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Etude des mécanismes de synthèse et propriétés optiques de nanomatériaux de ZnO obtenus par voie supercritique

Les recherches portant sur l'oxyde de zinc (ZnO) à l'échelle nanométrique suscitent un grand intérêt en raison des propriétés uniques de ce matériau notamment dans les domaines de l'optique (émission ultraviolette ou visible), des capteurs chimiques, de la piézo-électricité 1 . ZnO est un candidat potentiel en tant qu'émetteur UV au même titre que GaN; il possède en effet une énergie de piégeage de l'exciton de 60 meV, ce qui permettait d'envisager son utilisation en tant que matériau à gain avec une réduction du seuil laser et une meilleure efficacité 2 .

Ce travail de doctorat est dédié à la synthèse de nanoparticules de ZnO par voie supercritique, l'objectif étant d'obtenir une émission purement excitonique de ce composé en vue d'une utilisation dans le domaine de la photonique (source UV) mais aussi de le tester en tant que capteur chimique ou encore pour ses propriétés de photocatalyse.

Le manuscrit est divisé en quatre parties. Le chapitre I est un chapitre bibliographique dédié à la description des propriétés optiques de ZnO sur la base de la structure de ce semi-conducteur direct.

ZnO est un semiconducteur de large bande interdite égale à 3,37 eV. A température ambiante et pression atmosphérique il cristallise selon le groupe d'espace P63mc dans une maille de type würtzite de paramètre a=0,325 nm et c= 0,523 nm 3 . Les différentes voies de synthèses recensées sont décrites avec un focus particulier sur la voie supercritique qui reste à ce jour très peu exploitée. A l'échelle nanométrique une large variété de morphologies peut être obtenue tels que des nanotubes, bâtonnets, anneaux, tétrapodes comme illustrés sur la Figure 1 1,2 .

Figure 1-Diverses variétés de nanomatériaux de composition ZnO

Les propriétés optiques de matériaux massifs, nano-structurés ou pulvérulents ont été largement regardées. A température ambiante, ceux-ci présentent la majeure partie du temps une large émission dans le domaine du visible attribuable à l'existence de défauts tels que la présence d'impuretés, des lacunes d'oxygène ou des atomes de zinc en sites interstitiels. La profondeur des niveaux pièges associés a fait l'objet de calculs comme illustré sur la Figure 2. Les matériaux massifs ou obtenus à partir de synthèses par voie physique ou chimique en phase vapeur présentent une émission ultraviolette fine dite émission excitonique liée à la recombinaison de paires électron-trou créées sous irradiation 5 . Des mesures plus fines à basse température laissent apparaître un spectre d'émission structuré composé de raies fines liées à l'existence de défauts donneurs ou accepteurs d'électrons référencés en tant que centres D 0 X, AX et au couplage de ces transitions avec des modes de vibration de phonons optiques 6 . Une mise en relation des propriétés d'émission avec les voies de synthèse clôture cette première partie.

Le chapitre II vise à décrire la méthodologie mise en place pour augmenter la production des particules de ZnO par voie supercritique en passant de l'échelle micro-à l'échelle milli-fluidique 7 .

Les particules sont obtenues à partir d'acétylacétonate de zinc, de trioctylphosphine (TOP) et de H2O2 en milieu éthanol/eau (250°C, 25 MPa). Quatre types de réacteurs ont été utilisés, leur différence provenant de la taille des capillaires interne et externe permettant l'injection des réactifs dans la chambre réactionnelle (Figure 3). A ce stade, l'obtention de matériau en quantité suffisante permet la mise en oeuvre de tout un panel de caractérisations physico-chimiques telles que la diffraction des rayons X, les spectroscopies infrarouge et Raman, l'XPS ainsi que les microscopies à balayage et à transmission. Le contrôle des différents paramètres de synthèse a permis l'obtention de particules de ZnO de symétrie hexagonale (type Würtzite). Les nanoparticules de ZnO sont enrobées de fonctions organiques telles que -OH, -CH2, COO-, C-O, C=O et P=O dont l'origine provient de réactifs de départ (TOP et acétylacétonate de zinc). Leur quantité a été évaluée par ATG et représente environ 6% en masse. Les particules présentent différentes morphologies en fonction des dimensions des réacteurs de synthèse et des concentrations en réactifs mais possèdent les mêmes propriétés optiques avec une émission purement excitonique UV. Selon l'interaction entre le TOP et les nuclei en présence, des morphologies purement sphériques ou des mélanges de populations de particules sphériques et de bâtonnets ou de triangles sont obtenues (Figure 4). Les effets de concentrations en H2O2 ont aussi été étudiés. Ainsi, la morphologie sphérique est préférentiellement obtenue pour des concentrations importantes en H2O2, les faibles quantités de ce réactif entrainant la précipitation de particules triangulaires ou de bâtonnets. La taille (5-20 nm) et la morphologie peuvent finalement être contrôlées par le régime hydrodynamique et la concentration en peroxyde. Dans tous les cas, aucune émission visible liée à la présence potentielle de défauts de coeur ou de surface n'est détectée 7 .

Le mécanisme de formation des nanoparticules est décrit dans le chapitre III. Le temps de séjour dans le réacteur est le paramètre clé qui a été regardé pour comprendre la formation et la croissance des nuclei de ZnO. La compréhension du mécanisme est aussi primordiale au regard des propriétés optiques obtenues. La structure, la morphologie et les propriétés de surface ont été étudiées et caractérisées par DRX, Raman, HR MET, ATG, FTIR et XPS. Les nanoparticules obtenues à l'issue de temps de séjour de 30 et 40s (séjour long) dans le réacteur sont des nano-cristaux de ZnO de symétrie hexagonale. En revanche pour des temps plus courts de 6 à 10s, les matériaux obtenus sont de type ZnO2 de symétrie cubique à faces centrées (Figure 6). Dans tous les cas, les particules sont sphériques et leur taille augmente avec le temps de séjour dans le réacteur. Les particules de type ZnO2 se décomposent au-delà de 195°C ce qui a été confirmé par ATG et DRX. Le peroxyde de zinc apparait comme un précurseur à la formation de ZnO qui croit après décomposition de celui-ci. Les profils de température dans le réacteur ont été simulés au moyen d'une méthode numérique de traitement du modèle de Graetz-Nusselt8 .

(eq. 1)

Les différentes techniques de caractérisation employées ont montré que les particules de ZnO formées possèdent un état de surface de type ZnO2 qui neutralise les défauts de surface potentiels normalement à l'origine d'émission visible d'objets de cette taille obtenus à basse température par des voies de chimie douces. Le mécanisme de formation des nanoparticules peut ainsi être illustré sur le schéma de la Figure 7. Une synthèse réalisée sans H2O2 ou encore un traitement thermique des particules à 350°C laisse apparaître, en plus de l'émission ultraviolette attendue, une émission visible prouvant le rôle de H2O2 et de la couche de surface stabilisée sur les nanoparticules dans la non-émission de défauts.

La microscopie électronique à transmission haute résolution montre des particules très bien cristallisées ce qui explique l'observation d'une émission UV unique.

La compréhension de l'émission UV passe par des mesures hautes et basses températures. Cette étude est décrite dans le chapitre IV. Une comparaison approfondie est faite avec les propriétés de diverses particules et couches décrites dans la littérature mais aussi à partir de l'acquisition de spectres de luminescence réalisés sur monocristaux (matériau prêté par le CELIA).

Les mesures obtenues à basses températures (hélium liquide) montrent une émission UV structurée caractéristique de la recombinaison électron-trou. Aucune émission n'est détectée dans le domaine du visible (Figure 8). Les différents pics ont été attribués à des excitons libres nommés FXA, FXB et à leur couplage avec des modes de vibration enregistrés par spectroscopie Raman : le mode de phonon optique E2high de ZnO ou les modes de vibrations, E2high+A1(LO) et/ou 2E2high 9 . Aucune émission attribuée à des excitons liés n'a été observée: cette émission est généralement due à l'existence de défauts accepteurs ou donneurs du ZnO. Une augmentation en température révèle un meilleur couplage avec les modes de vibrations, les pics d'émission associés étant alors plus intenses (Figure 8B).

La spectroscopie des particules obtenues pour des temps de séjour faibles (particules de type ZnO2)

présente la même répartition spectrale que celle obtenue pour des temps longs. En effet, ces particules contiennent vraisemblablement un coeur de ZnO non détectable en DRX en raison de sa taille. La luminescence de ZnO si existante, serait alors réabsorbée par le ZnO2 qui possède une bande interdite plus petite. L'évolution de l'émission a été enregistrée en fonction de la température. La Figure 9 montre ainsi le décalage des pics d'émission vers les basses énergies. Il a aussi été possible de calculer la variation de la bande interdite du matériau avec la température à partir de la formule de Varshni 10 . Le résultat est illustré ci-dessous :

(eq. 2) Les mesures de durée de vie réalisées en collaboration avec le CELIA confirment la nature d'excitons libres des pics enregistrés mais une étude plus approfondie sera nécessaire à une exploitation complète des données recueillies.

Pour conclure, la voie de synthèse supercritique choisie a permis d'obtenir des quantités de nanoparticules de ZnO bien cristallisées et ne présentant qu'une émission ultraviolette. L'existence d'une couche de ZnO2 en surface de ces particules permet d'obtenir un matériau de composition vraisemblablement stoechiométrique en oxygène et dont les défauts de surface potentiellement émetteurs sont neutralisés/passivés. Les propriétés optiques résultantes sont dues à la recombinaison de paires électron-trous (excitons libres) et à leur coupage avec des modes de vibrations. Le schéma proposé ci-dessous permet de repositionner les propriétés optiques des nanocristaux synthétisés en régime micro-milli-fluidique parmi celles de matériaux massifs ou nano-structurés trouvés dans la littérature 11 . Le positionnement des raies observées indique clairement que la voie micro-milli-fluidique optimisée dans le cadre de ce travail pour l'obtention de nanocristaux de ZnO donne des objets aux propriétés optiques uniques.

De premiers tests de photocatalyse (collaboration IPREM Pau) sont en cours de réalisation et permettront de déterminer l'efficacité de ces objets en termes de dégradation de composés organiques à l'état gazeux ou mis en solution. 
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General introduction

Zinc oxide (ZnO) nanomaterials attract a great interest accelerating research in this field in recent years due to their unique properties and potential applications in ultraviolet (UV) light emitters, optochemical sensors, spin electronics, transparent electronics and piezoelectronic devices [1][2][3][4][5].

ZnO has been proposed to be a UV emitting phosphor more efficient than GaN thanks to its larger excitonic binding energy of 60 meV, which leads to reduce UV lasing threshold and yields higher

UV emitting efficiency at room temperature [6]. According to this, design of new nanostructured ZnO materials is one of the critical points in Materials Science for the development of applications based on their peculiar properties.

This PhD thesis is devoted to a new supercritical fluids based strategy for synthesis of UV-emitting ZnO nanocrystals which are very promising for broad applications in photonics but also in optochemical sensing or photocatalysis. The manuscript is divided in four chapters as described below.

Chapter I is devoted to a literature survey. Before listing some general properties of ZnO material concerning its crystal structure and energy band gap properties, three synthetic approaches which were developed for the fabrication of ZnO nanostructures are discussed and the associated optical properties are described. Nature of visible as well as the UV luminescence is exposed.

Chapter II describes the scale up of the supercritical fluids based set up, developed for the continuous synthesis of ZnO nanocrystals from micro-up to millifluidic reactors [7][8]. At this stage, the aim is, to obtain a larger quantity of these nanocrystals in order to deeper characterize their physico-chemical properties. Then the morphology control of these nanocrystals playing with different operating parameters is shown. Finally, the progress concerning the fabrication of high quality ZnO nanocrystals, deep investigation of their physico-chemical characteristics and their optical properties are summarized in "General conclusion" section. This section also provides potential applications for this nanomaterial.
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Chapter I

Introduction

ZnO is a II-IV wide direct band gap semiconductor with a large band gap energy of 3.37 eV, which makes ZnO suitable for short wavelength optoelectronic applications. On the other hand, the exciton binding energy of ZnO is high and equal to 60 meV [1], which ensures an efficient excitonic emission at room temperature. Moreover, this binding energy in ZnO is much higher than in GaN which is 25 meV. ZnO can be a possible alternative to GaN in optoelectronic applications.

At nanoscale ZnO can be obtained with a large variety of morphologies, such as nanorods [2],

nanowires [3], nanotubes [4], nanorings [5] and tetrapods [6] depending on the synthetic method as illustrated in Figure I-1. As it is well known, all the applications of this material are originated from its physico-chemical properties. Therefore, in order to know about ZnO characteristics, details concerning structural, electronic and optical properties are introduced in this chapter.

I-1. Crystal structure

ZnO exists in three different crystal structures, such as: (i) rocksalt, a cubic structure with m3m symmetry [7], (ii) blende, a cubic structure with 43m symmetry [8] and (iii) würtzite, a hexagonal structure that belongs to 6mm symmetry [9] (Figure I-2). Among them, ZnO is crystallizing in the würtzite structure at ambient temperature and pressure.

Würtzite phase belongs to the space group P63mc; the lattice parameters are a=0.3249 nm and c=0.5229 nm. This structure can be described as a succession of-planes composed of tetrahedral coordinated Zn 2+ ions in a closed packed structure. The volume occupied by the atoms of Zinc and Oxygen is only about 52 % in the lattice and leaving free empty spaces around 2.85 Å 3 . It could be also noted that this space can be occupied by other transition metals atoms such as

Co 2+ [10], Mn 2+ [11]; V 2+ , Al 3+ [12] when they are introduced by the synthetic methods. The doping of würtzite structure has a strong influence on ZnO conducting and optical properties.

I-2. Electronic structure and general optical properties

ZnO as a semiconducting material has a wide band gap. Electronic band gap structure of ZnO material has been calculated by a number of researchers [13][14]. The band gap value of ZnO could be also measured using optical absorption where the excitation of an electron from the valence to the conduction band can be provided by the absorption of photon from light which has enough energy to excite an electron. Finally, the observed absorption is directly related to the materials band gap value.

The structural and electronic properties of ZnO determine the optical features of this material. It is well known that ZnO at room temperature has two types of emissions in its photoluminescence (PL) spectrum located in the ultraviolet (UV) and visible range. For example, ZnO needles and tetrapods exhibit mostly UV emission, while ZnO ribbons/combs nanostructures demonstrate a strong PL emission in the visible range. Moreover, many reports [15] show that the size variation of ZnO nanostructures and the presence of defects have a strong influence on optical properties. Thereby, the luminescence of ZnO nanostructures depends on their size and morphology. In other terms, an applied preparation technique for the synthesis of ZnO nanostructures can strongly influence the optical properties of this material. A discussion concerning different synthetic routes to obtain of ZnO nanostructures is provided below regarding the corresponding optical behavior.

II. Optical properties of ZnO Introduction

Optical properties of bulk ZnO materials and nanostructured particles have been studied by photoluminescence (PL) spectroscopy. The dominant part of luminescence spectra of this material has been measured at room temperature. As it was mentioned before, the emission spectrum of ZnO, at room temperature, exhibits the emission band located in the UV domain (λ ≈ 360 to 380 nm i.e. 3.18 to 3.43 eV) which is attributed to the excitonic recombination and/or a large emission band centered at λ≈500-600 nm i.e. 2.07 to 2.48 eV which is attributed to the crystal and surface defects [16][17]. Low temperature (including helium temperature) PL investigations have been performed for a better understanding of the emission origin. In this paragraph, an introduction concerning the nature of UV and visible emission in ZnO is provided.

II-1. UV emission of ZnO

Photoluminescence emission of ZnO in the UV region could be explained by the "excitonic model" which is developed for the explanation of optical properties of direct gap-semiconductors [18]. At The other characteristic constant of excitons is the excitonic binding energy or Rydberg energy (Ry * ) (eq. 1). In ZnO, Ry * is about 60 meV [19]. The total energy of free exciton (Eex) depends on the main quantum number nB and translational vector K. The total energy of exciton is decreasing with increasing quantum number. Ionization of exciton takes place when its quantum number is

going to continuum (Figure I-5-B) [18]. * 2 2 2 ( , ) 2 
y ex B g B R E n E n M     K K (eq. 1)
With Eg the band gap energy, nB-1, 2, 3 …the main quantum number, ħ the Plank's constant, M the translational mass of the sum of effective electron-electron and electron-hole masses. Eq. 2 shows that free excitons can have different energies, thereby different types of excitonic emissions can be observed. Free excitons into the crystal lattice can also interact with phonons and polaritons.

Exciton-phonon interaction takes place due to the moving of the excitons through the potential field which is created by vibrations of crystal lattice i.e. phonons. Interaction of excitons with phonons has also an emission called, for example, longitudinal-optical (LO) phonon replica. The other type of exciton associated emission which is observed for ZnO at low temperature is related to the bounding of excitons with some centers, impurities or defects which can be present in the crystal such as ionized or neutral donors (D + , D 0 ) or neutral acceptors (A 0 ). These boundings are forming the so-called D + X, D 0 X and A 0 X bound-exciton complexes (BEC) [21][22]. BEC The increase of the density of excitons which can be obtained through the excitation of the materials by, for example, short and intense laser pulses can induce new phenomena. This is known as "High Excitation Effect" [19]. The processes which take place under the increase of exciton density are shown in Figure I-10 [18]. At low density regime there are free excitons and bound exciton complexes (consider above). At intermediate density regime there are new processes such as elastic/inelastic excitonic scattering. Excitons can scatter elastically under energy and momentum conservation (eq. 2) [18].

2 12 2 1 ( 1, 0) (1 ) b pn x B x i i Bf E n E nM        k k k (eq. 2)
With Ex the energy of the exciton ground state, M the translational excitonic mass, k the wavevector. In the case of inelastic scattering one exciton is scattered to the higher energy state with the main quantum number nB=2, 3, 4 … or to the continuum i.e. could be ionizated until electron and hole. The other exciton, in this case, could be scattered down and leaves the sample as a luminescence photon (Figures I-11-A and B) [18]. The other process which takes place at low temperature and intermediate excitation density regime is the formation of biexciton as an analog of hydrogen or positronium molecule. This process can occur by the collision of two free excitons or by the absorption of two photons starting from crystal ground state or from absorption of one photon by free exciton. In the case of the formation of biexciton from two free excitons the binding energy of two free excitons should be dissipated to the formation of biexciton in the form of a phonon or photon emission. The formation of biexciton by the absorption of photon by one free exciton is called induced absorption [18]. It occurs at a photon energy which is shown in eq. 3:
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With Ex the total energy of exciton and Exx the total energy of biexciton. processes which occur under increasing excitation densities of the beam at low temperatures [24].

At low excitation density regime, the formations of the BEC are presented. At the intermediate excitation density regime P-band (inelastic scattering of the excitons) is indicated around 3.32 eV.

At high excitation density regime, one unstructured emission band has been observed. This band is called the M-band. M-band is explained as a radiative recombination of a BEC under emission of the acoustic phonons. 

II-2. Visible Emission of ZnO

PL spectra of ZnO nanostructures have a number of different bands in the visible spectral domain at room temperature. These bands could be attributed to the PL emissions of different types of crystal and surface defects. A number of emission lines have been reported at 405, 420, 446, 466, 485, 510, 544, 583 and 640 nm [16]. The natures of the electronic levels of the defects have been calculated by a number of groups. One example is illustrated on Figure I-13 [25][26][27]. Green emission is one of the most observed defect emissions in ZnO nanostructures [16]. Green emission usually appears at 2.5 eV in undoped ZnO. In some studies, this type of PL emission in undoped ZnO has been attributed to copper impurities [28]. Moreover, green emission is also reported in Cu doped ZnO nanowires [29]. However, the attribution of the nature of green emission to copper impurities cannot explain the defect emission in all ZnO nanostructures especially where defect emission exhibit very strong dependence on annealing temperature and atmosphere which would be more consistent with the other types of intrinsic defects than Cu impurities. The other explanation of the nature of green emission band in ZnO has been proposed by Lin et al. [29] as antisite oxygen, this conception was based on band structure calculations. There are also a number of studies which propose some other propositions concerning the nature of green emission in ZnO nanostructures such as intrinsic defectsdonor-acceptor transitions [30], zinc vacancy [16],

surface defects [31] and recombination at Vo •• . In the last case, these Vo •• centers appear due to surface trapped photogenerated holes, followed by recombination with electron in an oxygen vacancy Vo • . The singly ionized oxygen vacancy Vo • is the most cited proposition. For example, green emission of ZnO is increasing during annealing at temperature above 600 ˚C [32]. Such behavior was attributed to out-diffusion of oxygen atoms and as a result concentration of oxygen vacancies is started to be higher [28,31]. The donor-acceptor transition hypothesis used to explain the green emission has also been challenged [33]. On the other hand, while the Zn vacancy hypothesis is supported by the study of the effect of O and Zn ions implantation [16], a blue rather than green emission would be expected based on the theoretically predicted energy levels for Zn vacancy [26]. The influence of surface defects on the green PL emission in ZnO has been investigated by a number of studies [31,[34][35][36][37]. For example, Gong et al. [36] have studied the optical properties of colloidal-synthesized spherical ZnO nanoparticles prepared with from 1octodeceine (OD) and different ration mixtures of OD -trioctylamine (TOA) and trioctylphosphine oxide (TOPO). It has been shown that green PL luminescence of ZnO samples from the mixture of TOA/OD and TOPO/OD is largely suppressed compared with that from pure OD. The green emission band is situated due to oxygen vacancies which are located on the surface of ZnO nanoparticles. By modifying surface states (achieved by introducing TOA and TOPO to the regular solvent OD), the green emission band can effectively be quenched. In this study, room temperature PL spectra of ZnO spherical nanoparticles exhibit the near-band-edge UV emission, and the defect related green luminescence is only observed for the small spherical nanoparticles .

Such behavior shows that the green emission is associated with defects near the surface, and thus it is quenched with the increasing of the diameter. Polarized luminescence measurements from aligned ZnO nanorods also show that green PL emission could be originated from the surface of ZnO nanorods [38]. Yellow defect emission at ~2.1 eV is also one of the commonly reported visible emissions in ZnO nanostructures [16,[39][40][41]. This type of PL emission usually situated in the ZnO samples prepared by the aqueous solutions of zinc nitrate and hexamethylenetetramine [40][41][42]. Yellow PL emission in ZnO nanostructures is usually attributed to the oxygen interstitial. The Li-impurities is also could be an explanation of this emission [41]. The deep levels responsible for green and yellow emissions are different [41][42]. Yellow emission in ZnO is not located at the surface instead of green emission [44]. The orange-red emission which is situated at ~1.75 eV is also observed in ZnO nanostructures [27,[44][45]. Moreover, yellow and orange-red emissions can have similar deep levels but different initial states (conduction band and shallow donors) [46]. These two visible emissions can present different dependences on the excitation wavelength [47]. Fan et al. [44][45] reported that the visible emission in ZnO nanowires and nanosheets consisted of two components and has a maximum at ~540 and ~610 nm. The emission in ZnO nanosheets has been attributed to surface dislocations [45]. Some the other attributions of orange-red PL emissions have been done

for different ZnO nanostructures. For example, the emission at ~626 nm on ZnO nanorods was attributed to oxygen interstitials [43] and the orange emission at the region 640-650 nm in ZnO needles and nanowires to zinc vacancies [48][49]. The different hypothesizes for the visible emission in ZnO nanostructures have been applied by Djurišić et al. [49]. They reported the investigations of defect emission before and after annealing at different temperatures of three types of ZnO nanostructures such as shells, needles and rods. These ZnO nanostructures emit three for both excitation wavelengths, have a blue shift with increasing temperature. ZnO nanorods in this study were prepared by hydrothermal method and yellow emission in this case could be attributed to Zn(OH)2 or OH groups, instead of the commonly assumed interstitial oxygen defects.

On the other hand, ZnO needles exhibit different behavior. As it is shown in Figure I-15 E and F, orange-red emission is decreasing with temperature increasing under 325 nm excitation. In the case of 390 nm excitation two emission peaksblue and green appear at low temperature. The emission of the blue peak decreases with temperature increasing and finally this peak disappears at 200 K, while that of the green peak remains the same. The different PL bands were attributed to multiple negative charged defects.

ZnO nanostructures can exhibit different types of PL emission in the visible domain of spectra.

The most common and often visible emission in this material is green emission. This type of visible emission is most controversial and there are a number of hypothesizes which could be applied for the explanation of this phenomena. Therefore, the origin of the green emission is still an open question and the real nature of this emission requires further study.

Introduction

In the last decades, a number of synthetic methods have been reported for the preparation of ZnO nanostructures with different physico-chemical characteristics in term of size, size distribution, morphology and optical properties. In respect to the optical properties of ZnO nanostructures, the synthetic techniques could be divided in three different approaches such as high temperature gas phase methods, low temperature liquid phase methods and still supercritical fluids. The high temperature gas phase methods allow obtaining high quality ZnO nanostructures due to its high operating temperature. ZnO nanostructures mainly demonstrate a high and efficient UV photoluminescence; however the size and morphology control of ZnO nanostructures is a difficult in this approach. Low temperature liquid phase approach allows producing ZnO nanostructures with well controlled size and morphology due to the invitation of different surfactant systems. On the other hand, the low operation temperature of this approach leads to different surface and bulk defects and as a consequence, a strong visible emission appears in PL spectra. The third recent approach namely "supercritical fluids" route has been developed at ICMCB. This approach allows obtaining ZnO nanocrystals with an efficient UV emission; this method couples the advantages of liquid phase approach for the design and high temperature approach for the crystallinity. This section provides some of the most representative examples of the synthetic techniques reported in literature for designing of ZnO nanostructures with regard to their optical characteristics.

III-1. High temperature gas phase approach

High temperature gas phase approach for the synthesis of ZnO nanomaterials includes several methods such as mainly chemical vapor deposition (CVD) and physical vapor deposition (PVD).

CVD is one of the common growth methods for bulk ZnO [50], thin films [51], nanowires and nanorods [52]. This method is based on spraying of molecular compound of Zn 2+ such as zinc acetylacetonate [53] and also spraying of Zn using a reduction of ZnO by different reduction agents [54][55][56]. In a CVD method, the precursor is transported via the vapor phase to the reaction chamber and adsorbed on a heated substrate followed by decomposition of the precursor forming nanostructures or films. This system is heated to the high temperature to cause pyrolysis of the precursor and oxide formation. In this process, a vapor liquid solid (VLS) mechanism is the most usable technique to construct nanowires and nanorods. In a typical VLS process, a metal catalyst is forming eutectic liquid droplets determining the diameter and the growth direction of the target nanorods because the size of these droplets is unchanged during the process. For example; Huang Huang reported that Zn vapor was generated using carbothermal or hydrogen reduction of ZnO.

ZnO nanowires were grown on Au-coated silicon substrates by heating a 1:1 mixture of ZnO and graphite powder to 900-925 °C under a constant flow of argon for 5-30 min.

PVD is another widely used high temperature gas phase technique, which is very similar to the CVD method except that vapor phases undergo chemical reactions. A typical PVD process concludes a physical evaporation of the vapor species afterwards; the vapor species are transported and condensed on a substrate which is placed in the hot zone of the furnace. The material is moving through the energetic and entropic environment and deposed from its surface. The vacuum in deposition chamber allows particles to move freely. An electric resistance heater is used as a thermal evaporator to melt the material in order to produce vapor. The vapor is thermodynamically diffusing to the substrate in a high vacuum in order to avoid any reactions with or scattering of other gas atoms in the chamber. For example, Tigli and Juhala [START_REF] Tigli | Conference on Nanotechnology[END_REF] have applied PVD for the 

III-2. Low temperature liquid phase approach

Aqueous solution growth is a well-known methodology for the synthesis of metal oxide nanoparticles; this technique is also called precipitation method. The wide range of metal oxide nanoparticles such as Fe3O4 [60][61][62][63][64][65][66][67], Fe2O3 [68][69][70], TiO2 [71] and ZnO [72] have been synthesized by this method.

This methodology is based on precipitation in aqueous solution of different precursors such as chlorides, nitrates, sulfates by adding bases. This method includes the simultaneous occurrence of the nucleation, growth, coarsening and/or agglomeration processes. These processes which are participating to the whole reaction could be modulated by a stabilizing agent.

Jolivet et al. [73] have reported the formation mechanism of metal oxide nanoparticles in precipitation process. According to these authors, the metal cations issued for the dissolution of metal salts in aqueous solution can form two different complexes, such as aqua ([M(OH)h(OH2)Nh] (z-h)+ ) and oxo complex ( [MON-h(OH)h) (2N-z-h)-. Condensation of aqua complexes proceeds by olation with elimination of water and formation of hydroxo bridges:

(eq. 4)

For oxo complexes where is no water molecule in the coordination sphere of the complex therefore these complexes do not have leaving groups. In this case, condensation has to proceed via a twostep associative mechanism leading to the formation of oxo bridges:

(eq. 5)

Aqueous solution growth of highly oriented ZnO nanowires and other nanostructures has been reported by many authors (Table I Aqueous solution growth is the low temperature method for the synthesis of various metal oxide nanostructures including ZnO. This methodology allows controlling morphology of ZnO nanostructures by the changing operating parameters such as the nature of precursors, pH, temperature, solvent etc. This method also allows inviting different surfactant systems for the stabilization of the final nanomaterials. A wide range of morphologies of ZnO nanoparticles could be obtained playing with the operating temperature of the process and with the concentration and/or the nature of surfactants.

Another low temperature liquid phase technique is water-in-oil (W/O) microemulsions (also called "reverse micelle solution") which are transparent, isotropic, thermodynamically stable liquid media. In this method, fine microdroplets of the aqueous phase are trapped within assemblies of surfactant molecules dispersed in a continuous oil phase. The surfactant-stabilized microcavities (typically in the range of 10 nm) provide a confinement effect that limits particle nucleation, growth and agglomeration [87].

For example, Singhal et al. [88] have applied this strategy for the synthesis of ZnO nanoparticles.

The principle of this method lies in the preparation of two different microemulsions. First emulsion is constituted of microdroplets of zinc precursors (zinc acetate, zinc nitrate, zinc sulfate) in water which are stabilized by surfactant molecules in a continuous oil phase. Second emulsion usually contains water microdroplets of bases such as ammonium hydroxide in the same continuous oil phase. These two microemulsions are mixed together in order to precipitate Zn(OH)2. Zinc hydroxide can be easily decomposed to ZnO nanoparticles by heating at the temperature of 398 K [89]. Also, the other bases can be used in this method. For example, a large number of ZnO nanoparticles with different morphologies such as sticks, triangles and circles have been obtained by using trioctylamine as base [90][91][92]. In addition, the inverse microemulsions method is a particular case of the aqueous solution growth for the synthesis of the nanomaterials. The mechanism of the formation of nanostructures is similar in both cases. The formation of the metal oxide nanoparticles is going by the precipitation into micelles playing the role of "nanoreactors". The most important point of the inverse microemulsions is that the size of the droplet can determine the size of the final nanoparticle.

Thereby, the principle control of the size and size distribution of the nanomaterials can be provided by the size control of the emulsion droplets. As in the case of aqueous solution growth, microemulsions method has many possibilities to provide the morphology control of nanomaterials playing with the operating parameters of the process.

Another low temperature technique for the synthesis of ZnO nanostructures is the organometallic method. This method is based on the decomposition of the metal-carbon bonds of organometallic precursors. The decomposition of metal-carbon bond usually takes place by oxidative agents such as O2 and H2O which are present in the reaction media. High energy of metal-carbon bonds makes these reactions exothermic. Thereby, metal oxide nanoparticles can be prepared at low temperature. In the first step, the decomposition of the organometallic precursor gives molecular complex which can grow. Finally, these nuclei evolve by two different ways such as absorptions of atoms on the core or clusters coalescence.

The organometallic method was adopted for the synthesis of ZnO nanoparticles. ZnO nanocrystals have been obtained by the decomposition at 250°C of zinc (II) 2-ethylhexanoat in diphenyl ether and in the presence of amines as surface capping agents [93]. Choi et al. [94] have reported the synthesis of hexagonal pyramid-shaped ZnO nanocrystals by using hydrolysis of Zn-oleate complex. This complex can be easily prepared from ZnCl2 and sodium oleate. Chen et al. [95] have demonstrated the growth of ZnO triangles through the reaction of Zn stearate with excess amount of alcohol in hydrocarbon solvents (noncoordinating solvents) under elevated temperatures. Organometallic precursors, which are based on cubane structures [96], have also been used for the synthesis of ZnO nanoparticles [97]. Thermolysis of alkyl-alkoxyzinc nanoparticles while, no effect is observed when Na co-precursor is used. Indeed, spherical nanoparticles were observed when Li co-precursor was added while; nanorods were formed with Na co-precursor as already observed in the same experiments without using alkali-metal containing precursors. In addition, organometallic method allows production of ZnO nanostructures with a small size and narrow size distribution with different morphologies. The small size of the nanoparticles obtained with this method can be explained by the specific mechanism of nanoparticles formation i. e. nucleation due to the decomposition of high energy carbon-metal bounding.

Another very often used liquid phase technique for the synthesis of ZnO nanostructures is the solgel method. Sol-gel is a well known chemistry for the synthesis of metal oxide nanoparticles.

Regardless of the type of the metal oxide particles, this procedure involves several steps: ( 

Zn -OH + Zn -OAc = Zn -O -Zn + HOAc (2)

Zn -O -Zn + H2O → Zn -OH + Zn -OH (3) 
The morphology of ZnO nanoparticles can be changed during the synthesis. For example, Pacholski et al. [109] show spherical particles of ZnO which were prepared by the decomposition of zinc acetate in an alcoholic medium in the presence of KOH, but after the refluxing of the mixture for a few hours, spherical nanoparticles are transformed to nanorods. In addition, sol-gel method is a simple, green and cheap technique for the production of a big scale of ZnO nanomaterials. This method allows obtaining ZnO nanostructures with small size, narrow size distribution and also to control the size of nanoparticles by the storage or temperature etc.

Another very often used liquid phase technique for the synthesis of ZnO nanostructures is solvo/hydrothermal method. This technique allows preparation of ZnO nanoparticles with size larger than 100 nm. Usually, these reactions are carried out in the autoclaves and batches in order to achieve higher temperature then boiling point of the solvents. This method was adopted for the synthesis of ZnO nanoparticles with different types of morphologies (Table I-2). obtained crystalline ZnO powder by the decomposition of Zn(NO3)2 in the presence of ammonia base using different operating temperatures such as 100, 150 and 200 ˚C for 2 hours. In this study, the growth of ZnO nanoparticles was investigated as a function of temperature and pH. Also, ZnO nanoparticles were prepared using zinc chlorate and sodium hydroxide in a hydrothermal growth process using different organic template agents [119]. Some changes in morphology of ZnO nanoparticles were observed. For example, the rod-like ZnO nanoparticles have been transformed

to polyhedral-like structures increasing temperature. Also, it was shown that morphology of ZnO nanoparticles depends on the nature of an organic template when temperature was maintained at 160 ˚C. Musić et al. [120] have reported a simple procedure of ZnO nanoparticle preparation using tetramethylammonium hydroxide as a precipitation agent at pH~14. Solvo-and hydrothermal method of ZnO nanostructures growth allows to prepare a wide range different size and shape nanoparticles due to variations of nature of precursor, bases, pH and also by adding of surfactant agents. Playing with different solvents could also change the morphology of final ZnO nanoparticles.

As it was discussed above, high temperature gas phase and low temperature liquid phase approaches for the fabrication of ZnO nanostructures have their specialties such as high operating temperature used in high temperature gas phase approach which leads preparation highly crystalline ZnO nanostructures and possibility to use different surfactant systems in low temperature liquid phase approach allows having good size and morphology control of ZnO nanostructures. However, a poor size and morphology control in the case of high temperature gas phase approach and low crystallinity of the material obtained using low temperature liquid phase approach make it difficult to obtain ZnO nanostructures with a various size and morphology keeping good crystallinity i.e. high optical quality. Recently, the synthetic approach based on supercritical fluids was developed for the fabrication of ZnO nanostructures. This approach allows production of ZnO nanostructures with high crystallinity thanks to high operating temperature and their good size and morphology control due to a possibility to invite different surfactant systems.

All details concerning this approach are discussed in next section of this paragraph.

III-3. Supercritical fluids approach

Supercritical fluids (SCFs) were applied to the synthesis of nanomaterials at the beginning of the 1990s. This technique is based on the specific properties of the fluids in supercritical conditions.

A fluid started to be supercritical when it reaches the critical temperature (Tc) and pressure (Pc).

Supercritical domain of the fluids combines both characteristic properties of a liquid and gas. Since the beginning of the 1990s, Supercritical fluids offer continuous, scalable, fast and facile routes towards well-crystallized tailor-made oxide nanoparticles. This method has already been used to synthesize various inorganic materials (metals, semiconductors, nitrides, oxides, etc.) with controlled size, complex shapes and compositions. In the last 20 years, the use of supercritical They also used to change the diameter of the reactor's flow tube from 0.15 up to 2.38 mm. In this case the size of ZnO nanoparticles was increasing form 23 up to 57 nm. They attribute this changing in size of nanoparticles to the increase in heat-up time from the mixing point of Zn(NO3)2

and KOH to the mixing point with preheated water.

The organic solvents could be more usable as supercritical fluids than water for the synthesis of ZnO nanostructures due to their lower critical points (T, P). For example, Veriansyah et al. They were using oleic and decanic acid as surfactant. It was found that the surfactants changed the size and morphology of ZnO nanoparticles. When the molar ratio of oleic acid to Zn precursor was 30, 10 nm size ZnO nanoparticles with low degree of aggregation were produced. It was also noted that the use of supercritical methanol and the surfactants changes the shape and size of nanoparticles. For example, nanorods shape particles with a clear faced were obtained when supercritical water was used whereas spherically shape particles with 130-360 nm in diameter were obtained with supercritical methanol. Synthesis of ZnO nanoparticles with different size and shape in supercritical water and methanol using oleic acid as surfactant was also reported by Han et al.

[142]. They have shown that with the absence of surfactant, ZnO nanoparticles with a mean diameter of 15 nm formed secondary aggregates with a diameter about 150 nm, while interstitial zinc and oxygen vacancies were found to be a major defect. On the other hand, in the presence of oleic acid they form isolated nanoparticles with a mean diameter of 10 nm without interstitial zinc.

ZnO nanoparticles obtained by supercritical water had nanowires shape. In addition, SCFs approach allows the preparation of a high quality ZnO nanomaterial with a good control of size and morphology of this material. It should be noted that the continuous methods in SCFs approach allow obtaining of the material with a very low production time, for example, as in the case of Roig production time is only 10 s.

In conclusion, supercritical fluids approach is very promising technique for the fabrication of high crystalline ZnO nanostructures with controlled size and morphology. This can be achieved due to the combination of the properties which inherent for traditional approaches as high temperature gas phase and low temperature liquid phase approach. From one point, high operating temperature used in SCFs leads to high crystallinity of the material while; from the other point, still liquid phase allows inviting different surfactant systems in order to control size and shape of the nanomaterial.

As it was mentioned before, the synthetic methods developed for the fabrication of ZnO nanostructures could be divided in three approaches regarding to optical properties of this material.

The evolution of optical properties of ZnO nanostructures as a function of the synthetic approach is demonstrated in next paragraph of this chapter.

IV. Evolution of optical properties of ZnO nanostructures as a function of the synthetic approach Introduction

As it was discussed in the previous section of this chapter, ZnO nanostructures exhibit two types of PL emission in UV and visible range of the spectrum. The physico-chemical characteristics of ZnO nanostructures such as size, shape, crystallinity etc. play an important role in determining the optical properties of these nanostructures. ZnO nanostructures can be prepared with various physico-chemical characteristics depending on the applied synthetic method. For example, low temperature liquid phase approach allows preparation of ZnO nanostructures with a large dispersion of sizes and morphologies, while high temperature gas phase approach allows improving crystallinity of this material thanks to high operating temperature used in this method.

However, ZnO nanostructures obtained using both these approaches demonstrate mostly two types of PL emission in UV and visible part of PL spectra. Regarding this, it is a big challenge to develop synthetic method which allows obtaining ZnO nanostructures with high and efficient UV emission only in their PL spectra. This section provides some discussions concerning the optical properties of ZnO nanostructures obtained using different types of synthetic approaches.

IV-1. Characteristic optical properties of ZnO nanostructures obtained by high temperature gas phase approach

The size and morphology control of ZnO nanostructures in high temperature gas phase approach is poorer than in the case of low temperature liquid phase methods. High temperature gas phase approach allows obtaining ZnO nanostructures with mostly rod-like morphology. The-Long Phan As it was discussed before, PVD method was also applied for the synthesis of ZnO nanostructures. In conclusion, ZnO nanostructures obtained by high temperature gas phase approach demonstrate high crystallinity thanks to high operating temperature used in this method. High crystallinity allows avoiding bulk defects. This leads to the appearance of high intensive UV emission in PL spectra. ZnO nanostructures obtained by high temperature gas phase approach still have a visible emission originated from surface defects which contribute due to high surface area. However, the intensity of the visible line is decreasing with decreasing of surface-to-volume ratio.

Optical properties of different

IV-2. Characteristic optical properties of ZnO nanostructures obtained by low temperature liquid phase approach

As it was mentioned before, ZnO nanostructures obtained using low temperature liquid phase approach also demonstrate two types of PL emissions in their PL spectra. Room temperature PL spectra of spherical ZnO nanoparticles with a crystalline size of 5 nm obtained using coprecipitation method (aqueous solution growth) at 53 ˚C have been measured by Kripal et al. [149].

They observed UV emission peak at 395 nm and also more intensive visible emission lines attributed to zinc interstitials and oxygen vacancies. Shinde et al.

[150] have studied room temperature PL spectra of ZnO nanopowders synthesized by co-precipitation method followed planetary ball milling of the nanopowder in order to reduce nanoparticle size. In this report, ZnO nanopowders were precipitated using zinc chloride and aqueous ammonia as starting materials at room temperature, the precipitate was annealed at 500 ˚C to remove hydroxyl groups and to form stable ZnO powder. This powder employed further planetary ball milling for 450 rpm for 0 h, 3 h Initially, ZnO nanoparticles obtained without adding PVP exhibit a weak UV emission at 365 nm and strong green band at 530 nm. However, the UV emission peak increases in intensity with adding PVP and started to be dominant at optimal Zn/PVP molar ratio equal to 5/3. The quenching of the green emission with the increase of PVP concentration takes place due to the interaction between PVP and ZnO nanoparticles surface avoiding surface defects in ZnO. In conclusion, as it was discussed in the previous paragraph, ZnO nanostructures fabricated using low temperature liquid phase approach exhibit small size and various morphologies thanks to different surfactants systems invited in this approach. A small size of the nanostructures makes a large surface area and low operating temperature and results in a poor crystallinity of these nanostructures. This makes a large number of surface and bulk defects in ZnO nanostructures resulting in a strong visible PL emission in their PL spectra, while UV emission is less intensive or fully quenched. As it is shown in literature, there are some methods which allow improving a quality of ZnO nanocrystals leading to the reducing of the visible emission. However, according to the best of our knowledge, there is no reported fabrication of pure UV-emitting ZnO nanostructures by low temperature liquid phase approach.

IV-3. Trends in optical properties of ZnO nanostructures obtained by supercritical fluids approach

As it was discussed above, supercritical fluids approach is a recent developed method for the synthesis of ZnO nanostructures. This approach combines a relatively high operating temperature, as it is typical for high temperature gas phase approach, creating high crystallinity of the From the other point, small size makes a large surface area in these nanocrystals; this should lead to the appearance of a large number of surface defects as it was observed for ZnO nanostructures fabricated by high temperature gas phase and low temperature liquid phase approaches. However, the absence of any type of the visible emission shows that surface defects are also absent. The synthesis of such ZnO NCs was developed thanks to an original experimental continuous setup based on supercritical microfluidics [2]. Through an advanced control of the operating parameters such as temperature, pressure and residence time, this original co-flowing microfluidic process has allowed developing the chemistry and the process for the formation of these high quality ZnO NCs. However, the production rate of ZnO NCs with this microfluidic set-up remains very low, only a few mg per hour. Moreover, such material quantity is not enough for deep physico-chemical characterizations of these interesting ZnO NCs and also for their applications.

Therefore, it is a critical to produce larger quantities of high quality ZnO NCs. According to this, the scaling of the supercritical fluids process from micro-up to milliscale was necessary and was the first objective of this Ph.D. work. It is important to underline that this objective will allow proposing an efficient synthesis method coupling continuous micro-and millifluidics supercritical synthesis for development of the advanced materials.

First of all, this chapter presents the development of the experimental set-up for the increasing of the production rates of ZnO NCs (up to gram scale of ZnO NCs in ethanol/water dispersion per day) and the investigation of the influence of reactor dimensions and associated hydrodynamics on the characteristics of ZnO NCs. In a second point, a deep characterization and the morphology control of ZnO NCs are presented. 

I. Experimental set-up for the synthesis of ZnO NCs through

SCFs route and associated procedures

II-2. Raman spectroscopy

Raman spectra were measured using a Thermo scientific DXR micro-Raman spectrometer with a 532 nm excitation wavelength and a laser power of 10 mW at room temperature. The samples for Raman measurements were prepared by depositing a small quantity of powder on a glass plate.

Raman measurements have been carried out, in particular, thanks to a collaboration with Michel Couzi (IMS, University of Bordeaux).

II-3. High-Resolution Transmission Electron Microscopy

High-Resolution Transmission Electron Microscopy (HRTEM) observations were performed using a JEOL 2200 FS equipped with a field gun emission, operating at 200 kV and with a point resolution of 0.23 nm. HRTEM was also applied for the investigation of the sample structure by the electronic diffraction. The lattice spacing of the crystallographic planes was calculated following the equation:

1 2/ D d  (eq. 2)
with, D the measured distance and d the real lattice spacing. Samples for HRTEM measurements were prepared by dropping the NCs powder dispersion on a copper carbon grid. All high resolution measurements were done in collaboration with Sonia Buffière (PLACAMAT).

II-4.Thermogravimetry analysis

Thermogravimetry analysis (TGA) was carried out using a Pyris TM 1 TGA analyzer (PerkinElmer) at a heating rate of 6 °C•min -1 in the temperature range of 20-600 °C under N2 atmosphere. TGA measurements were performed by Philippe Dagault (ICMCB).

II-5. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared spectra (FTIR) were performed using a Bruker FTIR Infrared spectrometer for achieving absorption and reflection from 7500 to 4000 cm -1 . The sample powders (a few mg) were mixed with KBr and deposited on a steel support. FTIR measurements were realized with the help of Alexandre Fargues (ICMCB).

II-6. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) spectra were measured with an ESCALAB 220iXL from VG, a X-ray source TWIN Mg (1253.6 eV) and a scanning power of 150 eV. The analyzed area is a circle with a diameter of 150 μm. High resolution spectra were measured with an energy Ep of 40 eV. The samples were prepared by pressing a small amount of powder on indium foils. Spectra were exploited with the AVANTAGE software from Thermo Fisher Scientific. XPS measurements were performed in collaboration with Christine Labrugère (PLACAMAT).

II-7. Photoluminescence Spectroscopy

The emission and excitation spectra were measured with a JobinYvon SPEX fluorolog212 equipped with a double monochromator and a xenon lamp. Excitation and emission wavelengths are selected by two double monochromators of focal distance 22 cm with a Czerny-Turner configuration. A first monochromator selects the wavelength of the light coming to the sample while the emitted light from the sample is filtered by the second monochromator. The emission signal is detected and amplified by a photomultiplier Hamamatsu R928 cooled by Peltier effect.

Emission spectra are systematically corrected from the spectral response of the system with the correction file taking into account the variations of the transmission of the monochromator as well as the response of the photomultiplier. Excitation spectra are corrected from the emission profile of the lamp with a system detecting the intensity of the excitation light, which is composed by Rhodamine Beta and a photomultiplier, located just after the excitation monochromator.

The low temperature PL measurements were carried out using a double chamber cryostat. The first chamber is pumped in order to reach a high vacuum (10 -7 mPa), while a second chamber contains the sample in a stream of low temperature helium gas obtained through the vaporization of liquid helium in a capillary wrapped around a heating element, which regulates the temperature. A pumping system ensures the circulation of helium gas allowing low temperature measurements from 4.5 K to room temperature. In order to measure PL spectra from low to room temperature, the sample was put in contact with a bronze sample holder allowing temperature control between 4.5 and 300 K. A thermal probe was also linked to the sample. Samples for PL measurements were prepared by dropping the nanoparticles powder dispersion on a quartz plate. The quartz plate with a deposited powder was dried for a few hours at 50 ˚C.

III. Scaling-up continuous supercritical fluids based set up for the synthesis of UV-emitting ZnO NCs

In order to produce a larger quantity of ZnO NCs the scale up of the reactor was studied. The scale up strategy was based on the increasing of reactor channel diameter from micro-up to millifluidic dimensions in order to obtain a larger production rate of ZnO NCs keeping the same NCs characteristics. Table II-1 shows the dimension of four different reactors systems namely C1, C2, C3 and C4, which have been developed in this study allowing switching from micro-(C1-C3) up to millifluidic reactors (C4). As it can be seen from Table II-1, in the case of microreactors, the production rate is very lowfrom 3 mg (C1) up to 30 mg of ZnO NCs per hour (C3), whereas the production rate in the case of C4 millireactor can reach 100 mg/h (up to 1 g in ethanol/water dispersion per day). ZnO NCs obtained using microreactors could be characterized only by TEM, Raman and photoluminescence (PL) spectroscopy due to small quantities. However, ZnO NCs produced using C4 millireactor can be characterized deeply due to larger available quantity of this material.

Thereby, all characterization techniques started to be available for the investigation of ZnO NCs such as X-ray powder diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR), Thermogravimetry analysis (TGA) and X-ray Photoelectron spectroscopy (Table II-1). This was very important to have the opportunity to deeply characterize these UV-emitting ZnO NCs.

As it was described before, ZnO NCs have been prepared Thereby, according to literature (Table II-2), the band with a maximum between 433-436 cm -1 can be attributed to a E2-high nonpolar optical mode of würtzite ZnO; this mode is active in all samples and exhibits the most intensive and narrow band. The band with a maximum between 411-417 cm -1 can be attributed to E1 polar mode of ZnO würtzite structure, while the band at 576 cm -1 , which can be attributed to A1(LO) polar longitudinal phonon mode, is visible only in the case of the samples obtained with C3 and C4 type of reactors.

Thereby, all observed Raman bands can be attributed to würtzite type structure of ZnO confirming that the samples obtained with C1-C4 co-flow reactors exhibit hexagonal würtzite structure of ZnO. 

IV. Deep characterization of UV-emitting ZnO NCs

As it was shown in the previous section, the scale up of continuous supercritical fluids based set- The strong absorption peak centered at 3500 cm -1 is attributed to the stretching vibrations of -OH groups. The absorption peaks at 2929 cm -1 , 2856 cm -1 are stretching vibrations of methylen groups (-CH2) which are originated from TOP. The peaks located at 1587 cm -1 and 1390 cm -1 could be attributed to carboxylate ions (COO -) and function which can form COO-Zn bound and acetylacetonate on the surface of ZnO NCs. The absorption peaks at 1049 cm -1 could be attributed to C-O and/or P=O stretching vibrations. Therefore, FTIR analysis shows that OH, acetylacetonate functions and also TOP molecules can be found at the surface of ZnO NCs.

For further surface characterization XPS measurements were performed on the sample obtained with the C4 reactor (Figure II-9). XPS analysis is in good agreement with FTIR data confirming the presence of phosphorous functions at the surface of ZnO NCs from TOP and also trioctylphosphine oxide (TOPO), which could be formed through the oxidation of TOP by hydrogen peroxide or water during the ZnO NCs synthesis. As it was mentioned before, ZnO NCs were obtained with C1-C4 reactors with the same operating parameters such as temperature, pressure, flow rates ratio and concentrations of Zn(acac)2•H2O, H2O2 and TOP. Thereby, the difference in ZnO NCs morphology could be explained through the influence of hydrodynamics depending on reactor channel dimension [1,9].

The hydrodynamic regime of our supercritical continuous reactor can be characterized by two main parameters such as the fluid velocity ratio -RH and the Reynolds number -Re. RH determines the shape of the internal flow (since the same fluid is injected internally and externally) and can be calculated by the following equation: The higher TOP concentration on the co-flow contact point in interaction with the ZnO NCs growth process in the case of C1 and C3 conducts to the formation of triangles and nanorods, respectively, while for C2 and C4 reactors a smaller TOP concentration seems to allow the separation of the nucleation and growth from the functionalization step to obtain only spherical ZnO NCs.

To confirm the hypothesis that ZnO rods and triangles are formed due to the interaction of TOP with ZnO NCs during their growth a new experiment has been carried out. This experiment was performed using the same operating parameters for ZnO NCs synthesis as it was shown previously Many reports have shown that the morphology of ZnO nanostructures can be controlled by the addition of a surfactant during the synthesis [11][12][13][14]; this is in agreement with our observation in this study with the formation of different shapes of ZnO NCs such as triangles, hexagons and rods.

It should be noted that, these shapes are characteristic of hexagonal structure of ZnO phase. This experiment shows that ZnO NCs morphology can be controlled by changing TOP ligands concentrations through the process hydrodynamics. Another key parameter of our process is the concentration of H2O2, H2O2 being the "initiator" of the precursor transformation.

V-2. Hydrogen peroxide concentration effect on ZnO NCs size and morphology

The evolution of size and morphology of ZnO NCs has been investigated as a function of H2O2 concentration. For that, ZnO NCs samples namely H1, H2, H3 and H4 were prepared with [Zn 2+ ]/[H2O2] ratios equal to 1/0.5, 1/1, 1/2 and 1/3, respectively, without using TOP. All the other operating parameters such as residence time (40 s), temperature (250 ˚C), and pressure (25 MPa) were kept constant using the C4 reactor. Further investigation is needed to put in evidence the influence of particle morphologies on the XRD pattern (relative intensities between XRD peaks could be modified depending on morphology). As it can be seen from TEM and XRD investigations, H2O2 concentration has a significant influence on ZnO NCs size and morphology. At the highest H2O2 concentration ZnO NCs exhibit spherical morphology and very small size of few nanometers for H4, while with decreasing H2O2 concentration the average size of ZnO NCs is increasing up to 35.5 and 37.6 nm for H1 and H2 samples, respectively.

These results can be explained with the theory proposed by LaMer and Dignae [15][16]. Finally, this chapter demonstrates the scale up of the reactors in our supercritical fluids based method for the production of larger quantity of UV emitting only ZnO NCs, a deep characterization of these NCs, and the morphology control. However, as it is known from the literature, ZnO nanostructures usually demonstrates two types of PL emission in UV and visible range of the spectra due to the large surface area. The absence of the visible emission in ZnO NCs obtained with our supercritical fluids method is quite surprising. However, this phenomenon could be explained through the understanding of ZnO NCs formation mechanism in supercritical fluids.

The discussions concerning the formation mechanism is provided in the next chapter of this Ph.D.

Introduction

As previously mentioned in Chapter II, highly crystalline ZnO NCs can be obtained via our continuous supercritical fluids (SCFs) approach. This material demonstrates unique optical properties i.e. a strong UV emission peak while the emission in the visible region of the spectra is totally absent. Such PL properties are usually observed for high quality ZnO single crystals characterized by high crystallinity and low crystal defects. The absence of visible emission in the ZnO NCs obtained with our SCFs approach is quite surprising regarding the literature available on PL properties of ZnO NCs generally characterized with mainly a visible emission associated to surface defects. The understanding of this behavior could be obtained through the investigation of ZnO NCs formation mechanism.

In this context, the main objective of this chapter is to investigate ZnO NCs formation mechanism in our continuous supercritical fluids based process. For this, a key process parameter, the residence time, was studied keeping constant the other parameters. The samples obtained with different residence times were deeply characterized using XRD, Raman, TEM, TGA and XPS techniques. It is very important to mention that in ZnO2 cubic lattices, the distance between two oxygen atoms in the O2 2-pair is equal to 1.47 Å and shorter that one of 2.11 Å between oxygen and zinc ions in ZnO [2]. Raman spectra for the samples synthesized at 30 s and 40 s residence time display two obvious Raman bands at 415 cm -1 and 437 cm -1 corresponding to E1 polar and E2-high nonpolar optical

Raman mode of ZnO würtzite structure [6]. However, the spectra of the samples obtained at lower residence times are different. Both of these spectra exhibit intensive and broad band located at 838 cm -1 . This Raman shift has been observed earlier in ZnO2 nanoparticles [7][8][9][10][11][12]. Uekawa et al. [10] have attributed Raman shift at 838 cm -1 to the stretching vibrations of O-O bond of the peroxo ion (O2 2-). However, Raman spectra of the samples obtained at 6 s and 10 s residence times present also a broad and small intensive band between 395 and 419 cm -1 , which could be attributed to the E1 polar mode of ZnO würtzite structure. The Raman analysis is in good agreement with XRD data. However, in the case of the samples synthesized at 6 s and 10 s residence time, no ZnO characteristic XRD peaks were observed due to a lower sensitivity of XRD in comparison with Raman spectroscopy. This result could show that ZnO2 samples obtained at 6 s and 10 s residence time contains also ZnO phase, at a concentration which could be less than 5 wt.% corresponding to XRD sensitivity.

According to XRD and Raman measurements, ZnO würtzite phase is mainly obtained in experiments with higher (30 s and 40 s) residence times, while a ZnO2 cubic phase is observed for the lower (6 s and 10 s) residence times. These experimental results allow assuming that ZnO NCs could be formed through the intermediate ZnO2 phase formed by Zn(acac)2•H2O transformation in the presence of H2O2 in supercritical ethanol/water mixture. Moreover, it is known that ZnO2 is a compound with a quite low decomposition temperature equal to 200 ˚C [13]. Thereby, ZnO2 intermediate NCs could be thermally decomposed to ZnO in the supercritical reactor used in this work (250 ˚C, 25 MPa).

In order to verify the hypothesis that ZnO2could be an intermediate phase in ZnO NCs synthesis with our supercritical approach XRD measurements as a function of temperature have been performed for the material prepared with a residence time of 6 s (Figure III-4). TEM measurements show that ZnO2 and ZnO nanoparticles have a more or less spherical morphology. The size of nanoparticles is increasing with residence time from 3.4±0.6 nm to 4.6±0.8 nm for ZnO2 nanoparticles obtained at 6 s and 10 s residence times, respectively. The size is still increasing to 12.8 -12.9 nm after the transformation of ZnO2 to ZnO. However, there is no nanoparticles size difference between the nanoparticles obtained at 30 s and 40 s residence times.

This shows that the Zn precursor is completely decomposed after 30 s residence time in the reactor.

The TEM micrographs obtained at high magnification demonstrate a good crystallinity of these nanoparticles which is a characteristic of nanoparticles formed in supercritical fluids.

As it was mentioned before, ZnO2 is a compound with a quite low decomposition temperature. A number of studies of decomposition temperature on ZnO2 at nanoscale are reported in literature [7,[10][11][14][15]. Thanks to TGA, Kim et al. [7] have reported thermal decomposition of ZnO2 to ZnO at 189 ˚C. Uekawa et al. [10] have observed thermal decomposition at 227 ˚C for ZnO2 nanoparticles of about 20 nm, while Sun et al. [11] have observed the decomposition of ZnO2 at about 240 ˚C for nanoparticles of about 100 nm. Prikhodchenko et al. [14] have measured the decomposition of 4-5 nm ZnO2 nanoparticles at 180 ˚C, while Wolanov et al. [15] have observed decomposition of 5 nm sized ZnO2 nanoparticles at about 160 ˚C. This literature data are summarized in Table III-1. Thereby, as it was reported in the literature, the decomposition temperature of ZnO2 nanoparticles depends on nanoparticles size and also the decomposition temperature could increase if ZnO2 nanoparticles are agglomerated [14][15]. In order to investigate the decomposition temperature of our ZnO2 nanoparticles TG analysis has been performed. Figure III-8-A shows the TGA curves for the samples obtained with 6 s, 10 s and wt.% of water, 4.2 wt.% of organics and there is still 10.3 wt.% of undecomposed part. The quantity of this undecomposed part is increasing with residence time. Thereby, the undecomposed part could be attributed to ZnO phase. Therefore, TGA also show the presence of ZnO phase in ZnO2 samples which are obtained with lower residence time which is with a good agreement with data observed using Raman spectroscopy.

The thermal behavior of the sample obtained with 40 s residence time is expected to be ZnO due to its high thermal stability [16]. TGA curves for the samples obtained with lower residence time These fits show that all Zn atoms have Zn 2+ oxidation state for both samples. High resolution XPS spectra were measured also on O1s atoms in order to get the information concerning the presence of ZnO phase in ZnO2 nanoparticles for the samples obtained with 6 s and 40 s residence times. According to Dupin at al. [17] the binding energy of O1s atom in the range of 527 -530 eV is characteristic of O 2-ions in metal oxides. The binding energy in the range of 530.6 -531.1 eV is characteristic of oxygen specie integrated in the material O2 2-. The binding energy in the range of 531.1 -532 eV is due to low coordinated oxygen species which could be described as "O -" ions.

Khallaf et al [18]. have also reported O1s XPS spectra for ZnO2, the observed binding energy for ZnO2 is equal to 532 eV, while annealed ZnO2 sample exhibits XPS line at 530 eV corresponding to ZnO. Thereby, the binding energies of O1s atom in the sample obtained with a residence time of 6 s at 530.6 eV, 532.2 eV and 533.2 eV could be attributed to O 2-, O -from O2 2-ions and oxygen originated from the organic functions as C=O, COO -, respectively.

High resolution O1s XPS spectrum of the sample obtained with 40 s residence time is presented in

Figure III-11-B.
As in the previous case, this spectrum can be fitted with three functions with corresponding binding energies of 530.6 eV, 532.2 eV and 533.5 eV, these binding energies being also attributed to O 2-, O -and C=O, COO -, respectively. Table III-2 shows the quantification of the oxygen species calculated form XPS spectra for the samples obtained with 6 and 40 s residence time. As it can be seen, O 2-and O2 2-ions are present in both samples. However, the quantitative ratio of these ions is different for each sample. It should be noted that XPS is a "surface" technique and the obtained information relates to the near surface region of investigated material. However, as it was demonstrated by TEM, the nanoparticles size of the sample obtained with a residence time of 6 s is about 3.4 nm. In this case, the observed XPS data could relate not only to the surface but also to part of the "bulk" properties;

this shows that ZnO phase could be placed at the center of spherical ZnO2 nanoparticles. On the other hand, the observed XPS data for the nanoparticles of the sample prepared at 40 s residence time is related only to the surface properties due to their bigger average size equal to 12.9 nm; this fact allows concluding that ZnO2 phase is still presents at the surface of ZnO NCs obtained at higher residence time.

In conclusion, four samples have been obtained at different residence times and investigated by XRD, Raman, TGA, HRTEM and XPS measurements. XRD patterns and Raman spectra are demonstrating that ZnO NCs with würtzite structure are formed at higher residence times (30 s and 40 s), while at lower residence times (6 s and 10 s) a ZnO2 cubic phase is formed as an intermediate phase. The nanoparticle size, size distribution and morphology of the samples obtained with all residence times were evaluated by TEM. These measurements show that all samples exhibit a more or less spherical morphology. TEM measurements demonstrate a strong nanoparticles size dependence on residence time; the average nanoparticle sizes are equal to 3.4 nm, 4.6 nm, 12.8 nm and 12.9 nm for 6 s, 10 s, 30 s and 40 s residence times, respectively. The nanoparticle size is increasing with a residence time increasing from 6 s up to 30 s, while the nanoparticles size of the sample obtained at 40 s is equal to that of 30 s residence time sample (12.8-12.9 nm) showing complete decomposition of Zn precursor in our conditions at residence times higher than 30 s. XRD as a function of temperature and TGA measurements are showing the decomposition temperature of ZnO2 in ZnO at 195 ˚C which is in a good agreement with literature data.XPS data observed for Zn3p demonstrate that Zn is presenting only in 2+ oxidation state in both samples observed at lower (6 s) and higher (40 s) residence times. XPS of O1s peak shows the presence of ZnO phase in ZnO2 nanoparticles obtained at 6 s residence; moreover, ZnO phase could be located not only on the surface of ZnO2 nanoparticles but also on their core due to their small size. On the other hand, ZnO2 phase is observed in the case of ZnO NCs prepared with a residence time of 40 s; however, in this case ZnO2 phase is observed on the surface of ZnO NCs due to their size bigger than a XPS resolution.

We can claim that, entering the supercritical fluid reactor, Zn(acac)2•H2O reacts with H2O2 to induce the nucleation and growth of ZnO2 following:

Zn(acac)2•H2O + H2O2 → ZnO2 + 2Hacac + H2O (eq. 1)

As it was discussed before, ZnO2 nanoparticles formed through the transformation of Zn(acac)2•H2O in the presence of H2O2 at low residence time is thermally decomposed forming ZnO NCs with increasing residence time following:

ZnO2 → ZnO + ½O2 (eq. 2)
It should be noted that initially the solutions contain precursor and H2O2 in ethanol (Solution 1)

and pure ethanol (Solution 2) at room temperature. These solutions are injected into the supercritical fluid reactor. Therefore, it is important to obtain a detailed temperature profile along the reactor depending on the tubing diameter.

Heat transfer in a pipe, for which walls are at a uniform temperature is known as the Graetz-Nusselt Our experimental set-up can be simplified to the Graetz-Nusselt problem by assuming a negligible longitudinal heating (compared to radial heating). The temperature profile in the steady state is obtained by solving the equation of energy equivalence:

(eq. 3)

Where, for a given fluid, ρ is the density (kg.m -3 ), cv is the heat capacity at constant volume (J•kg - 1 •K -1 ), v the fluid velocity (m.s -1 ), T the temperature (K), t the time (s), λ the thermal conductivity

(W•m -1 •K -1
) and ϕμ the viscous dissipation (W.m -3 ).This equation can be solved analytically is if some simplifications are applied to the problem. In particular, assuming negligible dissipation due to the viscosity, constant fluid density and specific heat capacity, while the fluid is considered incompressible (∇ • v = 0). In our experimental procedure, the fluids are initially injected in liquid form at high pressure before being heated to reach the supercritical domain. The Graetz-Nusselt problem in this case becomes much more complex, since it has to take into account all the contributions and variables of the equation of energy equivalence (no simplifications can be made).

with Jalil Ouazzani (ARCOFLUID company), who has developed an algorithm using the formulation of the energy equation including the heat capacity at constant volume (Cv). This algorithm is applied to supercritical fluid flows (using a non-linear Van der Waals equation of state) and to gas flows (ideal gases equation of state). It is introduced into a code using the SIMPLE and SIMPLER method sand works within the PHOENIX software to simulate this type of fluid behavior. As it can be seen from the graph, the reaction medium is reaching 250 ˚C after 2.9 s of residence time corresponding to fluid flow at 25 cm point in the reactor. Therefore, ZnO2 nanoparticles could be formed before their decomposition temperature in this process and if residence time is short enough not all ZnO2 phase will decompose to ZnO. As it was noted previously, some percentage of ZnO phase has been observed by Raman spectroscopy and XPS. These observed data are in good agreement with the calculated temperature profile for the experiment performed at 6 s residence time, because according to the profile curve the fluid is reaching high temperature after a few seconds inducing the thermal decomposition of ZnO2 nanoparticles forming ZnO phase. It should be noted that the presence of H2O2 in the reaction media even at supercritical conditions The absence of the visible emission related to the crystal defects could be explained by the high crystallinity of these NCs. However, the absence of the surface defects and as a result the quenched visible emission is quite surprising. To explain this experimental fact one hypothesis could be proposed: the surface defects in ZnO NCs obtained by our SCFs route are "blocked" by the specific surface state namely -"ZnO2" like surface of ZnO NCs. This hypothesis could be proposed according to XPS data where binding energy related to "O -" species from O2 As it was expected, the visible emission at 600 nm is observed on the sample after a heat treatment during 1 hour. However, the effect of heat treatment is low in comparison with that observed on the sample prepared without using H2O2. So, this means that the emission of defects is also linked to the existence of core defect. It exists probably due to the migration of defects from the surface to the core which can explain the instability of visible emission in sol gel route. Thereby, in our case, heat treated sample could show the additional contribution of bulk defect.

Thereby, the formation mechanism of ZnO NCs plays definitely a role on the optical properties of these NCs. Moreover, a deep understanding of the features of the formation mechanism allows controlling these properties. Thereby, pure UV emission in PL spectra of ZnO NCs could be explained by two features of our SCFs synthetic method: (i) high crystallinity of ZnO NCs which can be achieved in this method and (ii) "ZnO2" like surface of ZnO NCs which is blocking surface defects; this is given by an originality of ZnO NCs nucleation and growth process through ZnO2 intermediate nanoparticles in supercritical fluids.

Introduction

ZnO is a II-IV wide direct band gap semiconductor material with large band gap energy of 3.37

eV at room temperature. Due to its high free exciton binding energy of 60 meV, ZnO has stable efficient UV emission even at room temperature. Such properties of this material make ZnO a promising photonic material for optoelectronic applications in the near UV region.

As it was discussed in Chapter I, typical PL spectra of ZnO material at room temperature could exhibit two types of PL emission, at room temperature: (i) an emission band situated in UV region (from 360 nm to 380 nm, i.e. 3.18 eV to 3.43 eV) is related to electron-hole pair recombination (excitonic emission) and (ii) a broad band centered in the visible region (from 500 nm to 600 nm i.e. 2.07-2.48 eV) corresponds the emission from bulk and surface defects of ZnO.

As developed in Chapter I, optical properties of ZnO nanostructures strongly depend on the way of their synthesis. Over the last few decades, mostly three synthetic approaches have been developed for the production of ZnO nanostructures: (i) low temperature liquid phase approach allows the production a large dispersion of well morphology and size controlled ZnO nanostructures due to inviting different surfactant systems. However, low operating temperature of this approach results in the appearing of surface and bulk defects and, as a consequence, PL spectra of these ZnO nanostructures mostly have visible emission originated from these defects;

(ii) high temperature gas phase approach allows obtaining ZnO nanostructures with high crystallinity thanks to high operating temperature allowing the exhibition of UV emission in their PL spectra, however the size and shape control of ZnO nanostructures in this approach is poor due to inability to use the surfactants; (iii) the most resent approach for the synthesis of ZnO NCs is supercritical fluids [1]; we have demonstrated in Chapters II and III that this approach allows the operating temperature is still high enough for obtaining high crystallinity of ZnO NCs. First PL measurements revealed UV emission and no signal of the defect emission in the visible range. ZnO2 is an indirect semiconductor with band gap energy Eg = 2.8-4.5 eV [2]. The band gap energy for ZnO2 nanomaterials was measured by a number of groups and was found to be equal to 4.6 eV

[3], 4.12 eV [4], 4.5 eV [5] and 4.1 eV [6]. H. Bai et al. [7] have reported room temperature PL emission spectra of ZnO2 spherical nanoparticles. The emission spectra of ZnO2 nanoparticles exhibit one strong band edge emission at 400 nm. This emission band was attributed to the oxygen vacancies in ZnO2 nanoparticles. G. Feng et al. [8] have observed a wide and strong room temperature PL band in the visible region of 525-570 nm in the spectra of ZnO2 nanocrystals. This emission band was also attributed to surface and bulk defects of ZnO2. Kim et al. [9] have published an absorption spectrum of ZnO2 nanoparticles which shows an absorption maximum at around 234 nm. We can conclude that if exiting, UV emission of ZnO2 should be reabsorbed by at 380 nm [10][11]. No visible emission of ZnO2 was observed.

To sum up, room temperature PL measurements show that the samples obtained with various residence times and with or without TOP presence exhibit strong emission band located in the UV region of PL spectra (377 nm), while emission in the visible spectral region is fully absent. 

II. Low temperature photoluminescence properties of ZnO NCs

Low temperature PL measurements for ZnO NCs have been carried out to better understand the nature of UV emission which was observed at room temperature. All the acquisitions were calibrated in wavelengths with a mercury lamp signal. Excitation was performed at 320 nm wavelength for all the following PL characterizations, additional measurements were recorded under 350 nm, 370 nm, 380 nm and 400 nm. As no difference in the emission graphs was observed, these spectra are not presented here. In addition, when temperature increases the appearance of a shoulder at higher energy (3.3676 eV) is detected in the spectrum measured at 60 K. The intensity of the small and not well resolved band at 3.2371 eV is higher than at 10 K where this band is quenched, whereas the peak at 3.3125 eV becomes maximal in intensity. As PL measurements performed at room temperature, no PL emission in the visible domain of the spectra measured at low temperature was observed confirming the lack of surface defects generally observed on such small size of ZnO nanostructures.

The emission peak of ZnO low temperature PL spectra located at 3.375-3.38 eV has already been reported in literature. This peak is traditionally attributed to the direct radiative electron-hole recombination called free excitonic recombination and labeled "FX". One can distinguish several types of free excitonic recombination (called as FXA, FXB, FXC) depending on the energy of these free excitons (see Figure IV-6). The energy difference between FXA and FXB is generally equal to Free excitonic emission FXA was reported in literature for high quality ZnO monocrystals at 3.378 eV at 4.2 K [15]. FXA is observed at 3.376 eV at 10 K for ZnO nanorods grown by metallorganic vapor phase epitaxy with diameter and aspect ratio in the range of 7-100 nm and 10-50 nm, respectively [17]. For ZnO nanorods and nanopencils obtained by thermal evaporation method, the length and diameter are equal to 10.23 μm and in the range of 230~340 nm, respectively for nanorods, length and diameter were 1.9 μm and in the range of 35-55 nm, respectively for nanopencils, FXA was observed at 3.380 eV for both morphologies [14]. FXA emission was observed at 3.376 eV at 15 K [18] and at 3.376 eV at 10 K [13] for ZnO films grown by metallorganic vapor phase epitaxy. For ZnO film grown by laser-molecular-beam epitaxy FXA emission was observed at 3.377 eV at the temperature of 5 K [12]. Thereby, literature survey shows that the smallest ZnO nanostructures which are exhibiting FX emission at low temperature are nanorods-like structures with size up to 100 nm. However, many reports [26][27][28] on ZnO nanowires, films and nanorods show that FX associated emission appears at temperature higher than 10 K after the depopulation of the traps which give lines peaking between 3.35-3.37 eV [16].

This type of near band edge emission usually gives very narrow peaks on low temperature PL spectra of ZnO. This emission is originated from the bounded excitons with ionized or neutral donors (D + , D 0 ) or neutral acceptors (A 0 ) which form D + X, D 0 X and A 0 X center. Their emissions were reported as intense PL peak at low temperature on ZnO single crystals at 3.3636 eV and 3.3614 eV [19], 3.367 eV [20], 3.3628 eV [21], 3.358-3.368 eV [22]; for ZnO films at 3.360 eV [23], 3.364 eV [24], for ZnO nanowires at 3.362 eV [25]. The origin of this donor/acceptor state is not clear in literature and whatever the synthetic route or the nature of the reactants, their associated emission is located in the same range of energy.

Thereby, in all the survey done, bound exciton emission in ZnO is situated at lower energy region than the two first lines observed in Figure IV-4. It is quite surprising to observe in our material, PL lines at energy values which correspond to free excitons but two explanations can be formulated: The first observed line at 10 K which is centered at 3.3751 eV can be attributed to FXA excitonic recombination. A temperature increase at 60 K makes possible the observation of FXB free excitons at 3.3676 eV, while FXA line is shifted to lower energy at 3.3653 eV due to temperature increase. One can imagine that the high crystallinity of ZnO NCs and their small dimension could avoid the local intrinsic punctual defects which can trap the electron-hole pair required for the observation of bounded excitons at the expected 3.35-3.37 eV energy region. On the other hand, one can imagine that because of the small size of ZnO NCs, quantum effect occurs and results a shift of the bounded excitons to higher energy but generally quantum confinement strongly affect the optical properties and considerably shift the emission. We have discarded this last hypothesis. A deeper investigation behavior of these emission lines is needed to better understand the nature of the emissions.

As it was mentioned before, the energy difference between the peaks at 3.3751 eV and 3. and A1(LO) modes were measured as 437 cm -1 , 583 cm -1 and 574 cm -1 , respectively. Arguello et al [30] obtained quite similar result in a variety of geometries in ZnO crystal. Calleja and Cardona [31] have studied the resonance of the high frequency optical modes -E2-high, A1(TO), E1(TO) and E1(LO). Temperature dependence of Raman scattering study for E2-high, A1(LO) and E1(LO) modes has been reported by Cuscó et al [32]. The interactions of free and bounded excitons with phonons in low temperature PL spectra of ZnO single crystals, nanorods and films are mostly attributed to the coupling of FX and bound excitons with A1(LO) phonons. In most cases, the energy difference between FX or DX with their phonon replica in ZnO PL spectra reported in literature is equal to 72 meV (581 cm -1 ). This energy corresponds to the coupling of free or bounded excitons with longitudinal phonons (LO) of A1 and E1 optical Raman modes [14,22,[26][27]33]. Jeong et al. [34] have really recently reported the broadening of linewidth of acceptor bound exciton line (A 0 X) locating at 3.3581 eV at 13 K resulting of the E2-high vibration phonon mode participating with A 0 X line in ZnO crystals, for the first time.

According to Park et al. [35] taking into account the spin-orbit coupling, the conduction band belongs to the representation Γ7 (we mark it Γ7 c ) and the valence band splits into 3 components A, In collaboration with Dr. Michel Couzi (ISM, Talence), we have studied the nature of the phonon mode and their potential coupling with the electronic transitions. The selection rules for the pure electronic transitions between conduction and valence zones are given by the direct products of representations of the initial state and the final state:

Band A: 2 1 c 7 v 9 E E     
, Band B and band C:

1 2 1 c 7 v 7 E A A      
The active representations (polar) of the group C6v are A1(z) and E1(x,y) in a way that in a monocrystal the band A is active in the polarization E┴c (E1) and the bands B and C are active in two polarizations: E┴c (E1) and E║c (A1).The vibrational modes (phonons) of centre of crystal zone of ZnO (Wurtzite) distribute as: Γph.=A1+2B1+E1+2E2. The modes A1 and E1 are active in both IR and Raman, the modes E2 are active only in Raman and the modes B1 are "silence" modes (inactive in both IR and Raman).The selection rules for the vibronic transition which involves one of electronic transitions A, B or C and a vibrational transition can be expressed as:

Band A: Phonon A1: 2 1 2 1 . ph 1 c 7 v 9 . ph 1 E E ) E E ( A A          active E┴c (E1) Phonons B1: 1 2 2 1 . ph 1 c 7 v 9 . ph 1 E E ) E E ( B B          active E┴c (E1) Phonon E1: 1 2 1 2 2 1 2 1 . ph 1 c 7 v 9 . ph 1 E B B E A A ) E E ( E E              activeE║c (A1) et E┴c (E1) Phonons E2: 2 2 1 1 2 1 2 1 . ph 2 c 7 v 9 . ph 2 E A A E B B ) E E ( E E              activeE║c (A1) et E┴c (E1)
Band B and band C: One can clearly observed that the line at 3.3191 eV is perfectly matching with E2-high frequency vibration in Raman spectrum. Thus, we can conclude that the origin of 3.3191 eV line results from a coupling of first emission line with E2-high phonons.
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As it was described in Chapter I, ZnO generally exhibits several types of emissions locating at different energies in UV region of its PL spectrum (Figure IV-9) [16]. As a reminder, the emission originated from free excitons is located at highest energy region at 3.7-3.9 eV. After free excitons the emissions from bounded excitons and deep centers could be observed locating at 3.35-3.37 eV and 3.34-3.35 eV, respectively.

In addition to FX and bounded excitons, some authors report the existence of lines between 3.32 eV and 3.34 eV [21,[36][37]. This emission is so-called two-electron satellite (TES) transitions (written as two-electron transistors on Figure IV-9). TES is originated from the radiative recombination of a neutral donor bound exciton (DX) to a neutral donor and excited free excitons.

Therefore, TES emission could be observed only in the case of presence of neutral donor bound excitons emission. TES radiative transitions is quite often process in a wide variety of semiconductors including direct band gap as GaAs [38], InP [39] and wide gap GaN [40]. In our case, a small peak at 3.3405 eV in PL spectrum at 10 K is located close to TES energy region (inset of Figure IV-4). But, on the other hand, no emission corresponding to the energy of a neutral donor bound excitons was observed on ZnO NCs spectra. In this case, the nature of 3.3405 eV small peak is still unknown. As it was mentioned before, the coupling between FX, DX or AX lines and optical phonons in ZnO nanostructures is mostly attributed to longitudinal optical phonons (LO). The energy difference between these lines and LO is equal to ~72 meV corresponding to A1(LO) and E1(LO)

Raman optical modes of ZnO. In our case, 128.2meV is approximately equal to 56 meV (E2-high) plus 74 meV A1(LO). This band centered at 3.2371 eV could be a two phonons assisted transition, and since 128.2 eV is approximately two times more than the E2-high phonon value, we could attribute this band to second order interaction of the first line with E2-high optical phonon mode.

As the ZnO NCs are randomly distributed on the support with no specific orientation, the effect of polarization cannot be studied to close the first or the second hypothesis.

In collaboration with Dr. P. Martin (CELIA, Talence) who provides us a ZnO single crystal, additional luminescent measurements were performed at low temperature. The goal was to compare the exact position of the emission peaks in both materials, using a Hg lamp as an etalon. This corresponds to a bounded excitons emission. An additional weak contribution appears at higher energy (3.3792 eV) and can be attributed to FX excitons. Other small peaks are also detected at 3.3276 eV, 3.3142 eV, 3.2931 eV and 3.2196 eV at 23 K.

But these lines don't peak at the same energy as the NCs' ones. At 50 K, contribution of the FX excitons is higher as well as the phonons replica intensity at 3.3142 eV, whereas the main peak decreases as expected when considering a thermal depopulation of the trap. The energy differences between the lines are reported in Table IV-1 for both materials. Because, the energy difference in ZnO single crystal spectra between lines (in table IV-1 the distance between Peak 2 and Peaks 5

Table IV-2 lists the ratio of the highest energy lines FX (peak 1) and D 0 X (peak 2) over the first vibronic line at about 3.3142 eV and 3.2381 eV (50 K, single crystal). The intensities of the vibronic lines are much intense in NCs than in the single crystal. Regarding the single crystal luminescence, this coupling is less efficient and the ratio is superior to 1. We can imagine that when the D 0 X trap level is thermally depopulated in favor of the FX levels, the coupling between FX electron hole-pair radiative recombination and the phonons becomes more efficient.

Taking into account the spectral distribution of the emission in the single crystals and the NCs, we can definitively discard the existence of bounded excitons in the studied nanoparticles. In all ZnO nanostructures investigated in literature, FXA and FXB free excitons lines are always observed at 2-13 meV above the bounded excitons lines when temperature increasing [12-14, 22, 36, 41-42].

Thereby, the difference of 7.3 meV observed at 50 Kin our ZnO NCs between the first line and its shoulder clearly fits with the energy difference between FXA and FXB. In addition, similarity observed between the 50 K emission curve of single crystal and the lower temperature emission spectra of NCs seems to confirm that the attribution of the observed lines in the 3.368-3.378 eV range as FXA and FXB free excitonic emission is correct. Thereby, the lines located at 3.3676 eV, 3.3653 eV, 3.3125 eV and 3.2371 eV in 60 K spectrum could be attributed to FXB, FXA, 1E2high-FXA,B and 1E2high, A1LO-FXA,B or 2E2high-FXA,B,respectively.

For a definitive attribution of the origin of the two observed main lines at 3.3751 eV and 3.3191 eV, the global temperature dependence of the emission was performed for ZnO NCs. To complete the temperature evolution of PL spectra, Figure IV-13 shows normalized spectra measured from 10 K up to room temperature. FXA and FXB emissions shift to the lower energy region with increasing temperature. The existence of FXA and FXB emission at the high temperature region also confirms the free excitonic nature of these emissions, because neutral As it was previously discussed, FX emission corresponds to the recombination of free excitons thereby; this emission peak dynamic should follow the Varshni formula (eq. 1) due to the temperature induced lattice dilatation and electron-lattice interaction. Gap energy shift can be calculated as followed: where Eg(T) is the band gap at an absolute temperature T; Eg(0) is the band gap at 0 K; α and β are the Varshni thermal coefficients related with given materials [43]. 4.2•10 -5 eV/K and 704 K, respectively. These parameters are similar to the values previously reported for ZnO films [44], ZnO nanoneedle arrays [45] and for ZnO nanowires/nanowall [46] (Table IV-3). 

IV. Decay time measurements

Decay time dynamics of free and bounded excitons features in ZnO single crystals and different nanostructures have been investigated by a number of groups to attribute the emission line [36,[47][48][49][50][51][52][53][54][55][56][57]. However, in the literature, there is a large dispersion of measured decay time values for ZnO single crystals and nanostructures. The recombination decay time of free excitons in ZnO single crystals at low temperature have been observed as biexponential decay by Teke at al. [36] equal to 286.8 ps and 1000 ps for fast and slow decay, respectively. The authors attributed the fast decay constant to the effective nonradiative recombination and slow decay component to the radiative free excitons recombination lifetime. Reynolds et al. [47] have reported the shorter single-exponential radiative recombination decay of the free excitons -322 ps at 2 K for ZnO single crystals. Koida et al. [48] have measured decay time for ZnO single crystal and epitaxial films, all ZnO films show a single exponential decay in the range of 0.036-0.11 ns, while the single crystal demonstrates biexponential behavior with a fast decay value of 0.97 ns and a slower decay of 14 ns. In this case, the fast decay constant was attributed to the recombination lifetime of free excitons and slow constant to free carrier decay including trapping and emission processes. Decay time signal for the sample with only spherical ZnO NCs morphology is not detected because of experimental set-up characteristics. It should be noted that for the start-stop system of decay time measurements the maximal PMT resolution which can be measured is approximately of 50 ps FWHM. Thereby, the smallest decay time which could be measured is about 100 ps. Yamamoto et al. [57] have studied colloidal ZnO nanocrystals size dependence of the decay time dynamics.

It was demonstrated that the lifetime is increasing with particle size diameter as D 3 . Decay time is less than 100 ps for ZnO NCs with size smallest than 3 nm. Thereby, in our case, small spherical ZnO NCs could also have decay time value faster than 100 ps. Therefore, decay time signal could not be detected for small spherical ZnO NCs by experimental equipment which was used in this work.

In the previous paragraph, all emission lines in low temperature PL spectrum of ZnO NCs have been attributed to free excitonic emission and the exciton-phonon coupling. However, as it shown before, the big dispersion of decay time parameters for free and bounded excitons in ZnO single crystals and nanostructures in literature makes it difficult to understand the nature of observed decay time parameters in this work. However, except for the VUV excitation for which two components are necessary to fit the curve, the UV and IR excitations converge to a unique 300 ps decay time in a good agreement with values obtained in ref. [39,47,[START_REF] Jimenez-Cadena | [END_REF] for a free excitonic radiative recombination. One can imagine that because of the high absorption coefficient and the short component observed for the VUV excitation, the decay curve reflects the energy transfer from the ZnO2-like surface to the ZnO nanocrystal. Therefore, for deeper understanding of the decay time behavior of ZnO NCs obtained by supercritical fluids approach, further decay time investigations are needed.

As it was discussed before, low temperature PL spectra of ZnO exhibit several emissions originated from free and bounded excitons and their associated emissions from phonon coupling and TES. Finally, we can conclude that the supercritical fluids route allows the growth of high crystalline quality ZnO NCs covered by a thin layer of ZnO2 atomic layers. In addition, the growing from an oxygen rich until unit cell favors the obtaining of oxygen vacancy free nanocrystals. The resulting optical properties are unique as only free excitonic emission and its phonon coupling replica are detected.
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Chapter

  III is devoted to the evaluation of ZnO nanocrystals formation mechanism in the supercritical fluids based approach. ZnO nanocrystals formation was investigated as a function of the residence time in our supercritical fluids based reactor in order to understand the nucleation and growth of the material. ZnO NCs formation mechanism is necessary to better understand the optical properties of these objects. Comprehensive photoluminescence investigations carried out for ZnO nanocrystals are demonstrated in Chapter IV. Room and low temperature measurements are described and compared to the emission of several types of ZnO particles and crystals to fully attribute the specific lines which constitute the structured emission spectrum. The photoluminescence investigation is completed by decay time characterizations performed in collaboration with CELIA.

Figure I- 1 .

 1 Figure I-1. Morphologies of ZnO nanostructures: nanorods (A), nanorings (B) and tetrapods (C).

Figure I- 2 .

 2 Figure I-2. ZnO crystal structures: rocksalt (A), blende (B) and würtzite (C).

Figure I- 3

 3 shows the result of band gap structure calculations which were based on the quantum methods such as Local Density Approximation and incorporating atomic self-interaction corrected pseudopotentials (SIC-PP) for the Zn 3d electrons configuration.

Figure I- 3 .

 3 Figure I-3. Band structure of ZnO.

  Figure I-4 shows room temperature PL spectra of ZnO nanostructures obtained with different types of morphologies. These spectra demonstrate various shapes depending on ZnO morphology.

Figure I- 4 .

 4 Figure I-4. Room temperature PL spectra of different ZnO nanostructures: 1-tetrapods, 2-needles, 3nanorods, 4-shells, 5-highly faceted rods and 6-ribbons/combs [15].

0

  K the valence band (VB) of ZnO is fully occupied by electrons, and at the same time, the conduction band (CB) is completely empty. The electrons can be excited from VB to CB due to absorption of photons which have energies higher than the ZnO band gap energy. As a result of this process, the negative charged electrons are moving to the CB leaving positive charged holes in the VB (FigureI-5-A). The electrons and holes can interact through their Coulomb potential and form hydrogen or positronium-like states below the band gap.

Figure I- 5 .

 5 Figure I-5. Band-to-band electron transition (A), excitonic states energy diagram (B) [18].

  At low temperature, PL spectra of ZnO usually consist from several emission lines in the UV region (Figure I-6). At 110 K, there are two emission lines which are attributed to recombination of free excitons, so-called -FXA and FXB around 3.37 eV and their local phonon replicas at 3.3 eV and 3.225 eV (Figure I-6-A). Each free excitonic emission could have its own phonon replica due to the exciton-phonon interaction. With increasing temperature the homogeneous broadening increases (Figure I-6-B). Finally, at room temperature, only one unstructured emission can be observed (Figure I-6-C) as a result of the evolution of the excitonic emissions and corresponding phonon replicas [20].

Figure I- 6 .

 6 Figure I-6. Low temperature PL spectra of ZnO at 110 K (A), at 200 K (B) and at room temperature (C) [20].

  emission in ZnO typically have a very narrow shape of the luminescence lines located between 3.35 and 3.37 eV (Figure I-7).

Figure I- 7 .

 7 Figure I-7. Emission spectra of ZnO, bound exciton complexes [19].

Figure I- 8 .

 8 Figure I-8. Low temperature PL measurements of nanorods (A and B) and nanopencils (C and D) [23].

Figure I- 9 .

 9 Figure I-9. Room temperature PL spectra of ZnO nanorods and nanopencils [23].

Figure I- 10 .

 10 Figure I-10. Scheme of semiconductors behavior under different excitation densities [18].

Figure I- 11 .

 11 Figure I-11. Scheme of the inelastic scattering of the excitons (A), the observation of the inelastic scattering on the luminescence spectrum (B) [18].

  Figure I-12 shows all

Figure I- 12 .

 12 Figure I-12. Normalized luminescence spectra of ZnO under increasing excitation at low temperatures.

Figure I- 13 .

 13 Figure I-13. Calculated defect emissions in ZnO [16].

Figure I- 14 .

 14 Figure I-14. Room temperature PL spectra of ZnO, small spherical nanoparticles with 5 nm in diameter -a, large spherical nanoparticles with 12-14 nm in diameter -b and bulk ZnOc [36].

  different green, yellow and orange-red defect emissions respectively. The temperature dependence of these defect emissions for two different excitations wavelengths (325 and 390 nm) are shown in Figure I-15.

Figure I- 15 .

 15 Figure I-15. Temperature dependent PL spectra at the visible region of different ZnO nanostructures excited at 325 and 390 nm for shellsa and b, rodsc and d, needlese and f [49].

  et al.[57] have reported ZnO nanowires (Figure I-16) formation with a diameter in the range between 80 and 120 nm and the lengths between 10 and 20 µm through the VLS mechanism.

Figure I- 16

 16 Figure I-16. a) SEM image of ZnO nanowires using CVD method by Huang et al. [57].

  synthesis of ZnO nanowires on a silicon substrate with a diameter in the range between 50 and 120 nm and with a length of 2-7.1 μm. Jimenez-Cadena et al. [59] obtained ZnO nanowires, nanosheets and branched nanostructures with this method (Figure I-17).

Figure I- 17 .

 17 Figure I-17. ZnO nanostructures synthesized by PVD: nanowires (A), nanosheets (B) and branched nanostructures (C) [59].

  Figure I-18 shows these ZnO nanoparticles.

Figure I- 18 .

 18 Figure I-18. ZnO nanoparticles with different morphologies prepared by inverse microemulsion method: triangles [91] (A), sticks [90] (B) and microspheres [92] (C).

  heterocubanes [MeZn(O t Bu)4] as precursor at 350°C leads to the formation of ZnO nanoparticles [97-99]. During this reaction ZnO nanostructure is preorganized at a molecular scale due to the occurrence of a central Zn4O4 motif (Figure I-19).

Figure I- 19 .

 19 Figure I-19. Scheme of the transformation of an organometallic precursor to ZnO.

Figure I- 20 .

 20 Figure I-20. ZnO morphology [100]: spherical nanoparticles (A) and rods (B-D).

  ) formation of a stable solution of the alkoxide or salt based precursor such as Zn chlorate, nitrate and acetate (sol); (ii) an increase of medium viscosity by polycondensation or polyesterification of a formed alcohol-bridge network (gel); (iii) aging of the gel (syneresis, condensation reactions are active until a solid is formed); (vi) drying of the gel, in order to remove all the solvent volatile compounds retained in the network; (v) dehydration, the surface M-OH are removed by thermal treatment avoiding the re-hydration of the gel and (iv) densification and decomposition of the gel. Spanhel et al.[50] have reported the sol-gel technique which is based on the dissolution of a zinc salt by ultrasonication, adding a lithium hydroxide (LiOH) and heating at temperature below then 100°C. The problem of this synthetic method is an evolution of particle size over time. There are two possible ways which can describe the growth of ZnO nanoparticles. These are Ostwald ripening and aggregation. The particles of the fresh sample have a size close to 3.5 nm and after 5 days their size are increased until 5.5 nm. The method of Spanhel et al. was modified byHaase et al. [108] by controlling the amount of water in the mixture of the reagents; ethanol was used as solvent. This synthesis was performed at 0°C leading to particles of 2 nm in size. ZnO nanoparticles were continued to grow or age after the synthesis even when stored at 0°C. The average diameter of the particles evolves rapidly from 2 until 7 nm over 5 days. The rate of nanoparticles growth is controlled by the concentration of the precursors, dissolved species and their reactivity, which depends on the particle surface and the solution composition. The growth also takes place in a washed sol which has been redispersed from a pure ZnO precipitate. ZnO nanoparticles can be formed by several processes such as hydrolysis (1) and condensation (2) of the dissolved species. Hydrolysis of ZnO nanoparticles (3) which is equivalent to ZnO dissolution also takes place[108].Zn -OAc + H2O/OH -= Zn -OH + HOAc/OAc -

Figure I- 21

 21 Figure I-21 shows a schematic representation of density and organization of molecules of a pure

Figure I- 21 .

 21 Figure I-21. Schematic representation of microscopic behavior of a pure fluid in T-P plane phase diagram [122].

  water as solvent was extended to other fluids to synthesize nanostructures, especially alcohols[123]. Supercritical fluids allow providing the process which is based on the transformation of a metal precursor. This process was applicable for the synthesis of different metal oxide such as Cu2O, Cr2O3, Al2O3, Ga2O3, CeO2, Ba1-xSrxTiO3 (0≤x≤1), BaTi1-xZrxO3 (0≤x≤1), ZnO… in a range of temperature between 200 up to 400 ˚C and at about[20][21][22][23][24][25].

  [141] have reported continuous synthesis of surface-modified ZnO nanoparticles in supercritical water and methanol at 400 ˚C, 30 MPa and a residence time of ~40 s (Figure I-22 A-D).

Figure I- 22 .

 22 Figure I-22. ZnO nanoparticles obtained by Veriansyah et al. [141].

  Figure I-23 shows spherical nanoparticles from supercritical methanol and nanowires from water.

Figure I- 23 .

 23 Figure I-23. ZnO nanostructures obtained by Han et al. [142].

Figure I- 24 .

 24 Figure I-24. Experimental supercritical microfluidic technique developed for the synthesis of ZnO nanoparticles [143].

Figure I- 25 .

 25 Figure I-25. HRTEM image of ZnO nanocrystals with a size about 3.7 nm [143].

  et al.[144] have studied the room temperature PL properties of many ZnO rods, wires, needles, tetrapods and multilegs with size between 20 and 1000 nm obtained by CVD method at 450-640 ˚C. PL spectra of these nanostructures consist of two emissions in UV and green region. They observed that the ratio of UV and green emission intensities strongly depends on size and morphology of ZnO nanostructures. Nanorods with 20-50 nm diameter and nanostructures with sizes varying from 50 to 200 nm exhibit more intensive green emission in comparison with UV, while the other samples with a larger size have usually UV emission stronger than green. The domination of green emission on UV for small sizes of ZnO nanocrystals obtained by CVD could be explained by a larger surface-to-volume ratio in the case of small size nanostructures. These results are in good agreement with Al-Salman et al. [145] which have reported room temperature PL studies of large multi-oriented spear-like ZnO nanorods with diameters between 180-255 nm and length about 2.1-2.5 μm, synthesized using CVD at 700 ˚C (Figure I-26-A).

Figure I- 26 .

 26 Figure I-26. Multi-oriented spear-like ZnO nanorods obtained by Al-Salman et al. [145] by CVD (A) and their PL spectra (B).

Figure I- 27 .

 27 Figure I-27. ZnO nanostructures obtained by Cai et al. [146] by CVD (A) and their PL spectrum (B).

  Figure I-28-B. PL spectrum consists of a narrow dominated UV peak located at 388 nm and a

Figure I- 28 .

 28 Figure I-28. ZnO nanocandle arrayobtained by Yan et al. [147] by PVD (A) and their PL spectrum (B).

and 5 h

 5 to obtain ZnO nanoparticles with crystalline size of 10.28 nm, 9.78 nm and 8.99 nm, respectively (Figure I-29-A).

Figure I- 29 .

 29 Figure I-29. ZnO nanopowders synthesized by Shinde et al. [150] using co-precipitation method with further planetary ball milling for 450 rpm for 0 h, 3 h and 5 h (A) and their room temperature PL spectra.

Figure I- 30 .

 30 Figure I-30. Room temperature PL spectrum of ZnO nanoparticles obtained by the organometallic method by Khan et al. [106].

Figure I- 31 .

 31 Figure I-31. Room temperature PL spectra of ZnO nanoparticles and nanorods obtained by the organometallic method by Khan et al. [151].

Figure I- 32 .

 32 Figure I-32. The evolution of room temperature PL spectra of ZnO nanoparticles as a function of Zn/PVP molar ratio observed by Guo et al. [153].

  Interestingly, some researchers have tried to quench the visible emission band through the improving of the ZnO nanostructures quality in order to obtain a stronger UV emission in PL spectra. For example, in Yang experiments, the relative intensity of the visible emission was reduced in two times by changing the precursor concentration (Figure I-33).

Figure I- 33 .

 33 Figure I-33. Room temperature PL spectra obtained by Yang et al. [155] at 0.1 M (green line) and 0.01 M (red line) of Zn(NO3)2.

Figure I- 34 .

 34 Figure I-34. PL spectra of undoped and Co-doped ZnO nanorods measured by Pal et al. [158].

  nanomaterials and this is still liquid phase method which allows involving different surfactant systems making possible size and morphology control of ZnO nanostructures. Such features are very interesting in term of Materials Science especially regarding the fabrication of future optical material based on ZnO nanostructures i. e. high crystallinity allows expecting UV-emitting PL properties; keeping good size and morphology control. There are a few reports concerning optical properties of ZnO nanostructures obtained using supercritical fluids. For example, Ohara et al. [159] have published continuous production of highly crystalline ZnO rods with the mean diameter and length of 150 nm and 600 nm, respectively, in supercritical water at 400 ˚C and 30 MPa (Figure I-35-A). Room temperature PL spectrum of these nanorods consist from a strong UV emission peaked at 380 nm and weak visible emission located at around 550 nm (Figure I-35-B).

Figure I- 35 .

 35 Figure I-35. ZnO rods obtained by Ohara et al. [159] by supercritical fluids approach (A) and their PL spectrum (B).

Figure I- 36 .

 36 Figure I-36. Room temperature PL spectra of ZnO nanocrystals measured by Roig et al. [143].

Figure II- 1 .

 1 Figure II-1. HRTEM image of ZnO NCs obtained by supercritical microfluidics (A); room temperature PL spectra of ZnO NCs obtained using OL, OA and TOP (B) (adapted from [1]).

Figure II- 2

 2 Figure II-2 shows a scheme of the experimental continuous SCFs set-up for the synthesis of ZnO

Figure II- 2 .

 2 Figure II-2. Scheme of the co-flow supercritical fluids based set-up for the synthesis of ZnO NCs.

  photoluminescence spectroscopy.

Figure II- 4 .

 4 Figure II-4. Raman spectra of ZnO NCs obtained with C1 -C4 reactors.

Further

  characterization of ZnO NCs obtained with the four C1-C4 co-flow reactor configurations was photoluminescence spectroscopy (FigureII-5). It is important to remind that our first objective is to strain at a gram scale of UV-emitting ZnO NCs. That is why the second characterization technique was photoluminescence spectroscopy. All spectra have a similar shape in comparison with the reference sample obtained with C1 reactor; the spectra exhibit only one narrow emission peak centered at 377 nm in the UV region, while the defect emission in the visible region is fully absent. This UV emission is attributed to the free excitonic recombination in ZnO due to the known ZnO band gap value of 3.37 eV.

Figure II- 5 .

 5 Figure II-5. Photoluminescence spectra of ZnO NCs obtained with C1-C4 reactors.

  up allows higher production of high quality ZnO NCs keeping the same optical properties. A deep characterization of structural, morphological and surface properties of ZnO NCs obtained by SCFs is now needed. In this section, the discussion concerning a deep characterization of ZnO NCs obtained with C4 millifluidic reactor is provided. The structural characteristics of ZnO NCs obtained with C4reactor were obtained by high resolution XRD (Figure II-6). As it can be seen from the figure, all X-ray diffraction peaks can be attributed and indexed with ZnO würtzite structure (JCPDS card No. 01-075-0576) [8]. Rietveld refinement of this XRD pattern with satisfying indexes of agreement with the würtzite-type structure of ZnO was obtained (Bragg R-factor -5.3, RF-factor -3.2). The refined lattice parameters values are a=b=3.2512(1) Å, c=5.2090(2) Å and cell volume V=47.687(3) Å 3 . ZnO NCs size was obtained by Scherrer equation from XRD pattern and equal to 8.2 nm.

Figure II- 6 .

 6 Figure II-6. Rietveld refinement of XRD pattern of ZnO NCs obtained with C4 reactor.

Figure II- 7 .

 7 Figure II-7. HRTEM micrograph of ZnO NCs obtained with C4 reactor: high-magnification micrograph of a ZnO nanocrystal, a zoom is in inset (A) and a survey TEM micrograph of ZnO NCs, the Gaussian size distribution is shown as inset.

Figure II- 8 .

 8 Figure II-8. FTIR spectra of ZnO NCs obtained with the C4 reactor.

Figure II- 9 .

 9 Figure II-9. P2s (A) and C1s (B) high resolution XPS spectra for ZnO NCs obtained with C4 reactor.

Figure II- 10 .V- 1 .

 101 Figure II-10. TGA of ZnO NCs obtained with C4 millireactor.

Figure II- 11 .

 11 Figure II-11.TEM images of ZnO NCs obtained with the C1-C4 co-flow reactor configurations.

  Q (ml/min )are the external and internal flow rates, respectively; int S , ext S (μm) are the internal and external cross-sectional area of reactors, respectively. Two main regimes can appear depending on the RH value: the flow focusing regime (RH> 1) and the flow spreading regime (RH ˂1) [9]. Figure II-12 illustrates the typical flow shapes which can be obtained into co-flowing reactors depending on the RH value.

Figure II- 12 .

 12 Figure II-12. Different geometries of the internal flow (blue color) in co-flow reactor system depending on RH parameter value.

(

  for C4 reactor), but in this case TOP was injected internally (Figure II-13-A) in order to increase TOP concentration in the internal flow containing the precursor.

Figure II- 13 .

 13 Figure II-13. Scheme of ZnO NCs synthesis with internal injection of TOP (A), XRD (B) and TEM (C) ofZnO NCs obtained with an internal injection of TOP.

Figure II- 13 -

 13 Figure II-13-B shows XRD pattern of ZnO NCs obtained in this experiment. All peaks on this

Figure II- 14

 14 Figure II-14 shows the evolution of TEM micrographs of ZnO NCs nanocrystals obtained as a

Figure II- 14 .

 14 Figure II-14. TEM images with different magnifications of ZnO NCs obtained various [Zn 2+ ] /[H2O2] ratios -1/0.5 (A, B), 1/1 (C, D), 1/2 (E/F) and 1/3 (G, K).

Figure II- 15 .

 15 Figure II-15. XRD patterns of ZnO NCs obtained using different H2O2 concentrations (A) and ZnO NCs size dependence on H2O2 concentration (B).

  Figure II-16 presents a LaMer diagram which could be divided into three parts: the first part corresponds to the increase of in the monomer concentration (C) until the nucleation period (prenucleation stage), a second pert presents the increase of the monomer concentration up to the maximum supersaturation (Cmax nu ) and the subsequent decrease to the growth stage (Cmin nu ), and the third part indicates the concentration decrease of the monomers up to the solubility level (Cs) corresponding to the growth process. In our experiments the nucleation and growth of ZnO NCs occur by the

Figure II- 16 .

 16 Figure II-16. LaMer diagram for the nucleation and growth processes.

Figure III- 1 .

 1 Figure III-1. Evolution of XRD diffraction patterns of Zn based materials as a function of residence time.

Figure III- 2 .

 2 Figure III-2. Illustration of ZnO2 cubic structure.

Figure III- 3 .

 3 Figure III-3. Raman spectra of the samples obtained at different residence times.

Figure III- 4 .

 4 Figure III-4. XRD measurements as a function of temperature of the powder obtained with a residence time of 6 s.

Figure III- 5 .

 5 Figure III-5. TEM micrographs of the samples obtained at different residence time (6 -40 s).

Figure III- 6 .

 6 Figure III-6. HR TEM micrographs of ZnO2 nanoparticles and corresponding histograms for the sample obtained with a residence time of 6 s (A) and a sample obtained with a residence time of 10 s.

Figure III- 6

 6 Figure III-6 shows agglomerated particles. The inhomogeneous color can be related to residual porosity between the superimposed particles.

Figure III- 7 .

 7 Figure III-7. HR TEM micrographs of ZnO2 nanoparticles and corresponding histograms for the sample obtained with a residence time of 30 s (A) and a sample obtained with a residence time of 40 s.

  have weight loss step at 195 ˚C which is attributed to the thermal decomposition of ZnO2 to ZnO and molecular oxygen. It was also proved by high temperature XRD measurements for sample obtained at 6 s residence time. TGA also shows that ZnO2 and ZnO NCs could be surrounded by organics which are from the precursoracetylacetonate (Chapter II, Figure II-8 FTIR). All the aforementioned results confirm that ZnO NCs are formed through ZnO2 nanoparticles which play a role of intermediate phase. A last point still needs to be confirmed before the ZnO NCs formation mechanism discussion; is there really the presence of ZnO in ZnO2 NPs as it was observed by Raman spectroscopy and TGA. In order to confirm the presence of ZnO into ZnO2 NPs, XPS measurements have been performed for the samples obtained at 6 s and 40 s residence times. Figure III-9 shows XPS survey spectra of the sample obtained with 6 s residence time at low and high energy regions. The survey spectra of ZnO2 sample have several lines which can be attributed to Zn3s, 3p, O1s, C1s atoms. Additionally, these spectra exhibit Auger lines of Zn atoms such as ZnML1 and ZnML2 peaks. The spectra of ZnO NCs sample obtained with a residence time of 40 s (not shown here) have similar shape as for ZnO2 sample.

Figure III- 9 .

 9 Figure III-9. XPS survey spectra at low (right) and high (left) energy regions of ZnO2 sample obtained with 6 s residence time.

Figure III- 10

 10 Figure III-10 shows high resolution XPS spectra on Zn3p atom measured for both samples. The

Figure III- 10 .

 10 Figure III-10. High resolution XPS spectra on Zn3p atom of the sample obtained with 6 s (A) and 40 s (B) residence times.

Figure III- 11 -

 11 Figure III-11-A shows XPS spectrum of the sample obtained with 6 s residence time. This

Figure III- 11 .

 11 Figure III-11. High resolution XPS spectra measured on O1s atom for the samples obtained with 6 s and 40 s residence times.

  Figure III-12. The center of the tube is set to r = 0 and we study a fluid flowing in a tube of radius

Figure III- 12 :

 12 Figure III-12: System coordinates and boundary conditions of the Graetz-Nusselt problem (from [23]).

Figure III- 13

 13 Figure III-13 shows the simulation curve of temperature profile along the C4 reactor for the

Figure III- 13 .

 13 Figure III-13. Temperature profile inside the reactor for a 6 s residence time experiment.

  Therefore, ZnO2 intermediate nanoparticles could be stabilized and recovered in the experiments at 6 s and 10 s residence times. A similar calculation of the temperature profile for the same C4 reactor was performed for the experiment with a residence time of 40 s (Figure III-14).

Figure III- 14 .

 14 Figure III-14. Temperature profile into the reactor for a 40 s residence time experiment.

Figure III- 15 .

 15 Figure III-15. Scheme of ZnO NCs growth through ZnO2 thermal induced decomposition in SCFs reactor.

[ 24 -

 24 25] makes ZnO2 nanoparticles growth possible even at 250 ˚C. This hypothesis for the growth of ZnO NCs through ZnO2 thermal decomposition is in good agreement with XPS data for the sample obtained with a residence time of 40 s and explains the observation of ZnO2 phase on the surface of ZnO NCs. Thereby, the surface of ZnO NCs obtained by SCFs route is covered by "ZnO2" like surface state.As it was noted before, the formation mechanism is critical to understand the physicochemical properties of ZnO NCs. The nanomaterials synthesized through the supercritical fluids route usually demonstrate high crystallinity[26][27][28][29]. Thereby, high crystallinity of ZnO NCs obtained with SCFs route could exclude the crystal defects and as a consequence the visible emission from these defects is quenched. However, such small size of ZnO NCs obtained in our work should give a large contribution of the surface in comparison with bulk making surface defects appearance resulting with a visible emission. However, as it was demonstrated before (Chapter II) ZnO NCs obtained with our synthetic method show only UV emission in their room temperature PL spectra, while the visible emission is totally absent (Figure III-16-A).

Figure III- 16 .

 16 Figure III-16. Room temperature PL spectra of ZnO NCs obtained at 40 s residence time in the presence of H2O2 (A) and without using H2O2 (B).

  Figure III-17 shows room temperature PL spectra of ZnO NCs before and after heat treatment.

Figure III- 17 .

 17 Figure III-17. Normalized room temperature PL spectra of ZnO NCs obtained with H2O2 at 40 s residence time before and after heat treatment.

  This chapter deeply describes room and low temperature optical properties of NCs synthesized via continuous supercritical fluids route. Room temperature PL measurements are shown for the samples obtained with different residence time and for the samples prepared with and without using TOP as surfactant. Low temperature PL and decay time measurements are also demonstrated for ZnO and ZnO2 NCs. Discussions concerning the nature of UV emission in ZnO NCs are provided.I. Room temperature photoluminescence properties of ZnO NCsRoom temperature PL spectra of ZnO NCs prepared by supercritical fluids route have been measured for the samples obtained with different operating conditions such as various residence times, with and without using TOP as surfactant.As it was shown in Chapter III, ZnO NCs obtained via supercritical fluids route demonstrate high crystallinity. Moreover, the formation of ZnO NCs through ZnO2 as an intermediate phase leads to the specific ZnO2-like surface state which seems to neutralize the surface defects. Such crystal and surface properties of ZnO NCs obtained by SCFs route show a pure excitonic emission in their PL spectra with fully quenched visible emission (Chapter III, Figure III-16-A). On the other hand, TOP demonstrates an efficient interaction with ZnO NCs surface leading, for example, to different morphologies of ZnO NCs. In order to investigate the influence of TOP on ZnO2 specific surface state of ZnO NCs room temperature PL spectra have been measured for two samples obtained at 40 s residence time with and without using TOP as surfactant. Figure IV-1 shows the superposition of PL spectra of these samples at near the band gap excitation wavelength (λex = 320 nm).

Figure IV- 1 .

 1 Figure IV-1. Room temperature emission spectra of ZnO NCs obtained at 40 s residence time with and without TOP. Spectra were normalized at their maximum of intensity to facilitate the comparison of spectral distribution

Figure IV- 2 .

 2 Figure IV-2. Room temperature PL spectrum of ZnO2-type sample obtained at 6 s residence time, without using TOP as surfactant.

Figure IV- 3 .

 3 Figure IV-3. Scheme of ZnO2-type nanoparticle: ZnO2nanoparticle and ZnO core.

Figure IV- 4

 4 Figure IV-4 shows typical PL spectra of ZnO NCs obtained at 40 s residence time without using

Figure IV- 4 .

 4 Figure IV-4. PL spectra of ZnO NCs obtained at 40 s residence time measured at 10 K (A) and 60 K (B).

Figure IV- 5 .

 5 Figure IV-5. Low temperature PL kinetics of the lines at 10 K at 3.3751 eV and 3.3191 eV (A) and an intensity percentage loss for these lines (B).

7 -

 7 10 meV, FXA being the line at lower energy[12][13][14][15]. Liang and Yoffe[15] have observed a shoulder of FXC centered at 3.4264 eV at 4.2 K on ZnO single crystals (0.1 μm size) grown by the vapor transport method.

Figure IV- 6 .

 6 Figure IV-6. The electronic structure of ZnO (A), the schematic drown band-to-band transition (B) and the exciton states (C) [16].

  3191 eV is equal to 56 meV (451 cm -1 ) in the emission spectrum measured at 10 K. As it was shown in previous chapters, the Raman spectra of ZnO NCs exhibit the most intensive E2 high nonpolar phonon mode at 436 cm -1 which is very close to obtained energy shift of 451 cm -1 (FigureIV-4).Thereby, the second line at 3.191 eV could be attributed to the vibronic transition resulting from the coupling of the radiative deexcitation line with E2 high nonpolar phonons of ZnO NCs. It should be noted that, the interaction of free and bounded excitons with optical phonons of ZnO could have different character depending on the nature of the phonon.The investigations of the optical phonons comparing with photoluminescence properties in ZnO have been provided by a number of groups[29][30][31][32][33][34][35]. ZnO with würtzite symmetry has 4 atoms per unit cell leading to 12 phonon modes among which 9 modes are optical ones. The zone-centered optical phonons can be classified according to the following representation: Γopt=A1+E1+2E2+2B1.The A1 and E1 optical modes are polar and both Raman and IR active. The two E2 modes are nonpolar and Raman active only. The B1 optical mode is inactive. Polarized right-angle Raman scattering of bulk ZnO was measured by Damen et al[29]. The frequencies for optical E2, E1(LO)

B

  and C relating to representations Γ9, Γ7 and Γ7 (we mark them Γ9 v , Γ7 c and Γ7 c ) respectively (Figure IV-7).

Figure IV- 7 .

 7 Figure IV-7. Band structure and selection rules for zinc blende and würtzite structures at the Γ symmetry point ˂k=0˃ [35].

  E┴c (E1) Thereby, the coupling between free excitons and E2-high optical phonons is possible. PL spectrum of ZnO NCs measured at 10 K has been superposed with Raman shift on Figure IV-8.

Figure IV- 8 .

 8 Figure IV-8. The superposition of PL spectrum measured at 10 K and room temperature Raman spectrum of ZnO NCs, both spectra are plotted in cm -1 .

Figure IV- 9 .

 9 Figure IV-9. Low temperature (1.8 K) PL spectrum of a ZnO bulk sample in UV region [16].

Figure IV- 4 -

 4 Figure IV-4-B shows PL spectrum of ZnO NCs measured at 60 K. This spectrum demonstrates

Figure IV- 10

 10 Figure IV-10 illustrates the emission graphs obtained at 17 K on the single crystals. We can

Figure IV- 11

 11 Figure IV-11 shows the superposition of the emission curves of the single crystal (red curve) and

Figure IV- 10 .

 10 Figure IV-10. PL spectrum of ZnO single crystal (CELIA) measured at 10 K.

Figure IV- 11 .

 11 Figure IV-11. The superposition of PL spectra measured for ZnO NCs and ZnO single crystal at 23 K (B), 50 K (B) and 100 K (C), excitation wavelength is 320 nm.

Figure IV- 12

 12 Figure IV-12 shows PL spectra in the region of the band edge emission measured at the

Figure IV- 12 .

 12 Figure IV-12. PL spectra of ZnO NCs measured from 10 K to 90 K (all data are shifted in the vertical direction for clarity).

Figure IV- 14 .

 14 Figure IV-14. Typical Gaussian fitting analysis of the PL spectrum measured at 70 K (A), the temperature dependent peak position of FXA,B, 1E2high-FXA,B and 1E2high-A1(LO)-FXA,B or 2E 2high -FX A,B emissions of ZnO NCs (B).

Figure IV- 14

 14 Figure IV-14-B shows the FXA,B, 1E2-FXA,B and 1E2high-A1LO-FXA,B or 2E2high-FXA,Bpeak

Figure IV- 15 .

 15 Figure IV-15. The fitting of FXA,B emission by the Varshni formula.

Figure IV- 15

 15 Figure IV-15 demonstrates the fitted results by Equation (1) for the FX emission line at the

  Figure IV-16 shows the superposed normalized spectra measured in the same conditions of excitation and emission slits to guarantee a valid comparison of the full width at half maximum of the samples obtained with a residence time of 6 s and 40 s.

Figure IV- 16 .

 16 Figure IV-16. The superposition of PL spectra measured for the samples obtained at 6 s and 40 s residence times at temperature of 25 K.

Figure IV- 17 .

 17 Figure IV-17. Decay time kinetics of 369 nm emission of ZnO NCs at 10 K under VUV (A), UV (B) and IR (C).

Figure IV- 18 .

 18 Figure IV-18. Scheme of the energy range of the emissions originated from different types of features in ZnO compared with these observed in our samples

  

  

  

  

  

  

  

  

Table I -1 Different precursors and bases for the aqueous solution growth of ZnO nanostructures with various morphologies.

 I 

		-1). Usually, a solution of Zn(NO3)2 and hexamethyltetramine
	(HMT) is used for the synthesis of ZnO nanoparticles with this method:
	(CH 2 ) 6 N 4 + 6H 2 O = 6HCHO + 4NH 3	(1)
	NH 3 + H 2 O = NH 4	+ + OH -	(2)
	2OH -+ Zn 2+ = ZnO solid + H 2 O	(3)
	Growth Solution		Morphology of ZnO nanostructures	Ref.
	Zinc nitrate and HMT		Aligned nanowire arrays	[74]
	Zinc nitrate and HMT		Nanorods, nonotubes	[75-77]
	Zinc nitrate, HMT, citrate	Oriented nanocolumns, nanoplates	[78]
	Zinc nitrate, HMT, Zinc acetate	Highly aligned nanorods	[79]
	Zinc nitrate, triethanolamine, HCl (pH 5)	Oriented nanorods	[80]
	Zinc nitrate, thiourea, ammonia, NH 4 Cl	Nanowires	[81]
	Zinc acetate, NaOH, citric acid	Disk-like, flower-like, nanorods	[82-83]
	Comparison of different growth solutions	Star-like nanorods	[84]
	Zinc sulfate, ammonium ions, NaOH	Nanobelt arrays, ordered nanowires	[85-86]

Table I -2. ZnO nanoparticles with different types of morphologies prepared by solvo/hydrothermal method

 I 

	Growth solution	Morphology of ZnO nanoparticles	Ref.
	Zn(Ac)2•H2O, citrate potassium, ammonia	Doughnut shaped	[110]
	Zn(NO3)2, hexamethyltetramine	Nanorods	[111]
	Diethyl zinc, Polystyrene	Spheres	[112]
	Zn powder, 5%O2 in Ar	Nanowires	[113]
	ZnO, Carbone, Ar	Pillars	[114]
	ZnO, Carbone, 2% O2 in Ar	Nanorods	[115]
	NaOH, H2O2 and zinc foil	Nanorods	[116]

For example, Burawati at al.

[117] 

have demonstrated the synthesis of the spherical ZnO nanoparticles in water medium using zinc nitrate hexahydrate. This synthesis was carried out in an autoclave at 120 ˚C after reaching pH equal to 7.5 by the ammonium hydroxide.

Lu et al. [118] 

  The operating parameters in SCFs synthesis play very important role on final properties of the material. According to that, the control of operating parameters in SCFs is one of the most important challenges in this way of materials preparations, especially in the case of nanomaterials synthesis. Recently, a number of publications show different possibilities for supercritical fluids precursor and KOH at 30 MPa and temperatures ranging from 573 to 673 K. ZnO nanoparticles with different sizes were obtained depending on temperature and residence time.

reactor's design. For example, Demoisson et al. [134] have reported the design of the continuous reactors for the synthesis of nanomaterials in supercritical water. More recently, Marre et al. [135] reported a number of different flow-through microreactors which allow working with supercritical microfluids. It allows a perfect control of the operating parameters during the synthesis of different types of nanomaterials. Recently, in situ synchrotron powder diffraction techniques were adopted for the investigation of the inherent properties of SCFs such as their characteristic density fluctuations [136], a catalyst in an oxidation process in supercritical CO2 [137], the fundamental behavior of metal salts in SCFs [138]. The first real time in situ synchrotron powder diffraction characterization of nanoparticles formation in SCFs has been reported by Jensen et al. [139]. They were studied the crystallization of anatase TiO2 nanoparticles in supercritical CO2. It was demonstrated that the nanoparticles formation follows the same progression as it is observed in the case of solvothermal method but on a much shorter time scale and at lower temperature. Thereby, SCFs technology offers the production of the nanomaterial into a new time domain which is much faster than for traditional methods.

Continuous supercritical fluids method was adopted for the synthesis of ZnO nanomaterials using different solvents such as water, methanol and ethanol.

Sue et al. [140] 

reported continuous synthesis of ZnO nanoparticles in supercritical water using a flow type apparatus for rapid heating of zinc nitrate

  Optical properties of ZnO nanostructures synthesized using solvo-or hydrothermal method are also reported in literature[154][155][156][157][158]. Generally, PL spectra of these nanostructures demonstrate two types of PL emission in UV and visible regions. However, UV emission peak is usually less intensive than visible band due to large surface-to-volume ratio of the nanostructures obtained through this method.Aslani et al. [154] reported room temperature PL properties of spherical ZnO nanoparticles synthesized by solvothermal method at 150 ˚C. Their PL spectrum consists of UV emission at 385 nm and more intensive visible emission band centered around 550 nm. A similar PL behavior of various ZnO nanostructures fabricated using solvothermal method were observed by a number of researchers: Yang et al. [155] observed UV emission at 390 nm and two visible emission bands located at 580 nm and 630 nm; Liu et al. [156] reported a shoulder of UV emission

at 390 nm and visible emissions at 435 nm and 467 nm; Ye et al. [157] have published PL spectra of ZnO nanorods with UV emission line centered between 380 and 390 nm, while visible emission band was located in the range of 470-630 nm; very recently, Pal et al. [158] reported UV emission of ZnO nanorods at 381 nm and visible emission band ranging from 450 nm to 730 nm.

Table II -1.Four dimensions of the reactor channels used for the synthesis of ZnO NCs.

 II 

	Scale	Reactor name	d (μm) D (μm)	Average production rate (mg/h)	Residence time	Available characterization techniques
		C 1	100	250	3	10	Raman, HR TEM, PL
	Micro-	C 2	100	320	5	10	Raman, HR TEM, PL
		C 3	250	750	30	10	Raman, HR TEM, PL, XRD
	Milli-	C 4	750	2100	100	40	Raman, HR TEM, PL, XRD, FTIR, TGA, XPS

Table II -2. Raman modes (cm -1 ) observed in ZnO NCs obtained from C1-C4 reactors compared with modes observed for bulk ZnO [6-7].

 II 

	Reactor	E 1	E 2 (high)	A 1 (LO)
	Ref. [6-7]	410	437	574
	C 1	411	433	-
	C 2	417	435	-
	C 3	414	432	576
	C 4	414	436	576

Table II -3.Hydrodynamics parameters of the C1 -C4 experimental reactors.

 II 

	Scale	Reactor	Flow rate ratio	R H	R e	ZnO NCs morphology
	Micro	C 1	2.75	1.22	45	Spherical, triangles
		C 2	2.74	0.44	57	Spherical
		C 3	2.78	0.40	132	Spherical, nanorods
	Milli	C 4	2.78	0.85	32	Spherical

Table III -1. Summary of literature data of ZnO2 nanoparticles decomposition temperatures.

 III 

	Synthetic method	Agglomeration	Size (nm)	Decomposition temperature (˚C)	Ref.
	Organometallic	Agglomerated	-	189	7
	Precipitation of Zn(OH) 2 by H 2 O 2	Agglomerated	30-55	212	10
	Sol-gel	Agglomerated	100	230	11
	Precipitation of Zn(OH) 2 by H 2 O 2	High agglomerated	4-5	180	14
	Precipitation of Zn(OH) 2 by H 2 O 2	Agglomerated	5	160	15

Table III -2. Quantification of O 2-and O -oxygen species in the samples obtained with a residence times of 6 s and 40 s.

 III 

	Type of oxygen specie	ZnO 2 , 6 s Quantity (at.%)	ZnO, 40 s Quantity (at.%)
	O 2-	9.02	22.67
	O -	24.53	14.09

  2-peroxide ion has been observed on the surface of ZnO NCs obtained with a residence time of 40 s. In order to prove this hypothesis one experiment was performed: ZnO NCs were prepared using routine way (residence time is 40 s) but H2O2 was not added into reaction media (Zn(acac)2•H2O is transformed in the presence of water in ethanol/water mixture). Obviously, the formation of "ZnO2" like surface on ZnO NCs is impossible in this case. Room temperature PL spectrum of this sample is shown on Figure III-16-B and seems to be different to that measured for reference sample. This spectrum exhibits two types of PL emission: less intensive UV emission peak at 377 nm and more intensive red band in the visible region (575 nm) of the spectrum. This band in the visible domain of PL spectrum could be attributed to the surface defects of ZnO.To prove the existence of "ZnO2" like surface on ZnO NCs prepared with 40 s residence time with H2O2, we have provided a heat treatment of this sample at 350 ˚C (increase rate 150°C/hour, step 1 hour at 350°C and free decrease). In this experiment we could expect the thermal decomposition of "ZnO2" like surface which covers ZnO NCs and, as a result, we could observe visible emission in PL spectra.

  Moreover, room temperature PL measurements are in good agreement with the hypothesis of ZnO NCs formation mechanism proposed in Chapter III, i.e. (i) ZnO2 specific surface states neutralize surface defects of ZnO NCs and (ii) ZnO nuclei starts to grow at 6 s residence time confirming the thermal induced decomposition of ZnO2 intermediate nanoparticles to ZnO NCs. At this stage we can discard the existence of luminescent surface defects. But to check the bulk quality of ZnO NCs, it is necessary to record and analyze the emission spectra at low temperature.

Table IV -2. The intensity ratio of FX and D 0 X associated lined over the vibronic lines in ZnO NCs and single crystal PL spectra measured at 23 K, 50 K and 100 K.

 IV 

		ZnO nanocrystals		ZnO single crystal	
		FX/replica		FX/replica		D 0 X/replica	
	T(K)	I peak2 /I peak4	I peak2 /I peak5	I peak1 /I peak4	I peak1 /I peak6	I peak2 /I peak4	I peak2 /I peak6
	23	0.7	8.75	-	-	7.14	22.7
	50	0.41	2.92	1.55	3.97	5	12.8
	100	1.06	4	2.27	5.6	-	-

Table IV -3.The parameters of Varshni formula of ZnO NCs in comparison with literature data.

 IV 

	III.			
		Eg(0), eV	α, eV/K	β, K
	ZnO NCs (this work)	3.386	4.2•10 -5	704
	[44], ZnO film	3.3772	7.2•10 -4	1077
	[45], ZnOnanoneedle/nanorods	3,379	7,5•10 -4	1050
	[46], ZnO nanowire/nanowall	-	4,9•10 -4	900

Low temperature photoluminescence properties of "ZnO 2 " type NCs.

  As it was mentioned before, room temperature PL spectra of the sample obtained at 6 s residence time corresponding to intermediate ZnO2 nanoparticles with ZnO nuclei (Chapter III) exhibit UV emission line at 377 nm which is the same as in the case of ZnO NCs sample obtained at 40 s residence time. To confirm the absence of PL emission originated form ZnO2 phase, low temperature PL spectra were measured for 6 s residence time sample.

  Table IV-4 summarizes literature survey for PL emissions of ZnO measured at low temperature.

Table IV -4.Peak positions of ZnO nanorods, nanowires, films and single crystals in their near band edge PL spectra measured at low temperature (from literature).

 IV 

	ZnO shape	Ref.			Nature of PL emission		
		FX C	FX B	FX A	D 0 X	A 0 X	TES	LO-DX	LO-FX
			3.388	3.380	3.363				3.310
					3.364			
	Nanorods			3.376	3.360			
					3.359			
				3.377	3.351		3.326	
					3.3737			
					3.3693			
					3.3645			
					3.3557			
	Nanowires			3.366	3.3586			
					3.3598			
				3.370	3.363 3.360			
				3.375	3.365			
								3.29
				3.38	3.365	3.336		3.22 3.266	3.29
								3.192
					3.360			
					3.364			
			3.384	3.377					3.25
	Films				3.376 3.367			
			3.386	3.376	3.364		3.322	
					3.360			
					3.332			
					3.403			
					3.391			
					3.387			
				3.391	3.366			
					3.357		3.32	
					3.358			
					3.361			
				3.378	3.362 3.364			
					3.365			
	Single				3.368			
	crystal	3.4335	3.3938	3.3773				
		3.4214	3.3830	3.4214				
				3.3772	3.3636 3.3614 3.3570		3.3220 3.3189 3.3137 3.3058	
			3.378	3.386				
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II. Characterization techniques

The obtained samples were characterized by different techniques, which were used to investigate the structural, surface, thermal, optical properties and also morphology and size (Figure II-3). X-ray powder diffraction and Raman spectroscopy were applied for the study of the structural properties of ZnO NCs. X-ray powder diffraction has been also applied for the NCs size estimation with the Scherrer formula. High-Resolution Transmission Electron Microscopy was used to access morphology, size, size distribution and structure of the samples. Thermogravimetry analysis was used to investigate the thermal properties and also applied for phase analysis of the samples. The detailed information concerning the surface of the samples was observed by Fourier Transform Infrared and X-ray photoelectron spectroscopies. The optical properties were investigated using UNIVERSITY OF BORDEAUX

Chapter III

I.

Influence of residence time on the ZnO NCs characteristics

In order to understand the unusual optical properties of the obtained NCs and investigate the ZnO NCs formation mechanism, the experiments were focused on the influence of residence time. ZnO

NCs have been obtained by the same procedure as the one described in Chapter II. The first weight loss step could be attributed to water from the atmosphere. The second weight loss step is attributed to physi-and chemisorbed organic molecules which could appear on ZnO 

II. ZnO NCs formation mechanism

In at room temperature for 24-72 h [8]. ZnO2 nanoparticles formation has also been observed using H2O2 and other precursors such as zinc (II) 2-ethylhexanoate (instantaneously) [4] and zinc (II) isobutylcarbamate 0.5 h [7]. Moreover, ZnO2 nanoparticles can also be prepared through the treatment of ZnO nanostructures in H2O2 aqueous solution at 120 ˚C for 6 h [22]. Therefore, different zinc precursors and even ZnO nanostructures can be transformed to ZnO2 nanoparticles. to ZnO. This could also confirm the growth of ZnO NCs through the thermal decomposition of ZnO2 phase. On the other side, XPS data observed on 6 s residence time sample show 9.02 at.% of ZnO phase in these nanoparticles. This phase could present the ZnO nuclei inside of these nanoparticles (XPS data could be attributed to all volume for these nanoparticles due to their small size of 3.4 nm). On the other hand, ZnO2 phase was observed on XPS spectrum measured for the sample obtained at 40 s residence time. This data can illustrate only near surface region of these ZnO NCs due to their bigger size (12.9 nm) than in the case of 6 s. Thereby, ZnO2 phase in ZnO NCs obtained at higher residence time is located on the surface of these NCs. 

Conclusion:

The formation of ZnO NCs as a function of residence time in our continuous supercritical fluids process has been investigated for the first time. donor and acceptor bounded excitonic emission in ZnO is quenched at the temperature above 150 K [13-14, 16-17, 22, 26-27]. 1E2high-FXA,B emission line is also shifted to the lower energy region of the spectra with increasing temperature. Finally, FXA, FXB and 1E2high-FXA,B form one unstructured PL emission band at the room temperature with a maximum at 377 nm confirming the free excitonic nature of PL emission observed for room temperature PL spectra of ZnO NCs. Decay time dynamic of the recombination lifetime of free and bounded excitons have also been reported for ZnO nanostructures [49][50][51][52][53][54][55][56][57]. Xing et al. [49] have reported decay time measurements for well-aligned ZnO nanowire arrays at 10 K; the observed biexponential decay shows two components equal to be 49.5 ps and 382.7 ps for fast and slow component, respectively. The authors attributed the fast component to bounded excitons recombination lifetime, while slow component is attributed to the free excitonic recombination. The biexponential decay time of ZnO nanorods at 1.9 K has been reported by Zhao et al. [50]. It was demonstrated that ZnO nanorods exhibit a very fast (a few tens of ps) decay. They have also demonstrated that the fast component of decay time which is attributed to the surface recombination of free excitons decreases with decreasing the diameter of nanorods. The very short radiative single exponential decay time (65 ps) of free excitonic recombination was observed in ZnO quantum dots [51].

The study of decay time dynamic of donor bounded excitons (D 0 X) in ZnO nanowires has been reported by Reparaz et al. [52]; observed decay time of D 0 X varies from 67 ps to 200 ps. Kwok et al. [53] have reported longer biexponential decay time of D 0 X for ZnO rods equally to 116 ps and 1.2 ns for fast and slow component of decay, respectively. The same group has measured decay time of different ZnO nanostructures [54]. They reported that different types of ZnO nanostructures could have very different decay times with biexponential decay, e.g., ZnO nanorods and shells show very fast decay -7 ps and 44 ps and 10 ps and 37 ps, respectively, while tetrapods exhibit comparatively slow decay time -91 ps and 708 ps. Sun et al. [55] have also observed a very small biexponential lifetime of D 0 X in ZnO nanopillars equally to 15 ps and 58 ps at 5 K.

However, Chen et al. [56] has observed a much longer biexponential decay time of D 0 X emission at 5 K in bulk ZnO from 0.20 ns to 0.26 ns and from 0.75 ns to 1.1 ns for fast and slow constant, respectively.

Decay time measurements were carried out for ZnO NCs sample, which exhibits two populations of morphology (nanospheres and nanorods)in collaboration with Dr. P. Martin (CELIA). Decay time signal for only spherical ZnO NCs sample have not been detected due to small size of these NCs (discussion will be provided below). PL spectra was also provided. These measurements shows that the 10 K lines become one unstructured emission at room temperature as observed in literature. Deeper investigations are required to understand the decay time measurements and the influence of the surface states of the electron-hole recombination leading to the UV emission. The 300 ps value calculated from the decay time curve under UV and IR irradiation seems also to confirm the free excitonic nature of the lines observed at 10 K.

All the observations confirm the unique optical behavior of such small ZnO NCs, which optical properties are strongly linked to the synthetic route. They also show the high influence of the ZnO2 phase as a precursor to precipitate a würtzite defects-free bulk and avoid the creation of the surface defects from which a visible emission is generally observed at this scale. All the optical measurements illustrate the high purity and crystalline quality of ZnO NCs obtained through the supercritical fluids route in this investigation.

General conclusion

In this thesis, we investigated the synthesis of ZnO nanocrystals using a supercritical fluids approach and their optical properties.

The first objective as a scaling from micro-up to millireactor dimension of our continuous supercritical fluids based set up in order to produce a larger quantity of ZnO NCs (up to a gram scale per day) has been successfully provided. Whatever the experimental reactor, ZnO NCs exhibit an UV emission line and no visible photoluminescence was detected.

The second objective of this thesis as a deep characterization of ZnO NCs properties has been focused on NCs obtained with millireactor. In these conditions, due to a larger quantity of the powder available, the additional characterization techniques were performed. XRD patterns confirm the würtzite type-structure of the nanocrystals. FTIR, XPS spectroscopies and TG analysis show the existence of organics (with the average organics quantity of 6 wt.%) such as -OH, -CH2, COO-, C-O, C=O and P=O which are originated from TOP and the traces of acetylacetonate from the precursor, at the surface.

The third objective was devoted to ZnO NCs size and morphology control. These can be controlled through the changing of two operating parameters of the process: the hydrodynamic regime and the H2O2 concentration. The hydrodynamic regime has a strong influence of TOP concentration into reactors which leads changing ZnO NCs morphology from small spherical NCs (at low TOP concentration) to bigger triangular and rods-like shaped NCs (at higher TOP concentration). The concentration of H2O2 also demonstrates a strong influence on ZnO NCs size and morphology. It was observed that very small and highly uniform spherical ZnO NCs are formed with high H2O2 concentration, while ZnO NCs size and morphology start to be not so uniform and contain some populations of triangular and hexagonal ZnO NCs with the decrease of H2O2 concentration. This morphology behavior could be explained using homogeneous nucleation theory and LaMer diagram.

The fourth objective of this Ph.D. thesis has been devoted to the evaluation of ZnO NCs formation mechanism in a supercritical fluids based approach. We have demonstrated that the formation of ZnO NCs in our continuous supercritical fluids method goes through ZnO2 intermediate phase.

The following growth of ZnO NCs could be realized through the thermal decomposition of ZnO2 intermediate nanoparticles forming final ZnO NCs with specific "ZnO2"-like surface state. This "ZnO2"-like surface states block/neutralize surface defects from which visible emission can occur.

We cannot discard the fact that this ZnO2 intermediate also favor the precipitation of stoichiometric ZnO nanocrystals which avoids the stabilization of punctual bulk defects such as oxygen vacancies. This is confirmed by the fact that emission spectra of ZnO NCs obtained without using H2O2 exhibits strong and intensive defect emission because in this case, it is impossible to construct such "ZnO2"-like surface and quench surface defects.

The last objective of this thesis has been focused on a comprehensive investigation of ZnO NCs optical properties. Low temperature PL measurements were necessary to understand the nature of the excitonic emission lines. At low temperature, ZnO NCs exhibit several lines between 3.4 and 3.2 eV 3.4 and 3.2 eV. The positions of these lines were carefully calibrated using Hg lamp and compare to those observed in literature on several type of particles (nano-and macroscale).

Additional measurements were performed on a single crystal provide by Dr. Patrick Martin (CELIA, Talence). Taking in to account the small size and high crystalline quality of NCs and considering, the energy position of the lines and their thermal behavior, we have rejected the possibility to observed trapped exciton luminescence as D 0 X lines. These emission lines were attributed to the recombination of free excitons (FXA, FXB), their coupling with the first order E2high and E2high+A1(LO) optical phonon modes of ZnO (1E2high-FXA,B and E2high+A1(LO)-FXA,B)