2.2.3. The near band edge (NBE) emission for the pristine series shows a strong difference between the ZnO NWs grown in the low-pH and high-pH regions, as revealed in Figure 5-13(a). In the low-pH region, ZnO NWs grown with the standard growth condition using the pH0 value of 7.00 show a NBE emission with predominant radiative transitions involving neutral donor-bound A-excitons (D°XA) at ~3.365 eV. The contributions from HO (I4), VZn-3H defect complex (I5) and HBC lines at 3.3628, 3.3614, and 3.360 eV, respectively, are expected in that NBE emission [49][50][51]. Short ZnO NWs grown with the pH0 value of 7.44 (see Figure 5-5) show two prominent emission lines at 3.3288 eV and 3.330 eV (i.e., Y0 line), which are respectively attributed to basal plane stacking faults [52] and extended defects [53] 
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Chapter 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-17 located at their bottom where a compact layer is formed following a coalescence process as in the case of polycrystalline ZnO thin films [54]. In contrast, the ZnO NWs grown in the high-pH region show a moderately suppressed NBE emission possibly due to competition with the radiative recombination of defects in the visible spectral region, or the presence of nonradiative recombination centers, such as dislocations, point defects and surface/interface states [55].

As suggested by Wang et al., a high density of vacancies in the surface region is detrimental to the NBE emission [55]. This is well correlated with the expected high density of VZn-related defects as suggested by our DFT calculations. Following this hypothesis, a reduction of these VZn-related defects would greatly enhance the NBE emission; and effectively this is seen in Figure 5-13 and Figure 5-14. After performing thermal annealing at 450 °C under oxygen atmosphere, the NBE emission intensity of the annealed ZnO NWs is strongly increased and the contribution of additional emission lines occurs. As a comparison, the annealed ZnO NWs grown at a pH0 value of 7.00 is centered at ~3.329 eV. The widening of the NBE in similar conditions has been shown due to the contribution of radiative transitions involving neutral acceptor-bound A excitons (A°X A ) arising from the activation of V Zn -N O -H defect complexes at ~450 °C. Figure 5-14 shows that the annealed ZnO NWs grown in the high-pH region exhibit an interplay between the D°XA transitions and new emission lines with prominent shoulders related to nitrogen-doped ZnO around the A°XA [57,58], donor-acceptor pair (DAP) [59][60][61], free electron-to-acceptor (FA) [62] transitions, and LO phonon replicas separated by a phonon energy of 72 meV [50]. These emissions have already been seen in 800 -900 °C annealed ZnO NWs grown by CBD under standard conditions (pH0 of ~7.00). In annealed ZnO NWs grown using the pH0 values ranging from 10.55 to 10.76, the NBE emission is dominated by a sharp line arising at ~3.360 eV, which is in a good correlation with the I4, I5, HBC lines and the VZn-3H expected line at 3.37 eV [49][50][51]. These are also accompanied by a prominent shoulder located at ~3.33 eV, within the energy range of the two-electron satellite (TES) transitions originating from the corresponding I4 line [50]. Then, the annealed ZnO NWs grown using the pH0 value of 10.94 show a NBE emission centered at 3.327 eV. This important red-shift from the D°XA transitions indicates the involvement of emission lines attributed to DAP, and FA transitions with the contributions from the VZn, VZn-H and VZn-NO-H defects acting as deep acceptors in the bulk of ZnO NWs [63], suggesting a possible acceptor-donor compensation process.

The broad emissions in the visible spectral region are attributed to i) the red-orange band centered at ~1.85 eV, ii) the yellow-green band centered at ~2.30 eV, and iii) the green-blue band centered at ~2.66 eV, as shown in Figure 5-13. The red-orange emission band is attributed to the (0,-1) and (-1,-2) transition levels of the VZn-H and VZn-NO-H defect complexes acting as deep acceptors, respectively; and both of them share a theoretical emission energy of 1.82 eV. The yellow-green emission band is attributed to the neutral VZn-2H defect complex, and additional contributions at ~2.27 and 2.40 eV from the (0/-1) and (+1/0) transition levels of the VZn-NO-H and VZn-H defects located on the surfaces of ZnO NWs could be seen. The greenblue emission band is labeled as related to surface effects, since it is attributed to unexpected charge states coming from the recombination of electrons with the high density of holes that migrate to the ZnO NW surfaces due to the upward band-bending caused by the adsorbed oxygen ions [64]. The emissions falling in the surface-effect related region involve the nitrogen-and hydrogen-related defects including VZn-H, VZn-2H, and VZn-NO-H defect complexes. The intensity of the visible emission bands for both the pristine and annealed series of ZnO NWs is presented in Figure 5-15. The pristine series of ZnO NWs shows an intensity that follows a similar trend between the red-orange, yellow-green, and green-blue emission bands for both the low-pH and high-pH regions: the intensity of the defect bands in ZnO NWs grown in the low-pH region continuously decreases as the pH0 value is increased from 7.00 to 7.44, while the same intensity in ZnO NWs grown in the high-pH region follows an upward trend as 13 meV VZn (0/-1)
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A strong influence of the surface is picked when focusing the electron beam and proving a single ZnO NW, a strong influence of the surface is picked, as depicted in Figure 5-16 for an annealed single ZnO NW grown by CBD using a pH0 value of 10.94. Particularly in the yellow-green emission band, two main emissions are seen: (i) a sharp emission line at 2.372 eV and (ii) a mixed emission with lines at 2.234 and 2.203 eV. As detailed in Table 5-II, we compare these experimental emissions and assign them to nearby theoretical hydrogen-and nitrogen-related defects. The emission at 2.372 eV can be attributed to the (+1/0) transition level of the VZn-H defect complex, yielding a 28 meV difference between the experimental and theoretical positions. Later for the mixed emission lines, the emissions at 2.234 and 2.203 eV can be attributed to the (0/-1) transition levels of the VZn-NO-H and VZn defects, each with an error of 36 and 13 meV, respectively. The probing of these uncompensated charge states in annealed ZnO NWs grown at high pH shows the massive incorporation of (i) VZn-related defects favored by their low formation energy, as shown in Figure 5-12; and (ii) nitrogenrelated defects favored by the attractive electrostatic interactions, as presented in Figure 5-10.

Raman spectroscopy of as grown and annealed ZnO nanowires

The Raman scattering spectra collected on the low wavenumber region for both pristine and annealed series of ZnO NWs are presented in Figure 5-17. In the low wavenumber range of 50 -900 cm -1 , the characteristic optical phonon modes for the wurtzite structure of ZnO NWs are observed at 99 (E2 low ), 378 (A1(TO)), 438 (E2 high ), and 574 (A1(LO)) cm -1 [66]. The Raman lines at 203 (2TA/2E2 low ), 333 (E2 high -E2 low ), 483 (2LA), 666 (TA+LO), and 812 (LA+TO) cm -1 correspond to the second-order modes. These modes are evident for both the pristine and annealed series of ZnO NWs in Figure 5-17(a) and Figure 5-17(b), respectively. Figure 567891011121314151617shows the appearance of additional modes (AMs) after thermal annealing on the ZnO NWs grown in the high-pH region, which are summarized in Table 5-III. These AMs have also been reported for ZnO NWs grown by CBD where the intentional doping with Al and Ga has been achieved [13,15]. AMs are systematically related to the presence of extrinsic impurities including aluminium, gallium, antimony, and iron [67] in ZnO that are attributed to dopantinduced defects in the host lattice and/or to silent ZnO B1 modes that become Raman-active [68,69].

Theoretically speaking, the influence of the chemical nature of a foreign atom or the vacancy of a native atom within the ZnO host gives a change of the electronic potential in the neighboring atoms [70,71], which directly influences the electronic charge density, structural parameters, atomic displacements and phonon frequencies on the crystal structure [68,71,72]. Since ZnO has large orbital hybridizations [73], point defects affect the atomic vibrational interactions related to the short-range interactions with the nearest neighbors (NN) and nextnearest neighbors (NNN), which are highly related to the screening effect due to the bonding electrons, following the rigid-ion model for lattice-dynamic calculations [71]. This could account for the appearance of the AMs after thermal annealing at 450 °C under oxygen atmosphere via: (i) the structural relaxation, the reduction of free charge carriers and activation of N-related defects, and (ii) the reduction of VZn-related defects, as suggested by the NBE enhancement discussed on Section 5.4.2. These two effects seem to play a role in the reduction Chapter 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-21 of the static and dynamic charges [74,75], enhancing the vibrational interactions which consequently are manifested as AMs in the Raman spectra of the annealed ZnO NWs grown in the high-pH region. [68]. In this manner, it was shown that these AMs correspond to B1 silent modes from the wurtzite structure of ZnO, that are observed by disorder-activated Raman scattering due to the breakdown of the translational symmetry of the crystal lattice [69]. Following these assignments, the experimental position of the Raman lines related to AMs can be correlated with the expected position of the B1 modes as detailed in Table 5-III. The Raman lines at 276 cm -1 (AM1) and 581 cm -1 (AM3) correspond to B1 low and B 1 high modes. Since the B 1 modes share the same scattering behavior as the E 2 modes, their FWHM would be greatly influenced by the two-phonon density of states (DOS) [76]. Indeed, Raman Intensity (arb. units)

Wavenumber (cm -1 ) (a) 
Pristine Series
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Figure 5-18(a) shows that the B1 low located in a low DOS region and B1 high located in a high DOS region have an average FWHM of ~9.5 cm -1 and ~16.3 cm -1 , respectively. It is important to note that the B1 high mode falls near the 574 (A1(LO)) cm -1 mode and a proper decoupling between the two modes is impossible due to their proximity. The ( 𝐴𝑀 3 𝐸 2 ℎ𝑖𝑔ℎ ) relative intensities of the annealed ZnO NWs grown in the low-and high-pH regions are ~0.12 a.u. and ~0.32 a.u., respectively. The higher relative intensity for the high-pH region (2.7x) could easily be explained by the additional contribution of the B1 high mode. For example, the annealed ZnO NWs grown at the pH0 of 10.94 has the highest ( 𝐴𝑀 3 𝐸 2 ℎ𝑖𝑔ℎ ) relative intensity of 1.08 a.u. (Figure 5-18(b)). Interestingly, we can also see the appearance of the AM4 located at 619 cm -1 , with a fairly weak intensity which has been attributed to iron, aluminium, and gallium dopants in Ref. [67] and it was later assigned to the second-order TA+TO mode in Ref. [66]. Lattice-distortions can enhance the TA and TO modes due to their dependence in the Zn-like and/or O-like vibrations, which are correlated with the high density of one-phonon and two-phonon DOS along these wavelengths [68]. The presence of B1 low , B1 high , AM4 along with the observed high intensity of AM3 helps to assign second-order modes such as the modes seen at 644 cm -1 (AM5) and 856 cm -1 (AM6) corresponding to TA+B1 high and B1 low +B1 high , respectively [69]. Additionally, the LO phonon replicas observed in Figure 5-14 have recently been correlated with the activation of the B1 high mode due to the strong coupling between the A1(LO), B1 high polar phonons (~580 cm -1 ) and the photo-generated electrons [77]. Figure 5-19 shows the Raman scattering spectra collected in the high wavenumber range of 2600 -3750 cm -1 for the pristine series of ZnO NWs. This region is crucial to visualize the Raman lines associated with the presence of carbon-, nitrogen-, and hydrogen-related defects. Along the 2750 -3000 cm -1 region, we can see C-HX groups (X = 1, 2, 3) [78] coming from the surfaces of ZnO NWs. It has been shown that residual HMTA molecules are adsorbed on the nonpolar m-planes, inducing the occurrence of the C-HX groups [8,9,79]. These C-HX modes can be seen in all ZnO NWs, with the exception of the ZnO NWs grown at the pH0 values of 7.25 and 7.44. In fact, as shown in Figure 5-6, the ZnO NWs grown at pH0 values of Chapter 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-23 7.25 and 7.44 possess the two lowest aspect ratios, hence the related minimal surface area makes it reasonable for the C-HX mode intensity to be weaker. A prominent Raman line centered in 3078 cm -1 is attributed to the VZn-NO-H defect complex acting as a deep acceptor presumably located on the surfaces and in the bulk of ZnO NWs [63]. We can clearly observe that the Raman line assigned to the (VZn-NO-H) defect complex is fairly intense, regardless of the pH0 value. Smaller in intensity, the Raman lines located at ~3121 and ~3160 cm -1 separated by around 40 cm -1 are attributed to the NO-H bonds in the AB N⊥ and AB N∥ configurations [80]. It has been suggested that these N-related defects can be located in the center or in the surfaces of ZnO NWs, and originate from residual nitrogen coming from HMTA molecules for standard growth conditions with a pH0 of ~7.0 [9]. It is well-known that the Raman line at 3575 cm -1 is assigned to HBC acting as a shallow donor [81,82], and it generally has an asymmetric band due to the weak shoulder around 3500 cm -1 attributed to O-H bonds [63,81,83] located on the surfaces of ZnO NWs. Additionally, the contribution of VZn-nH defect complexes along the 3300 -3418 cm -1 region is due to the VZn-H [30,81], VZn-2H [81], and VZn-3H defects [84]. The Raman line related to HBC is generally the most prominent Raman line assigned to hydrogen-related defects in ZnO NWs grown by CBD using standard growth conditions, as given by the pH0 value of 7.00. However, the increase in the pH0 value used for growing ZnO NWs by CBD helps to modulate the ratio between the intensities of the Raman lines assigned to HBC and VZn-nH defect complexes. Especially in the high-pH region, we can observe a prominent valley forming around the O-H bonds band due to the increase in the intensity of the Raman lines assigned to VZn-nH defect complexes. The prominent VZn-nH band is centered at ~3369 cm -1 , which is in a good correlation with the calculated (~3361 cm -1 ) and experimental (~3358 cm -1 ) positions of the VZn-H defect complex acting as a deep acceptor [30]. This further validates the expected behavior that at higher pH0, µO increases and consequently promotes the preferential formation of VZn-nH defect complexes due to its reduced formation energy. In our particular case, the VZn-nH defect complexes seem to massively form with the lower coordinated VZn-H defect complex, which correlates with the diminished NBE emission seen for the pristine series ZnO NWs grown at the high-pH region.

By studying the E2 high and E2 low mode, we can gain insight into the effects of the intrinsic/extrinsic point defects inside the crystal lattice of the ZnO NWs. The E2 high mode is mainly related to the motion of the O lattice and shifts toward higher wavenumber values when the ZnO lattice is under a compressive stress state [66,75]. The E2 high mode of the pristine ZnO NWs is centered at ~438.6 cm -1 and has a FWHM of ~9.0 cm -1 , and, after thermal annealing, the mode shifts to ~437.5 cm -1 and has a FWHM of ~7.3 cm -1 . This ~1.1 cm -1 shift in all the annealed ZnO NWs suggests a moderate relaxation due to the thermal annealing, where an exodiffusion, redistribution of hydrogen-related defects, and activation of the VZn-NO-H defect complex is expected to occur for the present conditions. The pristine series shows a systematic increase of the E2 high mode position from 438.3 to 438.9 cm -1 , suggesting the increase in the strain as the pH0 value increases along the high-pH region. The annealed series shows an interesting systematic decrease from the pH 0 of 7.00 up to 10.70 where it reaches the minimum position of 437.1 cm -1 , and then the further increase in the pH0 value gives a slight increase in the position up to 437.5 cm -1 . Studies on pressure-induced effects on ZnO modes in Refs. [75,85], suggest that this relaxation is related to the weakening of the Born transverse dynamic charge within the crystal structure. In contrast, the E2 low mode is mainly related to the Zn lattice motion [66]. Its position shows no evident difference between the pristine and annealed series, and no evident trend is detected between the low-pH and high-pH regions. With the previous analysis on the E2 high and E2 low modes, we can expect that the enhanced vibrational interactions are due to the observed trend on the motion derived from the O lattice.

Via Raman spectroscopy, the presence of VZn-, C-and N-related defects is revealed from the presence of their related vibrational modes. In our study, the incorporation of extrinsic point defects would be attributed to the impurities of our chemical precursors and the nature of the species present in the solution. The atomic weight (%) relative to zinc atoms of foreign elements present in the CBD reaction at pH0 of 7.00 and of 10.94 is presented in Figure 5-20(a) and Figure 5-20(b), respectively. In both cases, nitrogen and carbon are highly present in the chemical bath since their atomic weight (%) relative to zinc atoms reaches 128.5 and 110.2 %, respectively. As previously discussed, nitrogen comes from both the nitrates and nitrogen atoms present in our precursors. Additionally, in the high-pH region, the dominant amine complexes, e.g. Zn(NH 3 ) 4 2+ , could greatly favor nitrogen incorporation. In contrast, carbon is a residual impurity from the methylene bridges coming from the HMTA molecule. Moreover, other residual impurities such as Na, Cl, Fe, Cu, Pb, Cd, Co, Ni and heavy metals are present as well in the bath, however in a much lower ratio ranging from 0.2 to 5 % atomic weight.
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Effects of pH on the CBD solution and overall properties of ZnO NWs

The variation of the pH0 in the CBD solution has great consequences on the overall properties of ZnO NWs, as it is summarized in Figure 5-21. The schematic illustration is meant to be read from top to down, where on top the theoretical steady state concentration of Zn(II) ions (1a) is depicted combining the color-coded map from Figure 5-10 and Figure 56789(b) at room temperature. In this frame, the two favorable regions for the heterogeneous nucleation of ZnO NWs going from green to orange-red, namely, the low-pH region and the high-pH region, are clearly delineated. In contrast, the blue-purple section represents the region with high supersaturation level where homogeneous nucleation is favored.

Below, the second frame depicts the main Zn(II) species in the CBD solution (2a) obtained from thermodynamical calculations by Visual MINTEQ, where Zn 2+ ions are the main species in the low-pH region and then at the high-pH region the Zn(NH3)4 2+ ions are the main species, as it is detailed in Figure 5678. The stabilization of the Zn(II) species as amine complexes allows an important reduction of the homogeneous nucleation (1c) in the high-pH region [48], which clearly explains the high deposited volume as shown in Figure 5-6(e). Given that the elongation of the ZnO NWs is thermally activated at ~70 °C [10], the growth of NWs is given in conditions 5.4 Effect of pH in the incorporation of nitrogen-and hydrogen-related defects
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where the low-pH region shows both the c-plane and m-plane of the NW positively charged; whereas the high pH region has the c-plane (m-plane) negatively (positively) charged. This surface charge change of the polar c-plane is shown by its PZC (1b). These conditions help to gain great understanding of the formation mechanisms, while considering the electrostatic interactions (3a) between the Zn(II) species and the surface charge of the crystallographic planes of ZnO NWs. Along Figure 5-5 and Figure 56, it was evident that the NWs grown in the high-pH region have a considerable higher axial growth rate (> 1 µm/h) and aspect ratio (> 20) that give the NWs a narrower pencil-like tips, as compared with the NWs grown in the low-pH region. Figure 5-21 helps to illustrate the strong electrostatic interactions we could expect between the ( -) negatively charged c-plane and the ( + ) positively charged Zn(NH3)4 2+ ions, hence explaining the faster nucleation on the c-plane growth front giving the narrow tips on the NWs grown with pH0 of 10. 55 -10.94.

As suggested by Todorova et al., the formation of point defects in ZnO NWs is also greatly influenced by the pH of the CBD solution [28,29], and it was further investigated in this study via DFT calculations. Increasing the pH0 of the solution brings the chemical environment to oxygen-richer conditions (i.e., increasing oxygen chemical potential (𝜇 𝑂 )) (4a), having a direct effect on the formation energy Ω 𝐷 (𝜇 𝑂 ) of point defects. In Figure 5-12, the formation energy of VZn, VZn-H, VZn-2H, and VZn-3H defects steadily decreases as 𝜇 𝑂 shifts to O-rich conditions, while the formation energy of HBC and VZn-NO-H defects is independent upon this shift. This was greatly evidenced in Figure 5-13(a) where a diminished NBE emission is observed on the pristine ZnO NWs grown in the high-pH region due to the great incorporation of VZn-related defects located in the visible spectra region. Furthermore, it is also evident in Figure 5-19 where the VZn-nH mode centered ~3369 cm -1 becomes more prominent than the HBC and VZn-NO-H modes at the high-pH region. Hence, this confirms the massive and favorable incorporation of low coordinated VZn-nH defects due to the lower formation energy as 𝜇 𝑂 is increased (4b).

DFT calculations in Figure 5-12 provided that the incorporation of VZn-NO-H defect complexes is not expected to be higher by increasing 𝜇 𝑂 . However, given the fact that in the high-pH region the Zn(NH3)4 2+ ions are the most stable Zn(II) species and that these (+) charged ions have a strong electrostatic interaction with the (-) charged polar c-plane, we could expect an important incorporation of nitrogen along the crystallization of the ZnO NWs grown in this region (3b). It has been suggested that impurities substituting for an oxygen site would give higher perturbation on the lattice as compared to impurities substituting for a Zn site [69]. In our present conditions, the high incorporation of VZn-related, VZn-NO-H and NO-H defects along the high-pH region may explain the AMs related to the disorder-activated Raman B1 silent modes observed in Fig. 9. However, while we attribute in our present case the lattice distortion to VZn-and NO-related defects, we are also aware that an important incorporation of other dopants, such as Fe, Sb, Al and Ga could also promote a distortion of the lattice and appearance of these additional B1 silent-modes, as it has been suggested before in Refs. [13,15,19,67].
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Conclusions

In summary, it was shown that the pH0 adjustment of the CBD solution greatly impacts the formation of nitrogen-and hydrogen-related defects in ZnO NWs, allowing their modulation through the electrostatic interactions occurring along the NW nucleation and the influence of the oxygen chemical potential in the formation energy of point defects. Increasing the pH0 of the CBD solution strongly influences the main species in the bath, where in the high-pH region the stabilized Zn(NH3)4 2+ ions promote a massive incorporation of N-related defects due to the strong electrostatic interactions between the positively charged Zn(NH3)4 2+ ions and the negatively charged polar c-planes. Additionally, increasing the pH0 brings the growth of the ZnO NWs to O-richer conditions (increased µO), which according to our DFT calculations promotes a decrease in the formation energy of VZn and VZn-nH defects, while the formation energy of HBC and VZn-NO-H remains invariant. Hence, the ZnO NWs grown in the high-pH region are expected to massively form VZn and VZn-nH defects and this is clearly observed with: (i) the prominent Raman line at ~3369 cm -1 attributed to the low coordinated VZn-H defect complex; (ii) the strong emission bands in the red-orange and yellow-green spectral region mainly attributed to the VZn-H, VZn-NO-H and VZn-2H defect complexes; and (iii) the diminished NBE emission for the pristine series, which is later enhanced through thermal annealing from the reduction of these VZn-related defects. Interestingly enough, the massive incorporation of VZn-and N-related defects also contributes besides other residual impurities to the disorder- Within the framework of the ANR Roller Project [1], highly resistive ZnO NWs are intended towards their application as pressure sensors in flexible substrates. To achieve this, it was necessary to develop the important role of hydrogen-and nitrogen-related defects in ZnO NWs grown by CBD, as it has been extensively studied in this thesis. In Chapter 3, the metal-like electrical conduction of spontaneously grown ZnO NWs was attributed to high density of free charge carriers due to hydrogen-related defects (i.e., HBC and VZn-3H acting as shallow donors). Then, Chapter 4 demonstrated the posibility to engineer the ZnO NWs by thermal annealing under oxygen atmosphere, showing that the density of hydrogen-related defects would decrease at ~300 °C, and the thermal activation of VZn-NO-H (acting as deep acceptor) at ~450 °C would promote an important compensation. In this chapter, the intentional incorporation of Sb dopant atoms in the ZnO NWs bring a novel approach by performing the growths in the low-and high-pH regions, as performed in Chapter 5. Hence, this chapter will elucidate the complex modulation between the hydrogen-, nitrogen-and antimony-related defects at the different growth conditions and the different annealing conditions. Particularly, the novel two-step annealing at 300 °C for 4 h plus a consecutive 1 h at 450 °C will illustrate the possibility to exo-diffuse the hydrogen-donors and thermally activate the V Zn -N O -H and Sb-related defects.
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State-of-the-art: Compensatory antimony doping in ZnO nanowires

As discussed in Chapters 1 and 3, ZnO nanowires grown by chemical bath deposition (CBD) have a high density of free charge carriers in the range of 6.4×10 17 to 1.1×10 19 cm -3 for selective area grown ZnO nanorods and 2.7×10 18 to 3.1×10 19 cm -3 for spontaneously grown ZnO nanowires, attributed to the massive incorporation of hydrogen-related defects (i.e., HBC and VZn-3H) [2]. Hence, many efforts have been dedicated to modulate the hydrogen-related defects in ZnO NWs grown by CBD via different strategies such as thermal annealing [3], plasma treatments [4], and the incorporation of p-type compensatory dopants into the ZnO crystal structure [5][6][7][8][9][10][11][12][13][14][15]. Antimony was selected as the p-type compensatory dopant for this thesis due to the previous reports on its successful incorporation by hydrothermal methods [15,16] and the claimed stable p-type conductivity [7,[17][18][19]. The following subsections will detail the nature of the Sb-related defects defined by first principles calculations and the mechanisms identified for the incorporation of Sb dopants by hydrothermal methods.

Sb-related defects in ZnOfirst principle calculations

In 2004, Limpijumnong et al. showed by first principle calculations that Sb preferentially occupies the Zn sites (SbZn) while forming a complex with two Zn vacancies (i.e., SbZn-2VZn). As depicted in Figure 6-1, the Sb Zn -2V Zn complex shows a fivefold coordination with O for the 0 and -1 charge states. Furthermore, it acts as a shallow acceptor complex with a theoretical ionization energy ε(0/-1) of 0.15 eV. Chapter 6 Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition
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Then in 2012, Puchala et al. complemented the nature of the Sb-related defects by suggesting a more stable complex consisting of antimony in an interstitial site (Sbi) surrounded by three VZn. Hence, this Sbi-3VZn complex is formed when the SbZn moves off the lattice into an interstitial position between the VZn, allowing the Sbi to incorporate in either tetrahedral-or octahedral-interstitial positions (i.e., Sbtet or Sboct), as depicted in Figure 6-2(a,b) [21]. The formation energies of the Sb-related defects, shown in Figure 6-2(c), illustrate that the Sbi-3VZn complexes report relatively smaller formation energy than the SbZn-2VZn, previously reported by Limpijumnong et al. [20]. This recalculation considering the LDA/GGA corrections, shows that these Sb-related defects are rather deep acceptors than shallow acceptors. Hence, creating highly conducting p-type ZnO would not be so realistic, but the incorporation of Sb dopants remains interesting for compensating the n-type conductivity of ZnO NWs. NWs by hydrothermal synthesis by either (i) adding antimony acetate directly in the reaction bath or (ii) dissolving antimony acetate in ethylene glycol [16]. In this particular study, the route of dissolving the antimony acetate in ethylene glycol showed better morphology of ZnO NWs and successful incorporation of Sb atoms was suggested from EDX spectroscopy.

Then, in 2011, Wang et al. developed a more controlled solution-based Sb-doping strategy of ZnO NWs by chemical bath deposition [15]. The core of this strategy is based on the coordination of antimony ions with α-hydroxycarboxylate ligands to form a five-membered chelating ring [22]. Hence, the dopant solution was prepared by forming sodium glycolate (NaC2H3O3) through the neutralization of sodium hydroxide and glycolic acid (C2H4O3). Then, the antimony acetate (SbAc3) was dissolved in the sodium glycolate with a SbAc3 to glycolate ratio of 1:12. Figure 6-3 shows the molecular structure of the antimony glycolate (SbG2 -) and how it is absorbed on the ZnO growing surface along with the CBD precursors (i.e., HMTA 6.1 State-of-the-art: Compensatory antimony doping in ZnO nanowires 6-6 and Zn(NO3)2). Furthermore, these Sb-doped ZnO NWs grown with 0.2% Sb/Zn molar ratio, showed a carrier concentration of 6×10 17 cm -3 and field effect mobility of 1.2 cm 2 V s ⁄ , after thermal annealing at 850 °C for 30 min in air [15]. Table 6-I summarizes the electrical properties of Sb-doped ZnO NWs grown with the methodology of Ref. [15], showing that the free carrier density for these ZnO NWs are in the range of 10 17 cm -3 . Both publications from Briscoe et al. and Wang et al. perform the growth of ZnO NWs in conditions where the pH is not intentionally modified and the pH values of the CBD growth are not reported [15,16]. As developed in Chapter 5, the role of pH has an important effect in (i) the growth mechanisms of the ZnO NWs, (ii) the nature and incorporation of hydrogen-and nitrogen-related defects. Hence, the influence of the pH in the incorporation of the Sb-related defects and their engineering through thermal annealing, is an opportunity that would complement the previous publications. Additionally, the exact nature of the Sb-related is still open in literature. Then, the present chapter will develop the Sb-doping of ZnO NWs due to the benefits expected for the intended piezoelectric application of this thesis [23,24]. Huo et al.
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Objectives

This Chapter will gather the knowledge and strategies developed from Chapter 3-5 and merge it with the incorporation of Sb dopant atoms in ZnO NWs grown by chemical bath deposition. This chapter will show a novel approach to incorporate Sb dopant atoms by performing the growth in the low-and high-pH regions (as developed in Chapter 5) and by performing thermal annealing in two different conditions (as developed in Chapter 4). The objectives of this Chapter are the following:

 Objective 1. Understand the effect of pH in the nature of the Zn(II) and Sb(III) species present in the CBD solution through thermodynamic simulations.  Objective 2. Elucidate the incorporation mechanisms of Sb dopant atoms through FESEM imaging, x-ray diffraction, FESEM-and STEM-EDS, Raman spectroscopy and 5 K Cathodoluminescence spectroscopy.  Objective 3. Reveal the effect of pH and thermal annealing in the nature of the Sb-related defects through X-ray absorption near-edge spectroscopy.

Experimental methods

Synthesis and thermal annealing of ZnO nanowires

Substrates of silicon (100) and Corning glass 1737 were cleaned with ultrasonic bath in acetone and isopropyl alcohol to remove surface organic contaminants and residual dust particles. Then, the substrates were mechanically dipped into a ZnO sol-gel solution and subsequently annealed following the methodology detailed in Section 2.1.1, to form the polycrystalline ZnO seed layer. As proposed by Wang et al., the Sb-dopant solution consisting of antimony glycolate (SbG 2 -), was prepared via the dissolution of antimony (III) acetate ((CH3CO2)3Sb, Sigma-Aldrich) in a sodium glycolate solution at a 1:12 ratio [15]. ZnO NWs were grown by CBD in a sealed reactor at 85 °C containing deionized water-based solutions of zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, Sigma-Aldrich) and hexamethylenetetramine (HMTA) (C6H12N4, Sigma-Aldrich) mixed in an equimolar ratio of 30 mM, following the CBD procedure detailed in Section 2.1.1.

As detailed on Table 6-II, the initial pH of the solution (pH 0 ), with the respective [SbG 2 -] / [Zn(NO3)2] ratio for each sample, were prepared by the addition of ammonia (NH3, Sigma-Aldrich) and the Sb-dopant solution, SbG 2 -, respectively. Finally, two different conditions of thermal annealing conditions under oxygen atmosphere were performed: (a) one-step annealing at 300 °C for 4 h, and (b) two-step annealing at 300 °C for 4 h plus a consecutive 1 h at 450 °C.

Thermodynamic computations

Thermodynamic simulations were performed with the Visual MINTEQ software [25] to determine the speciation diagrams of Zn(II) and Sb(III) species as well as the theoretical solubility plots of ZnO at 25 °C and 85 °C at each NH3 concentration. For the present 6.3 Effect of Sb-doping on the growth mechanism of ZnO nanowires 6-8 conditions, the Zn 2+ cation in aqueous solution is capable of forming hydroxide, amine, glycolate and/or acetate complexes with the possible ligands (HO -, NH3, G -and CH3COO -) denoted as L. The Sb 3+ cation in aqueous solution is capable of complexing with hydroxide and glycolate ligands. Given the general reactions nM x+ + iL ↔ MnLi n ⋅ x+ , where MnLi n ⋅ x+ is the complex considered with i as the coordination number. The related stability constant 𝛽 𝑖 𝐿 associated with each reaction are given by 𝛽 𝑖 𝐿 =

[M 𝑛 𝐿 𝑖 𝑛⋅x+ ]

[𝑀 𝑥+ ] 𝑛 [𝐿] 𝑖 . These constants at room temperature were taken from the National Institute of Standards and Technology (NIST) database and the constants at 85 °C were deduced from Van't Hoff relation. To calculate the theoretical solubility plots for each condition, Zn-and Sb-related oxides and hydroxides were considered. The heterogeneous formation of vertically aligned, unintentionally doped (undoped) and Sb-doped ZnO NWs was performed on polycrystalline ZnO seed layers oriented along the polar c-axis. The grains with semipolar and polar orientations act as preferential sites for the homo-epitaxial nucleation of ZnO NWs [26,27]. The morphological properties of the ZnO NWs as grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of 0.0%, 0.2%, and 1.0% in the low-pH and high-pH regions are shown in Figure 6-4 by FESEM imaging. The resulting axial growth rate, radial growth rate, aspect ratio, and apparent density of ZnO NWs are presented for each CBD condition in Figure 6-4(b1-b4).

The undoped ZnO NWs as grown by CBD in standard conditions used in the low-pH region present the characteristic wide-hexagonal shape of their wurtzite structure [28], as well as typical axial and radial growth rates of about 298 and 26 nm/h, respectively (see . Their aspect ratio is accordingly of about 11. The morphology of Sb-doped ZnO NWs grown with [SbG2 -] / [Zn(NO3)2] ratios of 0.2 % and 1.0 % in the low-pH region shows no change in their wide-hexagonal shape when nucleated under the presence of SbG2 -ions. The moderate decrease in the apparent density and slight increase in the aspect ratio may suggest a preferential interaction of the SbG2 -ions with the polar c-plane. Furthermore, a slight change Chapter 6 Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition 6-9 is observed in the axial and radial growth rates by the introduction of SbG2 -species in the chemical bath. The undoped ZnO NWs as grown by CBD in the high-pH region present a tapered hexagonal tip with a drastic increase in the axial and radial growth rates up to about 2053 and 36 nm/h, respectively. Their aspect ratio is consequently of about 57. Further increasing the [SbG2 -] / [Zn(NO3)2] ratios from 0.0% to 1.0% along the high-pH region results in a significant increase in the axial growth rate of Sb-doped ZnO NWs up to 2523 nm/h and a much more pronounced increase in their radial growth rate up to 64 nm/h. The aspect ratio accordingly decreases down to a value of about 39, which may indicate a preferential interaction with the non-polar m-plane. Additionally, the increase in the radial growth rate accounts for the coalescence of Sb-doped ZnO NWs grown with [SbG2 -] / [Zn(NO3)2] ratios of 0.2 % and 1.0 % in the high-pH region and the resulting formation of a columnar film structure at their bottom. In both the low-and high-pH region, the presence of SbG2 -ions influences the growth of the ZnO NWs. Overall, the present investigation is in agreement with Li et al. showing that the increase of Sb-dopants promotes the formation of tapered ZnO nanocones with faceted terraces due to an increase in the radial growth and the modified kinetics from the adsorption of SbO X species [29]. The spontaneous growth of unintentionally doped ZnO NWs by CBD has extensively been studied using standard conditions without the addition of ammonia [30,31]. With the addition of ammonia, the influence of the pH of the chemical bath has been studied for unintentional doping [30] and intentional doping of ZnO NWs with Al, Ga, and Cu [32][33][34][35]. Aiming at the intentional Sb doping in the present investigation, the influence of pH and amount of SbG2 - dopant solution is addressed by thermodynamic computations using Visual MINTEQ software, detailed in Section 6.2.2. A [SbG2 -] / [Zn(NO3)2] ratio of 1.0 % was used for the computations respectively. The incorporation of the SbG2 -dopant solution promotes the formation of additional Zn(II)-acetate and Zn(II)-glycolate complexes, which are expected to have negligible effect on the growth process of ZnO NWs [15]. The Sb 3+ ions are prevented to hydrolize in its neutral un-dissociated Sb(OH)3 species via the complexation with α-hydroxycarboxylate ions [15,22]. Hence, the Sb(III) species present in the chemical bath are primarily SbG2 -complexes with a concentration of ~0.3 mM along the wide pH range of 6.5 to 11.0. Interestingly, Sb(OH) 4 -1 complexes start to become more significant at a pH value higher than 11.0, for which ZnO NWs do not nucleate due to the high solubility of ZnO at this high pH [34]. To further understand the growth of ZnO NWs and complement the thermodynamic calculations, in situ pH measurements (see Section 2.2.4) of the chemical bath are shown in Figure 6-5(b). A duration of around 20 min is required for the sealed reactor to reach a temperature of ~65 °C and promote the elongation of ZnO NWs [30]. As discussed in Section 5.3.2 and in Refs. [15,29,36,40], specific physicochemical processes and thermodynamic considerations related to surface energy minimization, kinetically-controlled diffusive The selected pH0 values for the low-pH region (~6.6) and high-pH region (~10.8) leads to the nucleation of ZnO NWs by CBD under intermediate supersaturation conditions (see Section 1.4.1.2), where the metastable domain with both heterogeneous and homogeneous growths occur [41,42]. These deposition mechanisms in the low-pH and high-pH regions have been shown to follow the mechanisms discussed by D. Lincot [42].

The right section of Figure 6-5(b) depicts the pH-dependent surface electrical charge sign of ZnO NWs according to the point-of-zero-charge (PZC) values [36][37][38][39]. The growth in the low-pH region occurs when both the polar c-and non-polar m-planes are positively charged. In contrast, the growth in the high-pH region occurs when the pH curves cross the PZC of the non-polar m-planes, leaving the m-plane positively charged and the c-plane negatively charged. These conditions require the consideration of two specific pH-dependent processes for the incorporation mechanism of Sb dopants into ZnO NWs: (i) the electrostatic interactions between the negatively charged SbG2 -complexes and the positively/negatively charged planes, and (ii) the magnitude of the zeta potential. The zeta potential, also known as the electrokinetic potential, defines the potential difference between the external surfaces of the ZnO NW and the surrounding liquid [37,43]. In Figure 6-5(b), the magnitude of the zeta potential would increase as the pH values get farther from the PZC [37]. In the low-pH region, SbG2 -complexes are electrostatically attracted by both the polar c-and non-polar m-planes, and the zeta potential magnitude is considerably important, as reported by Degen et al. [37]. In contrast, in the high-pH region, the zeta potential magnitude would be considerably lower and the adsorption of SbG2 -complexes exclusively proceeds on the positively charged non-polar m-planes, hence promoting the drastic increase in the radial growth of ZnO NWs as in the case of Ga dopants [34] and the formation of faceted terraces as observed in Figure 6-4. Then, by comparing the low-and high-pH region, we may elucidate that the adsorption of SbG2 -complexes at low pH mainly occurs through the polar c-plane. This can be supported by (i) the promoted development of the NWs (moderate increased axial growth rate), and (ii) the slower growth rate of the non-polar m-plane could favor a better adsorption process of SbG 2 -complexes in the c-plane, known to have a highly reactive crystallization [40]. Additionally, the adsorption of the SbG2 -complexes could also affect the capping process operating with HMTA molecules on the non-polar m-planes [44]. [SbG2 -] / [Zn(NO3)2] ratios 0.2 and 1.0 % exhibit the peaks pointed at 3.604 and 3.842 keV, which are assigned to Sb Lα1 and Sb Lβ1 lines, respectively, both in the low-pH and high-pH regions. In contrast, these two peaks do not occur in undoped ZnO NWs, regardless of the pH region. Following a semiquantitative analysis of the Sb Lα1 line in the FESEM-EDS spectra, the Sb/Zn element ratio in the low-pH (high-pH) region gives 0.16 % and 0.45 % (0.11 % and 0.21 %) for the 0.2 and 1.0 % [SbG2 -] / [Zn(NO3)2] ratios, revealing that more Sb is present in the low-pH region than in the high-pH region. This higher incorporation of Sb atoms in the low-pH strongly agrees with the enhanced adsorption of SbG2 -complexes due to the stronger electrostatic interactions with both the polar c-and non-polar m-planes. ratio. The inset dashed line corresponds to the bulk c-lattice parameter reported in Ref. [46].

Elucidating Sb-related defects in ZnO nanowires

The XRD patterns as presented in Figure 6-6(c,d) reveal the characteristic wurtzite structure for all the c-axis oriented undoped and Sb-doped ZnO NWs through the strong intensity of the (0002) diffraction peak at 34.4°. The ZnO (0004) diffraction peak is presented in Figure 6-6(e,f) and compared to its theoretical value of 72.56°. The undoped ZnO NWs as grown in the low-pH region have the (0004) diffraction peak centered at 72.61° with a shift of +0.05° from the theoretical value, in contrast the undoped ZnO NWs as-grown in the high-pH region have the (0004) diffraction peak centered at 72.54° with a shift of -0.02°. Using the XRD data and Bragg's equation, the incorporation of Sb atoms is observed through the calculated c-lattice parameters (see Figure 6-6(g,h)), with the increase from 5.204 to 5.206 Å (5.208 to 5.209 Å) for the [SbG2 -] / [Zn(NO3)2] ratio of 0 and 1 % in the low-pH region (high-pH region). In both regions, the c-lattice parameter increases with respect to dopant concentration, which has been attributed to the lattice expansion due to the incorporation of the Sb ion at the Zn lattice site [47][48][49]. Curiously, the unintentionally doped ZnO NWs grown in the low-and high-pH region are in a compressive and tensile strain, respectively. The tensile state at high-pH correlates with Chapter 6 Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition 6-13 the massive formation of VZn-related defects, as reported in Section 5.4. Furthermore, the important difference for the intentionally Sb-doped ZnO NWs could elucidate preferential incorporation of the Sb dopants in either substitutional or interstitial sites [20,21]. Moreover, the low-pH region owns the highest c-lattice parameter increase which correlates with the strong Sb incorporation detected by FESEM-EDS. The small c-lattice parameter shift observed for the ZnO NWs grown in the high-pH region with 1.0 % [SbG2 -] / [Zn(NO3)2] ratio, suggests a challenged incorporation of Sb atoms within the ZnO matrix. Remarkably, no additional diffraction peaks related to antimony oxides are observed in the XRD patterns.

The STEM-EDS maps shown in In the low wavenumber range of 50 -900 cm -1 , the Raman lines at 99 (E2 low ), 378 (A1(TO)), 438 (E2 high ), and 574 (A1(LO)) cm -1 correspond to the optical phonon modes for the wurtzite structure of ZnO NWs [50]. The Raman lines at 203 (2TA/2E2 low ), 333 (E2 high -E2 low ), 483 (2LA), 666 (TA+LO), and 812 (LA+TO) cm -1 are assigned to the typical second-order modes. Interestingly, two additional modes (AMs) occur at ~525 cm -1 (AM1(Sb)) and ~690 cm -1 (AM2(Sb)), which are notably the two specific Sb-related additional modes, as previously reported by Bundesmann et al. [52].

While performing the in situ thermal annealing under O2 atmosphere, the appearance of standard AMs in the Sb-doped ZnO NWs progressively proceeds. These standard AMs have also been reported for unintentionally doped and intentionally Al-and Ga-doped ZnO NWs grown by CBD [32,34]. They are related to the presence of extrinsic impurities and attributed to dopant-induced defects in the host ZnO lattice [52]. Recently, these standard AMs have been observed in annealed ZnO NWs grown in the high-pH region and attributed to disorderactivated Raman B1 silent modes [51,53]. Hence, the additional B1 silent modes at 276 (AM1 -B1 low ), 510 (AM2 -2B1 low ), 581 (AM3 -A1(LO), B1 high ), 644 (AM5 -TA+B1 high ), and 856 (AM6 -B1 low +B1 high ) cm -1 occur from an annealing temperature of ~200 °C. Following the thermal annealing, we can observe that the AM1(Sb) line is still pointed at ~525 cm - proximity to the Raman lines assigned to AM2 (2B1 low ) and AM3 (A1(LO), B1 high ). In contrast, the AM2(Sb) line is shifted and mainly centered at ~715 cm -1 , while exhibiting a shoulder at its initial position of ~690 cm -1 . Table 6-III gives an overview of the Sb-related vibrational modes reported in the wurtzite structure of ZnO grown as thin films and NWs by different deposition techniques [18,48,52,54,55]. It is shown that the AM2(Sb) lines have typically been reported at ~685 cm -1 in as-grown and not annealed ZnO, but at ~712 cm -1 in annealed ZnO. As a result, we proceed to define the two components of the AM2(Sb) line as AM2(Sb)-α (~690 cm -1 ) and AM2(Sb)-β (~715 cm -1 ). The Raman scattering spectra collected in the low wavenumber range of undoped and Sbdoped ZnO NWs grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of 0.0%, 0.2%, and 1.0% in the low-pH and high-pH regions are presented in Figure 6789. Three different conditions defined as the as grown series, one-step annealing series (300 °C for 4 h), and two-step annealing series (300 °C for 4 h as first step followed by 450 °C for 1 h as a second step) were investigated to reveal their effects on the Sb-doping. The undoped and Sb-doped ZnO NWs grown in the low-pH region show the characteristic optical phonon modes of the wurtzite structure as previously discussed. The as grown and one-step annealed undoped ZnO NWs show the typical Raman spectra already reported in Chapters 3 and 4 for similar CBD and annealing conditions. The as grown Sb-doped ZnO NWs present a prominent broad band from ~460 to ~560 cm -1 , which could be related to the incorporation of Sb atoms within the ZnO NW structure. The Sb-doped ZnO NWs grown with a [SbG2 -] / [Zn(NO3)2] ratio of 0.2% show no evident AM1(Sb) and AM2 (Sb) lines on any of the as grown and one-step annealing conditions, but the AM2(Sb) line slightly occurs in the two-step annealing condition. In contrast, the Sb-doped ZnO NWs grown with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0 % exhibit the AM2(Sb) line in any of the as-grown and annealing conditions. Interestingly, the as-grown Sb-doped ZnO NWs with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0 % presents the same behavior as shown in Figure 678, where the AM2(Sb)-α line is centered at ~690 cm -1 and then it shifts to the AM2(Sb)-β line at ~715 cm -1 following the one-step and two-step annealing conditions.
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The undoped and Sb-doped ZnO NWs grown in the high-pH region also exhibit the characteristic optical phonon modes of the wurtzite structure as previously discussed. The as grown and one-step annealed undoped ZnO NWs show the typical Raman spectra already reported in Section 5. and(c,f) a two-step annealing (300 °C for 4 h as first step followed by 450 °C for 1 h as a second step). The inset vertical lines represent the E2 high mode (grey solid line) [50], the Sb-related additional modes (purple solid lines) [52], and the B1 silent modes (black dashed lines) [51,53].

The presence of carbon-, nitrogen-, and hydrogen-related defects is seen along the high wavenumber range of 2600 -3750 cm -1 , as shown in Figure 6-10. Within the 2750 -3000 cm -1 range, the vibrational modes of the C-HX groups (X = 1, 2, 3) adsorbed on the nonpolar m-planes are clearly observed in undoped ZnO NWs grown in the low-pH and high-pH region. [44,[59][60][61] Curiously, no relevant C-HX modes are observed on samples grown at low-pH and high-pH in presence of SbG2 -. This suggests a competitive adsorption mechanism between the SbG2 -and residual HMTA molecules, where the dominant adsorption of SbG2 - The Raman line centered at 3078 cm -1 is attributed to the VZn-NO-H defect complex acting as a deep acceptor in ZnO NWs and it is present through all the samples. [62] Other N-related defects with a lower intensity are located at ~3121 and ~3160 cm -1 and are attributed to the AB N⊥ and AB N∥ configurations of the NO-H bonds [63]. The well-defined Raman line at 3575 cm -1 is assigned to HBC defect which acts as a shallow donor [64,65], and it possesses an asymmetric shape due to vibrational modes related to O-H bonds located at 3500 cm -1 [62,64,66]. The contribution of VZn-nH (n = 1, 2, 3) defect complexes along the 3300 -3418 cm -1 range is also crucial for the analysis and comparison between the ZnO NWs grown in the low-and high-pH regions [64,67,68]. Generally, the HBC line is the most prominent Raman line of the hydrogen-related defects; however, an increase in the VZn-nH lines was observed in Section 5.4.3 when growing ZnO NWs in the high-pH region where the O-rich environment promotes the formation of VZn-related defects. It has been suggested that Sb atoms incorporate into the wurtzite structure of ZnO as SbZn-2VZn [20] or Sbi-3VZn [21], allowing a massive formation of zinc vacancies. Then, the incorporation of Sb-related defects together with the hydrogen-rich environment accounts for the prominent increase in the intensity of the Raman lines associated with the VZn-nH defect complexes, as observed in the Sb-doped ZnO NWs grown in the high-pH region with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0% in Figure 6-10(b). In particular, the formation of the lower coordinated VZn-H defect complexes exhibiting a Raman line at ~3420 cm -1 is expected. The 5 K cathodoluminescence spectra of undoped and Sb-doped ZnO NWs grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of 0.0%, 0.2%, and 1.0% in the low-pH and high-pH regions are presented in Figure 6-11, along with a zoom-in in the near-band edge (NBE) emission in Figure 6-12. Two different conditions defined as the one-step annealing series (300 °C for 4 h), and two-step annealing series (300 °C for 4 h as first step followed by 450 °C for 1 h as a second step) were investigated to reveal their effects on the Sb-doping. The incorporation of Sb atoms into the ZnO NWs results in a strong influence on the intensity of the NBE emission with an important difference between the ZnO NWs grown in the low-pH and high-pH regions. The NBE intensity of ZnO NWs grown in the low-pH region as seen in Figure 6-12(a-c) shows an important dampening as the [SbG2 -] / [Zn(NO3)2] ratio is increased. In contrast, the NBE intensity of ZnO NWs grown in the high-pH region reveals no relevant dampening effect as the [SbG2 -] / [Zn(NO3)2] ratio is increased. The suppression of the NBE emissions in ZnO NWs grown in the low-pH region could be related to the following reasons: (i) the high density of vacancies in the surface region, (ii) competition with the radiative recombination of defects in the visible spectral region, and/or (iii) the presence of non-radiative recombination centers [76].

As presented in [20,21]. As presented in Figure 6-12(e,f), the two-step annealed Sb-doped ZnO NWs with [SbG2 -] / [Zn(NO3)2] ratios of 0.2 and 1.0 % and grown in the high-pH region exhibit a dampened D°XA emission and an increased red-shifted NBE emission centered at ~3.31 eV. This broad NBE is suggested to be related to neutral acceptor-bound A excitons (A°XA) [77], free electron-to-acceptor (FA) transitions [78], and DAP emissions [73][74][75]79]. Along the visible spectral region, different emissions are assigned as i) the red-orange band, ii) the yellow-green band, and iii) the green-blue band, as shown in Figure 6-11. The red-orange 6.5 X-ray absorption near-edge spectroscopy -Synchrotron radiation experiments 6-20 emission band is attributed to the VZn-H ε(0,-1) and VZn-NO-H ε(-1,-2) transition levels, both with an emission energy of 1.82 eV. The yellow-green emission band is attributed to the neutral VZn-2H ε(+1,0) transition level at 2.29 eV and to the VZn-NO-H ε(0,-1) transition level at 2.27 eV. The green-blue emission band is attributed to nitrogen-and hydrogen-related defects including VZn-H ε(+1,0) , VZn-H ε(+2,+1) , VZn-2H ε(+2,+1) , VZn-NO-H ε(+1,0) , VZn ε(+1,0) , and VZn ε(+2,+1) . Additionally, the green-blue emission band is labeled as surface-related effects, since it is attributed to unexpected charge states generated from the recombination of electrons with the high density of holes that migrate to the ZnO NW surfaces upon the irradiation under electron beam [80]. The second order of the NBE emissions also occurs at ~1.68 eV [81]. From the different cathodoluminescence acquisitions, it is evident that the overall intensity of the defect visible band is also damped with the increase in the [SbG2 -] / [Zn(NO3)2] ratio for both ZnO NWs grown in the low-pH and high-pH regions. The prominent phonon replica suggest a strong coupling of the A1(LO), and/or B1 high polar phonons (~580 cm -1 ) with the photo-generated electrons [79]. As shown in Figure 6789, the incorporation of Sb atoms increases the phonon modes located at ~580 cm -1 , which act as non-radiative recombination centers. Hence, the strong dampening observed for the doped ZnO NWs grown in the low-pH region is due to the non-radiative recombination centers caused by Sb-doping. In contrast, the moderate dampening observed for the doped ZnO NWs grown in the high-pH is due to the competitive density of non-radiative (i.e., Sb-related phonon modes) and radiative recombination centers (i.e., high density of VZn-related defects).

X-ray absorption near-edge spectroscopy -Synchrotron radiation experiments

The incorporation of Sb atoms inside the ZnO NWs crystal structure has been demonstrated in this chapter by X-ray diffraction, FESEM-and STEM-EDS, Raman spectroscopy and cathodoluminescence spectroscopy. However, the occupation site of these Sb dopant ions inside the crystal structure, the local environment around them and their electronic configuration (valence state) are still open questions for the specific growth conditions (low-pH versus high-pH growth) and the different thermal annealing conditions. As mentioned in the state-of-the-art, several reports have shown that the Sb dopant ions prefer to occupy the Zn sites (SbZn) and introduce Zn vacancies (VZn) around the incorporated Sb ions ( [20,82], such as the SbZn-2VZn [20]. Additionally, the Sbi-3VZn [21] defect was also shown to be stable.

This section presents an X-ray absorption near-edge spectroscopy (XANES) study performed on Sb-doped ZnO NWs previously discussed in this chapter. The XANES measurements were conducted at beamline ID12 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, with the scientific and technical collaboration of Fabrice Wilhelm 1 .

1 ESRF -The European Synchrotron CS40220, 38043 Grenoble Cedex 9, France.
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Experimental details

For the XANES experiments in the ESRF, a set of three series were studied and these are detailed in Table 6-IV. The Series 1 and 2 consist of ZnO NWs grown in the low-pH and high-pH region, respectively. These samples were grown with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0 % and three different conditions were selected: (i) as grown condition, (ii) one-step annealing at 300 °C for 4 h, and (iii) two-step annealing at 300 °C for 4 h plus a consecutive 1 h at 450 °C, as detailed in Section 6.2.1. Finally, the third series are commercial reference samples consisting of antimony(III) oxide (Sb2O3, Alfa Aesar, Puratronic®, 99.999 %) and antimony(V) oxide (Sb2O5, Alfa Aesar, Puratronic®, 99.999 %). All these samples are detailed in Table 6-II.

The XANES measurements were conducted using a total electron yield (TEY) detection for the Zn K-edge (1s to 4p transitions). The TEY detection was preferred instead of the total fluorescence yield (TFY) to measure the Zn K-edge since it doesn't suffer from self-absorption effects (that occurs for thick samples). Due to the low concentration of Sb dopants, a partial fluorescence yield (PFY) detection using an energy resolved detector (Silicon drift detector in front of which 50 µm-thick Kapton foil was mounted to attenuate the Si Kα,β emission lines coming from the substrate) was employed to record the XANES at the Sb L1-edge (2s to 5p transitions) of the Series 1 and Series 2. For the Sb L1-edge, since the Sb atoms are diluted in the ZnO NWs, self-absorption effects are negligible.

Then for the Sb L1-edge of Series 3, since the samples are bulk, the TFY detection was used with (in backscattering geometry) [83]. A 50 µm-thin and a 900 µm-thick diamond quarter wave plate were inserted in the beam path to convert the incoming circularly polarized X-rays into linearly polarized, one at the Zn K-edge and Sb L1-edge, respectively. The angular offset of the quarter wave plate is controlled by a digital piezoactuator which offers the advantage to flip rapidly the linear polarization (E-vector of the X-rays) from horizontal to vertical. The polarization was then flipped several times for every energy point. The samples have been mounted on a Aluminum sample holder that is inserted in a vacuum chamber. The sample holder is attached on a rotation stage. The experiment was carried out at an incidence angle of ~5° with respect to the substrate surface. The normalized isotropic (ISO) XANES was obtained from the weighted averaged of the two spectra:

XANES ISO =(2×XANES(E⊥c)+XANES(E∥c))/3 ( 6-1) The X-ray linear dichroism (XLD) was computed by subtracting the difference of two normalized XANES(E⊥c) and XANES(E∥c) recorded with two orthogonal linear polarizations at 300 K.

The following discussion will provide a qualitative analysis of the XANES and XLD spectra from the studied samples. By the time the present thesis was written, simulations were not available for direct comparison with the experimental results. Hence, the limited discussion and assignation of the possible incorporation sites of the Sb dopant atom within the wurtzite structure of ZnO.

Results and discussion

In XANES spectroscopy, the edge position and shape is highly sensitive of the local coordination environment of the absorbing atom, allowing the chemical speciation of metal ions to be determined [84,85]. Further, the XLD that is a differential spectroscopy probes the local environment, i.e. the structural and electronic properties of the Zn and Sb atoms in the ZnO wurtzite host lattice, reflecting the anisotropy of the unoccupied density of states of the p-orbitals. This menas that in the case of non-cubic symmetry, for dipolar transitions (which is our case), a XLD signal is observable and the spectral shape is highly dependent on the local point group of the crystal [86]. The power of XLD to quantitatively determine the fraction of absorbing atomic species incorporated at specific lattice sites in a dilute magnetic semiconductor (DMS), was first demonstrated for Mn-doped GaN by using a combination of experimental XLD spectra and respective simulations [87] which was later-on adapted for Co-doped ZnO (Co:ZnO) [88].

In Figure 6-13, XANES and respective XLD measurements at the Zn K-edges are shown. Figure 6-13(a,b) show that the Zn K-edge normalized isotropic XANES correlates with the previously reported Zn K-edge XANES spectrum reported by McPeak et al. for ZnO NWs grown by CBD [89], as well as the bulk ZnO. In Figure 678910111213d) is plotted the XLD, the difference in the XANES recorded with two orthogonal linear polarizations with the E-vector of the linear polarized light being either parallel or perpendicular to the c-axis of the ZnO wurtzite NWs. A clear anisotropy of the XANES can be seen resulting in the XLD spectrum which exhibits a typical shape for the wurtzite structure, i.e. a tetrahedral coordination of the cation to the surrounding anions. The fact that the shape of the XLD spectrum is dominated by the local coordination can be seen from the similarity of the XLD at the Zn K-edge of ZnObased samples (see Ref. [88]), in comparison to the virtually identical shape of the XLD at the Ga K-edge in GaN-based samples which also grows in the wurtzite structure (see Ref. [87]).

The as grown XLD intensity for the ZnO NWs grown in the low-pH is slightly smaller (0.65) than the high-pH (0.69). As suggested by the EDS from Section 6.4.1, the higher incorporation of Sb atoms in the low pH correlates with the reduction of the local crystalline Chapter 6 Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition 6-23 quality as measured by XLD 2 . Furthermore, a reduction in the XLD intensity is observed by performing the one-step and two-step thermal annealing. Particularly, an important reduction of the XLD intensity is observed when performing the two-step annealing in the ZnO NWs grown in the low-pH region (0.55). These intensities are reported in Table 6-V. In Figure 6-14, the isotropic absorption edge in the Sb L1-edge XANES is presented and as a reference, the Sb L1-edge XANES spectrum of the Sb2O3 and Sb2O5 reference samples are shown in Figure 6-15. The position of the Sb L1-edge is sensitive to the oxidation state of antimony. It also appears composed of two main peaks, the first peak (P1) located at ~4702 eV and is strongly related to Sb(III); while the second peak (P2) located at ~4706 eV seems more related to the Sb(V). Interestingly, comparing the as grown condition between the low-and high-pH regions, shows that the P2 is more prominent for the ZnO NWs grown in the low-pH 2 With the assumption that the nanowires have their c-axis perpendicular to the surface and they are not broken.

X-ray absorption near-edge spectroscopy -Synchrotron radiation experiments

6-24 and the P1 for the high-pH. From Figure 6-14, it is also evident that the absorption edge gradually shifts from the P1 to solely P2 when performing the one-and two-step thermal annealing in both growth conditions. Turning now to the XLD measurements, we observe that the spectral shape is very different from the as-grown and annealed samples for both low-and high-pH regions. This very large difference in XLD signal cannot be solely attributed to the change in the degree of oxidation of antimony since XLD signal is primarily sensitive to the change of the local environment of the absorbing atom. In principle, for Sb dopants substituting Zn atoms, one would expect a similar spectral shape of the XLD signal for Sb and Zn for defect free wurtzite bulk ZnO lattice. However, we do not observe similarity with the Zn XLD signal even for as grown samples. At this stage, it is important to perform simulation of the XLD signal by considering Sb dopants in interstitial and substitutional sites, as well as the effect of lattice relaxation and the presence of vacancies to understand (i) the as grown sample and (ii) the effect of annealing.

From the previous discussion, we can elucidate the following observations: 

Conclusions

In summary, the incorporation of antimony via the addition of SbG2 -on the CBD of ZnO NWs spontaneously grown in the low-and high-pH region has been extensively investigated. The selected [SbG2 -] / [Zn(NO3)2] ratios were 0.0, 0.2 and 1.0 % while the pH0 was set to ~6.6 and ~10.8 for the low-and high-pH regions, respectively. By combining thermodynamic calculations with chemical and structural analysis, it was shown that the incorporation of Sb atoms inside the ZnO NWs structure is possible through the stabilized SbG2 -complex within the CBD solution, and the favorable electrostatic interaction with the positively charged planes of ZnO NWs. In the case of the low-pH, both the m-and c-plane are positively charged and has two main effects: (i) moderate axial growth and growth rates that promote the nucleation of the ZnO NW with a flat hexagonal face, and (ii) the stronger incorporation observed by FESEM-EDS analysis. Contrarily, the ZnO NWs grown in the high-pH present only the m-plane positively charged and show the following effects: (i) an increased radial growth rate that promote their nucleation as faceted terraces and (ii) a smaller incorporation observed by FESEM-EDS analysis. Additionally, no antimony oxides were observed in the XRD patterns. Particularly, the ZnO NWs grown in the low-pH with 1.0 % [SbG 2 -] / [Zn(NO 3 ) 2 ] show a strongly dampened NBE emission with a prominent DAP emission line when treated with the two-step annealing. Evidencing the combined effect of annealing of hydrogen-related defects 6.7 References 6-26 (i.e., HBC and VZn-3H), thermal activation of VZn-NO-H and the compensatory doping capacity of the Sb-doped ZnO NWs. Furthermore, the incorporation of Sb atoms within the ZnO NWs crystal structure was evidenced by XANES and XLD characterizations, where a major change in the Zn neighboring atoms was observed for the low-pH region. Interestingly, the Sb L1-edge shows strong differences between the different pH regions and annealing conditions, suggesting an interplay in the incorporation of Sb dopants in interstitial and substitutional sites.

-We may infer that the favored adsorption of SbG2 -ions between the c-plane (in the low-pH) and m-planes (in the high-pH) could promote the incorporation of Sb in different sites. Furthermore, the pH-dependence in the nature of the Sb-related defects is correlated with the modulation of the oxygen chemical potential (µO), as discussed in Chapter 5. -A strong change in the Sb L1-edge was observed by thermal annealing, suggesting a change in the local coordination of the Sb atoms. Correlatively, this was also observed by Raman spectroscopy with the shift of the novel vibrational modes from AM2(Sb)-α (690 cm -1 ) to AM2(Sb)-β (715 cm -1 ). Finally, these findings open new pathways toward Sb-doping in ZnO NWs and their application for the intended piezoelectric sensors will be further developed in Chapter 7. chemical bath deposition 6-31 [86] In Chapter 3, it was shown that ZnO NWs have a high free charge carrier concentration from the massive formation of hydrogen-related defects, defects that would promote a strong piezoelectric screening. Later, in Chapters 4-6, different strategies where evaluated for engineering the hydrogen-and nitrogen-related defects and compensate the high free charge carrier concentration through thermal annealing, pH modulation, and incorporation of Sb dopants within the ZnO structure.

In this chapter, different studies on the piezoelectric properties of ZnO NWs grown by chemical bath deposition will be developed. These studies were conducted within the framework of the ANR Roller project [1], with the experimental and scientific support of Xiaoting Zhang, Minh-Quyen Le, and Lionel Petit 1 . This chapter is divided into two parts, the 1 st part shows the piezoelectric characterization of ZnO Nanowire/PMMA composite based sensor, where optimization strategies of different device configurations are compared with finite element method simulations (FEM). The 2 nd part shows two different strategies taken to address the need to incorporate ZnO nano/microwires within a flexible substrate. One strategy consisted of the direct growth of vertically ZnO nanowires on a flexible PDMS substrate, and the other strategy consisted of the growth of ZnO microrods from suspended nanoparticles in a growth solution, which later were filtered, dried and incorporated within a PDMS composite.

This chapter is based on the following articles: 

State-of-the-art of ZnO nanowires-based piezoelectric sensors

As introduced in Chapter 1, ZnO nanostructures have been attributed with enhanced piezoelectric coefficients by its size effect by ab initio calculations [2][3][4][5][6]. They also have been considered as building blocks of eco-friendly piezotronic and piezoelectric devices in micro/nanotechnology [2,[7][8][9], representing a great alternative to lead zirconate titanate (PZT) films.

Due to the morphology of ZnO NWs, they are expected to outperform conventional ZnO thin films by i) resisting extremely large elastic strain without plastic strain or fracture, by taking advantage of ii) larger piezoelectric coefficients when the nanoscale diameter is small [2,6], and by the iii) surface Fermi level pinning to reduce the screening potential arising from the high density of free charge carriers in their center [10]. In the widely-used vertically integrated configuration of ZnO NWs encapsulated in a polymer between two metallic electrodes, flexibility appears to be a crucial need to enhance the electromechanical coupling [11]. Since its first report two decades ago [12], chemical bath deposition (CBD) technique has been widely acknowledged as a low-cost, low-temperature, and relatively simple implementation approach for green chemistry [13]. As a result, various studies have demonstrated the integration of CBD grown ZnO NWs in flexible piezoelectric devices [2,[7][8][9]. However, the piezoelectric screening effect caused by the high density of free carriers is still an important issue to be properly addressed toward the effective implementation of ZnO NWs in piezoelectric devices [14][15][16], as discussed in Section 1.3.2.

As discussed in this thesis, the strategies followed for optimizing the ZnO NWs grown by CBD consist of thermal annealing under an oxygen atmosphere (Chapter 4), modulating the initial pH of the CBD solution for engineering the incorporation of extrinsic defects (Chapter 5) and by the incorporation of compensatory Sb-dopants inside the ZnO NW structure (Chapter 6). Particularly within the framework of Sb-doping, several publications have addressed the optimization of hydrothermally grown ZnO NW-based piezoelectric devices by this strategy [17][18][19]. The following sections will detail two main approaches used in Chapter for incorporating ZnO NWs in flexible pressure sensors.

VING based on ZnO NWs grown in rigid or flexible substrates

The growth of vertically aligned ZnO NWs, as developed in Section 2.1.1, is the first approach to incorporate the NWs in a flexible substrate. These ZnO NWs were grown in a rigid Si substrate and in a flexible PDMS substrate. Later, they were assembled into a vertically integrated nanogenerator (VING), the architecture detailed in Section 1.2.2. As it will be developed, this approach has been studied in the last decade for ZnO NWs grown by CBD.

In 2014, Pradel et al. reported a wearable-on-skin piezoelectric device based on 2 µm-thick p-n homojunction films based on Sb-doped ZnO NW stacked films grown by CBD. These devices were based on PET substrates. An enhanced piezoelectric output was observed due to the depletion region formed at the p-n junction, reducing the internal screening effect caused by the free carriers in both the undoped ZnO (n-type) and Sb-doped ZnO (p-type) [19]. Figure Even though these sensors [17,18] report the incorporation of Sb atoms in ZnO NW stacked films, following the solution-growth method developed by Wang et al. [20], opportunities with new approaches are still open for study when taking into account the engineering strategies developed in Chapter 6. Additionally, the previous publications have addressed the fabrication of these devices by the heterogeneous growth of the aligned ZnO nanostructures on top of PET flexible substrates. This methodology puts a big limitation on thermal engineering of ZnO NWs due to the temperature limit of these flexible substrates.

The following section will solve the problematic previously described by the second strategy to be developed in this Chapter. Hence, by combining this novel method to prepare powder of ZnO NRs, our knowledge in engineering (Chapter 3-6) and the possibility to fabricate dielectrophoteric structured composites, our second strategy consisted in encapsulating ZnO nanorods in a flexible PDMS matrix. The fabrication and characterization of these ZnO/PDMS composites will be further detailed in Section 7.4. 

Objectives

This Chapter will develop the transfer of technology of the engineered ZnO NWs developed through Chapter 3-6 into a flexible substrate, for their incorporation into a pressure sensor.

 Objective 1. Fabricate a VING based on ZnO NWs grown heterogeneously on a substrate and characterize its piezoelectric properties.  Objective 2. Fabricate a ZnO/PDMS composite from ZnO nanorods grown in suspension.
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Piezoelectric potential of ZnO nanowires-based structures

The piezoelectric nature of the ZnO NWs with a high aspect ratio is of high interest for developing piezotronic and piezoelectric devices [7][8][9]. In this context, chemical bath deposition gives important opportunities to spontaneously grown ZnO NWs in a low-temperature and relatively cost-efficient technique. However, the high density of free charge carriers can efficiently screen the piezoelectric potential when the electron density is above 10 17 cm -3 , according to numerical simulations [14][15][16]. In Chapter 3, it was shown that the spontaneously grown ZnO NWs have a free charge carrier density ranging from 2.7×10 18 to 3.1×10 19 cm -3 , where most of them have metallic electrical conduction due to the high density of HBC and VZn-3H defects acting as shallow donors. This section brings a full characterization of the electrical, dielectric and piezoelectric properties of these spontaneously grown ZnO NWs structured with PMMA to form a composite sensor. Experimental tests were developed to identify relevant parameters that could affect the piezoelectric sensitivity of the ZnO NWs-based structures. different film thicknesses (1, 1.5 and 2 µm) of poly(methyl methacrylate) (PMMA with 8% solids, All Resist) were spin-coated on top of the different devices (Figure 7-4(e)). This interstitial insulating PMMA improves the robustness and stabilizes the NW structure. Additionally, this PMMA layer also prevents electrical leakages and direct contact between the NWs and the top electrode. Lastly, circular gold coatings with an 8 mm diameter and approximately 30 nm thickness were deposited on both sides with a sputter coater (Cressington, 208HR, UK) (see Figure 7-4(f)).

7.2.1.2

Dielectric and piezoelectric characterizations3 

 Dielectric characterization Broadband dielectric spectroscopy was measured using a frequency response analyzer (Solartron, 1255, USA) together with a dielectric interface (Solartron, 1296A, USA) at ambient temperature. Each composite was clamped in a sample holder (AMETEK, 12962a, France). An alternating voltage with an RMS value of 200 mV was applied to derive the precise measurement of dielectric spectra, ranging from 1 Hz to 1 MHz.

 Piezoelectric and electrical characterization under Dynamic Mechanical Excitation

The piezoelectric and electrical characterizations of samples under external vertical dynamic mechanical excitation were performed using a sensitivity setup, as shown in Figure 7-5. Regarding the piezoelectric test, the main setup includes a piezoelectric stack actuator (PI 246-50, Germany), force sensor (HBM, Germany), and two printed electrode circuit boards. The sample was clamped between two electrodes and aligned with the other parts to keep high perpendicularity. The piezoelectric stack actuator was controlled by a waveform generator (Agilent, 33500B, USA) with a voltage amplifier (Trek, Model 20/20C), offering a dynamical mechanical excitation to the samples. Meanwhile, the compressive force exerted on the sample was recorded via a DEWE card (Sirius, 8XSGT, Slovenia) which was connected to a computer.
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During the experiment, the mechanical frequency of 1 Hz was fixed, and various amplitudes of force were applied to explore the influence of external stress. During the mechanical movement, the piezoelectric charge (Q) was collected in a high-sensitivity charge meter (Kistler, 5015, Switzerland) through a short-circuit loop. Therefore, the charge coefficient (𝑑 33 ) can be defined as the ratio of the charge density to the applied stress:

d 33 = 𝐷 𝑇 = ∆𝑄 S active ∆𝐹 𝑆 ( 7-1)
where T and F represent the mechanical stress and applied force, respectively, S active and S denote the surface of the gold electrode and the sample, respectively, D is the electric displacement (or charge density).

To establish the electrical properties of a sample subjected to a mechanical solicitation, both current and voltage signals were simultaneously recorded. Firstly, an AC input voltage was applied to the electrodes of the sample by means of a waveform generator (Agilent, 33210A). Secondly, the resulting current was detected by a low-noise current preamplifier (Standford Research Systems, SR570) with a gain setting from 100-500 µA/V. Finally, the characteristic loop of current density (𝐽) versus the electric field (𝐸) was monitored with the corresponding force through the DEWE interface.

Morphological properties of as grown ZnO nanowires

The morphology of ZnO NWs was assessed by field-emission scanning electron microscopy (FESEM) imaging, using a FEI Quanta 250 FESEM instrument. The typical hexagonal shape of the wurtzite structure is presented in Figure 7-6 by FESEM imaging, showing that they are oriented along the polar c-axis. These ZnO NWs exhibit a mean radius and length of 42 ± 8 nm and 1031 ± 16 nm, respectively. Additionally, Figure 7-6(c) depicts the ZnO NWs array encapsulated with the PMMA matrix deposited via spin-coating, and exhibiting a thickness of ~1.5 µm on the top. From Figure 7-7(a), the 𝐽 -𝐸 characteristic curve of Si and Si/SL samples are linear and symmetric, which indicates a passive resistive behavior. The values of the resistivity, deduced from the 𝐽 -𝐸 slopes, are detailed in Table 7-I. We can observe that the bilayer Si/SL sample exhibits superior resistivity than the pure Si sample, this is due to the addition of a resistive ZnO polycrystalline layer of 40 nm thickness. Figure 7-7(b) shows a circular-shaped 𝐽 -𝐸 curve of the 3-layer and 4-layer samples containing the PMMA top-layer, reflecting that the capacitive property is dominant with respect to the resistive one. Interestingly, when increasing the thickness of the PMMA layer from 1.5 to 2 µm in the vertically aligned Si/SL/NWs/PMMA composite leads to a moderate improvement in the relative permittivity (Table 7-I). From the surface capacitance value, it is possible to determine the equivalent dielectric permittivity of the capacitive materials. Since there is no difference in the electrical properties between the Si/PMMA (1 µm) and the Si/SL/PMMA (1 µm) samples, only the result of the Si/SL/PMMA (1 µm) is displayed in Figure 7-7(b). A minimum of five essays were performed for each sample in order to average and calculate the parameters presented in With the aim of evaluating the electrical properties under dynamic mechanical excitation, the samples were subjected to a 1 Hz compressive stress, with a magnitude ∆𝑇 = 𝑚𝑎𝑥 𝑙𝑜𝑎𝑑 -𝑚𝑖𝑛 𝑙𝑜𝑎𝑑 . As an example, the Si/SL/NWs/PMMA (2 µm) is presented in Figure 78b). In Figure 7-8(a), an inverse variation between the stress and the electrical impedance of the sample is shown, which was caused by a slight change in the sample's thickness during mechanical solicitation. Concretely, a peak of stress (i.e., "max load") corresponds to the minimum impedance as the sample thickness somewhat decreases due to the compression. Then, the "min load" leads to the maximum impedance as the sample is "less compressed". Interestingly, as displayed in Figure 7-8(b), the current density still has a circular response with the electric field regardless of the variation in the mechanical excitation. When slightly increasing the dynamic stress (∆T) from 0.1 to 0.4 MPa, the surface capacitance of Si/SL/NWs/PMMA composites and the Si/SL/PMMA samples was almost constant (Figure 7-8(c)). Accordingly, the capacitive behavior of the Si/SL/NWs/PMMA composite is confirmed to be stable under dynamic uniaxial compression of less than 0.4 MPa, and so is the dielectric property. Two main reasons explain the decision to not perform experiments beyond 0.4 MPa:

1. The Si substrate was rigid, fragile, and could be easily broken under significant mechanical solicitation. 2. Knowing the maximum blood pressure (systolic) in large human arteries is 100-150 mmHg (~13-20 kPa), we can conclude that 0.4 MPa is largely enough to test an application for fractional flow reserve (FFR) application. 

Dielectric properties characterization

To further elucidate the dielectric properties of capacitor-like samples, the variation of the dielectric constant (𝜀) and loss tangent (tan 𝛿) versus a range of frequency (ranging from 1 Hz to 1 MHz) are plotted in Figure 789. For easier comparison, a pure PMMA sample was chosen as a reference sample and it was fabricated via the thin film casting method [21]. It was expected that the two "passive" samples (red and blue) would exhibit similar dielectric behavior with respect to the pure PMMA. Through a wide frequency range, both Si/SL/NWs/PMMA composites improved the relative permittivity, which may be because the PMMA polymer might penetrate and sediment into the interstitial space between ZnO NWs. As observed in Figure 7-9(b), the superior tan 𝛿 loss of Si/SL/NWs/PMMA composites occurs at a low-frequency range, which probably originates from the introduction of interfacial polarization between the NWs and the polymer matrix. 

Piezoelectric properties characterization

As described in Figure 7-5, the electric charge can be collected from the application of a dynamic mechanical stress on the sample in a short circuit, and consequently the piezoelectric coefficient 𝑑 33 is evaluated. Experimental tests were performed on the two "active" samples, consisting of ZnO NW arrays embedded in a PMMA matrix designed with different thicknesses of the dielectric top layer (i.e., 1.5 and 2 µm). No charge signals were observed under mechanical excitation, in the remaining "passive" samples, hence they are not presented here. It should be noted that, in a linear regime (i.e., subjected to moderate mechanical stress), the effective piezoelectric coefficient of the composite does not depend on the input compression, but rather on the intrinsic properties, such as the designed structure and material properties. Therefore, to estimate the d33 of a single ZnO nanowire, FEM under an arbitrary compression was performed to describe the effective piezoelectric response of the composite. Using COMSOL Multiphysics, an estimation of the effective piezoelectric constant (d33) along the vertical, as illustrated in Figure 7-11.
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The FEM study was conducted in the time domain in which the composite was excited on the top by a positive sinus compressive stress of 1 MPa amplitude. To achieve the best fitting between the experimental and simulation results, the piezoelectric coefficient of each ZnO NW was set at approximately 𝑑 33 = 16.5 pC/N. It is highlighted in Figure 7-11(b) that when the stress increases, the composite generates increasing electric charges on the electrodes, which are then stored in the external capacitor. On the other hand, the accumulated charges start to decrease when the composite is mechanically released. Table 7-II compares the experimental and simulated piezoelectric coefficient of ZnO NW composites with different thicknesses of PMMA. Under identical compression mode, the composite with a thinner top PMMA layer provides higher instantaneous surface charges, producing a significantly improved piezoelectric coefficient (𝑑 33 ). The result of Table 7-II clearly shows a discrepancy between experiment and simulation in the piezoelectric response. Interestingly, this discrepancy appears for the 2 µm-thick PMMA but not for its 1.5 µm counterpart. Accordingly, the difference between the model and the practice might be affected by the thickness of the top dielectric layer itself. A similar result can be found in the literature [24]. Another reason could be the fact that, in the simulation model, several factors (such as the screening effect in the ZnO semiconductor, caused by free charge carriers, dielectric loss in the material, conduction loss in the circuit, etc.) are not considered, for the sake of simplicity. Therefore, it could be concluded that the 𝑑 33 coefficient of the ZnO NW used in the simulation (16.5 pC/N) should be lower than the real value. It is worth noting that the sample with the PMMA thinnest top layer (1 µm) exhibits unexpected behavior, and thus makes the charge measurement unsuccessful. Actually, such a thin layer might create a short-circuiting effect or some kind of defect on the surface, provoking current leakage in the material and making it behave as a resistor instead of a capacitor. Therefore, in reality, a thickness of 1.5 µm for the PMMA top layer seems to be the best compromise to achieve a satisfactory piezoelectric response.

To further enhance the piezoelectric performance and evaluate its capabilities, the following sections show the different strategies taken to develop flexible composites consisting of engineered ZnO micro/nano structures grown by chemical bath deposition.
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Strategy I: ZnO/PDMS composite from heterogeneously grown ZnO nanowires

As shown in Section 7.2, the vertically aligned ZnO NW array composites grown on a rigid Si substrate have been confirmed to exhibit promising piezoelectric performance, i.e. 𝑑 33 ~3.53 pC/N when stacked with a 1.5 µm-thick PMMA. However, the charge leakage effect and low elasticity of these samples challenges their practical implementation, which could hinder their possible use in a medical application. In this section, flexible ZnO NWs composites with similar architecture are developed, in which the rigid Si substrate has been replaced by a flexible PDMS substrate, as shown in Figure 7-12. 

Experimental and characterization methods

An elastic silicone elastomer sheet (PDMS, Goodfellow) with 0.5 mm-thickness was employed as a flexible substrate to fabricate the piezoelectric sensor. A 40 nm-thick ZnO seed layer was deposited on top of a clean PDMS substrate via dip-coating procedure. Contrasting the procedure defined in Section 2.1.1, a single-step annealing at f5 °C for 2 h was used to nucleate the polycrystalline ZnO seed layer on top of the PDMS substrate. Subsequently, the whole structure was immersed in an equimolar proportion of the CBD precursors, with the respective [SbG2 -] / [Zn(NO3)2] ratios as detailed in the experimental procedure of Chapter 6. Then, a 2 µm-thick poly(methyl methacrylate) (PMMA) thin film was spin coated as an interstitial dielectric matrix between the ZnO NWs and as a top dielectric layer. The [SbG2 -] / [Zn(NO3)2] ratio and thermal annealing conditions used for the ZnO NWs based piezoelectric sensors are detailed in Table 7-III. Finally, thin gold electrodes of 25 nm-thick and 10 nm-diameter were coated on both sides of NWs composite films, using a sputter coater (Cressington, 208HR). The dielectric and piezoelectric characterizations follow the methodology developed in Section 7.2.1.2.

Dielectric and piezoelectric behavior of PDMS/ZnO NWs composites

ZnO is a natural n-type semiconductor containing mobile negative electrons due to the existence of crystal defects. Irrespective of the physical or chemical deposition techniques of ZnO NWs synthesis, high electron density with high conductivity persists and impacts the intrinsic properties of ZnO NWs [25,26]. Particularly, the as grown ZnO NWs spontaneously grown by CBD show electron densities ranging from 2.7×10 18 to 3.1×10 19 cm -3 (see Chapter 3). For this study, two different strategies are developed to compensate this high electron density: (i) thermal annealing treatment at 220 °C under O2 atmosphere for 2 h, which in Chapter 4 showed an effective decrease on electron density, and (ii) compensatory Sb-doping of ZnO NWs grown in the low-pH region with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0 %, due to the proved strong Sb incorporation and a strong effect on the NBE dampening through the enhanced coupling of polar phonons (Chapter 6). Both of these strategies study its individual and combined effects in the weakening of the charge screen effect. Figure 7-13 shows the dielectric measurement of the as grown ZnO NW composites and those with thermal annealing and/or Sb-doping. Compared to as grown composites, a large discrepancy in the dielectric constant and in the loss tangent peak was found at the composites doped with Sb (blue and green curves). This phenomenon is supposed to arise from the introduction of the Sb dopants. Thermal annealing, on the other hand, has a small impact on the dielectric properties, where similar behavior is observed between the as grown (black curve) and the annealed (red curve) composites. To some extent, the loss tangent (tan 𝛿) of all samples measured at low frequencies (below 1 Hz) were found smaller than 1, indicating good dielectric behavior (without any leakage effect) [27,28].

The piezoelectric properties were characterized in the same manner described in Section 7.2.1.2. Figure 7-14(a) displays a periodical variation of piezoelectric charge density of the as grown ZnO NWs composite in response to a periodic stress with 0.15 MPa magnitude and 1 Hz frequency. As depicted in Figure 7-14(b), specific dynamic charges were measured with respect to the increasing dynamic stress (𝛥𝑇), allowing us to compute the value of the piezoelectric coefficient (𝑑 33 ) for all samples. With the results detailed in Table 7-IV, it is worth noting that the 𝑑 33 of the flexible PDMS/as-grown ZnO NWs composites (~0.288 pC/N) is far lower than that of the rigid Si/as grown ZnO NWs composites (~1.21 pC/N) developed in Section 7.1. The fact is that, the polymer stacked layer, no matter the top layer or the bottom substrate, acts as an insulating component to couple the piezoelectric effect and the electrostatic effect. Therefore, according to classical electrostatics, the increased thickness of the polymer could reduce the output potential and therefore the effective 𝑑 33 , which has been proven in experimental and COMSOL simulations. Adding a PDMS dielectric substrate, instead of the semiconductor Si substrate, absolutely results in a lower 𝑑 33 coefficient. However, from the application perspective with flexible structures, even though it shows a lower piezoelectric sensitivity, it still exhibits further advantages in terms of implementation and reliability. As observed, the piezoelectric response of the PDMS/annealed ZnO NWs composite is somewhat higher than that of the as grown, which was previously confirmed by the fact that there is no significant change in their dielectric properties. In contrast, implementing Sb doping can achieve an almost threefold improvement (~0.763 pC/N) in 𝑑 33 compared to the as grown composite, and even a fourfold increase (~1.055 pC/N) in the case of the doped and annealed samples, simultaneously. First-principle calculations have shown that large-size-mismatched impurity doping with Sb would form SbZn-2VZn [29] and Sbi-3VZn [30] complexes acting as deep level acceptors. Hence, these Sb-related complexes would attract neighboring bounded electrons, resulting in the generation of positively charged holes. Accordingly, the positive charge carriers from Sb-related complexes would consume or recombine with the negative charge carriers to have a compensation effect, yielding an improved electromechanical coupling. As a consequence, the piezoelectric output is considerably enhanced by the doping and thermal annealing, decreasing the screening effect that is essentially caused by a high density of free electrons. The piezoelectric characterizations developed in Section 7.1 and 7.3 have shown the performance of composites where the ZnO NWs are heterogeneously grown via CBD. However, an additional strategy could consist of the homogenization of ZnO particles in a PDMS solution that later would be used to film-cast a composite [21]. The following section will show a novel strategy to grow ZnO nanorods from suspended ZnO nanoparticles in a solution of chemical bath deposition precursors. These ZnO nanorods would later be incorporated into a PDMS film to further evaluate the mechanical, dielectric and piezoelectric properties.

Strategy II: ZnO/PDMS composite from ZnO nanorods grown in suspension

Previous studies conducted at INSA Lyon, showed significant improvements in the dielectric and piezoelectric behavior of ZnO composites when the filler concentration is increased [21,31]. Unfortunately, this improvement is limited due to the saturation of microparticles (MPs) concentration, in which getting a value beyond 44 vol.% is experimentally challenging. Further improvement is also observed when using dielectrophoresis (DEP) for structuring the filler material during the early stage of the curing process, i.e. by the movement of polarizable particles induced by an alternating field [32]. Hence, by tuning the external applied electric field involving the magnitude and frequency could change the DEP force driven on the particles. Furthermore, it was shown that the structured composites of ZnO MPs exhibit enhanced dielectric, piezoelectric properties compared with the randomly dispersed particles [21].

To further enhance the piezoelectric performance, our objective here involves the development of flexible composites consisting of ZnO microrods (MRs) with higher aspect ratio than the former spherical MPs. Such a new material design aims at creating less interconnections and a shorter interparticle distance within the polymer matrix. ZnO/PDMS composites processed by DEP with a quasi aligned structure, are then characterized in order to confirm their performance. The effect of DEP on the alignment level is discussed and compared between composites integrating MPs and MRs. ZnO MRs Synthesis ZnO MRs were grown by CBD following and adapting a methodology reported in Refs. [22,23]. Commercially available suspended undoped ZnO nanoparticles (NPs) with a diameter lying in the range of 80-100 nm (Sigma-Aldrich) were used as nucleation seeds. ZnO NPs with a mass of 240 mg were first dispersed in 100 mL of deionized water with the help of ultra-sonication for 30 min and second homogenized. The ZnO NP solution was mixed with two separate precursor solutions composed of zinc nitrate hexahydrate [Zn(NO3)2•6H2O, Sigma-Aldrich] and hexamethylenetetramine [HMTA, Sigma-Aldrich] in deionized water using an equimolar concentration of 30 mM. The resulting CBD solution was stirred for 15 min and put in a sealed reactor. The sealed reactor was placed for 16 h in an oven maintained at 90 °C. The white powder composed of ZnO MRs was subsequently separated from the supernatant by vacuum filtration using a 0.1 µm pore membrane nitrocellulose filter (Whatman®), washed with deionized water, and dried in an oven maintained at 90 °C. Thermal annealing was eventually performed for 3h at 300 °C in a tubular furnace under oxygen atmosphere.

ZnO MPs-and MRs-based composites

To analyze the influence of the filler's aspect ratio, two different shapes of ZnO microstructure were selected comprising MPs and MRs. Spherical ZnO MPs (~10 µm diameter, 99.9 % purity) were provided by the US Research Nanomaterials Inc. with a mass density of 5.6 g/cm 3 . These micro-sized powders were stored at room temperature and directly used to prepare the composite without any chemical modification. The ZnO MRs were prepared by CBD as described above. The fabrication of the piezoelectric composites with ZnO MPs and MRs was based on the thin film casting method that has been previously reported by Xiaoting et al. in Ref. [21]. The matrix used to disperse the ZnO powders is polydimethylsiloxane (PDMS, Sylgard-184, Dow Chemical Company). Randomly oriented ZnO MPs/PDMS and ZnO MRs/PDMS composite films with an 8 % volume fraction (vol.%) were prepared and compared. Meanwhile, quasi aligned composite films integrating structured ZnO fillers were elaborated via DEP assembly technique. Each circular thin film composite has a 16 mm diameter and a 0.5 mm thickness, sandwiched between two gold electrodes of 12 mm diameter. When exerting an alternating electric field on a ZnO filler suspension in an uncured thermosetting polymer matrix, randomly dispersed fillers coalesce to form chains, which were solidified within the matrix during the curing process.

In order to investigate the effect of the input electric field on the alignment level, different amplitudes (𝐸 𝑎𝑝𝑝 = 0.2, 0.4, 0.6 V/µm) and frequencies (𝑓 𝑎𝑝𝑝 = 2, 200, 2000 Hz) were applied on both DEP processed ZnO MPs/PDMS and MRs/PDMS composites. 𝐸 𝑎𝑝𝑝 was limited to 0.6 V/µm to avoid any electric breakdown of the samples, particularly in case of the MR composite where the higher connectivity of fillers occurred with respect to the MP Previously, it was shown the influence of the electric field distribution on both randomly oriented and aligned ZnO MPs composites during the DEP process [21]. A similar study is reported here for the ZnO MRs composite, with two different volume fractions of 2 % and 8 %. A higher volume fraction is difficult to obtain because of the agglomeration effect of MRs exhibiting a high surface energy. As a matter of fact, the ZnO MRs might precipitate out of solution, resulting in a very high viscosity of dispersion that is unsuitable for the composite fabrication. The morphology and structural properties of ZnO MRs were investigated by field-emission scanning electron microscopy (FESEM) using a FEI Quanta 250 instrument, and by transmission electron microscopy (TEM) using a JEOL-JEM 2010 microscope operating at 200 kV with a 0.19 nm point-to-point resolution. The nature of nitrogen-and hydrogen-related defects was investigated by Raman and cathodoluminescence spectroscopy. Raman spectroscopy was performed using a Horiba/Jobin Yvon Labram spectrometer equipped with a liquid nitrogen-cooled CCD detector. A 514.5 nm Ar + laser with a power on the sample surface of ~ 0.51 mW was focused to a spot size of ~1 µm 2 using a 100× objective. The integration time was of 200 s per spectral window from 50 cm -1 to 3750 cm -1 . A silicon reference sample was used for spectrum calibration at room temperature, with the theoretical Raman line set to 520.7 cm -1 . 5 K cathodoluminescence measurements of single ZnO MRs dispersed on SiO2/Si substrates were performed using a FEI Inspect F50 FESEM instrument equipped with a liquid helium-cooled stage. The cathodoluminescence signal was collected through a parabolic mirror and analyzed with a 550 mm focal length monochromator equipped with 600 grooves/mm diffraction grating. Cathodoluminescence spectra were recorded with a thermoelectric cooled silicon CCD detector. A low acceleration voltage of 5 kV and a small spot size (i.e., less than 10 nm) were used to focus the acquisition on the single ZnO MR. The morphological properties of ZnO-based composites were studied by SEM using a Hitachi Flex SEM 1000 II microscope.

7.4.2.2

Mechanical, dielectric and piezoelectric characterizations Mechanical compression tests were performed using a Shimadzu TCE-N300 instrument. Specimens were clamped between the compression plate kit and compressed at a speed of 5 μm/s under a displacement-controlled mode. Four compressive strain cycles (20, 40, 60, 70 %) were exerted on the composites and thus the peak stress (occurred at the maximum strain) can be measured for a given strain. Composites were clamped in a sample holder (AMETEK, 12962a) to measure their dielectric spectra with the help of a spectrum analyzer (Solartron, 1255) and a dielectric interface (Solartron, 1296A). The measurements were Chapter 7 Integration of defect-engineered ZnO nanowires as flexible piezoelectric sensors 7-21 performed using a driven alternating voltage (VRMS = 200 mV) in a large frequency range of 0.1 Hz to 1 MHz. The piezoelectric characterizations were performed on a specific test bench, which has been described previously in Figure 7-5 [21]. In short, the samples were mechanically excited with a sinusoidal signal at 1 Hz and increasing amplitudes of force (F), meanwhile the generated charges (Q) were synchronously collected and measured in a highsensitivity charge meter (KISTLER, Type 5015) through a short-circuit loop. Thus, the charge coefficient d33 can be estimated as 𝑑 33 The Raman scattering spectrum of annealed ZnO MRs is presented in Figure 7-17(a) and reveals their high crystalline quality through the highly defined phonon modes of the wurtzite structure in the low-wavenumber range of 50 -900 cm -1 . Particularly, the E2 low , A1(TO), E2 high , and A1(LO) optical phonon modes are located at 99, 378, 438, and 574 cm -1 , respectively. Second-order Raman lines, including 2TA/2E2 low , E2 high -E2 low , 2B1 low /2LA, and TA+LO, are located at 203, 333, 536, and 666 cm -1 , respectively [33]. No additional modes related to aluminium, gallium, antimony, and/or iron dopants are detected [34], not even after thermal annealing as expected by the CBD conditions for which a pH value smaller than 7 was used [35][36][37]. In the high-wavenumber range of 2750 -3750 cm -1 , several Raman lines associated with the presence of hydrogen, carbon, and nitrogen impurities incorporated into ZnO MRs from the chemical precursors and medium are shown. The contribution of C-Hx bonds (x = 1, 2, 3) is observed from 2750 to 3000 cm -1 [38]. The VZn-NO-H defect complex is identified in the prominent Raman line at 3078 cm -1 , along with the related NO-H lines at 3121 and 3160 cm -1 [39,40]. The interstitial hydrogen in bond-centered site (H BC ) defect is identified in the Raman line at 3575 cm -1 [41,42], while VZn-nH defect complexes with n = 1, 2, and 3 produce several Raman lines from 3300 to 3418 cm -1 [41,43,44]. Interestingly, the relatively low intensity of HBC lines correlated with the very low intensity of VZn-nH lines follows the behavior of hydrogen-and nitrogen-related defects in ZnO grown by CBD and annealed for 3h at 300 °C. Given that HBC and VZn-3H defect complexes represent the major shallow donors responsible for the high density of free electrons in ZnO (see Chapter 3), it is deduced here that the thermal annealing of ZnO MRs favors a significant reduction of the density of free electrons, most likely below the typical value of 10 18 cm -3 . VZn-3H defect complex (I5) and HBC lines, respectively [45][46][47]. A prominent emission line is observed around 3.32 eV, which lies in the energy range of the two-electron satellite (TES) transitions from the I4 line [46]. 1LO and 2LO phonon replicas, separated by a phonon energy of 72 meV [46], are observed for this emission line. The broadening of these emissions could be expected from an important contribution of free electron-to acceptor (FA) [48] and donoracceptor pair (DAP) [49][50][51] transitions related to nitrogen-doped ZnO. The appearance of phonon replicas may be related to a strong polar symmetry from A1(LO) and B1 phonon modes, as suggested in [52] for this emission line. 

Experimental results of ZnO MPs-and MRs-based composites

To highlight the novel insights of this investigation, this section demonstrates the influence of DEP-based structuration and the filler's shape and concentration on the piezoelectric sensing performance of ZnO composites. The six samples used in experimental characterizations are: ZnO MPs/PDMS (two samples, structured/random with 8 vol.% of ZnO MPs), and ZnO MRs/PDMS (four samples of structured/random with 2 and 8 vol.% of ZnO MRs). The SEM results of the composites integrating different fillers are presented in Figure 7-19. Under the same input DEP conditions (𝐸 𝑎𝑝𝑝 = 0.6 𝑉/𝜇𝑚, 𝑓 𝑎𝑝𝑝 = 2 𝐻𝑧), the structured 8 vol.% MP and 2 vol.% MR composites clearly show the alignment of the fillers being shaped into a chain-like structure along the electric field direction. With a higher content of MRs (e.g., 8 vol.%), however, the observation based on the SEM images is not obvious. Actually, the distance between adjacent chains decreases as the filler's concentration is increased, hence the inter-chain interactions are reinforced and overwhelm the dielectrophoretic force [54]. Accordingly, the morphology approach gives an overview of the material structuration under DEP process and could clearly distinguish the difference of the filler's shape (rod or particle). Nonetheless, this technique seems to be inadequate to accurately quantify the structuring effect of the composites, particularly with a high filler concentration. To achieve deeper analyses, the measurement of the dielectric and piezoelectric characteristics of all samples are carried out in the following section.

Mechanical properties

Firstly, the mechanical properties are discussed for all samples due to their contribution to the piezoelectric behavior. Figure 7-20 indicates the compressive stress-strain curves of the random and structured 8 vol.% ZnO MR/PDMS composites, respectively. The composites experience a stepped loading profile, in which a series of fixed strains (including 0.2, 0.4, 0.6, 0.7) was exerted. After reaching the maximum value, unloading processes were conducted for a given deformation of the specimen. Both random and structured composites undergo complete recovery, demonstrating how strong and flexible mechanical characteristics of the developed composites are. For a better evaluation of the compressibility, the peak magnitude of stress with the associated peak magnitude of strain are plotted in Figure 7-20(c) to derive the compressive elastic modulus (Ecompressive). As shown in Figure 7-21, Ecompressive of the structured (i.e., aligned) composites is enhanced and strengthened as compared to the random one, since the compressive load lies in the same direction as the applied electric field during the DEP process. In other words, the chain-like structure of the filler makes the whole system stiffer in that direction. Among them, the alignment on the 8 vol.% ZnO MRs-based composites during the DEP process can achieve 1.4 times improvement as opposed to the random one. Additionally, under an 8 vol.%, composites of rod-shaped fillers are much stiffer than those of spherical-shaped fillers. Such an improvement is specifically evident for the Young modulus of the structured composites (~17.5 MPa), manifested by the higher continuous phase of fillers, which in turn contributes to their excellent piezoelectric behavior. 

Dielectric properties

As shown in Figure 7-22, under the same optimal DEP conditions (𝐸 𝑎𝑝𝑝 = 0.6 𝑉/𝜇𝑚, 𝑓 𝑎𝑝𝑝 = 2 𝐻𝑧) and filler concentration (e.g., 8 vol.%), the ZnO MP composites achieve around a twofold increase in the dielectric constant (𝜀 𝑟 ′ , measured at 1 Hz) with respect to the random one, while around a sevenfold increase is reached in the case of the ZnO MRs composites. Hence, the improvement shown with the DEP process is more obvious in the composites fabricated with a higher aspect ratio filler. Interestingly, the 𝜀 𝑟 ′ of the low-fraction ZnO MR composites (2 vol.%), either with a random or structured connectivity, is closed to the one of the high-fraction ZnO MP composite (8 vol.%), suggesting an excellent efficiency of the ZnO MRs. Actually, considering the different dimensions in the ZnO MRs and ZnO MPs, the root cause of that improvement can be assigned to the shape (related to the aspect ratio) or the size effect. It was shown in Ref. [21] that composites filled with nano-size particles possess a lower dielectric constant than that of micro-size particles, implying the suppressed effect of small size filler. Accordingly, it can be revealed that the enhanced dielectric property of the composites integrating ZnO MRs is mainly impacted by their high aspect ratio, rather than their size. Indeed, during the DEP dynamic process, the high aspect ratio rods are found to be better aligned than the particles with low aspect ratio. Usually, spherical particles might be more easily attracted by their neighbors to form a corner-to-corner alignment, leading to an out-offaxis orientation effect [55]. Nonetheless, the high degree of alignment and fast orientation in the low aspect ratio particles seem to be easier to achieve compared to the high aspect ratio rods, which is due to the different hydrodynamic drag-induced torques [55]. This behavior should be considered in a transient regime, but after a long-time application of thermal heating and low-dynamic input field, a steady state is well-established. The observation in that state clearly verifies that the composite embedded with high aspect ratio rods leads to higher dielectric performance. Alternatively, increasing the volume fraction of fillers, e.g., from 2 vol.% to 8 vol.% in our case, should be another effective way to improve the dielectric constant. The piezoelectric behavior of the composites were subsequently characterized by measuring the generated charge density (𝐷) in response to an external oscillating stress (𝑇) of 0.15 MPa magnitude and 1 Hz frequency. Figure 7-23(a) displays the time evolution of 𝐷 and 𝑇 for the structured 8 vol.% ZnO MR/PDMS composites, reflecting the linear electromechanical coupling of a typical piezoelectric material. A small phase shift is found between 𝐷 and 𝑇, which may be due to the detection delay or the restore/discharge mechanism of the capacitive sample. To better highlight the linear relationship between the electrical output and the mechanical input, Figure 7891011121314151617181920212223) illustrates the charge density variation (∆𝐷) as a function of the dynamic stress variation (∆𝑇) for the whole set of samples. The piezoelectric coefficient (𝑑 33 ) can be accurately deduced from the linear fitting of the 𝛥𝐷 -𝛥𝑇 characteristics, i.e., corresponding to the slope of the linear regression, as presented in Figure 7-24. These results confirm three possible approaches that can be used to improve the material performance:

 Enhancing the filler content causes an enhanced piezoelectric response. For instance, increasing the volume fraction of the randomly dispersed ZnO MR composite (e.g., from 2 to 8 vol.%) leads to a 2.4 times increase in the 𝑑 33 value. However, it is 7.4 Strategy II: ZnO/PDMS composite from ZnO nanorods grown in suspension 7-28 challenging to fabricate high density composites due to agglomeration and high viscosity effects.  Integrating fillers with a higher aspect ratio could perform less interconnections between neighboring phases, which in turn boosts the piezoelectric effect. Using ZnO MRs instead of ZnO MPs allows to enhance the piezoelectric sensitivity of around 2.0 times and 2.6 times, respectively, for the random and structured composited integrating an 8 vol.% of ZnO filler.  Structuring the filler dispersion via DEP process leads to significantly enhanced piezoelectric properties. For example, under the same filler's concentration, size and shape, the 𝑑 33 value can be boosted even up to 6.0 times for the 8 vol.% MR composites. By comparing the above methods, the dielectrophoretic alignment seems to be the most efficient way to boost the dielectric and piezoelectric behaviors of ZnO composites. However, even with the optimized input parameters, it is challenging to achieve a perfect alignment of fillers. During the dynamic process of chain formation, the individual chains are attracted by adjacent chains to coalesce into a substantial columnar structure [56,57]. Additionally, the high connectivity from filler orientation in turn causes the conduction loss mechanism. Therefore, 

Conclusions

Piezoelectric measurements were effectively performed in a set of hydrothermally grown ZnO structures. In Section 7.2, ZnO NWs/PMMA composites composed of ZnO NWs as grown spontaneously on top of a rigid Si substrate showed that the effective charge coefficient (𝑑 33 ) reached 3.53 pC/N when being stacked with a 1.5 µm-thick PMMA, as opposed to 1.21 pC/N in the case of the 2 µm-thick PMMA. These experimental results correlated with conclusions obtained from COMSOL FEM models, showed that decreasing the thickness of the dielectric top-layer, would enhance the piezoelectric response. This initial study showed the massive opportunity existing for our as grown ZnO NWs versus other piezoelectric particles, such as BaTiO3 (𝑑 33 ~5 pC/N ) [58]. Later on, two different strategies were evaluated to incorporate the hydrothermally grown ZnO structures into a flexible sensor.

The first strategy developed in Section 7.3 showed engineered ZnO NWs heterogenously grown on top of a ZnO seed layer deposited on top of a flexible PDMS substrate. Using a combined scheme for engineering the ZnO NWs with a 1.0 % Sb-doping ([SbG2 -] / [Zn(NO3)2] ratio) and thermal annealing at 220 °C (O2 atm, 2 h), the 𝑑 33 reached a fourfold increase (𝑑 33 ~1.055 pC/N ) compared to the as grown unintentionally doped ZnO NWs (𝑑 33 ~0.288 pC/N ). Then, the second strategy developed in Section 7.4 showed a novel technique for growing ZnO MRs grown on ZnO NPs suspended in a CBD solution, which later were filtered, dried, thermally annealed and incorporated in a PDMS composite via film casting method. The 𝑑 33 of the 8 vol.% ZnO MRs/PDMS composite showed a sixfold increase (𝑑 33 ~0.10 pC/N ) when structured using a DEP process, as compared to the random structure (𝑑 33 ~0.02 pC/N ).

General Conclusion and Perspectives

ZnO nanowires grown by chemical bath deposition (CBD) are interesting candidates for pressure sensors with the optimization of its piezoelectric properties. These ZnO nanowires would provide pressure sensors with a low-cost manufacturing process, potential high sensitivity and materials that are non-toxic, biocompatible, and stable in biological media in order to use them in medical and health applications. However, given that ZnO generally owns an n-type doping, a special challenge emerges due to the piezopotential screening effect caused by this high free carrier density.

This thesis is focused in the in-depth study of crystal defects formed in the ZnO nanowires grown by CBD. Given that the growth of ZnO nanowires occur in an aqueous solution, hydrogen-and nitrogen-related defects are incorporated within the crystal structure given the rich medium in residual impurities from the chemical precursors.

The Chapter 3 is a critical chapter that serves as a basis for the understanding of the hydrogen-and nitrogen-related defects. By using four-point probe resistivity measurements, we show that ZnO nanowires grown by CBD exhibit a high electrical conductivity with electron densities ranging from 2.7 × 10 18 to 3.1 × 10 19 cm -3 . Most of them have a metallic electrical conduction. By density-functional theory (DFT) calculations with 5 K cathodoluminescence and Raman spectroscopy, we reveal that the high electrical conductivity mostly originates from the formation of interstitial hydrogen in bond-centered sites (HBC) and of zinc vacancy -hydrogen (VZn-nH) complexes. In particular, the HBC and VZn-3H complex are found to act as two shallow donors with a very low formation energy, for which the most stable configurations are reported. In addition to HBC, HO, and VZn-nH defect complexes, the nitrogen-related defects including NO-H and VZn-NO-H defect complexes also strongly affect the physical properties of ZnO NWs. Our DFT calculations show that the VZn-NO-H complex acts as a deep acceptor with a relatively low formation energy. Additionally, this combined theoretical and experimental approach allows us to revisit the highly debated origin of the visible and ultra-violet (UV) emission bands in the luminescence spectra. The near-band edge (NBE, in the UV spectra) emission band has been assigned to the VZn-3H defect complex. In contrast the red-orange and yellow-green emission bands lying at 1.86 and 2.25 eV have been attributed to the VZn, and VZn-H complexes located in the bulk and on the surfaces of ZnO nanowires. Furthermore, the VZn-NO-H complex exhibits a prominent Raman line at 3078 cm -1 along with a red-orange emission energy of ~1.82 eV. The NO-H bonds in ABN⊥ and ABN|| configurations further lead to two Raman lines at 3121 and 3160 cm -1 , respectively. These findings represent an important step forward in the identification of the predominant native and extrinsic defects driving the electronic properties of ZnO nanowires grown by CBD. They further reveal the significance of hydrogen-and nitrogen-engineering to tune the source of crystal defects for optimizing the physical properties of ZnO nanowires. As a continuation of 8-2 this work, temperature-dependent four-point probe resistivity measurements can be performed to obtain information about the conduction regime in the NWs. Then, different strategies were evaluated to engineer the hydrogen-and nitrogen-related defects, and in this way aim resistive ZnO nanowires for their incorporation in piezoelectric devices.

In Chapter 4, the nature and concentration of the hydrogen-and nitrogen-related defects are found to be tunable using thermal annealing under oxygen atmosphere, but a rather complex, fine evolution including successive formation and dissociation processes is highlighted as a function of annealing temperature. The tuning of these defects has been achieved using thermal annealing under oxygen atmosphere as a function of annealing temperature ranging from 200 to 1000 °C. A strong exodiffusion of hydrogen-related defects is observed in ZnO NWs annealed at the moderate temperature of 300 °C, and this temperature specifically exhibits one of the smallest free charge carrier densities of 5.6 × 10 17 cm -3 along with a high mobility of ∼60 cm 2 /Vs following the analysis of longitudinal optical phonon-plasmon coupling. Furthermore, at ∼450 °C the activation and generation of the VZn-NO-H defect complex is revealed. A comprehensive diagram showing the complex interplay of each hydrogen-and nitrogen-related defect during thermal annealing and its dependence on the annealing temperature has been gained. Eventually, the thermal engineering of the hydrogen-and nitrogen-related defects as the major source of crystal defects in unintentionally doped ZnO NWs grown by CBD is capital towards achieving the resistive nanowires required for their incorporation in the piezoelectric sensors to be developed in Chapter 7.

Since the ZnO nanowires are grown by chemical bath deposition, their formation in aqueous solution containing many impurities needs to be carefully addressed. In Chapter 5, the pH of the CBD solution and its effect on the formation mechanisms of ZnO NWs and of hydrogenand nitrogen-related defects in their center is developed. The adjustment of the initial pH of the CBD solution (pH0) greatly impacts the formation of hydrogen-and nitrogen-defects in ZnO nanowires, allowing their modulation through the electrostatic interactions occurring along the NW nucleation and the influence of the oxygen chemical potential (µ O ) in the formation energy of point defects. Hence, by adjusting its value in a low-and high-pH region, the latent evolution of the morphological and optical properties of ZnO NWs is shown, as well as the modulated incorporation of hydrogen-and nitrogen-related defects in their center using Raman and cathodoluminescence spectroscopy. Increasing the pH0 of the CBD solution strongly influences the main species present in the bath, where in the high-pH region the stabilized Zn(NH3)4 2+ ions promote a massive incorporation of nitrogen-related defects due to the strong electrostatic interactions between the positively charged Zn(NH3)4 2+ ions and the negatively charged polar c-planes. Additionally, increasing the pH0 brings the growth of the ZnO NWs to O-richer conditions (increased µO), which according to our DFT calculations promotes a decrease in the formation energy of VZn and VZn-nH defects, while the formation energy of HBC and VZn-NO-H remains invariant. Hence, the ZnO NWs grown in the high-pH region are expected to massively form VZn and VZn-nH defects and this is clearly observed with: (i) the prominent Raman line at ~3369 cm -1 attributed to the low coordinated VZn-H defect complex; (ii) the strong emission bands in the red-orange and yellow-green spectral region mainly attributed to the VZn-H, VZn-NO-H and VZn-2H defect complexes; and (iii) the diminished NBE emission for the pristine series, which is later enhanced through thermal annealing from the be performed to experimentally determine the bulk doping level and mobility values of these ZnO NWs. Furthermore, the influence of the nanowire's surface in the electrical conduction could be characterized by electron-beam induced current, cathodoluminescence, and secondary electron signal (as suggested by Ref. [1]). This direct acquisition of the electrical properties would give a better perspective in the hydrogen-, nitrogen-, antimony-related defects and their effectiveness as engineering strategies for optimizing the ZnO NWs for piezoelectric applications.

The Chapter 7 develops different studies on the piezoelectric properties of ZnO NWs grown by CBD. These studies were conducted within the framework of the ANR Roller project [2] and its collaborators from LGEF, INSA-Lyon. Piezoelectric measurements were effectively performed in a set of hydrothermally grown ZnO structures. ZnO NWs/PMMA composites composed of ZnO NWs as grown spontaneously on top of a rigid Si substrate showed that the effective charge coefficient (𝑑 33 ) reached 3.53 pC/N when being stacked with a 1.5 µm-thick PMMA, as opposed to 1.21 pC/N in the case of the 2 µm-thick PMMA. These experimental results correlated with conclusions obtained from COMSOL FEM models, showed that decreasing the thickness of the dielectric top-layer, would enhance the piezoelectric response. This initial study showed the massive opportunity existing for our as grown ZnO NWs versus other piezoelectric particles, such as BaTiO3 (𝑑 33 ~5 pC/N ) [3]. Later on, two different strategies were evaluated to incorporate the hydrothermally grown ZnO structures into a flexible sensor. The first strategy showed engineered ZnO NWs heterogenously grown on top of a ZnO seed layer deposited on top of a flexible PDMS substrate. Using a combined scheme for engineering the ZnO nanowires with a 1.0 % Sb-doping ([SbG2 -] / [Zn(NO3)2] ratio) and thermal annealing at 220 °C (oxygen atmosphere, 2 h), the 𝑑 33 reached a fourfold increase (𝑑 33 ~1.055 pC/N ) compared to the as grown unintentionally doped ZnO nanowires (𝑑 33 ~0.288 pC/N ). Then, the second strategy showed a novel technique for growing ZnO microrods (MRs) grown on ZnO nanoparticles suspended in a CBD solution, which later were filtered, dried, thermally annealed and incorporated in a PDMS composite via film casting method. The 𝑑 33 of the 8 vol.% ZnO MRs/PDMS composite showed a sixfold increase (𝑑 33 ~0.10 pC/N ) when structured using a dielectrophoresis process, as compared to the random structure (𝑑 33 ~0.02 pC/N ). To further optimize these pressure sensors, different architectures and combined engineering strategies could be evaluated, such as: (i) annealed Sb-doped ZnO MRs could be synthesized for their incorporation in a flexible composite; (ii) different vol.% ZnO MRs/PDMS composites could be evaluated; (iii) the thickness of the flexible PDMS substrate could be decreased for increasing the piezopotential response; between many other combined variations.

Finally, these flexible pressure sensors based on ZnO nanowires grown by CBD might have promising potential applications involved in the development of biosensor devices for cardiac surgery of mitral regurgitation (MR) 1 . It is generally recognized that MR is a serious public health issue, with a global incidence of 9.3% in those over the age of 75 [4]. At every cardiac systole, a portion of the left ventricle load is reversed into the left atrium, resulting in an overload in the left atrium and pulmonary circulation. In the absence of therapy, MR causes symptoms such as shortness of breath and exhaustion, which can lead to heart failure and death. MR is caused by a structural lesion in at least one component of the valve or a ventricular illness, such as myocardial infarction [5]. The success of Mitral Valve Repair (MVr) is now examined by echocardiography, which gives a precise real-time morphological study and certain functional characteristics based on heuristic approximations. However, up to 7% of patients experience mild to severe regurgitation right after percutaneous-MVr operations [6]. The high likelihood of MR recurrence reveals that echocardiography lacks the ability to anticipate mid-term postoperative failure at the time of surgery. This significant clinical constraint in the current standard of treatment highlights the need for novel prognostic factors to be identified and unique instruments to quantify them. In addition to echocardiography, biosensor devices might considerably improve the capacity to perform effective and long-lasting repairs. Recent research has shown that the coaptation force in MV, defined as the contact between the two mitral leaflets during systole [8], may be measured. This contact is the mitral system's ultimate "objective," since it assures the system's appropriate sealing function. The restoration of a complete coaptation by MV has been linked to superior long-term MV regurgitation results [9]. One of the three main principles of MV reconstruction proposed by Pr. Alain Carpentier decades ago [10] is the "formation of a marge surface of coaptation." Although it has been known for decades that having a wide coaptation surface improves clinical long-term results, the exact process that underpins this important function is still unknown. Recent scientific and technical advancements have opened the door to the development of biosensors that allow for the exact measurement of coaptation forces throughout the coaptation surface, as well as a mapping of these forces that might allow for real-time MV coaptation assessment. The proposed devices must take real-time data and 8-6 display the valvular closure force properly. The system is made up of three primary components, as shown in Figure 8-1: 1. Pressure within an MV may be measured using high-resolution sensors, with a typical amplitude of stress of roughly 0.1 MPa to 0.7 MPa [11]. The sensors must be no more than 200 m thick and have a low stiffness so that they may "mold" to the shape of the MV without interfering with its function. 2. The sensors may be installed and modified inside the valve throughout the measurement time, as well as recovered outside the heart after the measurement. 3. The data may be recorded, analyzed, and monitored in real time using the acquisition system. The results shown in Chapter 7 for the flexible substrates (see Figure 7-14(a) and Figure 7-23(a)) show a strong relationship between mechanical stress and piezoelectric response. Surprisingly, the applied stress amplitude (~0.1 MPa) matches the usual value derived from the simulation described by Rim et al. [11]. The electromechanical coupling of the ZnO composites is relatively linear, which is important for the design of extremely accurate force mapping. In terms of mechanical properties (see Figure 7-20), the proposed material has an acceptable Young modulus range (less than 10 MPa), allowing for good mechanical adaption between the sensor and the MV [12]. Finally, in the design of force-sensor systems, piezoelectric and mechanical characteristics of composites are regarded critical factors. Further material advancements will be researched in order to optimize force sensitivity, substrate flexibility, and biocompatibility. In the near future, preliminary testing of the constructed piezoelectric sensor in the CFMLab (Cardiovascular Fluid Mechanics Laboratory) at Georgia Institute of Technology is expected. Finally, the novel findings from these pressure sensors based in our ZnO nanowires, might help surgeons during MVr by giving real-time, objective metrics to supplement traditional intraoperative morphological evaluation [8]. The coaptation force characterization might also help researchers to better understand the physical changes that occur during primary MR formation and after MVr, allowing them to anticipate long-term postoperative results.
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 12 Figure 1-2. Examples for the four possible orientations of the mechanical stress and piezoelectric polarization vector. Positive values of all piezoelectric coefficients are assumed for the diagrams. Copyright Springer-Verlag Berlin Heidelberg 2010. Adapted from Ref. [8].
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 13 Figure 1-3. Piezoelectric devices: (a) mode 33 and (b) mode 31. Copyright Springer Science + Business Media, LLC 2011. Adapted from Ref. [9].
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 14 Figure 1-4. Schematics of 2D crystal structures. (a) Non-piezoelectric square. (b) Piezoelectric hexagon. Copyright Advanced Science published by Wiley-VCH GmbH, Ref. [12].

  Figure 1-5(a) shows a 1-3 composite with piezoelectric pillars incorporated within a polymer matrix, Figure 1-5(b) shows a 2-2 composite comprising alternate piezoelectric and polymer planks, and Figure 1-5(c) shows a 0-3 composite with piezoelectric particles randomly dispersed in a polymer matrix. Further detail is given in Chapter 7, where flexible composites with 1-3 and 0-3 connectivity are fabricated with ZnO microrods incorporated within a PDMS matrix.
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 15 Figure 1-5. Schematics of piezocomposite material structures: (a) 1-3 connectivity, (b) 2-2 connectivity, and (c) 0-3 connectivity. The polymer is shown as uniform grey, and the piezoelectric material is textured. Copyright 2010 Woodhead Publishing Limited, Ref. [11].
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 16 Figure 1-6. Schematic and band diagram for understanding the charge output and flow processes in a nanogenerator. One end of the NW is grounded (G) and the other end is subject to the conductive AFM tip (T). (a) System without stress. (b) AFM tip deflecting the NW. (c) AFM tip scanning the middle point of the NW. (d) AFM tip scanning the compressive surface. Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Ref. [46].
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 17 Figure 1-7. Laterally integrated nanogenerators. (a) SEM image of a single-row LING structure. (b) Optical microscopy image of LING structure with many rows of nanowire arrays. Xu et al. Ref. [47]. (c) SEM image of ZnO NW arrays bonded by Au electrodes. The final device is shown as inset. Zhu et al. Ref [48].
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 18 Figure 1-8. Vertically integrated nanogenerators. (a) Schematic diagram showing the design and structure of the nanogenerator. Aligned ZnO NWs covered by a zigzag electrode and directly grown on a solid/polymer substrate Wang et al. Ref. [51]. (b) ZnO NWs arrays grown on a gold-coated silicon wafer, with PMMA incorporated as a polymer matrix and a platinum-coated flat electrode place on top of the nanowires to form a aifrm Schottky contact. Xu et al. Ref [47]. (c) Structure of a VING device working in capacitive mode. Lopez Garcia et al. Ref. [52].
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 3 ZnO nanowires -Overall properties and its piezoelectric opportunities 1-14 shown in Figure1-9. As shown in Figure1-9(a), the ideal wurtzite structure of ZnO has a hexagonal unit cell with a ratio of 𝑐 𝑎 ⁄ = √8 3 ⁄ = 1.633, for its two lattice parameters 𝑎 and 𝑐. The ideal hexagonal structure has an internal parameter 𝑢, defined as the length of the anioncation bond length parallel to the c-axis divided by the c-lattice parameter, i.e. 𝑢 = 3/8 = 0.375 in fractional coordinates. Finally, the ideal values for the lattice parameters 𝑎 and 𝑐 are 3.2496 and 5.2042 Å[56], respectively.
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 19 Figure 1-9. Schematic representation of (a) wurtzite crystalline structure of ZnO, and its respective (b) crystalline planes. Adapted from Ref. [58].
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 110 Figure 1-10. Side view of the O-and Zn-polar faces with the coordination tetrahedron centered on the Zn atom. Copyright 2017 American Chemical Society, Ref. [59].

  -11(b).
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 1 Figure 1-11. (a) Band structure of wurtzite ZnO calculated via density functional theory (DFT). Ref. [76]. (b) The valence band (VB) and conduction band (CB) of ZnO in the vicinity of the fundamental band gap. Ref. [77].
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 112 Figure 1-12. Formation energies as a function of Fermi-level position for native point defects in ZnO for (a) Zn-rich and (b) O-rich conditions. The zero of Fermi level corresponds to the VBM. The slope of these segments indicates the charge state. Kinks in the curves indicate transitions between difrent charge states. From Ref. [84].
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 1 Figure 1-13. Components (dashed curves) of the total electron mobility (solid line) at nondegenerate case versus temperature for undoped ZnO film grown by laser molecular-beam epitaxy (closed blue circles) and for a bulk ZnO crystal (open green circles). Ref. [90].

  Figure1-14 shows 300 K experimental Hall mobility plotted against carrier concentration of n-type films doped with variable amounts of Gallium, from Ref.[90]. The Ga-doped films show a smaller mobility than the undoped films[90,91]. This decrease in mobility can be assigned to the increased density of impurities within the ZnO structure (i.e., ionized impurity scattering), and the plasmon scattering for carrier concentrations greater than 10 17 cm -3[90,92,93]. While the mobility values of undoped and Ga-doped ZnO films range from a few 10 to 400 cm 2 V s ⁄ , the free carrier concentration ranges from 10 16 cm -3 to ~10 21 cm -3 , as depicted in Figure1-14.
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 1 Figure 1-14. Comparison of drift mobility calculations (solid red curve) with the Hall-effect measurements for undoped and doped epitaxial films (filled black circles) versus free carrier concentration (ns). The contributions of various scattering mechanisms to the total mobility are also shown by dashed curves. Ref. [90].

  -16(a) [100]. Later, finite element method calculations performed by Tian et al. showed a significant effect of the free charge carriers in the generated piezopotential.

Figure 1 -

 1 16(b) 
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 1 Figure 1-16. (a) Piezoelectric potential of a ZnO NW pushed by a uniaxial compressive force of 442 nN for different free carrier concentrations. The radius is varied from 150 to 300 nm and the length is set to 4 µm. Obtained from Ref. [100]. (b) Theoretical analysis of the screening effect. Calculated piezopotential of the ZnO NRs under different free carrier concentration. Obtained from Ref. [101].

Figure 1 -

 1 8(c), Lopez Garcia et al. showed by FEM numerical simulations the effect of the ZnO NW's length and radius in the piezoelectric response of VINGs, illustrated in Figure 1-17. For the given free carrier concentrations expected for Zn-and O-polar ZnO NWs grown by CBD (as depicted in Figure 1-15), Figure 1-17(a,b) show that by decreasing the radius of the ZnO NWs, an improvement of the piezoresponse is observed in the simulated VINGs.

Figure 1 -

 1 17(c) illustrates how the traps existing in the surface of the NW causes a Fermi level pinning, generating a depletion region.

  -18(a,b), Zhang et al. showed by FEM calculations that the piezoresponse can be enhanced by decreasing the thickness of the top dielectric layer and by increasing the number of ZnO NWs in the VING. Chapter 1 Pressure sensors based on array of ZnO nanowires 1-23
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 1 Figure 1-17. Influence of the morphology of ZnO NWs grown by CBD in the piezoresponse of a VING, obtained by FEM calculations. Variation of the piezoresponse as a function of the ZnO NW radius for (a) O-polar ZnO (CBD(O)) and (b) Zn-polar ZnO (CBD(Zn)). (c) Schematic of the free carrier density distribution of a ZnO NW, illustrating the depletion region caused at different radius. (d) Variation of the piezoresponse as a function of the ZnO NW length for the case of (CBD(O)). Adapted from Lopez Garcia et al. Ref. [52].
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 1 Figure 1-18. FEM simulation results of the effect on the generated output voltage with the variation of the (a) top layer thickness, and (b) number of ZnO NWs. Adapted from Zhang et al. Ref. [103].

  -19. A substrate is submerged in an aqueous solution of zinc nitrate (Zn(NO3)2) and hexamethylenetetramine (HMTA, (CH2)6N4) in a sealed reactor, as depicted in Figure 1-19(a). A wide selection of substrates can be used to nucleate heterogeneously the ZnO nanowires, such as ZnO single crystals, and polycrystalline thin films of ZnO, (111) Au layers, and SnO2 [113,120,121]. In the case illustrated in Figure 1-19(a), a polycrystalline thin film of ZnO is used acting as a seed layer. By heating the chemical bath solution within a temperature range of 60 and 100 °C [122], the epitaxial growth of ZnO nanowires occurs on the seed layer (heterogeneous nucleation) and the precipitation of suspended ZnO nanowires also occurs homogeneously within the chemical bath solution. As observed in Figure 1-19(b), the substrate is positioned downwards with an inert glass support to avoid the contamination of the heterogeneously grown ZnO nanowires with the suspended nucleation. Chapter 1 Pressure sensors based on array of ZnO nanowires 1-25
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 131 Figure 1-19. Schematic representation of the growth of ZnO nanowires by chemical bath deposition inside a sealed reactor. (a) A substrate with a seed layer is immersed in the solution bath containing the chemical bath deposition precursors: Zn(NO3)2 and HMTA, in a deionized water solution. The seed layer is placed facing in a downward direction. (b) After heating the solution, the ZnO nanowires nucleate on the seed layer in an heterogeneous manner and suspended in solution in an homogeneous manner.
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 120 Figure 1-20. Schematic representation of the impact of the supersaturation ratio (𝑆 𝑟 ) of Zn 2+ ions in the homogeneous and heterogeneous growth of ZnO nanowires in chemical bath deposition. Adapted from Ref. [126].

  -21(a)), and (ii) the selective area growth approach (Figure 1-21(b)). Each one of these approaches bring certain advantages regarding the control in morphology, density, polarity, and technical versatility in the development of ZnO nanowires. Chapter 1 Pressure sensors based on array of ZnO nanowires 1-27

Figure 1 -

 1 Figure 1-21. (a) Top-view FESEM image of ZnO NWs grown by CBD using the spontaneous approach on top of a polycryscalline ZnO seed layer. Adapted from Ref. [133]. (b) Tilted-view FESEM image of ZnO NWs grown by CBD using the selective area growth approach on top of a patterned Zn-polar c-plane ZnO single crystal. Adapted from Ref. [120].

Figure 1 -

 1 Figure 1-22. (a) Formation energies of interstitial hydrogen in ZnO, as a function of the Fermi level, obtained from DFT-LDA calculations and referenced to the energy of a free H2 molecule. (b) Relaxed atomic positions of hydrogen and host atoms in the BC⊥ configuration. The ideal lattice positions are depicted in dotted lines. Obtained from Ref. [81]. (c) Formation energies as a function of the Fermi-level position of substitutional hydrogen (HO), interstitial hydrogen (Hi) and the oxygen vacancy (VO) in ZnO under Zn-rich conditions. Obtained from Ref. [76].

- 23 .

 23 Lyons et al. showed that VZn can bind one or two hydrogen atoms and this binding has a passivation effect in VZn by the decrease in the formation energy, as shown in Figure 1-23(a). It was further shown that VZn and VZn-H act as deep acceptors, and VZn-2H is electrically inactive across most of the band gap of ZnO.

Figure 1 -

 1 23(b) shows the transition levels for each one of the V Zn -related defects.

Figure 1 -

 1 Figure 1-23. (a) Formation energies of VZn and its complexes with one or two H atoms in ZnO as a function of the Fermi level. (b) Transition levels for each of VZn, VZn-H, VZn-2H as a function of the Fermi level. Obtained from Ref. [82].

Chapter 1

 1 Pressure sensors based on array of ZnO nanowires 1-31 mechanisms into the ZnO nanowires, (ii) the formation of uncompensated acceptor defects, and (iii) the electrical activation of these acceptor defects.
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 1 Figure 1-24. (a) Output voltages of the NG fabricated with undoped and Li-doped ZnO NWs. Ref. [167]. (b) Piezopotential measured from Li-doped ZnO NWs NG ranging from Li molar concentrations of 0 (undoped) to 100 mM. Ref. [168]. (c) Schematic diagram representing the incorporation mechanisms of Cu in ZnO NWs grown by CBD, with the evolution of the (0004) diffraction peak of ZnO with the initial pH. Ref. [132].

  [171]. Indeed, Shin et al. and Sohn et al. demonstrated the elaboration of ZnO nanowires in a chemical bath deposition containing an equimolar concentration of Zn(NO3)2, HMTA, and LiNO3. As shown in Figure 1-24(a,b), the Li-doped ZnO nanowires showed a significant improvement in the performance of piezoelectric nanogenerator, as compared with the undoped ZnO nanowires [167,168].

Figure 1 - 25 .

 125 Figure 1-25. Schematic representing the relationship between the objectives and the chapters comprising this thesis.

Figure 1 -

 1 Figure 1-25 shows a schematic diagram illustrating the two previously mentioned objectives and their relationship to each chapter of this thesis. The Objective 1 requires the engineering of the spontaneously grown ZnO NWs, known to have n-type conductivity, into resistive ZnO NWs to avoid the piezoelectric screening effect. Chapter 3 describes the extrinsic hydrogen-and nitrogen-related defects and their effect on the overall properties of ZnO NWs. This serves as a starting point for understanding the engineering opportunities of the spontaneously grown ZnO NWs by CBD. Hence, three different strategies were developed for the fabrication of resistive ZnO NWs. Taking the advantage of the different thermal stabilities of the hydrogen-and nitrogen-related defects, the Strategy 1 is developed in Chapter 4 and it elucidates the exodifussion and formation mechanisms at annealing temperatures from 200 °C to 1000 °C in oxygen atmosphere. Chapter 5 develops the Strategy 2, by demonstrating the important effect that the pH of the CBD solution has on the growth of ZnO NWs and in the formation of hydrogen-and nitrogen-related defects. As introduced in Section 1.3.1.3, the oxygen chemical potential influences the formation energy of point defects and it can be modulated by the pH. Then, thermal annealing was also performed to further expose the knowledge obtained from Chapter 4. Chapter 6 develops the Strategy 3, by demonstrating the incorporation mechanisms of antimony (as compensatory p-type dopant) in ZnO NWs. The ZnO NWs are engineered by the selection of specific values of pH, the concentration of antimony and thermal annealing conditions to conclusively elucidate the combined effect of hydrogen-, nitrogen-, and antimony-related defects in ZnO NWs. As a result, with the proper knowledge and targeted engineering of the hydrogen-, nitrogen-, and antimony-related defects, resistive ZnO NWs grown by chemical bath deposition were implemented in a flexible substrate to address the Objective 2. Hence, Chapter 7 shows two different approaches to incorporate ZnO NWs in a VING in capacitive mode. The final devices developed in Chapter 7 are the deliverable of the ANR Roller Project [178] and demonstrate the attractiveness and existing opportunities for exploiting these ZnO NWs as piezoelectric sensors.

Figure 2 - 1 .

 21 Figure 2-1. Schematic illustrations and figures of the general procedure to spontaneously grow vertically aligned ZnO nanowires via chemical bath deposition (CBD). (a) Rigid substrate, such as Si(100) and corning glass. (b) After the dip coating procedure, the polycrystalline ZnO seed layer is deposited.

  Figure 2-2(c), then the sample holder is placed inside the dedicated quartz tube and Chapter 2 Experimental, first-principle calculations and characterization procedures for ZnO nanowires 2-5 inserted inside the quartz tube. As an illustration, Figure 2-2(a,b) shows the sample holder and dedicated quartz tube inside the oven at a temperature of 1000 °C.
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 22 Figure 2-2. Tubular oven for thermal annealing. (a) Side-view of the tubular oven at 1000 °C under O2 atmosphere and the ZnO NWs samples in the silicon sample holder. (b) Front-view of the tubular oven at 1000 °C. (c) Silicon sample holder with ZnO NWs samples on top.
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 23 Figure 2-3. (a) Schematic illustration of the ion displacements of optical phonon modes in ZnO. The blue and red atoms represent the O and Zn atoms, respectively. The arrows represent the displacement vectors. Adapted from Wagner, Ref. [7]. (b) Raman scattering configuration [z(-,-)z ̅] of the array of ZnO NWs on a substrate in backscaterring regime. The z-axis is parallel to the c-axis of the ZnO NWs, perpendicular to the substrate. The direction and the polarization of the incident laser beam is indicated by the vertical arrow and the horizontal double arrow, respectively.
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 24 Figure 2-4. Raman spectra acquisition on ZnO NWs grown in fused silica substrate with a green laser.
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 25 Figure 2-5. Electron-matter interactions: different types of signals generated by an electron beam. Adapted from Ref.[14] 
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 26 Figure 2-6. (a) Energy transitions in a direct gap semiconductor between the initial state Ei and the final state Ef. (b) Schematic diagram of radiative transitions between the conduction band (EC), the valence band (EV), and exciton (EE), donor (ED) and acceptor (EA) levels in a semiconductor. Adapted from Yacobi and Holt, Ref. [13].
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 2 6(b) details the different radiative transitions expected in semiconductors containing impurities and these processes are detailed in Table 2-II.
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 27 Figure 2-7. FESEM images taken while performing cathodoluminescence acquisition at 5 K. (a) Acquisition on an array of ZnO NWs. (b) Acquisition on a single ZnO NW dispersed in a SiO2 substrate.

Figure 2 -

 2 Figure 2-8. e-beam lithography process to connect with four-point probes a single ZnO NW. (a) FESEM image of the dispersed ZnO NWs (colored in green). The ZnO NWs to be connected is identified as (y1) and the neighbouring NW (y2). Additionally, two Chessy Marks (x1 and x2, colored in red) are identified for the alignment of the contact mask. After the metal evaporation and lift-off process, we can observe (b) an optical microscope image with high magnification (after the metal evaporation and lift-off) of three separate nanowires, and an (c) optical microscope image of the four metalic pads contacts with a smaller magnification. Optical microscope figures are for illustration purposes only, no scale was defined. (d) Final SEM image of the ZnO NW (y1) connected with the four-point metallic contacts, with the neighbouring ZnO NW (y2).

  cutting in 1.5 cm×1.5 cm size and cleaned with an acetone solution and later dried with nitrogen gas. b. In the spin coating machine, add SU8-2002 in a dropwise manner on top of the ZnO NWs sample. Let it still for 5 min to let the polymer seep to the bottom of the NWs to avoid voids in the matrix. c. Spin coating procedure to obtain a height of ~2 µm on top of the ZnO NWs, as depicted in Figure 2-9(a). d. Etching of the SU8-2002 with oxygen plasma (40 W for 12 min). e. Curing of the SU8-2002 in a UV-KUB machine which allows an emission of 365 nm to cross link the polymer. Exposure of 100 s with 30 % filter delivering ~60 mJ/cm 2 . (ii) Lithography process a. Standard lithography process by spin coating S1818 (1800 nm thickness), exposure using a Smart Print (by Microlight 3D, Grenoble, France). Then the S1818 was developed with Microdeposit Developer and rinsed with deionized water. b. The metal top Ti/Al (150 nm / 50 nm) contacts were deposited by electron beam evaporation and a final lift-off was performed with acetone. The mask usedThe final planarized ZnO NWs with a top metal contact is observed in Figure2-9(b,c). Due to the specific application of these devices, the experimental setup will be detailed in Chapter 4.
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 29 Figure 2-9. (a) Cross-section FESEM image of ZnO NWs with SU8-2002 polymer matrix. (b) Cross-section FESEM image of ZnO NWs with deposited Ti/Al metal contact. (c) Top-view FESEM image of ZnO NWs border with metal contact (on right side).

Figure 2 -

 2 10 illustrates the configuration coordinate model. This model requires the effective phonon frequencies (Ωg/e), the zero-phonon line (ZPL) energy (EZPL), and the change in configuration coordinate ΔQ. The EZPL and ΔQ were computed using the Chapter 2 Experimental, first-principle calculations and characterization procedures for ZnO nanowires 2-17

Figure 2 -

 2 Figure 2-10. A configuration coordinate diagram. It illustrates the vibronic transitions between the ground (neutral) and excited (singly positive) charte state of a defect. The zero phonon energy (EZPL), emission energy (Eem), absorption energy (Eabs) correspond to the abbreviations of the figure. From Frodason et al. Ref. [17].
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 31 Figure 3-1. Schematic of the physical structures of the hydrogen-related species in ZnO nanowires, including (a) HBC with the O-H bond parallel to the c-axis, (b) HO, and (c) VZn-3H defect complexes. Adapted from Ref. [27].

Figure 3 -

 3 Figure 3-2. (a) Schematic representation of the HMTA molecule. (b) Illustration of the possible role of HMTA in the anisotropy of the obtained ZnO nanostructure. Adapted from Ref. [36].

Figure 3 -

 3 Figure 3-3. (a) Raman spectra of as grown and annealed ZnO NWs grown by CBD. Adapted from Ref. [37]. (b) Raman spectra of N-doped ZnO films for the VZn-NO-H defect within the 3000 -3200 cm -1 frequency range. Adapted from Ref. [35].
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 35 Figure 3-5. Formation energies of hydrogen-and nitrogen-related defects in ZnO as a function of the Fermi level obtained from DFT calculations. The most stable configuration with the lowest energy is presented for each charge state. The zero of Fermi energy was set at the valence band maximum. Chemical potential values of µO = -2.11 eV and µH = -0.475 eV were used.
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 36 Figure 3-6. Transition levels of each VZn, VZn-H, VZn-2H, and VZn-NO-H defects as a function of the vertically aligned Fermi level.

Figure 3 - 7 .

 37 Figure 3-7. Structural models for the most stable atomic configurations of each VZn-H, VZn-2H, and VZn-3H defect complex. Large gray balls denote Zn atoms, small red balls denote oxygen atoms, and small white balls denote hydrogen atoms. The Zn atom in front of the VZn was removed for the sake of clarity and only its bonds with the neighboring oxygen atoms are presented.

Figure 3 -

 3 Figure 3-8. (a) Density-of-states of the VZn-NO-H defect complex versus energy (b) with a zoom-in in the area of interest.

Figure 3 -

 3 10(a), along with a zoom-in in the NBE in Figure3-10(b).

Figure 3 -

 3 Figure 3-10. (a) Typical 5 K cathodoluminescence spectrum of unintentionally doped ZnO NWs grown by CBD under standard conditions using the spontaneous growth approach. The insets represent the emission energy of transitions as inferred from DFT calculations from Table 3-I and from Refs. [6,25]. (b) Corresponding NBE emission region. The insets represent the emission energy of transitions as inferred from DFT calculations from Table3-I and from experimental data in Refs.[19,22].
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Figure 3 -

 3 Figure 3-12. Zoom-in of the area of interest corresponding to the Raman lines assigned to the nitrogen-related defects in ZnO NWs grown by chemical bath deposition (CBD). The three Raman lines assigned to nitrogenrelated defects are fitted by Lorentzian functions to decouple their contribution to the experimental data.

  -13(a)) were placed on the EBL patterned Ti/Au local Ohmic contacts (see Figure 3-13(b)).

Figure 3 -

 3 Figure 3-13. (a) Image of the experimental set-up for electrical measurements with respective nanomanipulators on the FEI Inspect F50 FESEM. (b) Mid-magnification FESEM image of the four tungsten tips contacting the metal contacts. (c) High-magnification FESEM image of the single NW device in patterned metal contact configuration.

  -14(b).

Figure 3 -

 3 Figure 3-14. (a) I-V measurements using a four-point probe configuration on a single ZnO NW grown by CBD under standard conditions using the spontaneous growth approach. The inset is a top-view FESEM image of the single NW device in patterned metal contact configuration. The current was injected from the two outer contacts and the voltage drop was measured from the two inner contacts. (b) Typical evolution of R/l as a function of the electron beam dose.
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 5 Conclusions 3-22 targeted, including post-deposition thermal treatments under different atmospheres and plasma treatments, for instance.
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Figure 4 - 1 .

 41 Figure 4-1. Raman spectra of an annealing series of a ZnO samples treated with a mixture of hydrogen and deuterium taken in the bulk of the sample. Figure taken from Koch et al. at Ref. [9].

  Figure 4-2(a) depicts how the enhancement of the NBE emission, caused by the recombination radiation associated with hydrogen donor associated to substitutional HO [10]. Then, Urgessa et al. investigated the stability of the I4 line assigned to HO in ZnO NWs grown by CBD as a function of annealing temperature, Figure 4-2(b) shows this clear transition occurring in ZnO NWs when annealed between 300 °C to 450 °C[11]. Hence, thermal annealing offers a great opportunity to monitor the nature and concentration of hydrogen-related defects in ZnO NWs, but it has not been explored yet in detail.

Figure 4 -

 4 Figure 4-2. (a) Low temperature (19 K) PL spectra in the NBE region of ZnO nanorods after annealing at 300 and 425 °C under air atmosphere. Figure taken from Huang et al. at Ref. [10]. (b) Steady state PL spectra (11 K) of samples annealed between 300 °C and 450 °C. Figure taken from Urgessa et al. at Ref. [11].

  Figure 4-2. (a) Low temperature (19 K) PL spectra in the NBE region of ZnO nanorods after annealing at 300 and 425 °C under air atmosphere. Figure taken from Huang et al. at Ref. [10]. (b) Steady state PL spectra (11 K) of samples annealed between 300 °C and 450 °C. Figure taken from Urgessa et al. at Ref. [11].

4. 2

 2 Effect of thermal annealing treatment in ZnO nanowires 4-6 spectroscopy has been detailed in Section 3.4, their thermal stability still needs to be clarified, specifically in the context of CBD-grown ZnO NWs. 4.1.2 Objectives This Chapter will develop the first strategy to engineer the hydrogen-and nitrogen-related defects by thermal annealing under oxygen atmosphere. This study is necessary to further understand the exodifussion and formation mechanisms of the hydrogen-and nitrogen-related defects under different annealing conditions. Particularly, with the novel extrinsic point defects VZn-3H and VZn-NO-H, detailed in Chapter 3. The objectives for this Chapter are the following:  Objective 1. Anneal under oxygen atmosphere a set of ZnO NWs spontaneously grown by CBD.  Objective 2. Elucidate the mechanisms of reaction of hydrogen-and nitrogen-related defects, through: (a) Characterizations by FESEM, Raman spectroscopy and 5 K cathodoluminescence. (b) Accessing the electrical properties by the LPP Model methodology.  Objective 3. Evaluate the electrical properties of the annealed ZnO NW arrays by performing two-point probe electrical measurements  Objective 4. Elucidate the effect of thermal annealing by correlating the resistivity and relative piezoelectric vibration of the ZnO NWs through advanced scanning probe microscopy.

Figure 4 -

 4 Figure 4-3. Cross-sectional and top-view field-emission scanning electron microscopy (FESEM) images of unintentionally doped ZnO NWs grown by chemical bath deposition (CBD) and annealed for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The scale bars correspond to 500 and 100 nm for the cross-sectional and top views, respectively.
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 44 Figure 4-4. Raman spectra of unintentionally doped ZnO NWs grown by chemical bath deposition (CBD) and annealed for 1 h under oxygen atmosphere in the temperature range of 200-1000 °C. The insets delimit the calculated and experimental vibrational frequencies from Raman and infrared absorption spectroscopy as deduced from Refs. [21,29-32].
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 4 Figure 4-5. (a) Evolution of the relative intensity of the Raman lines assigned to hydrogen-and nitrogen-related defects of unintentionally doped ZnO NWs grown by chemical bath deposition (CBD) and annealed for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The first data point is related to as grown ZnO NWs. (b) Acceptor-to-donor ratio (i.e. VZn-NO-H to HBC) deduced from the relative intensity ratio of each related Raman line as a function of the annealing temperature. The ratio was normalized to 0 in as grown ZnO NWs.
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 4 Figure 4-6. (a) 5 K cathodoluminescence spectra of unintentionally doped single ZnO NWs grown by chemical bath deposition (CBD) and annealed for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The insets represent the emission energy of transitions as inferred from density functional theory (DFT) calculations in Refs. [19,30]. (b) Corresponding near-band edge (NBE) emission regions. The inset represents the emission energy of transitions as deduced from DFT calculations in Refs.[22,36].
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 47 Figure 4-7. Evolution of the position and FWHM of the NBE emission of ZnO NWs as a function of the annealing temperature.

  -8(a). The evolution of the intensity of each visible emission band with annealing temperature is presented in logarithmic scale in Figure 4-8(b).
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 4 Figure 4-8. (a) Deconvolution of the visible emission bands in a typical cathodoluminescence spectrum of ZnO NWs using a Lorentzian function fit. The fitted bands are the red-orange, green-yellow, and green-blue emission bands as well as the second order (2°) NBE emission. (b) Evolution of the relative intensity of 5 K cathodoluminescence spectrum bands in the visible part of the electromagnetic spectrum of unintentionally doped ZnO NWs grown by chemical bath deposition (CBD) and annealed for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C. The first data point is related to as grown ZnO NWs.
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 49 Figure 4-9. Simulation of the influence of the free carrier concentration in the A1(LO) phonon plasmon intensity obtained with the LPP model. The Raman spectra depicted with open circles represents the experimental acquisition.

Figure 4 -

 4 Figure 4-10. (1-10a) Theoretical calculations of the A1(LO) phonon plasmon intensity (red lines) using optimized parameters reported in Table4-III for as grown (1a) and annealed ZnO NWs for 1 h under oxygen atmosphere at 200 °C (2a), 300 °C (3a), 400 °C (4a), 500 °C (5a), 600 °C (6a), 700 °C (7a), 800 °C (8a), 900 °C (9a), and 1000 °C (10a). The empty circles represent the corresponding acquired Raman spectra. (1-10b) Color-coded map following the root mean squared error (Smin) between the calculated A1(LO) phonon plasmon line and the A1(LO) region of Raman spectra versus charge carrier density and carrier mobility for as grown and annealed ZnO NWs.

Figure 4 -

 4 Figure 4-10(1-10a) shows the good correlation between the experimental A1(LO) line and the calculated, theoretical A1(LO) line through the best LPP fit. Additionally, Figure 4-10(1-10b) shows a color-coded map where the top 500 (free charge carrier density/mobility) pairs with the minimum root mean squared error (Smin) were plotted and where a Smin value up to 0.075 was selected. The uncertainty of the best LPP fit is also detailed in Figure4-11, where a combined analysis is shown between the LPP line-shape fit and the results obtained by the four-point probe resistivity measurements. As seen in Figure4-10(1b), for the expected mobility range from the LPP fit, the free charge carrier density is less than 1.0×10 18 cm -3 away from the carrier-depleted region condition, obtained from the ZnO NW measured under air. The comparison of the LPP fit results is in a better correlation under the depleted region condition than with the electrical properties reported in Section 3.4.3, of as grown ZnO NWs spontaneously grown by CBD under the same conditions, where the almost-flat-band conduction regime condition was probed.

Figure 4 -

 4 Figure 4-11. (a) I-V measurements using a four-point probe device on a single as grown ZnO NW grown by CBD using the spontaneous growth approach under standard conditions. The inset is a top-view FESEM image of the single NW device in patterned metal contact configuration, where the current is injected from the two outer contacts and the voltage drop was measured from the two inner contacts. (b) Four-point probe resistance to length ratio R/l as a function of the electron beam dose exposure of the single NW. Data points (a,c,d) show the sudden increase of R/l when the NW is exposed to air.

  -10(1-10b). The best LPP fits for the A1(LO) mode in as grown and annealed ZnO NWs are shown in Figure 4-12(b), along with the dedicated values for the fit parameters as summarized in Table 4-III.

Figure 4 -

 4 Figure 4-12. (a) Theoretical calculation of the A1(LO) phonon plasmon intensity using optimized parameters reported in Table4-III for as grown (black solid line), 300 °C-(green solid line), and 1000 °C-(red solid line) annealed ZnO NWs for 1 h under oxygen atmosphere. The empty circles represent the corresponding acquired Raman spectra for as grown (black), 300 °C-(green), and 1000 °C-(red) annealed ZnO NWs for 1 h under oxygen atmosphere. (b) Mobility vs free charge carrier density (red dots) in as grown and annealed ZnO NWs from 200 to 1000 °C as deduced from the best LPP fit results. In the inset, Hall-effect measurements for un-doped and Ga-doped ZnO epitaxial thin films (black dots) are reported from Makino et al.[57] for comparison.
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 413 Figure 4-13. Schematic illustration depicting the different mechanisms of reaction of hydrogen and nitrogenrelated defects at different annealing temperatures under oxygen atmosphere. (2a,b) Formation of H2 molecules from two HBC defects and exodiffusion of H2 molecules at 200 °C. (3a,b) At 300 °C, H2 molecules dissociate back into the HBC defect and preferentially form other nitrogen-and hydrogen-related defects. (5a,b) At 500 °C, VZn is formed and reacts with the NO-H groups to create the VZn-NO-H defect complex. (6a) Exodiffusion of HBC defects through the formation of H2 molecules, (6b) Further activation and generation of the VZn-NO-H defect complex similarly to (5b). (7a) Exodiffusion of C-Hx bonds at 700 °C. (8a) Dissociation of HO and the related formation of VO and HBC at 800 °C. (9a) At 900 °C, NO atoms exodiffuse via a VO-assisted mechanism through the formation of N 2 molecules. (10a) At 1000 °C, a morphology change is induced, and the hexagonal shape is lost. Note: the main nitrogen-and hydrogen-related defects are represented via the association of spheres representing single point defects for illustration purposes, hence no real scale is presented here.
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 4 Figure 4-14. (a) Cross-section FESEM image of ZnO NWs with SU8-2002 polymer matrix. (b) Cross-section FESEM image of ZnO NWs with deposited Ti/Al metal contact. (c) Top-view FESEM image of ZnO NWs border with metal contact (on right side).
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 4 Figure 4-15. Top-view FESEM image showing the tungsten tip controlled by the nanomanipulators while sourcing 5 V on a 400 µm-diameter metal contact deposited on ZnO NWs.
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 5 Further evidence -Part I: Space charge limited current measurements

Figure 4 -

 4 Figure 4-17. (a) Calculated current-voltage characteristics of several space-charge limited conduction devices without the exponential traps. The three thin solid curves correspond to the single-carrier (electron) injection case with three different discrete trap energies. (b) Calculated current-voltage characteristics of single-carrier (electron) trap-charge limited devices with three discrete trap levels and with an electron exponential trap density in all three cases. Adapted from Yang and Shen (1999) [73].
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 4 18(a) shows the logarithmic acquisition from 0.005 to 1 V and Figure4-18(b) shows the linear acquisition from 0.1 to 10 V, as detailed in Section 4.5.1. At a low injection in the first measurement (M1) of the device, a slope ~1 indicates that the transport mechanism follows Ohm's law from ~0.005 V up to ~2.5 V. The M1a point [see Figure 4-18(b1)] at ~2.5 V is the cross-over voltage (Vx), and it occurs when the Ohmic current changes to TCL. Later, a TCL transition mechanism develops up to the TFL voltage threshold V (TFL) at ~3.2 eV [see point M1b in Figure 4-18(b1)], where the sudden current density jump Chapter 4 Thermal annealing approach for engineering hydrogen-and nitrogen-related defects in ZnO nanowires grown by Chemical Bath Deposition 4-29

Figure 4 -

 4 Figure 4-18. (a1,b1) log-log of the 𝐽 -𝑉 characteristics of an as grown ZnO NWs device at room temperature of the first measurements (M1) and the second measurement (M2). (b1,b2) Slope of the same data showing the slope [𝛿(log 𝐽)/𝛿(log 𝑉)] versus V.
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 45 Further evidence -Part I: Space charge limited current measurements 4-30

Figure 4 - 19 .

 419 Figure 4-19. Schematic energy band diagrams of the ZnO surface potential. EC is the conduction band energy level, EF is the Fermi level, EV is the valence band energy level. The surface states are related to the adsorbed oxygen ions in the ZnO NW surface.

Figure 4 -

 4 Figure 4-20. (a1,a2) log-log of the 𝐽 -𝑉 characteristics of the as grown and annealed ZnO NWs devices at room temperature of the first measurements (M1). (b1,b2) Slope of the same data showing the slope [𝛿(log 𝐽)/𝛿(log 𝑉)] versus V.
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 45 Further evidence -Part I: Space charge limited current measurements 4-32

Figure 4 -

 4 Figure 4-21. (a1,a2) log-log of the 𝐽 -𝑉 characteristics of the as grown and annealed ZnO NWs devices at room temperature of the second measurements (M2). (b1,b2) Slope of the same data showing the slope [𝛿(log 𝐽)/𝛿(log 𝑉)] versus V.

Figure 4 - 22 .

 422 Figure 4-22. Evolution of (a) the resistance (R), and (b) free carrier concentration (n) for the first (M1) and second (M2) measurement versus the annealing temperature. The first data point represents the as grown sample.

  -23(b)) have values close to the ones obtained by Raman spectroscopy using the LPP fit model (see Section 4.3). Particularly, the carrier mobility of the as grown ZnO NWs by the LPP model show a value of 31.3 cm 2 V -1 s -1 . In general, the values are close to the

Figure 4 - 23 .

 423 Figure 4-23. Evolution of (a) 1/θ ratio, (b) carrier mobility, (c) V (TFL) , (d) trap density (Nt) versus the annealing temperature. The carrier mobility was inferred from the measured I-V data and the D-TCL SCLC model. The first data point represents the as grown sample. The trap density was inferred from the measured V (TFL) and the D-TCL SCLC model [70].
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 4536 Further evidence -Part I: Space charge limited current measurements 4-Space-charge limited conduction mechanism

Figure 4 -

 4 Figure 4-24. Resistance measurement of as grown and annealed ZnO NWs devices versus the inverse of the temperature (1000/T).

4. 6

 6 Further evidence -Part II: Advanced scanning probe microscopy 4-38 nanoscale devices based on ZnO NWs can own by engineering the hydrogen-and nitrogenrelated defects by post-deposition treatments, such as thermal annealing.

Figure 4 - 25 .

 425 Figure 4-25. Image for illustration purposes of the encapsulation of ZnO NWs with the SiO2 matrix. (a) Cross-sectional FESEM image of Ga-doped ZnO NWs grown by CBD. (b) Tilted cross-sectional (84°) FESEM image of Ga-doped ZnO NWs after encapsulation in SiO2 matrix and chemo-mechanical polishing. Adapted from Synhaivskyi et al. [89].



  ZnO:Ga calibration curve 4.6 Further evidence -Part II: Advanced scanning probe microscopy 4-40

Figure 4 -

 4 Figure 4-26. (a) Schematic of the AFM tip in contact mode with the ZnO nanowires encapsulated in the dielectric matrix. (b) Images of the ZnO NWs captured during the PFM imaging. The vertical piezoresponse vibration amplitude image obtained from NiD nanowires and the corresponding piezoresponse phase image. (c) Calibration curve with data obtained from the SSRM and SIMS doping profile of seven ZnO:Ga layers (shown in black filled squares). In blue dots, the results of ZnO:Ga NWs grown by CBD from Ref. [89] are shown. Adapted from Synhaivskyi et al. [89].

Figure 4 -

 4 Figure 4-27. (i) Topography imaging captured in contact mode of as grown and annealed ZnO NWs samples (figures in the first row). (ii) SSRM resistance profile obtained on encapsulated ZnO NWs (figures in the second row). The scale bar on each figure corresponds to 500 nm.

Figure 4 -

 4 Figure 4-28. (i) Topography imaging captured during PFM imaging of as grown and annealed ZnO NWs samples (figures in the first row). (ii) Vertical piezoresponse vibration amplitude image obtained from the as grown and annealed ZnO NWs samples (figures in the second row). The scale bar on each figure corresponds to 500 nm.

4. 6

 6 Further evidence -Part II: Advanced scanning probe microscopy 4-42 Section 4.3. Correlatively, the relative piezoelectric vibration recorded by PFM measurements shows an improvement of 2.2× at 300 °C, giving the best piezoelectric improvement in the whole series. This improvement is seen due to the reduction in the piezoelectric screening induced by the high density of free electrons in the ZnO structure[3,5,91], as developed in Section 1.3.2.

Figure 4 - 29 .

 429 Figure 4-29. Resistivity and relative piezoresponse vibration comparison and its relation to different thermal annealing temperatures. The as grown sample is represented in the first data point.
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Figure 5 - 1 .

 51 Figure 5-1. Scheme illustrating the protonation (H + ) of a water molecule (H 2 O) to form the hydronium (H 3 O + ) ion. Adapted from Ref. [21].

Figure 5 -

 5 Figure 5-2. (a) Speciation diagrams of Zn(II) species at 90 °C as a function of pH ranging from 0 to 14 as computed with Visual MINTEQ software for the [Zn(NO3)2]/[NH3] ratio of 4 ([Zn(NO3)2] = 30 mM, [NH3] = 7.5 mM). Adapted from Ref. [9]. (b) Concentrations of dissolved and crystallized Zn(II) ions when thermodynamic equilibrium is reached, as computed with Visual MINTEQ software for C0 = 30 mM and T = 80, 90, 95 °C. The plotted curves directly give the value of Ceq. Adapted from Ref. [10].

Figure 5 - 3 .

 53 Figure 5-3. (a) Modification of the ZnO NW aspect ratio by altering the solution pH in a zinc-only CBD system. Adapted from Joo et al. Ref. [11]. (b) PL measurement results of ZnO NWs grown under different NH4OH concentrations, (b1) PL spectra and (b2) intensity ratio of UV (NBE) and green-band emission (defect band). Adapted from Dahiya et al. Ref. [18].

5. 1

 1 State-of-the-art: Role of pH in chemical bath deposition[5][6] precursors into the CBD solution with different amounts of ammonia (NH3) within the pH range of ~7 to ~11.From a theoretical approach, the formation of pure bulk ZnO should satisfy the following relation: 𝑠 , 𝜇 𝑍𝑛 and 𝜇 𝑂 represent the chemical potentials of bulk ZnO in the wurtzite phase, Zn atoms, and O atoms, respectively[25,26]. Experimentally, the chemical potential 𝜇 𝑂 depends on the growth conditions, which can be either Zn-rich, O-rich, or intermediate. Via density functional theory (DFT) calculations, it has been shown that the dependence of the formation energy of point defects in ZnO with respect to 𝜇 𝑂 , e.g. a Zn-rich or O-rich environment, would lead to the formation of oxygen or zinc vacancies, respectively[26,27]. Simultaneously, regarding the growth of ZnO via solution methods, in Figure5-4(a) Tadarova et al. showed that the pH has a relationship with 𝜇 𝑂 by studying the semicondoctor defect chemistry with electrochemistry[28,29], which consequently affects the formation energy of intrinsic and extrinsic point defects[30,31] (as shown in Figure5-4(b).

Figure 5 - 4 .

 54 Figure 5-4. (a) Phase diagram showing the regions as a function of the absolute electron potential and the oxygen chemical potentials. (b) Formation energy of different defects in ZnO bulk (continous line) and surface (dotted line), as obtained from first principle calculations. (a) Adapted from Ref. [29]. (b) Adapted from Ref. [31].
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 55 Figure 5-5. Cross-sectional-and top-view FESEM images of the pristine series of ZnO NWs grown by CBD using pH0 values in the range of 7.00 -10.94. The scale bars correspond to 1000 nm for the cross-sectional view, and 100 nm for both low magnification and high magnification top-views.
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 565 Figure 5-6. Evolution of the (a) axial growth rate, (b) radial growth rate, (c) aspect ratio, (d) apparent density, and (e) deposited volume of ZnO NWs grown by CBD as a function of pH0.

Figure 5 - 7 .

 57 Figure 5-7. Top-view FESEM image of the CBD sample deposited with the pH0 value of 11.07.

Figure 5 - 8 .

 58 Figure 5-8. Speciation diagram of Zn(II) species present in the CBD solution at 85 °C as a function of pH, obtained from thermodynamic calculations using Visual MINTEQ software. The initial concentration for Zn 2+ ions was set to 30 mM and the NH4 + concentration was varied from 30 mM up to 1600 mM, with a 1mM step.

Figure 5 -

 5 Figure 5-9. (a) In situ measurement of temperature during the chemical bath deposition (CBD) of ZnO NWs grown with pH0 values in the range of 7.00 -11.07. (b) Theoretical solubility plot of Zn(II) species at different temperatures as a function of the calculated pH, obtained from thermodynamical calculations by Visual MINTEQ.
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 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-13

Figure 5 - 10 .

 510 Figure 5-10. In situ measurements of the pH during the CBD of ZnO NWs using pH0 values in the range of 7.00 -11.07. The solid lines represent the pH of the solution at the given growth time. (i) The color-coded map represents the theoretical equilibrium concentration of soluble Zn(II) species as calculated by Visual MINTEQ software, and (ii) the schematic diagrams show the expected surface electrical charge of the different crystallographic planes of ZnO NWs according to the PZC values reported in Refs.[11,[43][44][45].

Figure 5 - 11 .

 511 Figure 5-11. Theoretical supersaturation ratio of Zn(II) species as a function of the calculated pH, obtained from thermodynamical calculations by Visual MINTEQ.
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 554 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-15 supersaturation conditions, and electrostatic interactions occurring within the CBD solution, all of which depending strongly on the pH. Effect of pH in the incorporation of nitrogen-and hydrogen-related defects 5.4.1 Structure of crystal defects using density functional theory

Figure 5 - 12 .

 512 Figure 5-12. Formation energies of nitrogen-and hydrogen-related defects in ZnO represented: (a) as a function of the oxygen chemical potential; (b) under Zn-rich conditions; and (c) under O-rich conditions. The formation energies were obtained from DFT calculations considering that the Fermi level is set to the CBM. For each charge state, only the most stable configuration with the lowest formation energy is represented.
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 54 Effect of pH in the incorporation of nitrogen-and hydrogen-related defects 5-16

Figure 5 -

 5 Figure 5-13. 5 K cathodoluminescence spectra of ZnO NWs grown by CBD with pH0 values in the range of 7.00 -10.94: (a) before and (b) after thermal annealing at 450 °C for 1 h under oxygen atmosphere. The insets represent the emission energy of optical transitions as inferred from DFT calculations in Chapters 3, 4 and Refs. [30,56].

Figure 5 -

 5 Figure 5-14. 5 K cathodoluminescence spectra located on the NBE emission region of ZnO NWs grown by CBD using pH 0 values in the range of 7.00 -10.94 after thermal annealing at 450 °C for 1 h under oxygen atmosphere. The insets represent the emission energy of optical transitions as inferred from DFT calculations in Refs.[49,51].
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 4 Effect of pH in the incorporation of nitrogen-and hydrogen-related defects 5-18

Figure 5 - 15 .

 515 Figure 5-15. Evolution of the relative intensity of 5 K cathodoluminescence spectrum bands in the visible spectral region of ZnO NWs grown by CBD using pH0 values in the range of 7.00 -10.94: (a) before and (b) after annealing at 450 °C for 1 h under oxygen atmosphere.

Chapter 5

 5 Modulating the growth of chemically deposited ZnO nanowires and the formation of hydrogen-and nitrogen-related defects using the pH adjustment 5-19 the pH0 value is increased from 10.55 to 10.94. The annealed series of ZnO NWs also show a decreasing intensity of the red-orange emission band along the low-pH region from 7.00 to 7.44. At a pH0 value of 7.00, the intensity of the red-orange emission band is 3× and 16× higher than the yellow-green and green-blue band, respectively. While increasing the pH0 value from 7.00 to 7.44, a strong decrease of ~90 % is observed for the three defect bands in ZnO NWs. Additionally, a clear increase in the intensity of the red-orange emission band from the pristine series to the annealed series is seen in ZnO NWs grown with the pH0 value of 7.00, which could again indicate the preferential formation of both VZn-H and VZn-NO-H defect complexes after thermal annealing at 450 °C. The increase in the concentration of VZn during the thermal annealing under oxygen atmosphere is favorable for the preferential formation of lowcoordinated VZn-nH defect complexes[65]. Interestingly, a simultaneous strong increase in the intensity of the three defect emission bands is revealed in ZnO NWs grown with the pH0 value of 10.55. The strong red-orange and yellow-green emission bands indicate the formation of the VZn-H and VZn-2H defect complexes in the bulk of ZnO NWs as well as of the VZn, VZn-H and VZn-NO-H defects with unexpected charge states on their surfaces, which is very well correlated with the NBE widening toward the A°X A , DAP, and FA emissions. The increase in the pH 0 value to 10.70 maintains a maximum intensity of the red-orange and yellow-green emission bands in ZnO NWs, and then the further increase in the pH0 value to 10.94 slowly decreases the intensity of the defect emission bands. Hence, the intense red-orange and yellow-green emission bands in the high-pH region reveal the massive incorporation of (i) VZn-related defects favored by their low formation energy as shown in Figure5-12, and (ii) N-related defects favored by the attractive electrostatic interactions as presented in Figure5-10.

Figure 5 - 16 .

 516 Figure 5-16. Visible spectrum region in the yellow-green band of an annealed ZnO NWs grown by CBD using a pH0 value of 10.94. The 5 K cathodoluminescence spectra was acquired on a single ZnO NW.

Figure 5 - 17 .

 517 Figure5-17. Raman scattering spectra focused on the low wavenumber region of ZnO NWs grown by CBD using pH0 values in the range of 7.00 -10.94: (a) before and (b) after thermal annealing at 450 °C for 1 h under oxygen atmosphere. The inset labels show the assigned vibrational frequencies following Refs.[66,68].
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 518 Figure 5-18. Evolution of the (a) FWHM of the AM1 and AM3 modes, and (b) relative intensity ( 𝐴𝑀 3 𝐸 2 ℎ𝑖𝑔ℎ ) for the annealed ZnO NWs series grown by chemical bath deposition (CBD) with pH0 values in the range of 7.00 -10.94.

Figure 5 - 19 .

 519 Figure5-19. Raman scattering spectra collected in the high wavenumber region of pristine ZnO NWs grown by CBD using pH0 values in the range of 7.00 -10.94. The inset labels show the assigned vibrational frequencies following refs.[30,63,78,[81][82][83][84].
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 54 Effect of pH in the incorporation of nitrogen-and hydrogen-related defects 5-24

Figure 5 - 20 .

 520 Figure 5-20. Atomic weight (%) relative to Zn atoms of the foreign elements present in the chemical bath deposition (CBD) reaction for the growth condition of ZnO NWs at: (a) pH0 of 7.00 and (b) pH0 of 10.94. They come from the residual impurities presented in the Certificate of Analysis of the precursors: Zn(NO3)2⋅6H2O (Sigma-Aldrich), HMTA -C6H12N4 (Sigma-Aldrich) and Ammonium hydroxide solution -NH4OH (Sigma-Aldrich).

Figure 5 - 21 .

 521 Figure 5-21. Schematic illustration showing an overall summary of the influence of pH0 on the CBD solution for the growth of ZnO NWs. (1a) The color-coded map illustrates the theoretical steady state Zn(II) ion concentration as calculated by Visual MINTEQ with a black solid line and (1b) the PZC of the polar c-plane is represented by a meshed area. (1c) One region shows where the homogeneous nucleation is highly promoted and other region where it is highly reduced. (2a) The main Zn(II) species in the CBD solution for the low-and high-pH region are depicted. (3a) The electrostatic interactions existing between the ZnO NW surfaces and the charged Zn(II) species in solution illustrate how a massive incorporation of N-related defects is expected in the high-pH region (3b). Finally, (4a) the relation between the pH of the CBD solution, the oxygen chemical potential (µO) and the formation energy of point defects Ω 𝐷 (𝜇 𝑂 ) is shown. (4b) Due to the modulation of µO, a massive formation of low-coordinated VZn-nH defects is revealed. Note: the Zn 2+ species, Zn(NH3)4 2+ species, and the NO-H, VZn-NO-H, and VZn-H defects are represented via spheres for illustration purposes with no real scale.
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Figure 6 - 1 .

 61 Figure 6-1. Atomic structure of the SbZn-2VZn complexes. The small white spheres are the O atoms, the large white spheres are the Zn atoms. The Sb atom is shown as purple shaded, the fivefold O atoms are shown as green shaded and the large dashed spheres are the missing Zn atoms (VZn). The arrows indicate the selective displacement of the O atoms with large atomic relaxations. (a) Cell representation of the SbZn-2VZn complex and (b) shows the fivefold coordination. Adapted from Limpijumnong et al. Ref.[20] 

Figure 6 - 2 .

 62 Figure 6-2. Atomic structure of the Sbi-3VZn complexes. (a) Sbtet-3VZn complex and (b) Sboct-3VZn complex. The small white spheres are the O atoms, the large grey spheres are the Zn atoms. The Sb atom is shown as purple shaded, the coordinated O atoms are shown as green shaded and the large dashed spheres are the missing Zn atoms (VZn). (c) Formation energies as a function of the Fermi level for Sb-related defects, calculated for O-rich conditions. Adapted from Puchala et al. Ref.[21] 
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 63 Figure 6-3. Schematic of the overall incorporation of Sb in ZnO NWs. It represents the molecular structure of (a) glycolic acid, (b) SbG2 -, (c1) HMTA precursor and (c2) the zinc nitrate precursor, (d) ZnO NW. The SbG2 -ions diffuse to the growing ZnO NWs surface and get absorbed, then HG-leaves the surface. Adapted from Wang et al.Ref.[15] 

Figure 6 - 4 .

 64 Figure 6-4. Cross-sectional-and top-view FESEM images of the ZnO NWs as grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of 0.0%, 0.2%, and 1.0% in the low-pH (first row) and high-pH regions (second row). The scale bars for the cross-sectional and top-view images are 500 nm and 100 nm, respectively. Evolution of the (b1) axial growth rate, (b2) radial growth rate, (b3) aspect ratio, and (b4) apparent density of ZnO NWs grown by CBD as a function of the [SbG2 -] / [Zn(NO3)2] ratio in the low-pH and high-pH regions.

6. 3

 3 Effect of Sb-doping on the growth mechanism of ZnO nanowires 6-10 with an initial concentration of Zn 2+ and Sb 3+ ions set to 30.0 mM and 0.3 mM, respectively, and the concentration of NH 4 + varying up to 1600 mM.A speciation diagram of Zn(II) and Sb(III) species at 25 °C is presented in Figure6-5(a) and shows the nature of the pH-dependent species at equilibrium. As discussed in Chapter 5, Zn 2+ and Zn(NH 3 ) 4 +2 ions are the main Zn(II) species in the low-pH and high-pH regions,

Figure 6 - 5 .

 65 Figure 6-5. (a) Speciation diagram of main Zn(II) species and Sb(III) species present in the chemical bath at 25 °C as a function of pH with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0 %, as computed using Visual MINTEQ software. The concentration of Zn 2+ and Sb 3+ ions corresponds to 30 mM and 0.3 mM, respectively. The solid lines represent the Zn(II) species expected to form in a standard CBD growth, while the dashed lines represent the additional Zn(II) and Sb(III) species formed due to the incorporation of the SbG 2 -dopant solution in the CBD solution. (b) In situ measurements of the pH during the CBD of ZnO NWs using pH 0 values in the range of 7.00 -11.07. The solid lines represent the pH of the chemical bath at a given growth time. The schematic diagrams show the surface electrical charge of the different crystallographic planes of ZnO NWs according to the PZC values reported in Refs. [36-39].
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 6 -0.0% Sb low-pH -0.2% Sb low-pH -1.0% Sb high-pH -0.0% Sb high-pH -0.2% Sb high-pH -1.Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition 6-11 mechanisms and electrostatic forces are needed to fully understand the behavior of SbG2 - complexes along the nucleation of ZnO NWs.
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 41 -ray diffraction, FESEM-EDS and STEM-EDS To reveal the presence of Sb atoms in the ZnO NWs, FESEM-EDS and XRD measurements are depicted in Figure 6-6. The presence of Sb atoms was assessed by FESEM-EDS measurements in Figure 6-6(a,b), where all the spectra were normalized with respect to the Zn Kβ line at 9.57 keV and recorded under identical condition. ZnO NWs grown by CBD with 6.4 Elucidating Sb-related defects in ZnO nanowires 6-12

Figure 6 - 6 .

 66 Figure 6-6. Characterizations of Sb-doped ZnO NWs grown by CBD with [SbG2 -] / [Zn(NO3)2] ratio of 0.0 %, 0.2 % and 1.0 %. FESEM-EDS spectra of ZnO NWs grown in the (a) low-pH region and (b) high-pH region. The dashed lines represent the emission lines of Sb Lα1 and Sb Lβ1. XRD patterns of ZnO NWs showing the characteristic (0002) diffraction peak (c-d), (0004) diffraction peak (e-f). The dashed lines from (c-f) represent the theoretical position of the labeled ZnO diffraction peak according to the ICDD 00-036-1451 file and Si diffraction peak according to Ref. [45]. (g-h) Evolution of the c-lattice as a function of the [SbG2 -] / [Zn(NO3)2]ratio. The inset dashed line corresponds to the bulk c-lattice parameter reported in Ref.[46].

Figure 6 -

 6 7(a) gives further evidence of homogeneous incorporation of Sb atoms within the ZnO NWs grown in the high-pH region with 1.0 % [SbG2 -] / [Zn(NO3)2] ratio. Clear Sb Lα1 and Sb Lβ1 emission lines are shown in the inset of the Sb elemental map. Furthermore, the higher Sb incorporation seen in the ZnO NWs grown in the low-pH region with 1.0 % [SbG2 -] / [Zn(NO3)2] ratio doesn't affect the ZnO wurtzite structure, as depicted in Figure 6-7(b).

Figure 6 - 7 .

 67 Figure 6-7. (a) Bright-field TEM image for dispersed Sb-doped ZnO NWs as grown in the high-pH region with [SbG2 -] / [Zn(NO3)2] ratio of 1.0 %, with the respective STEM-EDS elemental maps of the Zn (red), O (green), Sb (white) elements. The inset shows the STEM-EDS spectra with the emission lines of Sb Lα1 and Sb Lβ1. (b) High resolution bright-field STEM image for a single Sb-doped ZnO NW as grown in the low-pH region with [SbG2 -] / [Zn(NO3)2] ratio of 1.0 %. The inset shows the c-axis growth orientation.
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 68 Figure 6-8. Raman scattering spectra of ZnO NWs grown by CBD with a pH0 value of 10.83 and a [SbG2 -] /[Zn(NO3)2] ratio of 1.0 %. The spectra were collected along an in situ annealing under O2 atmosphere from room temperature to 500 °C and are plotted in the low wavenumber range of 50 -900 cm -1 . The inset labels show the assigned vibrational frequencies according to Refs.[50][51][52].

  4.3 for similar CBD and annealing conditions. No significant fluorescence process occurs in the two-step annealed ZnO NWs. The as-grown undoped ZnO NWs show none of the Sb-related vibrational modes and after thermal annealing the standard AMs related to the B1 silent modes appear, as previously shown for unintentionally doped ZnO NWs grown in the high-pH region (see Section 5.4.3). The AM1(Sb) lines are observed in as grown and annealed Sb-doped ZnO NWs and show a similar intensity, regardless of the [SbG2 -] / [Zn(NO3)2] ratio. In contrast, the intensity of the AM3 and AM2(Sb) lines is strongly increased as the [SbG2 -] / [Zn(NO3)2] ratio is increased from 0.2 to 1.0 %, indicating the effective incorporation of Sb atoms into the ZnO NWs. And lastly, the existence of the two AM2(Sb)-α and AM2(Sb)-β components suggests an effective change of the neighboring electronic potential of the Sb atoms within the ZnO NWs [56,57], promoting a change in the phonon frequencies of the crystal structure [51,57,58].
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 69 Figure 6-9. Raman scattering spectra plotted in the low wavenumber range of ZnO NWs grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of 0.0 %, 0.2 % and 1.0 % in the low-pH and high-pH regions. (a,d) as-grown series, (b,e) one-step annealing (300°C for 4 h) under oxygen atmosphere,and (c,f) a two-step annealing (300 °C for 4 h as first step followed by 450 °C for 1 h as a second step). The inset vertical lines represent the E2 high mode (grey solid line)[50], the Sb-related additional modes (purple solid lines)[52], and the B1 silent modes (black dashed lines)[51,53].
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 6 Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition 6-17 leads to the efficient incorporation of Sb and considerable decrease of adsorbed C-HX modes in the m-planes.
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 6101843 Figure 6-10. Raman scattering spectra collected in the high wavenumber range of ZnO NWs as-grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of 0.0 %, 0.2 % and 1.0 % in the (a) low-pH and (b) high-pH regions. The inset labels show the assigned vibrational frequencies following Refs. [59,62,64-68].
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 6 Figure 6-11. 5 K cathodoluminescence spectra of annealed ZnO NWs grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios of (a,d) 0.0 %, (b,e) 0.2 %, and (c,f) 1.0 % in the low-pH and high-pH regions. Two spectra are presented for each annealing condition under oxygen atmosphere: (i) 300 °C for 4 h, (ii) 300 °C for 4 h plus a consecutive 1 h at 450 °C. The insets represent the emission energy of optical transitions as inferred from DFT calculations in Refs. [67,69].
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 6 11(c) and Figure 6-12(c), the two-step annealed Sb-doped ZnO NWs with a [SbG2 -] / [Zn(NO3)2] ratio of 1.0% and grown in the low-pH region exhibit a prominent DAP emission at ~3.245 eV with a 1LO phonon replica at ~3.173 eV. This DAP emission additionally shows a high energy asymmetry which could reveal the contributions from several deep acceptors present in the ZnO NWs grown by CBD, including VZn-H, VZn-N O -H, and Sb-related defects

Figure 6 -

 6 Figure 6-12. 5 K cathodoluminescence spectra on the NBE emission region of annealed ZnO NWs grown by CBD with [SbG2 -] / [Zn(NO3)2] ratios (a,c) 0.0 %, (b,e) 0.2 % and (c,f) 1.0 % in the low-pH and high-pH regions. Two spectra are presented for each annealing condition under oxygen atmosphere: (i) 300 °C for 4 h, (ii) 300 °C for 4 h plus a consecutive 1 h at 450 °C. Each NBE intensity is scaled for legibility purposes (e.g. I×3). The insets represent the emission energy of optical transitions as inferred from DFT calculations in Refs. [70,72].
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 6613 Figure 6-13. XANES and XLD measurements performed at Zn K-edge of as grown and annealed ZnO NWs grown by CBD with 1.0 % [SbG2 -] / [Zn(NO3)2] ratio in the low-pH (a,c) and high-pH (b,d) region.

Figure 6 -

 6 Figure 6-14. XANES and XLD measurements performed at Sb L1-edge of as grown and annealed ZnO NWs grown by CBD with 1.0 % [SbG2 -] / [Zn(NO3)2] ratio in the low-pH (a,c) and high-pH (b,d) region.

  (i) The growth medium (i.e., pH0) has a strong influence in the incorporation and local environment of the Sb dopant atoms. Hence, the observed modulation between P1 and P2. (ii) Thermal annealing promotes a shift in the local environment of the Sb dopant atoms, by changing the absorption edge exclusively to P2 at ~4706 eV. This shift has also Chapter 6 Elucidating the incorporation mechanisms of antimony in ZnO nanowires using chemical bath deposition 6-25 been reported when thermally annealing Sb:SnO2 [90]. Additionally, this shift correlates with the observed shift in the vibrational modes from AM2(Sb)-α to AM2(Sb)-β in Raman spectroscopy (see Figure 6-8). (iii) Conclusive confirmation of the incorporation of Sb dopants within the ZnO NWs grown by CBD. Curiously, an interplay in the incorporation of Sb dopants in interstitial and substitutional sites could be expected when (a) performing the growths in the low-and high-pH region, and (b) with thermal annealing.

Figure 6 -

 6 Figure 6-15. XANES performed at Sb L1-edge of as Sb2O3 and Sb2O5 reference samples.
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 1 State-of-the-art of ZnO nanowires-based piezoelectric sensors 7-4

Chapter 7

 7 Integration of defect-engineered ZnO nanowires as flexible piezoelectric sensors 7-5 7-1(a,b) depicts the morphology of the device and its adaptation in a human wrist. Then, Figure7-1(c) illustrates the capability of the device to detect complex multifinger gestures.

Figure 7 -

 7 Figure 7-1. (a) Photograph and schematic of the homojunction nanogenerator. (b) Photographs showing the device when mounted in a human wrist. (c) Multifinger gestures demonstrating the device's ability to detect complex gestures. Adapted from Pradel et al. [17].

Figure 7 -

 7 2(a) shows the direct improvement of the Sb-doping when the amount of antimony is increased from 1 to 2 %. Then, Figure7-2(b) shows the photograph of how the devices were mounted and the graph showing the dependence of the index finger flexion with the measured current. Furthermore, a doping level of 2×10 17 cm -3 was measured for the 2 % Sb doping[18].

Figure 7 -

 7 Figure 7-2. (a) Short-circuit current power output of different Sb-doping NWs films under a strain of 0.88%. (b) Schematic diagram of gesture action and the output property of the device, measured as a function of the index finger flexion degrees of curvature. And a photograph of a multichannel system consisting of devices bound to five fingers. Adapted from Huo et al. [18].
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 1612 State-of-the-art of ZnO nanowires-based piezoelectric sensors7-Encapsulation of ZnO nanostructures for piezoelectric nanocompositesIn 2020, X. Zhang et al., from our collaborators in the ANR Roller Project[1], reported enhanced dielectric and piezoelectric properties when dielectrophoteric structuring micro-ZnO/PDMS composites, as shown in Figure7-3(a), with a random and aligned structure. This composites where prepared from ZnO micropowder with ~ 10 µm diameter, commercially available from US Research nanomaterials[21]. Interestingly, in the same years Del Gobbo et al. reported in 2019 and 2020, a novel strategy to grow ZnO nanorods (NRs) in suspension by their heterogeneous nucleation in ZnO nanoparticles (NPs) suspended in a chemical bath deposition solution[22,23], as depicted in Figure7-3(b).

Figure 7 -

 7 Figure 7-3. (a) Schematic representation of micro-ZnO/PDMS composites with a random and aligned structure by dielectrophoresis. Adapted from X. Zhang et al. Ref. [21]. (b) Schematic representation of the growth of ZnO NRs by chemical bath deposition using ZnO NPs as seeds for their heterogeneous nucleation. Adapted from Del Gobbo et al. Ref. [22].
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 21 Fabrication and devices characterization 7.2.1.1 Growth of ZnO NWs and preparation of ZnO NW/PMMA composite 2

Figure 7 - 4 .

 74 Figure 7-4. Fabrication steps of ZnO NWs/PMMA composite: (a) Preparation of Si substrate, (b) deposition of ZnO seed layer (SL), (c) growth of ZnO NWs through chemical bath deposition (CBD), (d) representation of different polarities of ZnO NWs, (e) incorporation of PMMA dielectric polymer, and (f) image of the final sample coated with circular gold electrodes.

Figure 7 - 5 .

 75 Figure 7-5. Schematics of the experimental setup for piezoelectric and electrical characterizations.

Figure 7 - 6 .

 76 Figure 7-6. FESEM images of (a) top view and (b) cross-section view of ZnO NWs grown by CBD. Image (c) depicts the ZnO NWs array, with a PMMA matrix exhibiting a thickness of ~1.5 µm on the top.
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 21023 Piezoelectric potential of ZnO nanowires-based structures 7-Electrical properties characterization Different configurations of devices were prepared for the electrical and piezoelectric characterizations. The electrical characterizations are represented by the current densityelectric field (𝐽 -𝐸) curve shown in Figure 7-7. Table7-I summarizes the characterization results of the different sample configurations tested on the experimental setup described in Section 7.2.1.2. All these device configurations were studied to have a better insight of the complex 4-layer structure like the Si substrate, ZnO SL, ZnO NWs embedded in PMMA matrix, and the top PMMA layer. All samples were subjected to an alternating electric field of 1 kHz frequency and under a static stress of 1 MPa.

Figure 7 - 7 .

 77 Figure 7-7. Representative current density versus the electric field of (a) resistive-like samples including Si and Si/SL, (b) capacitive-like samples including Si/SL/PMMA (1 µm) and Si/SL/NWs/PMMA (2 µm).

Figure 7 - 8 .

 78 Figure 7-8. Electric characterization under a dynamic stress of 1 Hz and 0.15 MPa was carried out by applying a 1 kHz sinus electric field. This figure shows the Si/SL/NWs/PMMA (2 µm) sample with: (a) the variation of stress and impedance with time, and (b) at max and min load configurations, the current always circularly changes with

Figure 7 - 9 .

 79 Figure 7-9. Variation of the (a) dielectric constant, and (b) loss tangent as a function of the frequency of different samples.

Figure 7 -Figure 7 - 10 .

 7710 Figure 7-10. Piezoelectric characterization, performed under a dynamic stress of 1 Hz. (a) Time evolution of stress and charge density of the Si/SL/NWs/PMMA (2 µm) composite. (b) Piezoelectric charge density versus the dynamic stress of samples with different thicknesses of the top PMMA layer.

Figure 7 -

 7 Figure 7-11. FEM simulation: (a) Schematics of the ZnO NW composite, in parallel with an external capacitor of 100 nF subjected to a compressive stress of 1 MPa magnitude, (b) theoretical piezoelectric response of different NWs/PMMA composite with respect to the PMMA thickness.

Figure 7 -

 7 Figure 7-12. (a) Photograph and (b) top-view FESEM image of the ZnO NWs grown on flexible PDMS substrate by CBD with [SbG2 -] / [Zn(NO3)2] ratio of 1.0 %. (c) Schematics of flexible ZnO NW arrays composites, and (d) PDMS/Sb-doped ZnO NWs composite film.
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Figure 7 - 13 .

 713 Figure 7-13. Effect of thermal annealing and Sb-doping on dielectric properties of PDMS/ZnO NWs composites: (a) Dielectric constant and (b) loss tangent (tan 𝛿) as a function of frequency for different samples.

Figure 7 - 14 .

 714 Figure 7-14. Piezoelectric characterization performed under a 1 Hz dynamic stress. (a) Time evolution of stress and charge density of the PDMS/as grown ZnO NWs composite at a 0.15 MPa peak-to-peak. (b) Piezoelectric charge density versus dynamic stress for different samples.
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7. 4

 4 Strategy II: ZnO/PDMS composite from ZnO nanorods grown in suspension 7-20 counterparts. Conclusively, the conditions of 𝐸 𝑎𝑝𝑝 = 0.6 𝑉/𝜇𝑚 and 𝑓 𝑎𝑝𝑝 = 2 𝐻𝑧 were selected to the further dielectric and piezoelectric characterization.

  𝐴 𝑎𝑐𝑡𝑖𝑣𝑒 and 𝐴 denote the surface of the gold electrode and the clamped surface, respectively.7.4.3 Synthesis and morphological properties of as grown ZnO MRsThe fabrication process of ZnO MRs is detailed in Figure7-15. ZnO MRs were grown by CBD using suspended undoped ZnO NPs with a diameter in the range of 80-100 nm acting as seeds. ZnO NPs were dispersed in deionized water with the help of ultrasonication (Figure7-15 (a)). The dispersed ZnO NP solution was homogenized and then mixed with the two precursor solutions consisting of Zn(NO3)2•6H2O and HMTA in deionized water to form the CBD solution (Figure7-15 (b)). The reactor was subsequently sealed and placed for 16 h in an oven maintained at 90 °C (Figure7-15 (c)). The white precipitate composed of ZnO MRs was separated from the supernatant by vacuum filtration using a nitrocellulose filter (Figure7-15 (d)), washed with deionized water, dried in an oven maintained at 90 °C (Figure7-15 (e)), and eventually annealed thermally for 3 h at 300 °C in a tubular furnace under oxygen atmosphere (Figure7-15 (f)).

Figure 7 - 15 .

 715 Figure 7-15. Fabrication steps of ZnO MRs: (a) Dispersion of ZnO NPs into deionized water via ultrasonication to form the ZnO NP solution, (b) Homogenization and mixing of the dispersed ZnO NP solution with the two precursor solutions to get the CBD solution, (c) Formation of ZnO MRs by CBD in a sealed reactor kept in an oven, (d) Filtration of ZnO MR powder using a nitrocellulose filter, (e) Drying of ZnO MR powder in an oven, (f) Thermal annealing of ZnO MR powder in a tubular furnace.

Figure 7 -

 7 Figure 7-16(a) shows the FESEM image of the synthesized ZnO MRs grown by CBD under a magnification of 10000. Through morphology analysis, it can be confirmed that the fillers have a rod shape, with a length of 3.9 ± 1.3 μm and a diameter of 477 ± 270 nm. The TEM image in Figure 7-16(b) reveals the elongated shape of ZnO MRs grown along the polar c-axis as indicated by the inset of Figure 7-16(c). The identification of intrinsic/extrinsic point defects incorporated in ZnO MRs grown by CBD is shown in Figure 7-17 by Raman and

Figure 7 - 16 .

 716 Figure 7-16. Morphological analyses: (a) FESEM image of dispersed ZnO MRs. (b) TEM image of two ZnO MRs. (c) HRTEM image of the ZnO MR grown along the polar c-axis and located on the right-hand side of (b). The corresponding FFT image is depicted as an inset.

Figure 7 -

 7 Figure 7-17. (a) Raman spectrum acquired on an array of undoped ZnO MRs grown by CBD and annealed for 3h at 300 °C under oxygen atmosphere. The insets delimit the calculated and experimental vibrational frequencies from Raman and infrared absorption spectroscopy as deduced from Refs. [39,41,43,44,53]. (b) 5 K cathodoluminescence spectrum acquired on a single undoped ZnO MR grown by CBD and annealed for 3h at 300°C under oxygen atmosphere with a special emphasis on the NBE emission region. The insets represent the emission energy of optical transitions as deduced from DFT calculations and from experimental data in Refs. [45,47].

  Figure 7-18 represents two flexible ZnO composites incorporated with the same volume fraction of MR and MP fillers (8 vol.%), both are structured through the DEP process.
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Figure 7 - 18 .Figure 7 - 19 .

 718719 Figure 7-18. Elaborated flexible samples with 8 vol.% of structured composite: (a) ZnO MRs/PDMS and (b) ZnO MPs/PDMS.
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Figure 7 - 20 .

 720 Figure 7-20. Compressive stress-strain curves of the 8 vol.% (a) random and (b) structured ZnO MR/PDMS composites, (c) peak stress versus strain for the 8 vol.% random and structured ZnO MR/PDMS composites.

Figure 7 - 21 .

 721 Figure 7-21. Compressive elastic modulus for different random and structured (i.e. aligned) ZnO MR/PDMS and MP/PDMS composites.
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Figure 7 - 22 .

 722 Figure 7-22. Dielectric constant measured at 1 Hz for different random and structured (i.e. aligned) ZnO MR/PDMS and MP/PDMS composites.

Figure 7 -

 7 Figure 7-23. (a) Time evolution of the stress and generated charge density in the structured 8 vol.% ZnO MR composites under a 0.15 MPa dynamic stress. Increasing dynamic change density (∆𝐷) versus dynamic stress (∆𝑇) in (b) 2 vol.% ZnO MR/PDMS composites, (c) 8 vol.% ZnO MR/PDMS composites, and (d) 8 vol.% ZnO MP/PDMS composites.
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 7 Integration of defect-engineered ZnO nanowires as flexible piezoelectric sensors 7-29 incorporating vertically aligned ZnO NRs embedded in the polymer matrix appears as a promising route to further improve the piezoelectric efficiency in pressure sensors.

Figure 7 -

 7 Figure 7-24. Piezoelectric coefficient (d33) measured at 1 Hz for different random and structured (i.e. aligned) ZnO MR/PDMS and MP/PDMS composited.

Figure 8 - 1 .

 81 Figure 8-1. Working principle of the biosensor device used for force measurement of Mitral Valve Coaptation. Adapted from Ref. [7].

  

  

  

Table 1 -

 1 I. Properties of selected piezoceramic materials. Ref.[11].

	Type of material			PZT-4	PZT-5H	PbNO3	BaTiO3
	Piezoelectric strain constant	𝑑 33 pC/N	290	590	85	190
	Electromechanical coupling coefficient	𝑘 33		0.69	0.75	0.33	0.38
	Curie temperature	𝑇 𝑐	°C	~350	~200	~400	~125

Table 1 -

 1 II. Properties of selected piezopolymers materials. Refs.[11,[15][16][17][18].

	Type of material			PVDF	PVDF-TrFE Parylene-C
	Piezoelectric strain constant	𝑑 33	pC/N	13-28	24-38	2.0
	Electromechanical coupling coefficient	𝑘 33		0.27	0.37	0.02
	Maximum use temperature	𝑇 𝑚𝑎𝑥	°C	~90	~100	-

Table 1 -

 1 III. Properties of selected piezocrystals materials. Refs.[11,19,20,25,27].

	Type of material			Quartz	LiNbO3	PMN-PT	AlN	ZnO
	Piezoelectric strain constant	𝑑 33 pC/N	2.3	5.9	1400	5.5	12.4
	Electromechanical coupling coefficient	𝑘 33		0.1	0.16	0.90	0.31	0.48
	Maximum use temperature	𝑇 𝑚𝑎𝑥	°C	~500	~1200	~90	~1150	750

Table

  

Table 1 -

 1 IV. Properties of selected piezocomposite materials. Refs.[29][30][31] .

				PMN-	
	Type of material			0.29PT/epoxy	MFC ®
				(1-3)	
	Piezoelectric strain constant	𝑑 33	pC/N	1200	374
	Electromechanical coupling coefficient	𝑘 33		0.85	0.53
	Maximum use temperature	𝑇 𝑚𝑎𝑥	°C	~65	~130

Table 1 -

 1 V. Properties of selected piezoceramic materials.

			Piezoelectric		
	Piezoelectric material	Polymer matrix	strain constant	Content of filler	Ref.
			(𝒅 𝟑𝟑 )		
			pC/N	%	
	BaTiO3 nanoparticles	PVDF	25	30 vol.%	[40]
	BaTiO3 nanoparticles	PVDF-TrFE	35.3	50 wt.%	[41]
	PZT powders	PVDF	84	30 vol.%	[42]
	LiNbO3 nanowires	PDMS	25	1 vol.%	[43]
	BaTiO 3 nanoparticles and carbon black	PDMS	15.3	30 wt.% 4.8 wt.%	[44]
	ZnO nanoparticles	PVDF	50	0.85 vol.%	[34]

Table 1 -

 1 VI. Values of surface energy of different planes of wurtzite ZnO. Ref.[64].

		(𝟎 𝟎 𝟎 𝟏) -𝐙𝐧	(𝟏 𝟎 𝟏 ̅ 𝟎)	(𝟏 𝟏 𝟐 ̅ 𝟎)
		c-plane	m-plane	a-plane
	Surface energy 𝑱/𝒎 𝟐	2.25	1.12	1.06

Table 1 -

 1 VII. Summary of native point defects in ZnO. Ref.[76].

	Vacancy	Definition Missing atoms at regular lattice positions.
	Vx	Symbol	VO -In case of an Oxygen vacancy. VZn -In the case of a Zinc vacancy.
	Interstitials	Definition Extra atoms occupying interstitial positions in the lattice.
	Xi	Symbol	Oi -In case of an interstitial O. Zni -In case of an interstitial Zn.

Antisites XY

Definition A Zn atom occupying an O lattice site, or vice versa.

Symbol

OZn -In case of a substitutional O atom in a Zn site. ZnO -In case of a substitutional Zn atom in an O site.

Table 1 -

 1 VIII. Theoretical values of zinc and oxygen chemical potentials with the description of the environment in experimental conditions. Ref.[82,83]. Figure 1-12 shows the general results of DFT calculations for native defects in ZnO, where the formation energies are plotted as a function of the Fermi-level, from Refs.

		Low-limit	High-limit	Intermediate conditions
	𝜇 𝑂	-3.63 𝑒𝑉	0 𝑒𝑉	-1.815 𝑒𝑉
	𝜇 𝑍𝑛	0 𝑒𝑉	-3.63 𝑒𝑉	-1.815 𝑒𝑉
		Zn-rich condition	Zn-poor condition	Zn-intermediate
		Oxygen-poor condition	Oxygen-rich condition	Oxygen-intermediate

Table 1 -

 1 IX. Properties of native defects in ZnO specifying the type of defect and special remarks. 𝐸 f refers to the formation energy. Adapted from Ref.[76].

	Native Defect	Type	Remark
	𝑉 O	Deep donor	Compensates p-type doping.
	𝑍𝑛 𝑖	Shallow donor	High 𝐸 f . Not stable.
	Zn O	Shallow donor	High 𝐸

f . Not stable.

𝑉 Zn

Deep acceptor Low 𝐸 f . Compensates n-type doping.

𝑂 𝑖 (split)

Electrically inactive High 𝐸 f .

𝑂 𝑖 (oct)

Deep acceptor High 𝐸 f .

O Zn

Deep acceptor High 𝐸 f .

Table
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  ZnO nanowires grown via chemical bath deposition

	1.4.3 Nitrogen-related defects in ZnO	
	As previously mentioned, nitrogen species (i.e., NH 4 + , NO 3 -, and Zn(NH 3 ) n	2+
	1-30	
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Table 2 -

 2 I. Frequencies of ZnO lattice vibration modes at room temperature of the first-and second-order Raman modes. Ref.[8].

		Mode	Frequency (cm -1 )	Nature
		E 2 low	99	Zn-lattice dominated, non-polar mode
		2E 2 low	203	-
		E 2 high -E 2 low	333	-
		E 2 high	438	O-lattice dominated, non-polar mode
		A 1 (LO)	574	O-lattice dominated, polar mode
	2.2.2.2	Raman spectroscopy methodology

Table 2 -

 2 II. Description of the simplified radiative transitions in a semiconductor. Ref.[13].

	Emission Process	Emission description	Emission abbreviation
	1	Intraband transition	
	2	Near band edge emission -Intrinsic CL	-
	3	Excitonic decay observed at low temperature. Related to free excitons or exciton bound to an impurity.	FX
	4	Donor bound exciton	D°X
	5	Acceptor bound exciton	A°X
	6	Donor acceptor pair	DAP

Table 3 -

 3 I. Effective parameters for the computed luminescence transitions of the H-and N-related defects.

		Transition level	Etransition (eV)	Eemission (eV)	EZPL (eV)	Eabsorption (eV)
	VZn	ε(+2/+1)	0.83	2.53	2.57	2.75
		ε(+1/0)	0.85	2.48	2.55	2.65
		ε(0/-1)	0.96	2.19	2.44	2.71
		ε(-1/-2)	1.25	1.60	2.15	3.08
	V Zn -H	ε(+2/+1)	0.87	2.49	2.53	2.74
		ε(+1/0)	0.89	2.40	2.51	2.66
		ε(0/-1)	1.09	1.82	2.31	2.93
	VZn-2H	ε(+2/+1)	0.89	2.46	2.51	2.96
		ε(+1/0)	0.92	2.29	2.48	2.86
	VZn-3H	ε(+1/0)		3.37	3.40	3.64
	VZn-NO-H	ε(+1/0)	0.93	2.50	2.47	2.67
		ε(0/-1)	1.13	2.27	2.27	2.63
		ε(-1/-2)	1.49	1.82	1.91	2.28

  ]. Carbon-related

	Chapter 3 Understanding hydrogen-and nitrogen-related defects in ZnO nanowires grown
	via chemical bath deposition technique			
	Raman Intensity (arb. units)	E 2 2TA; 2E 2 low	low E 2	high	E 2 2LA high -E 2 A 1 (LO) low TA+LO		V Zn -N O -H C-H N O -H V Zn -nH O-H bonds	H BC
		300			600	2700	3000	3300	3600
					Wavenumber (cm -1 )
	3-17						

Table 4 -

 4 I. Summary of the set of ZnO NWs samples to be studied in the present chapter.

	Thermal Annealing temperature
	(°C)

Table 4 -

 4 II. Summary of important parameters and constants used in the LPP model. Ref.[52][53][54][55][56].

	High frequency dielectric constant of ZnO	𝜀 ∞	3.68
	Faust-Henry constant	C	6.4
	quasi-TO	𝜔 𝑇𝑂	409.7 cm -1
	quasi-LO	𝜔 𝐿𝑂	574.2 cm -1
	Electron charge	e	1.60217663×10 -19 C
	Speed of light	c	29979245800 m/s
	Effective mass of electrons	𝑚 *	2.0952×10 -31 kg
	Electron mass	me	9.1095×10 -31 kg

  Resistivity values in as grownZnO NWs suddenly exposed to ambient conditions rise up from 70.3 to 100.3 mΩ cm, which fall in closer correlation with the 195.7 mΩ cm resistivity value obtained from the best LPP fit. The mobility values falls in the range of 31.3 to 66.2 cm 2 /V s, which is in very good agreement with the typical values reported from FET measurements[59,60]. The smallest free charge carrier density of n = 4.3×10 17 cm -3 together with the largest mobility of µ = 66.2 cm 2 /V s are obtained in ZnO NWs annealed at the highest temperature of 1000 °C, where the concentration of hydrogen-and nitrogen-related defects is by far the smallest in the series of samples. It is worth noticing that the second smallest free carrier density of n = 5.6×10 17 cm -3 and the second largest mobility of µ = 60.2 cm 2 /V s are obtained in ZnO NWs annealed at the relatively low temperature of 300 °C, where the nitrogen-related defects exhibit one of the highest concentrations.

Table 4 -

 4 III. LPP fit parameters in as grown and annealed ZnO NWs for 1 h under oxygen atmosphere in the temperature range of 200 to 1000 °C.

	Sample	A1(LO) peak position (cm -1 )	A1(LO) FWHM (cm -1 )	𝝎 𝑷 (cm -1 )	𝜸 (cm -1 )	𝜸 𝑷 (cm -1 )	n (×10 17 cm -3 )	μ (cm 2 /V s)
	As Grown	581.2	31.2	328.3	5.3	1295.0	10.2	31.3
	200	582.2	37.4	322.0	4.9	1106.0	9.8	36.7
	300	584.6	23.6	243.7	4.1	674.0	5.6	60.2
	400	584.6	34.1	280.7	4.7	856.0	7.4	47.4
	500	584.0	34.7	250.0	4.6	736.0	5.9	55.2
	600	583.5	28.4	253.7	4.7	804.0	6.1	50.5
	700	585.3	32.2	259.6	4.6	718.0	6.4	56.5
	800	587.0	38.9	281.6	4.5	756.0	7.5	53.7
	900	585.2	51.5	295.1	4.6	843.0	8.2	48.2
	1000	583.3	27.2	212.3	4.2	613.0	4.3	66.2

Table 4 -

 4 IV. Recapitulating characteristics of the main nitrogen-and hydrogen-related defects with their respective infrared/Raman lines, Eemission in luminescence spectroscopy using DFT calculations, and photoluminescence / cathodoluminescence lines.

		IR / Raman Modes		Eemission		PL / CL
		(cm -1 )		(eV)		(eV)
	H BC	330 / 3611 a, b	-		-	3.3601 c
	HO	273 d	-		-	3.3628 (I4) c
	VZn	-	ε(+2/+1)	2.53 e	2.40 f	1.60 g, h
			ε(+1/0)	2.48 e	1.90 f	
			ε(0/-1)	2.19 e	1.29 f	
			ε(-1/-2)	1.60 e	0.78 f	
	(VZn-H)	3306 -3418 a, f	ε(+2/+1)	2.49 e	2.35 f / 2.46 i	-
			ε(+1/0)	2.40 e	1.96 f / 1.81 i	
			ε(0/-1)	1.82 e	1.31 f / 1.30 i	
	(V Zn -2H)	3312 / 3349 a	ε(+2/+1)	2.46 e	2.30 f	-
			ε(+1/0)	2.29 e	2.08 f / 1.84 i	
	(VZn-3H)	3303 / 3321 j	ε(+1/0)	3.37 e	3.36143 (I5) k
	NO-H (AB N⊥ )	3055 l / 3121 m	-		-	-
	NO-H (AB N∥ )	3084 l / 3150 n, o / 3160 m	-		-	-
	(VZn-NO-H)	3078 p, m	ε(+1/0)	2.50 m	-
			ε(0/-1)	2.27 m	
			ε(-1/-2)	1.82 m	
	C-Hx	2890, 2918, 2988 q	-		-	-
	O-H	3500 a, p	-		-	-
	a Reference [29].					

b Reference

Table 4 -

 4 

	cm -3 )

VI. Detail of the ohmic resistance (R), cross-over voltage (Vx), and free carrier concentration (n) obtained from the log-log 𝐽 -𝑉 characteristic curves of the second measurement (M2) in the as grown and annealed ZnO NWs devices. The n was calculated following the equation

(4)(5)(6)(7)(8)(9)(10)(11)

.

Table 4 -

 4 VII. Electrical and piezoresponse properties for as grown and annealed ZnO NWs.

	Sample	Voltage (V)	SSRM (×10 7 Ω)	Vibration (arb. units)	Charge carrier (×10 18 cm -3 )	Resistivity (mΩ cm)
	As Grown	0.907	1.26	1.00	11.80	6.61 -10.58
	300 °C	1.800	6.31	2.20	0.99	78.89 -126.22
	500 °C	1.542	3.48	1.54	6.72	11.61 -18.58
	600 °C	1.538	3.48	1.77	6.90	11.31 -18.09
	800 °C	1.126	1.34	0.82	9.44	8.26 -13.22
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Table 5 -

 5 I. Chemical bath deposition (CBD) conditions for the series of ZnO NWs grown with different pH0.

	Sample	pH0	[NH3] added (mM)	Growth Time (min)
	1	7.00	0	360
	2	7.20	10	360
	3	7.25	20	360
	4	7.44	58	360
	5	10.55	510	180
	6	10.62	580	180
	7	10.70	660	90
	8	10.76	740	60
	9	10.80	840	60
	10	10.94	950	90
	11	11.07	1505	240

  presumably

											(b)											
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																Energy (eV)					
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 5 II. Fitted Lorentzian emission lines in the yellow-green band for the annealed ZnO NWs grown by CBD using a pH0 value of 10.94. (a) Values from Chapter 3, (b) Values from Chapter 4.

	Emission	Experimental	Theoretical	Absolute Difference	Attributed
	L1	2.372 eV	2.40 eV (a)	28 meV	VZn-H (+1/0)
	L2	2.234 eV	2.27 eV (b)	36 meV	VZn-NO-H (0/-1)
	L3	2.203 eV	2.19 eV (a)		

  Manjón et al. reviewed relevant literature of undoped and doped ZnO thin films and compared it with ab initio calculations in Ref.

	AM1	261	B1 low	276	B1 low
	AM2	520	2B1 low	509	2B1 low
	AM3	552	B1 high	581	A1(LO);B1 high
	AM5	650	TA+ B1 high	644	TA+B1 high
	AM6	810	B1 low + B1 high	856	B1 low +B1 high

Table 6 -

 6 I. Summary of the electrical properties of Sb-doped ZnO NWs grown by CBD.

		Sb/Zn molar ratio	Carrier Concentration	Mobility	Electrical characterization	Ref.
			×10 17 cm -3	cm 2 V s ⁄		
	Wang et al.	0.2 %	6	1.2	FETs	[15]
	Pradel et al.	0.2 % 1.0 %	2.6 3.8	0.82 1.24	FETs	[19]

Table 6 -

 6 II. Chemical bath deposition (CBD) conditions for the series of ZnO NWs grown with the respective [SbG2 -] / [Zn(NO3)2] ratio and pH0.

	pH region	[SbG2 -] / [Zn(NO3)2]	[NH3] added (mM)	pH0
		0.0 %	0	6.42
	Low-pH region	0.2 %	0	6.66
		1.0 %	0	6.65
		0.0 %	690	10.84
	High-pH region	0.2 %	694	10.78
		1.0 %	707	10.83
	6.3			

. Effect of Sb-doping on the growth mechanism of ZnO nanowires

  

6.3.1 Description of the structural morphology of ZnO nanowires

  1 , but in close
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 6 III. Frequency of the observed AM2(Sb) lines measured in annealed ZnO NWs grown by CBD with a pH0 value of 10.83 and a [SbG2 -] / [Zn(NO3)2] ratio of 1.0 %. For comparison, Sb-related vibrational modes reported for the wurtzite structure of Sb-doped ZnO are listed.

		Our data		Literature	
	Mode	𝛚 𝐞𝐱𝐩	𝛚	Structure, Growth method (Annealing conditions)	Ref.
		(cm -1 )	(cm -1 )		
	AM1(Sb)	525	531	Thin film, Pulsed-laser deposition (N.A.)	[52]
	AM2(Sb)-α	690	685	Thin film, Pulsed-laser deposition (N.A.)	[52]
			709	Film, Sol-gel (750 °C, 2 h, air)	[54]
	AM2(Sb)-β	715	713	NW, Hydrothermal (950 °C, 30 min, air)	[18]
			712	Pellet, Solid State Reaction (1000 °C, 3 h, air)	[48]
			716	Nanobelt, Thermal evaporation (880 °C, 25 min, Ar/O2)	[55]

Table 6 -

 6 IV. Chemical bath deposition (CBD) conditions for the series of ZnO NWs grown with the respective [SbG2 -] / [Zn(NO3)2] ratio and pH0.

	Series	Description	[SbG2 -] / [Zn(NO3)2]	Annealing Condition
	1	ZnO NWs -Grown in low-pH region	1.0 % 1.0 % 1.0 %	As grown (not annealed) 300 °C for 4 h (O2 atm.) 300 °C for 4 h + 450 °C for 1 h (O2 atm.)
	2	ZnO NWs Grown in high-pH region	1.0 % 1.0 % 1.0 %	As grown (not annealed) 300 °C for 4 h (O2 atm.) 300 °C for 4 h + 450 °C for 1 h (O2 atm.)
	3	Ref. sample -Sb2O3 Ref. sample -Sb2O5	--	--

  Brouder C 1990 Angular dependence of X-ray absorption spectra J. Phys.Condens. Matter 2 701-38 [87] Wilhelm F, Sarigiannidou E, Monroy E, Rogalev A, Jaouen N, Mariette H and Goulon J 2007 Hard X-ray linear dichroism using a quarter wave plate for structural characterization of diluted magnetic semiconductors AIP Conference Proceedings vol 879 pp 1675-8 [88] Ney A, Ollefs K, Ye S, Kammermeier T, Ney V, Kaspar T C, Chambers S A, Wilhelm F and Rogalev A 2008 Absence of intrinsic ferromagnetic interactions of isolated and paired co dopant atoms in Zn1-xCoxO with high structural perfection Phys. Rev. Lett. 100 [89] McPeak K M, Becker M A, Britton N G, Majidi H, Bunker B A and Baxter J B 2010 In situ X-ray absorption near-edge structure spectroscopy of ZnO nanowire growth during chemical bath deposition Chem. Mater. 22 6162-70 [90] Rockenberger J, Zum Felde U, Tischer M, Tröger L, Haase M and Weller H 2000 Near edge X-ray absorption fine structure measurements (XANES) and extended x-ray absorption fine structure measurements (EXAFS) of the valence state and coordination of antimony in doped nanocrystalline SnO2 J. Chem. Phys. 112 4296-304

  Zhang, X. et al. Characterizing and Optimizing Piezoelectric Response of ZnO Nanowire/PMMA Composite-Based Sensor. Nanomaterials 11, 1712 (2021). Zhang, X. et al. Optimization Strategies Used for Boosting Piezoelectric Response of Biosensor Based on Flexible Micro-ZnO Composites. Biosensors 12, 245 (2022).
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	Chapter 7 Integration of defect-engineered ZnO nanowires as flexible piezoelectric sensors
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 7 I. Electrical measurements of different samples.

	Sample	No. of layers	Resistivity (Ωm)	Surface Capacitance (nF cm -2 )	Relative Permittivity	Property
	Si	1	2.144 ± 0.004	-	-	resistive
	Si/SL	2	6.321 ± 0.009	-	-	resistive
	Si/PMMA (1 µm)	2	-	3.212 ± 0.005	3.809 ± 0.006	capacitive
	Si/SL/PMMA (1 µm)	3	-	3.195 ± 0.003	3.760 ± 0.004	capacitive
	Si/SL/NWs/PMMA (1.5 µm)	4	-	3.089 ± 0.009	5.108 ± 0.015	capacitive
	Si/SL/NWs/PMMA (2 µm)	4	-	2.439 ± 0.004	5.509 ± 0.009	capacitive
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 7 II. Piezoelectric coefficient 𝑑 33 from experimental and COMSOL simulations.

	Sample	Experimental Effective 𝒅 𝟑𝟑 (pC/N)	Simulation Effective 𝒅 𝟑𝟑 (pC/N)
	Si/SL/NWs/PMMA (1 µm)	-	4.46 ± 0.05
	Si/SL/NWs/PMMA (1.5 µm)	3.53 ± 0.33	3.55 ± 0.01
	Si/SL/NWs/PMMA (2 µm)	1.21 ± 0.16	2.98 ± 0.03

Table 7 -

 7 III. Chemical bath deposition (CBD) conditions for the series of ZnO NWs based piezoelectric sensors.

	Sample	Thermal annealing	[SbG2 -] / [Zn(NO3)2]
	PDMS/as grown ZnO NWs	Not annealed	0.0 %
	PDMS/annealed ZnO NWs	220 °C (O2, 2 hours)	0.0 %
	PDMS/as grown Sb-doped ZnO NWs	Not annealed	1.0 %
	PDMS/annealed Sb-doped ZnO NWs	220 °C (O2, 2 hours)	1.0 %

Table 7 -

 7 IV. Piezoelectric charge coefficient (𝑑 33 ) from experimental measurements.

	Sample	Random 𝒅 𝟑𝟑 (pC/N)	R 2
	PDMS/as grown ZnO NWs	0.288 ± 0.020	0.985
	PDMS/annealed ZnO NWs	0.338 ± 0.018	0.991
	PDMS/as grown Sb-doped ZnO NWs	0.763 ± 0.046	0.989
	PDMS/annealed Sb-doped ZnO NWs	1.055 ± 0.035	0.996
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The potential application of these ZnO nanowires as pressure sensors for Mitral Valve Coaptation is adapted from our recent publication (Ref.[7]):Zhang, X. et al. Optimization Strategies Used for Boosting Piezoelectric Response of Biosensor Based on Flexible Micro-ZnO Composites. Biosensors 12,

(2022).

Acknowledgements

I'll be eternally grateful to my thesis supervisors Vincent Consonni, Julien Pernot and Eirini Sarigiannidou for their trust in selecting me to develop this research project and their significant support over these past 3+ years.

I would also like to thank the jury members Guylaine Poulin-Vittrant, Grégory Lefèvre, Skandar Basrour and the rapporteurs Gilles Lérondel and Jean-Michel Chauveau for taking the time and effort in evaluating this thesis, as well as their constructive feedback during the thesis defense.

The development of this thesis also has the extensive technical support from Odette Chaix (LMGP), Fabrice Donatini (Institut Néel), Isabelle Gelard (LMGP), Hervé Roussel (LMGP), Fabrice Wilhelm (ESRF) and the Nanofab team (Institut Néel). Furthermore, the productive collaborations with INSA de Lyon to characterize the dielectric and piezoelectric properties of the devices with Xiaoting Zhang, Jean-Fabien Capsal, Pierre-Jean Cottinet, Minh-Quyen Le, Lionel Petit and Oleksandr Synhaivskyi, and Georges Bremond. And the very valuable DFT calculations performed by Joseph Kioseoglou from the Aristotle University of Thessaloniki.

I'd also like to thank the NNS team from the LMGP, as well as my colleagues from the LMGP and Institut Néel for all of the scientific discussions and the pleasant moments spent together. Thanks to Chiara, Carlos, Diego, Candice, Guislain, Mónica, Ruggero, Pierre, Maxime, Ragnar, Raquel, Clément, João, Klaskjaan, Antalya, Dorina, Tabassom, Danial, Adriá, Manuel and Alexandre.

This thesis is dedicated to my family Yeto, Betty, Héctor, Luispa, Sarah, Carmen, Sebas, Javi, Nacho and Nico. And finally, I'm grateful for Sarita's emotional support and unconditional love.

7-30

Future improvements of the composite could include enhanced hydrothermally grown ZnO NWs with optimized morphology and compensated doping with thermal annealing and/or surface plasma treatment. Additionally, the morphology of the composite could be optimized by changing the thickness of the bottom substrate, and the thickness of the dielectric sitting on the top-layer. However, with these results and conclusion, the advances obtained on hydrothermally grown ZnO nano and microstructures bring us one step closer to feasible and operational ZnO-based piezoelectric sensors.
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reduction of these VZn-related defects. Interestingly enough, the massive incorporation of VZnand N-related defects also contributes besides other residual impurities to the disorder-activated Raman B1 silent modes which appear after thermal annealing at 450 °C under O2 atmosphere due to the strong distortion and relaxation of the crystal structure. In summary, this Chapter emphasizes the crucial role of the pH of the CBD solution and open new possibilities for simultaneously engineering the morphology of ZnO NWs and the formation of hydrogen-and nitrogen-related defects.

Chapter 6 develops the final engineering strategy towards resistive ZnO nanowires by the incorporation of antimony as a compensatory p-type dopant. Hence, this chapter elucidates the complex modulation between the hydrogen-, nitrogen-and antimony-related defects at the different growth conditions (pH conditions as developed in Chapter 5) and the different annealing conditions (as developed in Chapter 4). The incorporation of antimony via the addition of SbG2 -on the CBD of ZnO NWs spontaneously grown in the low-and high-pH region has been extensively investigated in this Chapter. The selected [SbG2 -] / [Zn(NO3)2] ratios were 0.0, 0.2 and 1.0 % while the pH0 was set to ~6.6 and ~10.8 for the low-and high-pH regions, respectively. By combining thermodynamic calculations with chemical and structural analysis, it was shown that the incorporation of Sb atoms inside the ZnO NWs structure is possible through the stabilized SbG2 -complex within the CBD solution, and the favorable electrostatic interaction with the positively charged planes of ZnO NWs. In the case of the low-pH, both the m-and c-plane are positively charged and has two main effects: (i) moderate axial growth and growth rates that promote the nucleation of the ZnO NW with a flat hexagonal face, and (ii) the stronger incorporation observed by FESEM-EDS analysis. Contrarily, the ZnO NWs grown in the high-pH present only the m-plane positively charged and show the following effects: (i) an increased radial growth rate that promote their nucleation as faceted terraces and (ii) a smaller incorporation observed by FESEM-EDS analysis. Additionally, no antimony oxides were observed in the XRD patterns. Particularly, the ZnO NWs grown in the low-pH with 1.0 % [SbG 2 -] / [Zn(NO 3 ) 2 ] show a strongly dampened NBE emission with a prominent DAP emission line when treated with the two-step annealing. Evidencing the combined effect of annealing of hydrogen-related defects (i.e., H BC and VZn-3H), thermal activation of VZn-NO-H and the compensatory doping capacity of the Sb-doped ZnO NWs. Furthermore, the incorporation of Sb atoms within the ZnO NWs crystal structure was evidenced by XANES and XLD characterizations, where a major change in the Zn neighboring atoms was observed for the low-pH region. Interestingly, the Sb L1-edge suffered a strong change by thermal annealing, suggesting a change in the local coordination of the Sb atoms. Correlatively, this was also observed by Raman spectroscopy with the shift of the novel vibrational modes from AM2(Sb)-α (690 cm -1 ) to AM2(Sb)-β (715 cm -1 ). Conclusively, by gaining deep insights on the hydrogen-, nitrogen-, and antimony-related defects with the three engineering strategies: (i) thermal engineering, (ii) modulation via pH adjustment, and (iii) Sb-dopant incorporation; the ZnO nanowires were ready for their incorporation in flexible substrates for piezoelectric sensors.

A common opportunity arises from Chapter 4 to Chapter 6, to properly understand and characterize the electrical properties of the ZnO NWs developed in these chapters. Electrical measurements through four-point probe resistivity measurements in a FET configuration can