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I Fabrication, études structurales et spectroscopiques de nanoparticules semi-conductrices à large bande interdite de ZnO pour application en diodes électroluminescentes blanches Résumé L'industrie de l'éclairage est actuellement dominée par les luminophores à base de terres rares. Une utilisation à si grande échelle d'éléments de terres rares est à l'origine de problèmes environnementaux et contribue au changement climatique. Grâce à ses défauts intrinsèques, ZnO a été considéré comme un luminophore potentiellement exempt de terres rares pour les diodes électroluminescentes blanches (WLEDs). L'objectif de cette thèse est de développer un matériau électroluminescent blanc efficace et stable à base de nanoparticules de ZnO. Un système nanohybride de nanoparticules de ZnO incorporées dans des mésosphères d'acide polyacrylique (PAA) a été développé par voie d'hydrolyse. Trois défis doivent être relevés pour que le système nanohybride ZnO / PAA soit applicable aux WLEDs. La première consiste à régler la couleur, ou la chaleur, d'émission du système, pour répondre aux exigences spécifiques des WLEDs; la deuxième est d'améliorer le rendement quantique de photoluminescence (PL QY); la dernière consiste à améliorer la stabilité thermique du système, car les WLEDs fonctionnent généralement au-dessus de la température ambiante. Deux études sont menées pour aborder ces questions. Dans la première étude, le dopage par des éléments autres que des terres non rares est employé pour régler la couleur d'émission de ZnO. L'objectif est d'acquérir une compréhension générale de l'effet du dopage sur les propriétés structurales et optiques du nanohybride ZnO / PAA. Une série de dopants métalliques de nature, taille, valence et concentration différentes sont introduits indépendamment dans le système nanohybride au cours du processus d'hydrolyse. On constate que la présence de dopant a un impact sur la structure mésosphérique. Des concentrations de dopage élevées peuvent rendre les mésosphères plus grosses et les gros ions peuvent même inhiber la formation des mésosphères. La taille des cristaux de ZnO est également affectée par le dopage. Les nanohybrides dopés présentent une large émission visible, avec un décalage vers le rouge du pic d'émission de 2,47 eV de ZnO non dopé jusqu'à 2,08 eV. Le décalage dépend de la nature, de la valence et de la concentration du dopant. Le PL QY est généralement réduit par le dopage, quel que soit le dopant. Cependant, il peut être maintenu ou même amélioré en dopant avec de petits ions à une faible concentration de dopage (0,1 at%). La couleur d'émission du ZnO dopé peut être réglée entre 2,47 eV et 2,17 eV sans dégrader PL QY. Dans la deuxième étude, un revêtement de silice est adopté pour améliorer le PL QY et la stabilité thermique du nanohybride ZnO / PAA. Différents précurseurs de ZnO / PAA sont enrobés de silice par l'hydrolyse d'orthosilicate de tétraéthyle (TEOS) en présence d'ammoniac (NH4OH). Les quantités
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L'amélioration optimale de PL QY est obtenue lorsque les mésosphères sont conservées par une quantité appropriée d'ammoniac et sont renforcées par un revêtement de silice d'une épaisseur appropriée.

Enfin, la stabilité thermique du ZnO / PAA dopé au métal ou revêtu de silice est examinée de la température ambiante à 100 ° C. Pour les deux matériaux, l'intensité de l'émission visible diminue à mesure que la température augmente. Le revêtement de silice réduit l'impact de la chaleur sur le matériau en améliorant considérablement le PL QY. Le problème est atténué dans une certaine mesure mais pas complétement éliminé.
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The optimal PL QY improvement is achieved when the mesospheres are preserved under an appropriate amount of ammonia and are strengthened by silica coating with an appropriate thickness.

Finally, the thermal stability of both metal-doped and silica-coated ZnO/PAA is examined from room temperature to 100 °C. For both materials, the intensity of the visible emission decreases as the temperature increases. Silica coating reduces the impact of heat on the material by drastically improving the PL QY. The issue is alleviated to some extent but not completely eliminated. vii ZnO reported in literature by different groups. (a) Ref [START_REF] Djurišić | Green, yellow, and orange defect emission from ZnO nanostructures: Influence of excitation wavelength[END_REF]. (b) Ref [START_REF] Lima | Luminescent properties and lattice defects correlation on zinc oxide[END_REF]. (c) Ref [START_REF] Lin | Green luminescent center in undoped zinc oxide films deposited on silicon substrates[END_REF]. (d) Ref [START_REF] Nickel | Zinc Oxide -A Material for Micro-and Optoelectronic Applications[END_REF]. (e) Ref [START_REF] Van De Walle | Hydrogen as a Cause of Doping in Zinc Oxide[END_REF]. (f) Ref [START_REF] Janotti | Native point defects in ZnO[END_REF]. (g) Ref [START_REF] Zwingel | Trapping and recombination processes in the thermoluminescence of Li-doped ZnO single crystals[END_REF], [START_REF] Schirmer | The yellow luminescence of zinc oxide[END_REF] 
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Chapter 1 State-of-the-Art

Context

The world today is faced with increasing severity of climate change and environmental issues related to energy supply crisis. While new sources of sustainable energy are being developed, global reduction in energy consumption comes to be of prime urgency. The production of artificial lighting accounts for approximately 6.5 % of the global consumption of primary energy and 16 % of the world's total generated electrical energy. [1] While white light is essential in modern life, conventional white light sources are gradually losing their ground due to relatively low luminous efficacy, low color rendering index (CRI) and short lifespan, compared to new generation of lightinglight emitting diodes (LEDs). Akasaki, Amano and Nakamura, laureates of the Nobel Prize in Physics in 2014, first demonstrated efficient blue GaN LEDs in 1990s, opening the era of bright and energy-saving white light sources. [2], [3] The use of current LED technology is estimated to decrease the world electricity consumption by 40 % (a reduction of annual costs of 130 billion euros), saving 670 million tons of CO2 per year. [4] While the contribution of LED to the lighting industry is tremendous, the pursuit of better white lighting (high CRI, high brightness, low cost and long lifetime) did not cease there but continues up till today. Due to policies banishing obsolete halogen lamps and the decrease of LED manufacturing costs, a considerable amount of LED products will enter the lighting market to reduce energy consumption, resulting in potential crisis in rare-earth elements (REEs) supply, since the current LEDs heavily rely on REEs. Therefore, developing rare-earth-free LEDs is crucial for the upcoming transformation of lighting industry.

White light-emitting diodes (WLEDs)

An LED is a semiconducting, electrically powered device that emits light, the wavelength of which depends on the bandgap structure of the emitting material. Red and green LEDs based on GaAs and GaP were developed and commercialized long before blue GaN LED because high-quality crystalline GaN were difficult to grow. [START_REF] Nanishi | The birth of the blue LED[END_REF] White light generation relies on these LEDs, in particular blue to UV LEDs that can be utilized as excitation source in WLED devices. WLEDs include two main categories, inorganic and organic LEDs (OLEDs), the latter being more cost effective yet less attractive due to moisture sensitivity and ageing issues.

There are three approaches to generate white light with LEDs. The first approach involves three independent LED chips emitting primary colorsred, green and blue (RGB)as demonstrated in GaAlAs (red LED) with high power and high brightness. [START_REF] Nakamura | Superbright Green InGaN Single-Quantum-Well-Structure Light-Emitting Diodes[END_REF] Despite the high CRI, the complex structure and high fabrication cost of this polychromatic LED device make it impossible for industrialization on a large-scale so far. On the other hand, the second (Figure 1 full conversion of UV LED, and (c) with partial conversion of blue LED. [START_REF] Pust | A revolution in lighting[END_REF] In this section, the selection criteria for WLED materials will be introduced first. Then, phosphor materials for down-shifting will be discussed in two parts, UV-excited phosphors (in full conversion as shown in 

WLEDs criteria

Quantum efficiency

There are a couple of definitions of quantum efficiency (QE) for WLED devices. First, the internal quantum efficiency (IQE) is defined as the ratio of the number of photons emitted from electron-hole recombination to the total number of recombinations (radiative and non-radiative). To put it more simply, IQE determines the efficiency of light generation of a material. Second, the external quantum efficiency (EQE) is the product of IQE and the extraction efficiency of the WLED device. EQE depends on both the inherent characteristics of the semiconducting material and the device architecture. While IQE describes the inherent characteristic of a material, EQE is usually adopted by the industry to describe the performance of a WLED device. In the present thesis, IQE will be our main concern, as this parameter is a determining factor for the EQE of the LED device. However, the total number of recombinations is rather difficult to determine. The term photoluminescence quantum yield (PL QY), defined as the ratio of the number of photons emitted to the number of photons absorbed, is therefore adopted to represent IQE in the present thesis. Note that PL QY is sometimes referred as EQE in the literature, in which case the device efficiency is beyond consideration. The details on how to calculate PL QY will be presented in Section 2.3.3. In order to obtain high PL QY, a strong absorption of the excitation source radiation by the luminescent material is essential.

Correlated color temperature

Correlated color temperature (CCT) describes the warmth of the emitted white light. The performance of a WLED is compared with a reference source, usually a black-body radiator in thermal equilibrium.

According to Planck's law of radiation in Equation (1.1):

B λ (λ, T) = 2hc 2 λ 5 1 e hc/(λk B T) -1 , (1.1)
where B is the spectral radiance of a physical body, λ the wavelength, T the absolute temperature, h the Planck constant, c the speed of light in the medium, and kB the Boltzmann constant, the emission spectrum of an incandescent black body depends on its temperature. The chromatic points corresponding to its radiation at different temperatures are represented in the CIE diagram as a black solid curve called Planckian locus, as illustrated in Figure 1.2 (a). [START_REF] Pust | A revolution in lighting[END_REF] The higher the CCT is, the colder human beings perceive the light. The dotted line represents all perceived colors that can be obtained from YAG:Ce by additive mixing. The luminescence spectrum of YAG:Ce is presented in 

Other criteria

For a longer lifetime of WLED devices, the phosphor material should meet some other criteria. Small thermal degradation is required to maintain the brightness and color coordinates of WLEDs over long period of time, since the luminescence process generates heat. Chemical stability is necessary for usage under ambient atmosphere. For high-power and high-brightness WLEDs, small luminance saturation is obligatory to retain luminance under high power or high flux density irradiations. [9]

UV-excited phosphors

As demonstrated in Figure 1. has long been utilized as an activator in phosphors, especially in blue-excited phosphors (to be discussed in Section 1.1.3). [START_REF] Blasse | Investigation of Some Ce 3+ -Activated Phosphors[END_REF] Eu 2+ and Ce 3+ are excellent activators in luminescent materials thanks to the nature of their electron shell structure. Visible emission from these rare-earth (RE) ions generally originates from 5d ↔ 4f transition. The emission peak positions can be easily tuned over a wide range, depending on the local coordination environment of the dopant ion in the crystal structure of the phosphor. [START_REF] Yan | Rare Earth, Rare Earth Luminescence, Luminescent Rare Earth Compounds, and Photofunctional Rare Earth Hybrid Materials[END_REF] In order to obtain a broadband emission, it is often required to co-dope Eu 2+ or Ce 3+ with Mn 2+ , since Mn 2+ can be a good source of red emission. Co-doping makes it possible to generate white light with a single-phase phosphor, which has been the endeavor of many researchers.

[18]- [START_REF] Hou | White-light-emitting from single-phased (Ca,Eu,Mn)9Al(PO4)7 phosphor with blue-white-yellow tunable luminescence properties for UV-based LEDs[END_REF] Figure 1.3 gives typical emission spectra of single-phase phosphors co-doped with Eu 2+ and Mn 2+ .

[18] The blue emission band (at around 459 nm) is ascribed to 5d-4f transition of Eu 2+ and the red band (608 nm) originates from Mn 2+ . The quenching of blue emission and the increase of red emission intensity allow tuning of the emission from blue to white and then to red under UV excitation by adjusting the amount of Mn 2+ , which closely correlates to the energy transfer efficiency ηT from Eu 2+

to Mn 2+ , as shown in the inset of Besides single-phase phosphors, the excitation of a mixture of RGB phosphors by UV light is another approach to obtaining white light. These phosphors also rely on Eu 2+ doping or Ce 3+ doping, or even co-doping. The red component, however, is scarce, and requires careful design of the energy transfer between different luminescent centers (such as Mn 2+ , Eu 3+ ), because the red phosphor can usually absorb not only UV light, but also visible light emitted from green and blue phosphors.

Blue-excited phosphors

As demonstrated in Ce. [START_REF] Pan | Tailored photoluminescence of YAG:Ce phosphor through various methods[END_REF] In this particular case, it is evident that white light can be generated by combining blue excitation at 470 nm and yellow emission peaking at 532 nm, unfortunately, with no red component in the final emitted spectrum. The photoluminescence of YAG:Ce was thoroughly studied and discussed in several articles. [START_REF] Blasse | Investigation of Some Ce 3+ -Activated Phosphors[END_REF], [START_REF] Wu | Structure-property correlations in Ce-doped garnet phosphors for use in solid state lighting[END_REF]- [START_REF] Bachmann | Temperature Quenching of Yellow Ce 3+ Luminescence in YAG:Ce[END_REF] Strong crystal field splitting of 5d energy level of Ce 3+ in terms of its coordination environment allows not only such excitation and emission as shown in Figure 1.4, but also the tuning of the bands to fit specific requirements such as obtaining red emission. The most common method to add red component in YAG:Ce is, again, co-doping with other activators such as Cr 3+ , Pr 3+ , Tb 3+ and Sm 3+ .

[34]- [START_REF] Setlur | Incorporation of Si 4+ -N 3into Ce 3+ -Doped Garnets for Warm White LED Phosphors[END_REF] These activators can introduce new luminescent centers or modify the crystal field splitting of Ce 3+ , resulting in enhancement of red emission. [START_REF] Jang | Enhancement of red spectral emission intensity of Y3Al5O12:Ce 3+ phosphor via Pr co-doping and Tb substitution for the application to white LEDs[END_REF] Nevertheless, while CRI is enhanced by codoping other activators, the luminous efficiency tends to decrease. It is still a challenge to balance CRI and luminous efficiency of YAG:Ce. Another challenge with YAG:Ce is the thermal quenching, especially for applications in high-power

WLEDs. The working temperature of YAG:Ce in commercially available LED products can reach well above 450 K mainly due to the heat generated from pn-junction. Decrease of the intensity of yellow emission was reported by many, but in fact, the intrinsic quenching temperature of YAG:Ce is well above 700 K. [START_REF] Bachmann | Temperature Quenching of Yellow Ce 3+ Luminescence in YAG:Ce[END_REF] Quenching at lower temperature is actually related to the concentration of Ce 3+ . Therefore, low doping is preferred for high-power WLEDs in order to minimize the thermal quenching phenomenon.

Besides YAG:Ce, other garnet phosphors and non-garnet oxides, sulfides, nitrides and oxynitrides can also be excited by blue LED to generate white light. Numerous compounds are summarized in some review articles. [START_REF] Wang | Down-Conversion Nitride Materials for Solid State Lighting: Recent Advances and Perspectives[END_REF], [START_REF] Van Den Eeckhout | Persistent Luminescence in Eu 2+ -Doped Compounds: A Review[END_REF], [START_REF] Ye | Phosphors in phosphor-converted white light-emitting diodes: Recent advances in materials, techniques and properties[END_REF], [START_REF] Xia | Recent developments in the new inorganic solid-state LED phosphors[END_REF]- [START_REF] Kim | Review-Phosphor Plates for High-Power LED Applications: Challenges and Opportunities toward Perfect Lighting[END_REF] The luminescence of these compounds, like UV-excited phosphors, relies on doping or co-doping with RE ions, principally Ce 3+ and Eu 2+ . Therefore, other materials without RE elements are attractive to replace YAG:Ce for their lower environmental impact.

ZnO as RE-free phosphor

As mentioned above, either UV-excited or blue-excited, the most common luminescent phosphors all rely heavily on RE elements such as Ce 3+ and Eu 2+ . RE elements are expensive and the existing mining industry related to them has serious impacts on the environment concerning soil and water.

Furthermore, they are essential for the development of innovative technologies in the information era.

As the consumption of electricity in lighting increases, RE-free materials are more suitable for largescale application in the lighting industry. Therefore, it is of great significance to develop RE-free materials to replace YAG:Ce as the new phosphor for WLEDs.

There are four main strategies to design RE-free phosphors: 1) using transition metals as luminescent centers, 2) creating defects, 3) using quantum dots, and 4) designing inorganic-organic hybrid phosphors. [START_REF] Bharat | Rare-earth free self-luminescent Ca2KZn2(VO4)3 phosphors for intense white light-emitting diodes[END_REF] Among these strategies, creating defects is particularly interesting and practical for metallic oxides such as zinc oxide (ZnO). ZnO possesses many intrinsic defects, making it an inherent phosphor of great potential for WLEDs.

ZnO has been considered as a complement or even an alternative for GaN for optoelectronic device applications because ZnO has a wide direct bandgap of ~ 3.3 eV and a large exciton binding energy of 60 meV (much larger than 24 meV of GaN) at room temperature (RT). Thanks to its good optical properties, ZnO is widely applied in the field of UV photodetectors, solar cells, photodiodes, sensing, etc. [START_REF] Mishra | Direct Growth of Freestanding ZnO Tetrapod Networks for Multifunctional Applications in Photocatalysis, UV Photodetection, and Gas Sensing[END_REF]- [START_REF] Tian | Solution-Processed Gas Sensors Based on ZnO Nanorods Array with an Exposed (0001) Facet for Enhanced Gas-Sensing Properties[END_REF] More interestingly, ZnO can be an excellent material for WLEDs due to broad absorption band in the UV range and broad emission band in the visible range, as well as strong bandgap emission (also in the UV). The visible emission originates from various native point defects such as oxygen interstitials (Oi), oxygen vacancies (VO), oxygen anti-sites (OZn), zinc interstitials (Zni), zinc vacancies (VZn), and zinc anti-sites (ZnO). These defects have a significant impact on the photoluminescence of ZnO. It is, therefore, imperative to understand and to be able to manipulate the defects for the development of specific devices.

Undoped ZnO

Photoluminescence of undoped ZnO

Photoluminescence (PL) is the process of light emission from a material under photoexcitation. An electron is excited by the absorbed photon to a higher energy state. After relaxation to the lowest available energy level of the energy band to which the electron was excited, the electron returns to the ground state and a lower-energy photon (as compared to the excitation photon) is released. Downshifting is PL with a given Stokes shift. Visible PL from ZnO is usually accompanied by a large Stokes shift. 

UV emission

ZnO is a potential candidate for room temperature UV or violet laser diodes, owing to its large exciton binding energy (60 meV at RT), which allows efficient excitonic lasing mechanisms at room temperature, even under low excitation intensity. Stimulated UV emission and lasing were first observed at cryogenic temperature in the 60s and 70s. [START_REF] Nicoll | ULTRAVIOLET ZnO LASER PUMPED BY AN ELECTRON BEAM[END_REF]- [START_REF] Hvam | Temperature-induced wavelength shift of electron-beam-pumped lasers from CdSe, CdS, and ZnO[END_REF] The materials in question then were bulk ZnO of very high quality in platelet form, pumped by an electron beam. Since late 90s, many researchers have reported optically pumped lasing in ZnO. [START_REF] Bagnall | High temperature excitonic stimulated emission from ZnO epitaxial layers[END_REF]- [START_REF] Chen | ZnO as a novel photonic material for the UV region[END_REF] Such lasing has been realized at RT and at low pump power thanks to the growth techniques such as laser-assisted molecular beam epitaxy (MBE), which produces ZnO micro-or nanostructures of even higher quality. Stimulated UV emission at RT can be attributed to the exciton-exciton collision, an important process for the realization of low-threshold lasing, in which one exciton is scattered into continuum state and the other recombines radiatively, generating one photon and an exciton scattered into n = 2 state. [START_REF] Ohtomo | Room temperature ultraviolet laser emission from ZnO nanocrystal thin films grown by laser MBE[END_REF] Nevertheless, leaving lasing aside and focusing on PL, the UV emission spectrum can be rather complex. Numerous peaks and shoulders are strongly superimposed at low temperature so it requires various experimental techniques to fully explain the emission mechanisms. [START_REF] Bagnall | High temperature excitonic stimulated emission from ZnO epitaxial layers[END_REF] In polycrystalline ZnO, where the particle size is less than its emission wavelength, random lasing can be observed due to strong optical scattering among self-formed cavities cavities (similar to the so-called Anderson localization of electrons in disordered systems). In parallel, based on experimental results from different groups, Figure 1.10 schemes the transition levels of the native defects in the band gap of ZnO. [START_REF] Willander | Luminescence from Zinc Oxide Nanostructures and Polymers and their Hybrid Devices[END_REF] The position of VZn is in good agreement with calculated results and among different reports; but for other defects, there is no consensus yet on their positions in the band gap. Another thing that is agreed in the literature is that these defects are the sources of visible emissions from ZnO. Ref [START_REF] Van De Walle | Hydrogen as a Cause of Doping in Zinc Oxide[END_REF]. (f) Ref [START_REF] Janotti | Native point defects in ZnO[END_REF]. (g) Ref [START_REF] Zwingel | Trapping and recombination processes in the thermoluminescence of Li-doped ZnO single crystals[END_REF], [START_REF] Schirmer | The yellow luminescence of zinc oxide[END_REF]. Zni locates near the bottom of the CB (0.22 eV below CB, as reported in Ref [START_REF] Bylander | Surface effects on the low-energy cathodoluminescence of zinc oxide[END_REF]) and VZn can be found near the top of the VB (0.30 eV above VB, as reported in Ref [START_REF] Fang | Blue luminescent center in ZnO films deposited on silicon substrates[END_REF] and Ref [START_REF] Xu | The electronic structure and spectral properties of ZnO and its defects[END_REF]). Three transitions related to Zn defects can possibly give rise to blue emission, i.e., Zni to VB, Zni to VZn, CB to VZn. The exact position of Zni and VZn varies within a small range, depending on the annealing and other conditions, so the blue emission is also dispersed in a reasonable range. However, it is yet difficult to discriminate different transitions responsible for blue emission.

Green emission is the most reported emission that has been attributed to various defects including intrinsic defects and extrinsic defects, such as copper impurities. Extrinsic defects will be discussed in Section 1.3. As far as intrinsic defects are concerned, VO is the primary origin of green emission.

Calculations of VO level suggested very different positions of VO in the band gap, as shown in Figure 1.10. Unsurprisingly, different transitions are proposed, such as singly charged oxygen vacancy (VO + ) to VB, VO or another donor level to VZn, Zni to VO and CB to VO. Two other intrinsic defects were also proposed to induce green emission. One involves transition from CB to Oi, if we assume the Oi level to be at 1.09 eV above VB. [START_REF] Ahn | A comparative analysis of deep level emission in ZnO layers deposited by various methods[END_REF], [START_REF] Li | Different origins of visible luminescence in ZnO nanostructures fabricated by the chemical and evaporation methods[END_REF] The other concerns transition from CB to OZn, which is located at 2.38 eV below CB. [START_REF] Lin | Green luminescent center in undoped zinc oxide films deposited on silicon substrates[END_REF] Without doubt, green emission band is often a superposition of luminescence from multiple transitions involving different intrinsic defects. More interestingly, defects residing in the bulk ZnO and on the surface or at grain boundary-induced depletion regions give rise to different green emissions. [START_REF] Vanheusden | Mechanisms behind green photoluminescence in ZnO phosphor powders[END_REF]- [START_REF] Tay | Correlation between the characteristic green emissions and specific defects of ZnO[END_REF] Thus, the microstructure of the material plays an important role in the green luminescence. The overall green emission band depends on the contribution of emissions from the bulk and the surface.

Coming to the long wavelength emission, the lack of red component in WLED phosphors also applies to ZnO-based materials. Despite many reports on yellow-orange emission from ZnO, red emission is either difficult to obtain or too weak. The enhancement of red emission from ZnO is urgently needed to produce white light with higher CRI. The origin of red emission has long been associated with excess oxygen. Various annealing studies in oxygen and forming gas atmosphere suggested a greater density of surface oxygen could enhance the intensity of the red component. [START_REF] Studenikin | Fabrication of green and orange photoluminescent, undoped ZnO films using spray pyrolysis[END_REF] No specific transitions were proposed for the red emission although oxygen-related defects, such as Oi and VO, and defect complex, such as VOZni, are believed to be responsible. [START_REF] Vempati | One-step synthesis of ZnO nanosheets: a blue-white fluorophore[END_REF], [START_REF] Tam | Defects in ZnO Nanorods Prepared by a Hydrothermal Method[END_REF] As for the yellow-orange emission, possible sources are extrinsic Li impurities and transitions involving OH groups at the surface. [START_REF] Tam | Defects in ZnO Nanorods Prepared by a Hydrothermal Method[END_REF]- [START_REF] Norberg | Influence of Surface Modification on the Luminescence of Colloidal ZnO Nanocrystals[END_REF] Broad visible emission can be obtained from different undoped ZnO structures and by different synthesis methods, but the interpretation of the emission components is a persevering difficulty despite the efforts in both theoretical calculations and experimental investigations. From the perspective of practical application in WLEDs, the priority here is to find the key to control the visible photoluminescence and enhance its intensity.

Doping of ZnO

Doping is the intentional introduction of impurities into a semiconductor to modulate its electrical, optical, magnetic and other properties. Doping of ZnO has been extensively studied, with a particular interest in achieving p-type doping for realizing high quality p-n homojunction for applications in optoelectronics. The difficulty to obtain p-type ZnO arises from the nature of native defects (VO and Zni) and unintentional doping of hydrogen, which are the sources of n-type conductivity. When it comes to photoluminescence of ZnO, the type of carriers is not the first concern for optical properties, but the defects introduced by unintentional doping and intentional doping are of critical significance for the production of visible emission. In this section, doping of ZnO will be introduced in two categories, namely, rare-earth doping and non-rare-earth doping. For both categories, the focus is placed on the influence of dopant on the optical properties of ZnO.

Rare-earth doping

As discussed in Section 1.1, RE elements are widely used in phosphors as activators for visible luminescence. RE elements include Sc, Y and the lanthanide series. Lanthanides have a unique electron configuration where 4f electron shell is incompletely filled. Sc and Y are classified as "rare earths", albeit lacking 4f electrons, because they have similar chemical properties as lanthanides and have the same separation difficulties in ore bodies. [START_REF] Yan | Rare Earth, Rare Earth Luminescence, Luminescent Rare Earth Compounds, and Photofunctional Rare Earth Hybrid Materials[END_REF] There are two types of optical transitions of RE ions in crystals: intraconfigurational-4f n transitions and interconfigurational transitions. [START_REF] Cornejo | Luminescence in Rare Earth Ion-Doped Oxide Compounds[END_REF] The former usually yields narrow absorption and emission lines due to small crystal field splitting. The latter gives broadband emissions in two ways: 4f n -4f n-1 5d transitions and charge-transfer transitions.

4f n -4f n-1 5d transitions occur for RE ions that like to be oxidized, while charge-transfer transitions are found for the ions that like to be reduced. [START_REF] Edgar | Luminescent Materials[END_REF] More details on RE luminescence can be found in references [START_REF] Yan | Rare Earth, Rare Earth Luminescence, Luminescent Rare Earth Compounds, and Photofunctional Rare Earth Hybrid Materials[END_REF], [START_REF] Cornejo | Luminescence in Rare Earth Ion-Doped Oxide Compounds[END_REF], [START_REF] Edgar | Luminescent Materials[END_REF]. The interest in doping ZnO with RE elements stems from their stable luminescence in ZnO crystals and high luminescence quantum yield. [START_REF] Sun | Lanthanum-doped ZnO quantum dots with greatly enhanced fluorescent quantum yield[END_REF]- [START_REF] Sowik | Optical and photocatalytic properties of rare earth metal-modified ZnO quantum dots[END_REF] Studies of ZnO (co-)doped with RE elements are numerous in the literature. Herein, only cerium will be discussed as a dopant in ZnO as the aim of the present thesis is to design RE-free phosphors.

Ce doping. Ce is one of the most studied RE dopants in ZnO for the modification of its optical properties. Trivalent cerium ions (Ce 3+ ) have a single 4f electron shielded by closed 5s and 5p shells.

Spin-orbit coupling effect causes 2 F5/2 and 2 F7/2 levels of the ground states of Ce 3+ , as illustrated in the energy level diagram in Figure 1.11. [START_REF] Yan | Rare Earth, Rare Earth Luminescence, Luminescent Rare Earth Compounds, and Photofunctional Rare Earth Hybrid Materials[END_REF], [START_REF] Shi | Enhancing blue luminescence from Ce-doped ZnO nanophosphor by Li doping[END_REF], [START_REF] Luo | Blue luminescence from Ce-doped ZnO thin films prepared by magnetron sputtering[END_REF] The 4f electron can be excited to 5d level, giving absorption in the UV range, which is in line with the absorption of ZnO. The return of the electron from the lowest 5d level to the ground states yields two sharp emission bands. Despite the satisfactory electron energy levels of Ce 3+ to generate visible emission, the intensity of the luminescence can be poor. One possible reason is that Ce 3+ tends to be oxidized to non-luminescent tetravalent state Ce 4+ ; the other is the aggregation of Ce 3+ ions that leads to the so-called concentration quenching. [START_REF] Kumar | Rare Earth Doped Zinc Oxide Nanophosphor Powder: A Future Material for Solid State Lighting and Solar Cells[END_REF] With regard to practical applications, Ce doping is generally beneficial for the enhancement of blue or green emission in ZnO, but it is not yet ideal for the generation of white light of high CRI. shows typical XRD patterns of Ce-doped ZnO. Various X-ray diffraction (XRD) studies have shown that Ce 3+ ions can be uniformly incorporated into ZnO without impurity phases even at high doping concentrations (up to 19 at%). [START_REF] Tan | Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by hotwater treatment of sol-gel derived coating[END_REF], [START_REF] Djaja | Characteristics and Photocatalytics Activities of Ce-Doped ZnO Nanoparticles[END_REF] Since the ionic radius of Ce 3+ is bigger than that of Zn 2+ , the diffraction peaks of wurtzite ZnO exhibit a shift towards lower angles with increasing doping concentration. Doping of Ce 3+ also affects the morphology of ZnO. One prominent observation is that the crystallite size of ZnO reduces after doping. [START_REF] Luo | Blue luminescence from Ce-doped ZnO thin films prepared by magnetron sputtering[END_REF], [START_REF] Tan | Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by hotwater treatment of sol-gel derived coating[END_REF], [START_REF] Chelouche | Low cerium doping investigation on structural and photoluminescence properties of sol-gel ZnO thin films[END_REF], [START_REF] Kannadasan | The effect of Ce 4+ incorporation on structural, morphological and photocatalytic characters of ZnO nanoparticles[END_REF] Such size reduction can be explained by the formation of complex of Ce 3+ and surface oxygen that hinders the growth of ZnO crystallites. [START_REF] Yousefi | Enhanced photoelectrochemical activity of Ce doped ZnO nanocomposite thin films under visible light[END_REF] It is also related to the degradation of ZnO crystalline quality arising from the formation of defects during the crystal growth. [START_REF] Luo | Effects of Ce Doping on the Properties of ZnO Thin Films Prepared by DC Reactive Magnetron Sputtering[END_REF] On the other hand, some evidence also suggests that Ce 3+ doping tends to increase the crystal size of ZnO. [START_REF] Lang | Fabrication and optical properties of Ce-doped ZnO nanorods[END_REF], [START_REF] Panda | Luminescence properties and decay kinetics of nano ZnO powder doped with cerium ions[END_REF] Either way, the interaction between Ce 3+ and oxygen or ligand (if any exists in solution-based syntheses) plays an important role in determining ZnO crystal size and the morphology of the material. Understanding such interaction and the trend of crystal size evolution will assist the precise control of the synthesized material morphology to meet specific requirements.

Figure 1.12 XRD patterns of Ce-doped ZnO nanoparticles. [START_REF] Djaja | Characteristics and Photocatalytics Activities of Ce-Doped ZnO Nanoparticles[END_REF] It is well known that Ce 4+ is more stable than Ce 3+ . When Ce 3+ is used as the source of Ce doping in ZnO, it is likely that both states are present in ZnO. The co-existence of Ce 3+ and Ce 4+ can be proved by X-ray Photoelectron Spectroscopy (XPS). [START_REF] Luo | Blue luminescence from Ce-doped ZnO thin films prepared by magnetron sputtering[END_REF], [START_REF] Tan | Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by hotwater treatment of sol-gel derived coating[END_REF], [START_REF] Yousefi | Enhanced photoelectrochemical activity of Ce doped ZnO nanocomposite thin films under visible light[END_REF], [START_REF] Liu | Characterization and activity of visible-light-driven TiO2 photocatalyst codoped with nitrogen and cerium[END_REF] Since Ce 4+ is non-luminescent, the luminescence of Ce-doped ZnO is affected by the transition between the two valence states. ZnO. The PL spectra are composed of a sharp UV emission at 384 nm and a broad visible emission between 500 nm and 700 nm. The UV emission ascribed to the excitonic emission is quenched by Ce doping because doping increases the density of non-radiative defects. [START_REF] Tan | Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by hotwater treatment of sol-gel derived coating[END_REF] Possibly present Ce 4+ ions may trap the excited electron and then reduce to Ce 3+ , hence inhibiting excitonic recombination while giving rise to visible emissions. [START_REF] Kannadasan | The effect of Ce 4+ incorporation on structural, morphological and photocatalytic characters of ZnO nanoparticles[END_REF] The reduction of ZnO grain size can also result in such quenching effect. Besides the quenching effect of Ce doping, some studies also reported the shift of the UV emission. The red shift is attributed to shallow defects near the CB, or to the bandgap reduction, which is caused by localized Ce electron states (i.e., impurity band) at the lower edge of the CB as the new lowest unoccupied molecular orbital. [START_REF] Lang | Fabrication and optical properties of Ce-doped ZnO nanorods[END_REF], [START_REF] Mahmoud | Synthesis and optical properties of Ce-doped ZnO hexagonal nanoplatelets[END_REF] The blue shift is caused by extra electrons of Ce 4+ donors that introduce radiative electron levels at the bottom of the CB. [START_REF] Chelouche | Low cerium doping investigation on structural and photoluminescence properties of sol-gel ZnO thin films[END_REF] In Figure 1.13 (a), the enhancement of visible emission is evident with Ce doping. While undoped ZnO possesses intrinsic defects that bring about visible emissions, Ce acts as new luminescent centers thanks to the 5d→4f transitions. The deconvoluted peaks are therefore attributed to both intrinsic defects (590 nm) and Ce impurity (543 nm). The peak at 543 nm actually consists of two peaks corresponding to transitions to the two ground states of Ce 3+ in the crystal. In cases where Ce 4+ is used as dopant source or where Ce 4+ ions coexist with Ce 3+ ions, the visible luminescence is also found to increase with the doping, because part of the electrons in the CB can be utilized to convert Ce 4+ ions into Ce 3+ ions. [START_REF] Kannadasan | The effect of Ce 4+ incorporation on structural, morphological and photocatalytic characters of ZnO nanoparticles[END_REF] Figure 1.13 (b) exemplifies that the relative intensity of green emissions from Ce 3+ centers increases with increasing doping concentration from 0 at% up to 4 at%. However, the increase of the green emission can also result from the increase in VO concentration after doping. [START_REF] Djaja | Characteristics and Photocatalytics Activities of Ce-Doped ZnO Nanoparticles[END_REF] On the other hand, blue emission is more common in Ce-doped ZnO since the energy of 5d→4f transitions is comparable to the energy of blue light, as demonstrated in Figure 1.11. The energy of the excited electrons in the CB can be transferred to Ce 3+ ions, which in turn leads to 5d→4f transitions. Another factor for blue emission enhancement is the increase of Zni concentration. [START_REF] Shi | Enhancing blue luminescence from Ce-doped ZnO nanophosphor by Li doping[END_REF] The maximal enhancement of the blue emission was found at 0.3 mol% doping concentration. At higher Ce concentration, the energy transfer is less effective and phase separation may occur, leading to strong carrier localization, which significantly affects the PL characteristics. [START_REF] Koao | The effect of Ce 3+ on structure, morphology and optical properties of flower-like ZnO synthesized using the chemical bath method[END_REF] Finally, it is worth pointing out that Ce doping decreases the relative intensity of the red component of the PL spectra in Figure 1.13 (b) because Ce doping does not introduce energy levels responsible for red emission, making it not suited for WLEDs applications.

Non-rare-earth doping

Non-RE doping in ZnO has been studied extensively not only for optoelectronics but for sensing, photocatalysis and other applications as well. [START_REF] Djurišić | ZnO nanostructures for optoelectronics: Material properties and device applications[END_REF]- [START_REF] Zhu | Room-temperature gas sensing of ZnO-based gas sensor: A review[END_REF] Non-RE dopant ions usually have smaller ionic size than lanthanides, so they have higher solubility in ZnO. Easier incorporation of these dopants makes it easier to modulate the properties of ZnO. Some of the most researched non-RE dopants belong to transition metals (TMs), some of which (e.g., Co, Fe, Mn) are excellent candidates for introducing ferromagnetism into non-ferromagnetic ZnO. In the aspect of optical properties, copper and chromium are some of the most studied non-RE elements. Herein, a selection of dopants for ZnO will be discussed in detail, primarily on the doping effect on the optical properties of ZnO. Besides existing as an interstitial, which is the aforementioned shallow donor H + , hydrogen can also substitute oxygen vacancy to form HO, also a donor but more stable. [START_REF] Huang | Universal photoluminescence evolution of solution-grown ZnO nanorods with annealing: important role of hydrogen donor[END_REF], [START_REF] Xue | Interaction of hydrogen with defects in ZnO nanoparticlesstudied by positron annihilation, Raman and photoluminescence spectroscopy[END_REF] Under oxygen-poor ambient, hydrogen can be trapped at VO, hence increasing NBE and reducing emission from transitions related to VO. [START_REF] Herklotz | Photoluminescence study of hydrogen donors in ZnO[END_REF] With subsequent annealing of hydrogenated ZnO in the air, it is found that hydrogen interstitials diffuse out at about 150 °C while HO can be completely annealed out at 700 °C.

The understanding of hydrogen in ZnO helps to balance the emissions from near-band-edge recombination and deep-level transitions. For WLED applications, unintentional hydrogen doping should be avoided so that visible emission can be achieved with the highest possible intensity.

Cu doping. Comprehensive studies have shown that Cu doping is responsible for intense green luminescence in ZnO. An early study by Dingle showed that a broad structured green band near 510 nm at low temperatures was due to copper atoms on zinc sites. [START_REF] Dingle | Luminescent Transitions Associated With Divalent Copper Impurities and the Green Emission from Semiconducting Zinc Oxide[END_REF] The ionic radii of Cu 2+ (87 pm)

and Cu + (91 pm) are both close to Zn 2+ (88 pm) and their formation energies are rather low, so it is The mechanism behind the green emission can be visualized in Figure 1.14. At room temperature, Cudoped ZnO exhibits rapid increase in green luminescence intensity at low doping concentrations. In addition to the green emission originating from intrinsic VO defect, Cu doping enhances the green emission in two ways. On the one hand, concentration of VO increases as more Cu atoms are incorporated into ZnO lattice. On the other hand, Cu 2+ (3d 9 4s 2 ) ion in place of Zn creates an acceptor level below the CB in ZnO bandgap, while Cu + (3d 10 4s 2 ) ion, i.e., singly ionized acceptor, recombines with the donor. Such mechanism is particular to copper, since other non-RE dopants, to our best knowledge, have not been reported to introduce new luminescent levels in ZnO. However, when the doping concentration increases above solubility limit, which is very low, the intensity of the green emission decreases, as excess Cu atoms agglomerate into metallic copper clusters or CuO. [START_REF]Enhanced room temperature ferromagnetism and green photoluminescence in Cu doped ZnO thin film synthesised by neutral beam sputtering[END_REF] The understanding of the luminescence of Cu-doped ZnO is well established, which is significant for studies of ZnO doping, since copper is also a common unintentional impurity in ZnO.

Ni doping. Nickel, along with cobalt, iron and manganese, is recognized as the one of most efficient TMs to tune the magnetic, electrical and optical properties of ZnO. Having a smaller ionic radius of 83 They concluded that Ni doping led to an increase in electron concentration and a concomitant decrease in intrinsic defects (such as VO and OZn) density. [START_REF] Tong | Photoluminescence studies on structural defects and room temperature ferromagnetism in Ni and Ni-H doped ZnO nanoparticles[END_REF] Such discrepancy of the doping effect on ZnO is common in the literature considering various synthesis techniques and ZnO morphologies. [START_REF] Tan | Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by hotwater treatment of sol-gel derived coating[END_REF], [START_REF] Mahmoud | Synthesis and optical properties of Ce-doped ZnO hexagonal nanoplatelets[END_REF] Co doping. As another efficient TM dopant in ZnO, cobalt is also able to tune the magnetic and optical properties of ZnO due to its abundant electron states. The solubility of Co 2+ in ZnO can be as high as 7

at%. [START_REF] Singh | Progress on Transition Metal-Doped ZnO Nanoparticles and Its Application[END_REF] One eminent effect of Co doping in ZnO is the alteration of energy band structure, which is manifested in the shift of UV emission in PL spectra. Both blue shift and red shift of UV emission have been reported. [START_REF] Baiqi | Photoluminescence properties of Co-doped ZnO nanorods array fabricated by the solution method[END_REF]- [START_REF] Ivill | Structure and magnetism of cobalt-doped ZnO thin films[END_REF] The blue shift can be explained by the Moss-Burstein effect, in which case the electron from the top of VB can only be excited above Fermi level, which lies in the CB, due to populated states in CB. [START_REF] Vempati | Cobalt-doped ZnO nanowires on quartz: Synthesis by simple chemical method and characterization[END_REF] The red shift can be explained by sp-d exchange interactions between the band electrons and the localized d electrons of Co 2+ ions substituting Zn ions. [START_REF] Ivill | Structure and magnetism of cobalt-doped ZnO thin films[END_REF], [START_REF] Yanmei | Structure and photoluminescence of arrayed Zn1-xCoxO nanorods grown via hydrothermal method[END_REF] In addition, the size of the ZnO nanostructure is also a factor to consider. In most cases, Co doping induces an increasing quenching effect in visible emission with increasing doping concentration.

Chang et al. explained this phenomenon as a result of the competition between increased native defects density induced by doping and suppression of defect luminescence originated from interaction between Co and defects. [START_REF] Chang | Influence of Co Content on Raman and Photoluminescence Spectra of Co Doped ZnO Nanowires[END_REF] Such competition mechanism is relevant for other dopants as well.

Fe doping. Studies on Fe doping usually concern Fe 3+ , since Fe 2+ is less stable although possible to (co)exist in ZnO. Techniques such as XPS, electron paramagnetic resonance (EPR) and Mössbauer spectroscopy can be employed to confirm the (co)existence of Fe 2+ in ZnO. [START_REF] Karmakar | Ferromagnetism in Fe-doped ZnO nanocrystals: Experiment and theory[END_REF]- [START_REF] Kim | Optical investigation of Zn1-xFexO films grown on Al2O3(0001) by radio-frequency sputtering[END_REF] Fe exerts doping effect on the optical properties of ZnO similarly to Co doping. Fe doping does not introduce new radiative energy levels. Green emission from Fe-doped ZnO is quenched upon increasing doping concentration due to stronger suppression of defect luminescence. [START_REF] Panigrahy | Effect of Fe doping concentration on optical and magnetic properties of ZnO nanorods[END_REF], [START_REF] Srivastava | Influence of Fe doping on nanostructures and photoluminescence of sol-gel derived ZnO[END_REF] On the higher energy end, UV emission is also quenched and shifted by Fe doping for the same reasons as Co doping. [START_REF] Wang | Structure, morphology and properties of Fedoped ZnO films prepared by facing-target magnetron sputtering system[END_REF] A blue or violet emission, however, can be present at high doping concentrations due to radiative defects related to interface traps existing at the grain boundaries. [START_REF] Wang | Structure, morphology and properties of Fedoped ZnO films prepared by facing-target magnetron sputtering system[END_REF], [START_REF] Srivastava | Influence of Fe doping on nanostructures and photoluminescence of sol-gel derived ZnO[END_REF] Zhang et al. indicated that Zni was the dominating defect responsible for the appearance of blue emission at high doping concentrations. [START_REF] Zhang | Influence of Fe doping on the optical property of ZnO films[END_REF] Fe doping is more complicated than other dopants because of the two possible valence states and the formation of second phases at high doping concentrations. Very different effects of Fe doping have been reported in the literature; therefore, it is difficult to pin down a general rule for Fe doping.

Mn doping. Mn is best known for introducing ferromagnetism in ZnO and Mn doping has facilitated the successful synthesis of diluted magnetic semiconductors (DMS) with ZnO-based materials. Mn 2+ has a solubility of ~ 14 % in ZnO, but incorporation of Mn in ZnO can still be difficult at low synthesis temperature due to high Mn-O bond energy. [START_REF] Singh | Low Temperature Mn Doped ZnO Nanorod Array: Synthesis and Its Photoluminescence Behavior[END_REF] The incorporation of Mn also alters the bandgap of ZnO, resulting in a shift of UV emission. At low doping concentrations, UV emission displays a red shift caused by sp-d exchange interactions and band tailing effect; at high doping concentrations, a blue shift is seen due to the Moss-Burstein effect. [START_REF] Sabri | Emission properties of Mn doped ZnO nanoparticles prepared by mechanochemical processing[END_REF] In general, Mn doping imposes a quenching effect on the visible emission of ZnO because Mn does not introduce radiative energy levels but promotes non-radiative recombination processes. [START_REF] Sabri | Emission properties of Mn doped ZnO nanoparticles prepared by mechanochemical processing[END_REF]- [START_REF] Maiti | Effect of Mn doping on the optical and structural properties of ZnO nano/micro-fibrous thin film synthesized by sol-gel technique[END_REF] However, Mahmood et al. proposed that Mn tail states lie approximately 1.15 eV below CB of ZnO, which gives rise to a radiative recombination of electron and hole releasing a photon in the green band. [START_REF] Mahmood | Enhanced visible light photocatalysis by manganese doping or rapid crystallization with ZnO nanoparticles[END_REF] Enhancement of PL intensity was also reported by several research groups who concurrently attributed it to the increasing native defect density produced by Mn incorporation. [START_REF] Singh | Low Temperature Mn Doped ZnO Nanorod Array: Synthesis and Its Photoluminescence Behavior[END_REF], [START_REF] Xin | Effect of Mn doping on the optical, structural and photoluminescence properties of nanostructured ZnO thin film synthesized by sol-gel technique[END_REF], [START_REF] Ronning | Manganese-doped ZnO nanobelts for spintronics[END_REF] Cr doping. Being a non-magnetic TM, chromium can also exhibit room temperature ferromagnetism when doped in ZnO, but the incorporation of Cr does not necessarily improve PL of ZnO. The quenching effect pertains for UV emission since Cr 3+ can easily trap an electron and reduce to Cr 2+ , suppressing the excitonic recombination. For the visible emission, Cr doping seems to induce a broader band despite the quenching effect reported by many. [START_REF] Liu | Effects of Cr-doping on the optical and magnetic properties in ZnO nanoparticles prepared by sol-gel method[END_REF]- [START_REF] Singh | Microstructural, optical and electrical properties of Cr-doped ZnO[END_REF] The broad band spans from violet (~ 430 nm) to orange (~ 600 nm), or even to red (~ 690 nm) when excited by visible light. [START_REF] Wang | Effects of Cr-doping on the photoluminescence and ferromagnetism at room temperature in ZnO nanomaterials prepared by soft chemistry route[END_REF],

[163] More interestingly, a higher doping concentration (6 at% ~ 7 at%) may improve PL intensity due to a steady increase of VO density. [START_REF] Wang | Effects of Cr-doping on the photoluminescence and ferromagnetism at room temperature in ZnO nanomaterials prepared by soft chemistry route[END_REF], [START_REF] Fu | Effects of Cr-doping concentration on the structural, optical, and magnetic properties of ZnO thin films: Structural, optical, and magnetic properties of ZnO thin films[END_REF] Ag doping. Ag + is an effective dopant with a larger ionic radius than Zn 2+ to enhance the optical properties of ZnO, especially its absorption and UV emission intensity. While most researchers attribute the UV emission to excitonic recombination, a particular study by Wang et al. suggests that it corresponds to a DAP transition, as Ag atoms incorporate into ZnO and disrupt the concentration of acceptor impurities. [START_REF] Wang | Luminescence and Raman scattering properties of Ag-doped ZnO films[END_REF] The UV emission intensity was found to increase up to 2.8 at% Ag doping concentration and decrease with heavier doping due to formation of metallic Ag clusters. Zhang et al.

also discovered that low doping was favorable for the improvement of UV emission and that Ag doping did not lead to new emissions. [START_REF] Zhang | Effects of Ag Doping on the Photoluminescence of ZnO Films Grown on Si Substrates[END_REF] Other results confirm that the luminescence mechanism of ZnO cannot be altered through Ag doping, while the intensity of the visible emission varies. [START_REF] Kumari | Morphology evolution and luminescence enhancement in hydrothermally synthesized Ag doped ZnO nanorods[END_REF]- [START_REF] Xue | Influence of Ag-doping on the optical properties of ZnO films[END_REF] Al doping. Moving away from TMs, aluminum is the most popular dopant in ZnO to tune its electrical and optical properties for transparent conductive oxide (TCO) applications. Al 3+ can substitute Zn 2+ or occupy an interstitial site, hence modifying the PL of ZnO, in a similar manner as TM doping. The quenching effect is also observed for Al-doped ZnO, which is ascribed to the introduction of nonradiative defect centers. [START_REF] Kumar | Effect of aluminum doping on the structural and luminescent properties of ZnO nanoparticles synthesized by wet chemical method[END_REF]- [START_REF] Liu | Effect of Al doping on the visible photoluminescence of ZnO nanofibers[END_REF] However, when doped with an increasing concentration, Al 3+

doping is beneficial for increasing Oi concentration, because excess oxygen is necessarily introduced to equilibrate positive charges. [START_REF] Ding | Influence of Aldoping on the structure and optical properties of ZnO films[END_REF], [START_REF] Sundarakannan | ZnO:Al -A yellowish orange emitting phosphor for Blue Light-Converted White Light Emitting Diode (WLEDs)[END_REF] The increase in Oi concentration results in an enhancement of blue (450 nm) emission, as reported by Srinatha et al. [START_REF] Srinatha | Spin-coated Al-doped ZnO thin films for optical applications: Structural, micro-structural, optical and luminescence studies[END_REF] Al 3+ doping can enhance or reduce the intensity of visible emission, while a peak shift of visible emission is often observed. Such peak shift is the result of competition between native defects VO and Oi caused by Al 3+ incorporation. The UV emission is found to shift with Al 3+ doping as well, which is due to the Moss-Burstein effect.

Bi doping. Bismuth is a less studied dopant in ZnO. Because of the large ionic radius of Bi 3+ , doping with Bi significantly affects the morphology of ZnO, which, in turn, affects the optical properties of doped ZnO. Xiu et al. found that Bi doping could introduce shallow acceptors in ZnO thin films by temperature-dependent and excitation power-dependent PL measurements. [START_REF] Xiu | Bi-induced acceptor states in ZnO by molecular-beam epitaxy[END_REF] A red shift in nearband-edge emission is therefore often observed in Bi-doped ZnO. [START_REF] Ginting | A Simple Approach Low-Temperature Solution Process for Preparation of Bismuth-Doped ZnO Nanorods and Its Application in Hybrid Solar Cells[END_REF], [START_REF] Prakash | Structural, morphological and optical properties of Bi-doped ZnO nanoparticles synthesized by a microwave irradiation method[END_REF] Visible emission is significantly quenched by Bi doping, as demonstrated in references [START_REF] Ginting | A Simple Approach Low-Temperature Solution Process for Preparation of Bismuth-Doped ZnO Nanorods and Its Application in Hybrid Solar Cells[END_REF] and [START_REF] Pathak | Influence of Bi doping on the structure and photoluminescence of ZnO phosphor synthesized by the combustion method[END_REF], which can be ascribed to the decrease of oxygen-related defects after Bi doping. Although blue or violet emission peaks have been reported to be enhanced at certain doping concentrations, the mechanism of the enhancement is still unclear. [START_REF] Prakash | Structural, morphological and optical properties of Bi-doped ZnO nanoparticles synthesized by a microwave irradiation method[END_REF], [START_REF] Ravichandran | Revealing the influence of the Bi dopant on the structural, photoluminescence and antibacterial properties of ZnO nanoparticles[END_REF], [START_REF] Abed | Influence of Bi doping on the electrical and optical properties of ZnO thin films[END_REF] One possibility is the energy transition from 3 P1 to 1 S0 of Bi 3+ , as proposed by Ginting et al. [START_REF] Ginting | A Simple Approach Low-Temperature Solution Process for Preparation of Bismuth-Doped ZnO Nanorods and Its Application in Hybrid Solar Cells[END_REF] 

Summary on doping

A variety of dopants in ZnO has been reported extensively in the literature. The main known dopants to bring about extrinsic deep-level defects in ZnO are Li, Cu, Fe, Mn, and OH, which have been reported to emit at different wavelengths as discussed in more detail by Klingshirn et al. and Özgür et al. [START_REF] Özgür | A comprehensive review of ZnO materials and devices[END_REF], [START_REF] Klingshirn | ZnO: From basics towards applications[END_REF] Other dopants usually have a quenching effect on PL intensity, meaning that they introduce non-radiative levels or decrease the effect of the intrinsic defects. However, the enhancement of PL intensity has also been reported, notably at low doping concentration. Both UV emission and visible emission manifest position shift after doping, indicating that dopants modify the bandgap or the energy levels of intrinsic defects in the bandgap. There still lacks a consensus on the general effect of doping in ZnO despite numerous studies, which report different ZnO structures synthesized via different methods.

ZnO nanostructures

ZnO has a rich variety of nanostructure morphologies, as exemplified in Nanostructured ZnO exhibits different optical properties from bulk ZnO, primarily because of the size effect and the increase in surface-to-volume ratio. The PL spectrum of bulk ZnO typically consists of a strong narrow emission in the UV range and a weak broad emission in the visible range, corresponding to excitonic emission and trap emission, respectively. Both intrinsic and extrinsic defects are found in the bulk and at the surface of ZnO. When the surface-to-volume ratio is large enough, surface defects are no longer negligible and may even become the determining factor for PL.

Often surface defects, either deep or shallow, provide pathways for non-radiative relaxation processes of electrons and holes. [START_REF] Van Dijken | Identification of the transition responsible for the visible emission in ZnO using quantum size effects[END_REF] The surface of ZnO nanostructure is also characteristic of defect states such as adsorbed hydroxyl (OH), which is known to quench the UV emission. [START_REF] Zhou | Behind the weak excitonic emission of ZnO quantum dots: ZnO/Zn(OH)2 coreshell structure[END_REF] As illustrated in 

Hydrolysis of ZnEt2

The materials concerned in the present thesis were all synthesized via a chemical hydrolysis protocol based on diethyl zinc (Zn(CH2CH3)2, or ZnEt2) developed by S. Daniele's team at IRCE Lyon. This protocol was adopted because it has proven effective in modifying the surface states of ZnO nanoparticles in previous studies. [START_REF] Zhu | ZnO nanoparticles as a luminescent down-shifting layer for solar cells[END_REF], [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] In addition, it is an environmentally friendly reaction in aqueous environment, which does not produce harmful waste or require rigorous conditions, such as high temperature or high pressure. The hydrolysis reaction is given as follows: 1. [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] The synthesis is performed under inert atmosphere for ZnEt2 is pyrophoric. Stirring continues overnight for 24 hours at room temperature while ethane generated from the reaction is constantly extracted via a bubbler. The resulting ZnO is subsequently separated by centrifugation at 4000 rpm for 10 minutes, which permits to obtain a white powder. The white powder is then washed in ethanol and rinsed twice with water, and finally dried at 70 °C for 4 hours.

Zn(CH2CH3)2 + H2O → ZnO + 2 CH3CH3. ( 2 
The hydrolysis process described above was designed to fabricate ZnO/PAA mesospheres as shown in Based on this nanohybrid structure, the influence of metallic elements doping is studied in the present thesis in order to tune the visible emission spectrum of the material. Furthermore, the influence of silica coating on the nanohybrid is investigated with the motivation to improve the emission efficiency and the thermal stability of the material. 

Metal-doped ZnO nanohybrids

As introduced in Section 1.3, doping is a common strategy to tune the visible emission of ZnO since the native defects in ZnO have relatively fixed positions in the bandgap. The ability to tune the color of the emitted light of ZnO nanohybrids would facilitate the application of the material in the lighting industry. Therefore, various metallic elements, as listed in Table 2.1, have been chosen as dopants to tune the emission of ZnO nanohybrid. All these elements are non-RE elements, except for cerium, which is included in the study for comparison. Some of these dopants have been studied extensively in the literature. For instance, copper is known to introduce radiative energy states in the bandgap of ZnO.

[130] Some are less studied or extensively studied for purposes other than photoluminescence. For instance doping with iron, cobalt, and manganese is known to introduce ferromagnetism or produce diluted magnetic semiconductors. [START_REF] Karmakar | Ferromagnetism in Fe-doped ZnO nanocrystals: Experiment and theory[END_REF], [START_REF] Lee | Study of diluted magnetic semiconductor: Co-doped ZnO[END_REF], [START_REF] Fukumura | An oxide-diluted magnetic semiconductor: Mn-doped ZnO[END_REF] These elements are bound to have different impacts on the PL of ZnO nanohybrids as they have different ionic radii (smaller or bigger than that of Zn 2+ ) and different valence states (from +1 to +4). On top of that, iron and copper were doped at two different valence states, respectively, in order to investigate the impact of valence state of the same dopant. Chromium was doped with two different precursors, namely CrCl3 and Cr(NO3)3•9H2O, for the investigation on the impact of anions in the hydrolysis solution. Furthermore, each dopant was introduced at three different concentrations, i.e., 0.1 at%, 1 at%, and 5 at% with respect to Zn. The syntheses of the doped ZnO nanohybrids followed the same procedure as mentioned above in Section 2.1.1 with one additional step of the introduction of dopant. Dopant precursors were firstly dissolved in the aqueous solution of PAA before commercial ZnEt2 solution was added into the solution under continuous and rigorous stirring. In this manner, we obtained 39 powder samples of metal-doped ZnO nanohybrids plus 1 powder sample of undoped ZnO nanohybrid for comparison.

Each sample will be denoted by its doping concentration, dopant element, and dopant valence when necessary. For example, "0.1 % Cu 2+ " and "0.1 % Cu(II)" both denote Cu-doped ZnO with Cu(NO3)2•H2O at doping concentration of 0.1 at%. It should be noted that the final valence state of the dopants in the powder samples was not confirmed by any technique. Therefore, the valence state herein refers to the valence state of the metallic element in its precursor compound.

Synthesizing the doped ZnO nanohybrids in the same manner provides us with the means to study the effect of dopant systematically under the same conditions. It is advantageous over the studies of a single dopant, which sometimes provide contradictory results in the literature due to different synthesis processes. [START_REF] Tan | Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by hotwater treatment of sol-gel derived coating[END_REF], [START_REF] Mahmoud | Synthesis and optical properties of Ce-doped ZnO hexagonal nanoplatelets[END_REF] Therefore, one aim of the study is to obtain a general idea on the effects of the dopants on the optical properties of ZnO by minimizing the number of variables between different dopants.

Silica-coated ZnO nanohybrids

Doping may be able to modify the PL spectrum of ZnO; however, it may also quench the emission efficiency as discussed in Section 1.3. Continuous efforts are being made to improve the PL QY of ZnO nanohybrid, especially with the goal of application in LED industry. Despite the fact that mesospheric PAA can improve the PL QY of ZnO nanocrystals, the polymeric matrix for ZnO nanocrystals may also result in instability of the material under tough environment over long period of time. In particular, the operating condition of LED requires the material to be functional at temperature high up to 100 °C. It is therefore a crucial task to ameliorate the thermal stability of ZnO/PAA nanohybrid.

Silica has been considered an effective coating substance for nanomaterials due to the ease of incorporation, good environmental stability and material compatibility. A core-shell structure with silica offers not only the protection for the core material, but also the modification of charge states, functionality and reactivity of the core surface. [START_REF] Zhai | Core/shell structured ZnO/SiO2 nanoparticles: Preparation, characterization and photocatalytic property[END_REF] Therefore, coating silica on ZnO/PAA nanohybrid is a feasible and promising method to improve its optical properties.

Herein, once again, the hydrolysis synthesis is utilized to fabricate silica-coated ZnO/PAA nanohybrids. The uncoated ZnO/PAA nanohybrid undergoes the coating process in the presence of tetraethyl orthosilicate (TEOS). In a typical coating process, TEOS is added into the suspension of ZnO/PAA powder (300 mg) in ethanol (1000 mg) under constant stirring at 700 rpm at room temperature. After 30 min of stirring, 2 ml of a mixed solution (solution A) of ethanol (EtOH), water (H2O), and ammonium hydroxide (NH4OH) is added into the suspension. The nominal mass ratio of EtOH:H2O:NH4OH is 1:0.93:0.027. The stirring continues at 700 rpm at room temperature for another 4 h to obtain the final suspension. The resulting solid is recovered by centrifugation and then washed twice with ethanol and dried for 4 h at 70 °C.

After preliminary analyses, it was found that the morphology of the coated nanostructure mainly depends on the amount of TEOS and NH4OH. The amount of TEOS in the primary suspension determines the thickness of silica coating, while the amount of NH4OH affects the integrity of ZnO/PAA mesospheres. Hence, samples with different amounts of TEOS and NH4OH were synthesized, as listed in properties. Six of them that were synthesized under exactly the same conditions were subsequently used as the precursor for the silica coating process of 3.8Si-yA samples. 

Structural characterizations

The structure of the metal-doped ZnO nanohybrids and silica-coated ZnO/PAA nanohybrids was characterized by several techniques including X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Rutherford Backscattering Spectrometry (RBS), and Fourier Transform Infrared Spectroscopy (FTIR). XRD and TEM are powerful tools to determine the crystalline structure of the nanomaterials and to estimate the ZnO nanocrystal size. It was also possible to perform Energy Dispersive X-ray Spectroscopy (EDX) and High Angle Annular Dark-Field (HAADF) imaging on the transmission electron microscope, which help distinguish the distribution of ZnO and silica coating.

RBS is capable of determining the presence of the dopants in ZnO and FTIR is useful for detecting the chemical bonds of the nanomaterials. Each of these techniques will be introduced in this section.

X-Ray Diffraction

X-ray diffraction (XRD) is one of the most fundamental techniques in materials science for structural analysis of crystallized materials. The periodic lattice of crystals interacts with X-rays, producing a unique diffraction pattern that is indicative of the crystal structure of the material. The materials in question are expected to be ZnO nanocrystals in the form of powder; therefore, polycrystalline diffraction was performed and its principles are described here. where n is a positive integer and λ is the wavelength of the X-ray. The X-ray detector records the intensity of the scattered X-rays and attains a pattern with strong peaks at angles that satisfy Bragg diffraction. Such a pattern can also be accurately calculated once the complete crystalline parameters are known. 

τ = Kλ β cos θ , (2.3)
where τ is the mean size of crystalline domains, K a constant with a typical value of 0.9, λ the wavelength of the X-rays, β the full width at half maximum (FWHM) of the diffraction peak intensity, and θ the incident angle of the X-ray beam. For crystallites with a lot of defects, the position of the diffraction peaks may shift from the standard position, which suggests a change in lattice parameters.

If we rearrange Bragg's law as d = λ / (2 sin θ), where n = 1, the lattice spacing dhkl can be calculated for each hkl plane. Since wurtzite ZnO has a hexagonal structure (a = b ≠ c, α = β = 90°, γ = 120°), the lattice parameters can be calculated from the following equation:

1

d 2 = 4 3 ( h 2 + k 2 + l 2 a 2 ) + l 2 c 2 .
(2.4)

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is another powerful technique for structural analyses. In a transmission electron microscope (also TEM), a high-energy electron beam is produced by the filament from the field emission electron gun. The electron beam transmits through the sample of a thickness less than 100 nm to form an image after the interaction of electrons with the sample, which can be recorded by a charge-coupled device (CCD camera) for subsequent analysis. Two basic operation modes are available in TEM, as illustrated in The TEM equipment employed in our study was JEOL 2010F (from the CLYM platform (FED 4092))

and the experiments were performed by Karine Masenelli-Varlot. The powder sample was transferred onto a copper grid coated with an ultra-thin carbon film. Since the materials in question are powders of nanocrystals, it was not possible to select a region of a single ZnO crystal for analysis. Therefore, only imaging mode was used for analyses of the morphology of the materials. The crystallites can be observed, however, in HRTEM images, from which the crystal size can be estimated and crystal structure can be analyzed by fast Fourier transform (FFT) in software such as DigitalMicrograph by Gatan Inc. While the selected area aperture was futile for our nanocrystals, periodic structure in selected areas of HRTEM images can be converted into a diffraction pattern in reciprocal space by FFT for crystal structure indexing. 

Rutherford Backscattering Spectrometry

TEM can provide substantial information on the crystal structure and chemical distribution of the material. Zn, Si, and O were distinguished without difficulty in our cases. However, the metal dopants were not easy to probe due to the low sensitivity for low doping concentrations. Moreover, the results from TEM are regional and cannot necessarily represent the whole sample. Therefore, Rutherford backscattering spectroscopy (RBS) was necessary as a complimentary tool for chemical characterization, as its sensitivity is higher ( 0.5 at%).

In an RBS experiment, a beam of ions (usually H + or He + of typical energy of 0.5 to 2.5 MeV) is directed perpendicularly on the sample surface and the backscattered ions are detected by a detector.

Rutherford backscattering is assumed as an elastic collision between the incident ion beam and the sample. During the collision, no energy is transferred between the incident ions and the sample particles and the collision does not lead to nuclear reaction. When the positively charged incident ion approaches the positively charged nucleus of an atom, the ion is repelled by the nucleus and a part of its energy is lost in the collision process. The ratio of the energy after the collision (E1) to the energy before the collision (E0) can be derived from binary collision theory, as written in Equation (2.5),

E 1 E 0 = [ (M 2 2 -M 1 2 sin 2 θ) 1/2 + M 1 cos θ M 2 + M 1 ] 2 , (2.5) 
where M1 is the mass of the incident ion, M2 is the mass of the target atom, and θ is the scattering angle. [START_REF] Palmetshofer | Rutherford Backscattering Spectroscopy (RBS)[END_REF] It can be seen that the energy loss depends on the mass of the nucleus (i.e., atomic number) of the target atom and the scattering angle. By measuring the energy of the backscattered ions at a given scattering angle, a spectrum can be obtained for the analysis of element composition and depth.

In our RBS experiments for metal-doped ZnO and silica-coated ZnO nanohybrids, 2 MeV 4 He + ions were used as the incident ion beam. The backscattered ions were detected at an angle θ of 172°. The technique was able to determine the composition of C, O, Zn, Si, and dopant atoms, as they are all heavier than 4 He + ions. The energy spectra were analyzed by SIMNRA software. Since the samples were nanoparticles in powder form, element depth analysis was not performed. All the RBS experiments were performed by Bruno Canut.

Fourier Transform Infrared spectroscopy

In [ [START_REF] Kumar | Structural and Optical Characterization of ZnO Nanoparticles Synthesized by Microemulsion Route[END_REF] In the case of ZnO, as exemplified in Figure 2.9, the band is present in the region from 400 -700 cm -1 , which is attributed to Zn-O stretching mode of wurtzite ZnO. [193], [START_REF] Yuvaraj | Optical and electrical properties of ZnO films deposited by activated reactive evaporation[END_REF] Figure 2.9 Exemplary IR spectrum of bulk ZnO. The transmittance is normalized between 0 and 1.

[193]

Optical characterizations

Optical properties are the most significant characteristics for luminescent materials. In particular, photoluminescence (PL) spectrum and PL quantum yield (PL QY) are the signatures of our ZnO nanohybrid, with a wide emission spectrum in the visible range and a high PL QY up to 70 %. [START_REF] Zhu | ZnO nanoparticles as a luminescent down-shifting layer for solar cells[END_REF], [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] The mechanism of PL in ZnO has been discussed in Section 1.2. In this section, the measurement techniques of PL and PL QY will be introduced and the calculation and calibration of PL QY will be elaborated. PL excitation (PLE) spectroscopy and PL at high temperature will be described briefly as well.

Photoluminescence spectroscopy

In order to obtain a photoluminescence (PL) spectrum of a luminescent material, we first need an excitation source. The most common excitation source is a continuous laser, the photon energy of which has to be larger than the bandgap of the material for successful excitation. Then we need a photo detector. Two types of detectors are commonly available, namely photomultiplier tube (PMT) and CCD. A PMT detects a photon by multiplying the photocurrent produced by the photon absorption to achieve high gain. It is usually coupled with a monochromator that separates photons from a broad band of wavelengths into "single" wavelengths, i.e., narrow wavelengths. A CCD records a range of wavelengths via arrays of image sensors, or pixels, based on semiconducting capacitors that register electric charge proportional to the light intensity and integration time. In the CCD configuration, diffraction gratings are used to disperse the incident light and project the separated wavelengths onto the array of pixels. Finally, mirrors, lenses and optical fibers are necessary for the setup. (sensitivity at different wavelengths, dark current, etc.). Therefore, the recorded spectra have to be calibrated by a standard reference spectrum, which, in our case, is produced by a standard tungsten lamp.

Figure 2.10 PL spectroscopy experimental setup

A tungsten lamp is considered as a grey body whose theoretical spectral radiation can be calculated by Planck's law of radiation (Equation (1.1)). The theoretical emission spectrum can then be obtained by multiplying the radiation with the tungsten emissivity. The emitted spectrum of the tungsten lamp was recorded by CCD under the same conditions as the PL emission spectra of the powder samples. By comparing the theoretical spectrum and recorded spectrum from the tungsten lamp, a calibration function was obtained, which was applied to all the recorded emission spectra. The true spectra of the samples were thus obtained and they were all normalized to their maximum emission intensity for convenient comparison.

Photoluminescence Excitation spectroscopy

Photoluminescence excitation (PLE) is a particular PL spectroscopy aimed for the characterization of optical transitions in materials. Unlike conventional PL spectroscopy where a single excitation wavelength induces an emission spectrum in a range of wavelengths, PLE registers emission intensity at a single wavelength while the excitation wavelength varies in a range. Figure 2.11 displays a typical PLE spectrum along with the PL spectrum of ZnO. [START_REF] Camarda | Luminescence mechanisms of defective ZnO nanoparticles[END_REF] The PLE spectrum was monitored at 2.15 eV (577 nm). The peak near 3.5 eV (354 nm) in the PLE spectrum indicates that the strong emission is achieved when the excitation photon energy is near the bandgap. At higher excitation energies (above 3.5 eV), the emission intensity at 2.15 eV is always high, indicating that the emission at 2.15 eV has a persistent emission path. As demonstrated from the example, PLE spectrum can provide information on the excitation mechanism and emission paths of the material. Therefore, PLE was employed to help interpret the PL emission from ZnO nanohybrids.

PLE spectra were obtained from selected powder samples by a fluorescence spectrometer (FLS920 series, Edinburgh Instruments, Livingston, UK). The spectrometer is equipped with a 450-W Xe900 continuous xenon arc lamp as the excitation source and diffraction grating monochromators to separate the excitation wavelengths and emission wavelengths. The excitation was set in the spectral range between 220 nm and 450 nm with an interval of 1 nm; the emission wavelength was chosen at the wavelength with the highest emission intensity with a width of 1 nm. The dwell time was set to be 1 s.

The instrument also causes deviations from true spectra for both excitation spectrum and emission spectrum; however, the system automatically corrects each spectrum with its own reference. 

Measurement and calculation of photoluminescence quantum yield

As mentioned in Section 1.1.1, the photoluminescence quantum yield (PL QY) in the present thesis represents the internal quantum efficiency (IQE), which is an inherent characteristic of a luminescent material. The PL QY is thus calculated by Equation (2.6):

PL QY = number of photons emitted number of photons absorbed .

(2.6)

An integrating sphere is usually used in order to measure the number of photons. An integrating sphere is a hollow optical sphere with a highly diffuse reflective coating on its interior. Only small holes are opened on the sphere to allow light to enter and exit. It is assumed that every point on the interior of the sphere is equal and that all the light within the integrating sphere is guided to the exit for complete collection by an optic fiber.

Using an integrating sphere, de Mello at al. developed an advanced absolute method to measure the value of PL QY precisely. [START_REF] De Mello | An improved experimental determination of external photoluminescence quantum efficiency[END_REF] They considered the reabsorption by the sample of the diffused incident laser light, which should not be included as a contribution to the PL QY, and proposed three separate measurements as illustrated in Figure 2.12 to establish a calculation formula of PL QY as follows: The emission profile is enlarged 30 times.

PL QY = P c -(1-A)P b L a A , ( 2 
A conversion factor was developed by calibrating the integrating sphere with a tungsten halogen lamp whose irradiance is known as Iλ at each wavelength. Since the energy (Eλ) of a photon at each wavelength is also known, the number of photons is determined by the following equation:

Nphoton,λ = Iλt/Eλ, ( 2.8) 
where t is the integration time for the collection of the spectrum. We illuminated the integrating sphere with the tungsten halogen lamp and obtained a spectrum by measuring the intensity of the lamp at each wavelength in number of counts (Ncount,λ). Thus, a conversion factor Cλ was obtained for each wavelength as Cλ = (Iλt)/(EλNcount,λ).

(2.9)

Since the calibration lamp does not emit at 266 nm, the conversion factor at 266 nm (C266) is calculated and calibrated by the laser itself. The calculation involves the power of the laser (8 mW)

and the number of counts recorded at 266 nm. Therefore, we can convert the count at each wavelength into number of photons by multiplying Cλ to each spectrum. Finally, Equation (2.7) was applied in number of photons to obtain the PL QY of each sample.

In addition to the calibration by the tungsten halogen lamp, the method was further improved by another calibration with CdSe/CdS quantum rods colloidal solution with a known PL QY of 79 %. The quantum rods solution was disposed in a cuvette, which was installed inside the integrating sphere for the three measurements in Figure 2.12. The PL QY of the quantum rods was calculated after multiplying the emission spectrum with the conversion factor. In this way, another coefficient (η) was obtained as the ratio of the nominal PL QY to the measured PL QY. The final and true PL QY was therefore determined for each sample.

While PL spectroscopy provides qualitative evidence for the photoluminescence process in ZnO nanohybrids, PL QY complements the optical characterization by providing quantitative analysis. A higher PL QY is indicative of a more efficient microstructure of the material. Ultimately, materials with high PL QY are more promising for WLED applications.

Photoluminescence at high temperature

Towards the characterization for WLED application, PL at high temperature is one aspect to mimic the working condition of WLEDs. In the present thesis, silica-coated ZnO nanohybrids are likely to have a stable structure to withstand heat. Therefore, a new setup developed by the team of Christophe Dujardin at iLM (institut Lumière Matière) was employed to heat the silica-coated samples up to 100 °C for PL measurements.

In this new setup, a Xenon lamp was used as the excitation source and the excitation wavelength was set at 340 nm. The powder samples were again pressed onto the indium foil and firmly mounted onto the sample holder. The heating system controlled the temperature of the sample holder, which was accepted as the temperature of the sample after stabilizing for 10 minutes. The PL measurements started from room temperature until 100 °C. Then the sample was cooled down to room temperature for another measurement. The emitted light was collected by an optic fiber and recorded by a CCD in the range between 450 nm and 750 nm.

Chapter 3 Metal-Doped ZnO Nanohybrids

ZnO as a luminescent material takes advantage of the intrinsic deep-level defects in its wide bandgap.

The control of defect type, concentration and their position in the bandgap is hence critical for the control of emission spectrum and intensity. Doping is one of the measures to effectively tune the emission of ZnO, proven by the vast literature as demonstrated in Chapter 1. Unfortunately, the most effective dopants are usually rare-earth elements, which can impose serious environmental issues with excessive exploitation. Non-rare-earth doping is therefore the better option. Then again, no definite consensus has been achieved on the effect of non-rare-earth doping because of different synthesis conditions and microstructures of ZnO obtained.

In this chapter, the study of a series of non-rare-earth metal-doped ZnO nanohybrids will be presented.

This study benefits from our previous research in undoped ZnO/PAA nanohybrid structure synthesized by hydrolysis method, which was applied to all the metal-doped samples herein. The doped samples were characterized by various techniques to reveal their structural and optical properties. The effect of doping on the optical properties is the major concern. Doping is liable to quench the PL emission from ZnO by introducing non-radiative energy levels in the bandgap. [START_REF] Vempati | One-step synthesis of ZnO nanosheets: a blue-white fluorophore[END_REF] Such quenching effect of dopant will be investigated in a few aspects, i.e., dopant element, dopant ionic size, doping concentration and dopant valence. PL QY values of all the samples will be analyzed systematically in order to gain a comprehensive understanding of doping effect in ZnO. The study is therefore purposed to tune the visible emission of ZnO without degrading the PL QY and potentially apply the materials to WLEDs.

Microstructure of metal-doped ZnO nanohybrids

Morphology

The hydrolysis synthesis method in the previous study by our group (Yao Zhu's thesis) yielded a mesosphere structure (see Figure 2.1), which was partially held responsible for a high PL QY. [START_REF] Zhu | ZnO nanoparticles as a luminescent down-shifting layer for solar cells[END_REF], [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] The introduction of dopant precursor may have an impact on such morphology and eventually affect the PL QY. The morphology of several samples was investigated using TEM and some representative images are shown in despite the same doping concentration. Since the anions in Cu(II) and Bi precursors are both NO3 -, the metallic dopant ions are considered the origin of the differences in the morphology. As the ionic radius of the dopant increases, from 87 pm of Cu 2+ (similar to Zn 2+ ) to 117 pm of Bi 3+ (bigger than Zn 2+ ), it seems less likely to preserve the mesospheres. One possible explanation is that the bigger ions are more difficult to incorporate into ZnO nanocrystals, thus more likely to interfere with the formation of mesospheres via an intensified interaction with PAA or Zn precursor. Mn 2+ has a smaller ionic radius of 81 pm than Zn 2+ (88 pm). Since 0.1 % Mn doping can preserve the mesospheres, a general trend can be noticed that bigger dopant ions are not favorable for the formation of mesospheres.

It is clear that the doping precursor plays a role in the preservation of mesosphere nanohybrids, which is closely related to the doping concentration and the ionic radius of the dopant. The anion of the doping precursor may also play a role, but further investigation is needed to clarify the complex interaction between PAA and the doping precursor. The wurtzite structure is further confirmed by HRTEM images as shown in Figure 3.4. Representative HRTEM images of several doping cases, namely 0.1 % Mn, 5 % Mn, 0.1 % Cu(II) and 0.1 % Bi, were Fourier transformed into the reciprocal space (see insets in each image), respectively. The diffraction patterns in reciprocal space manifest characteristic polycrystalline diffraction rings with a few diffraction spots, which can be indexed to wurtzite ZnO structure as indicated in the inset images.

Crystal structure indexing

Additionally, the size of the ZnO nanocrystals is indicated in the HRTEM images to be between 5 and 10 nm, although such regional observation under TEM is not representative of the whole sample.

Complementarily, the mean crystalline domain size is estimated by Scherrer equation (Equation (2.3)) to be between 10 and 50 nm for different samples. The size evolution of different doping cases will be discussed in Section 3.1.5.3 based on the estimation from XRD spectra, since the result is more reliable for each sample as a whole.

Presence of PAA

Neither XRD nor TEM was able to prove the existence of PAA in the studied materials, although amorphous matrix was observed under TEM. Therefore, FTIR was performed on all the doped samples in order to state the presence and to characterize PAA. Above all, the presence of ZnO is confirmed for all the samples. The broad peak at 453 cm -1 is attributed to Zn-O stretching mode. [START_REF] Vergés | Formation of rod-like zinc oxide microcrystals in homogeneous solutions[END_REF] This peak is the most intense when the dopant precursor concentration is the smallest (0.1 %), indicating good crystallization at 0.1 % doping. Higher doping concentrations hinder the crystallization of ZnO, most likely because the dopant ions incorporate into ZnO lattice, thus degrading the crystalline quality. The broad feature around 3400 cm -1 is related to water or OH groups.

The peaks between 1327 cm -1 and 2920 cm -1 present at all doping concentrations are attributed to the bonds in PAA, which is a direct proof of successful incorporation of PAA in the doped ZnO nanohybrids. The two strong peaks at 1406 cm -1 and 1546 cm -1 are the evidence of the symmetric and asymmetric modes of carboxylate anion (COO -), respectively. The peak near 1740 cm -1 corresponds to C=O stretching mode of free non-hydrogen-bonded carboxylic acid (COOH) groups. [START_REF] Zhang | Surface Functionalization of Zinc Oxide by Carboxyalkylphosphonic Acid Self-Assembled Monolayers[END_REF] It can thus be deduced that some of the polymeric acid was deprotonated to form the amorphous matrix after the interaction with ZnO and dopant precursor.

Presence of dopants

At this stage, the structure of our metal-doped ZnO nanohybrids is completely confirmed to be wurtzite ZnO nanoparticles embedded in PAA matrix. However, none of the results above provides direct evidence of successful incorporation of metal dopants. Therefore, RBS and EDX were performed to probe the presence of dopants. These two techniques take advantage of the different atomic mass of different elements. The intensity of the resulting spectrum depends on the concentration of the given element. That is to say, the techniques are less accurate for low doping concentrations below their sensitivity. In order to successfully distinguish the dopant element from Zn, only 5 % doped samples were examined, which is representative of other doping concentrations since the synthesis process is generic for all the samples. Figure 3.6 displays the RBS spectrum (black curve) of 5 % Mn-doped ZnO nanohybrid with a simulated curve (red curve) and the contributions from each element (other colored curves). At low energy under 500 keV, it is a notorious issue in simulation that the calculated value of counts is smaller than the experimental data. [START_REF] Barradas | Calculation of the low energy yield in RBS[END_REF] However, on the high-energy side, the simulation shown here is considered a good fit. The simulation results indicate that the atomic ratio of Mn to Zn is 0.17:1, i.e., the Mn concentration is 17 %, which is larger than the intended doping concentration.

Considering the weak sensitivity of the technique for such low concentration, the result probably overestimates the real Mn concentration. Nevertheless, it is certain that Mn is present in this sample.

Since the synthesis process is generic for all the samples at all three doping concentrations, we can safely assume that the dopants are successfully incorporated in all the ZnO nanohybrids, regardless of the doping concentration. RBS spectrum also provides evidence that the precursor anion was not incorporated in the samples since no trace of Cl was observed when the dopant precursor compound was MnCl2. More RBS spectra of 5 % doped ZnO nanohybrids are listed in Appendix IV (5 % Fe 3+ , Fe 2+ , and Cu 2+ doping). For different dopant species, the results show that the dopant concentrations are between 10 % and 20 %, all bigger than intended 5 %. On the other hand, as overestimating as it can be, the consistency of the technique for different samples validates our assumption of successful doping for all dopants.

While RBS produces inaccurate yet global concentration of the dopant in the sample, EDX provides results that are more accurate at a local region under TEM. EDX was performed on a few isolated mesospheres of 5 % Mn-doped ZnO nanohybrid and the result is shown in Figure 3.7. Signal of Cu arises from the copper grid. The corresponding Mn concentration was determined to be 3.4 ± 1 %. We can confirm that Mn not only exists in the sample, but more importantly, exists in the mesospheres, probably incorporated in the ZnO lattice. Since the results were obtained from small regions, the Mn concentration obtained from EDX does not represent the global concentration of the sample. We cannot rule out the possibility that Mn can be segregated at a doping level higher than 5 %. The discrepancy of the dopant concentration in the mesosphere from the intended concentration indicates that a portion of Mn may be segregated in phases outside of the mesospheres. 

Effect of dopant on the microstructure

The characterizations so far have painted a clear picture of the microstructure of the materials: metaldoped wurtzite ZnO nanoparticles embedded in an amorphous PAA matrix. The microstructure is a determining factor for the optical properties and seems to be determined by the dopant precursor present in the hydrolysis synthesis. In this sub-section, the effect of dopant on the microstructure of ZnO nanohybrids will be discussed in terms of the mesosphere structure, crystal structure, and crystal size, each of which can significantly influence the optical properties.

Mesosphere structure

As seen from homogeneous size, which is believed to be beneficial for high PL QY. Yet the introduction of dopant precursor, which is aimed at tuning the PL spectrum, seems to disrupt the formation of mesospheres.

The presence of dopant elements has been confirmed by RBS and EDX and it clearly has an impact on the mesosphere structure. High doping concentration and big dopant ions tend to degrade the mesosphere structure, resulting in nanoparticles distributed outside of the mesospheres or even disappearance of mesospheres.

Mn 2+ has a smaller ionic radius (81 pm) and the same valence as Zn 2+ . The incorporation of Mn ions is relatively easy and the disruption of mesospheres is minimum at a low doping concentration of 0.1 %.

The case of Cu(II) doping at 0.1 % is similar to Mn, as these two dopant ions have similar ionic radius and the same valence; although, as the ionic radius of Cu 2+ (87 pm) is bigger than Mn 2+ , the presence of nanocrystals not embedded in mesospheres also increases in Cu(II)-doped sample, as illustrated in Bi doping at 0.1 % completely inhibits the formation of mesospheres. Based on the above observations, it can be perceived that the difficulty of dopant incorporation is one of the determining factors for the integrity of the mesospheres embedded with ZnO nanoparticles.

For bigger dopant ions with a different valence from Zn 2+ , more of the dopant ions are likely to be free from the participation in the crystallization of ZnO nanoparticles and the formation of mesospheres.

These free dopant ions can then interact with PAA, possibly via chelation, and disrupt the formation of the organic mesospheric matrix. This argument is supported by the discrepancy of dopant concentration in the mesospheres from the intended dopant concentration in the case of 5 % Mn doping. A fraction of Mn ions exists outside of the mesospheres as free ions, since they were not involved with ZnO or mesospheres during hydrolysis. As a result, these free dopant ions may form a chelate with PAA, and less PAA is available to form mesospheres for ZnO nanocrystals. In the case of 5 % Mn doping, as shown in Figure 3.1 (b), free Mn ions can render nanocrystals outside of mesospheres and possibly bigger mesospheres compared to 0.1 % doping (Figure 3.1 (a)). However, it is still unclear how the free dopant ions interact with PAA, which is probably dependent on the nature of the dopant ions.

Crystal structure

In most doping cases, the crystal structure of wurtzite ZnO is not affected by the presence of dopant impurity, as demonstrated in However, no clear trend can be observed in terms of dopant nature, except that the crystal size is between 10 nm and 50 nm for all the dopants. For Cu(I) and Ag doping, the crystal size seems to decrease when the doping concentration increases, whereas the opposite occurs for Al and Bi doping.

Co doping and Cr doping yield biggest crystal size when the doping concentration is 1 %. Ni doping concentration seems to exert no effect on the crystal size of ZnO. With all sorts of variations, it is rather difficult to establish an exact mechanism responsible for the growth of crystals during the hydrolysis synthesis process. Several factors can play a role in the resulting crystal size, including dopant ions, protonated PAA (PAAH), and other ions from dopant precursors. Dopant ions are incorporated into ZnO lattice in most of the doping cases, as discussed above. Thus, their incorporation process affects the growth rate of doped ZnO nanocrystals. It has been established in the previous study that PAAH inhibits the nucleation of ZnO nanocrystals. [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] With the introduction of the dopant precursor that can interact with PAAH, the extent of the inhibition of the nucleation of ZnO nanocrystals is now dependent upon the extent of the interaction between PAAH and the dopant precursor. Part of the PAAH that is involved with precursor ions is no longer active in inhibiting ZnO nucleation, resulting in efficient crystallization hence larger crystal size. It is also possible that some dopant precursors can enhance the inhibition of ZnO nucleation through interaction with PAAH, resulting in smaller crystal size. The complexation power of the dopant precursor with PAAH is therefore critical for the growth of ZnO nanocrystals. Considering the complexity of the present doping cases, the role of dopant precursor on the crystal size requires further investigation for confirmation.

Al

Summary

To summarize, the dopants impose various effects on the microstructure of the doped-ZnO nanohybrids. The mesospheres can be preserved by dopants with small ionic radius at low doping concentrations while excessive free dopant ions and bigger dopant ions inhibit the formation of mesospheres. Dopants with ionic radius bigger than Zn 2+ can induce phases other than wurtzite ZnO.

The mean crystal size is affected by the nature and concentration of dopants. In all three aspects discussed above, the interaction between the dopant precursor and PAA(H) is often one of the determining factors for the microstructure of the nanohybrids. Such interaction is not fully understood in the present thesis and thus requires further investigation.

Optical properties of metal-doped ZnO nanohybrids

The optical properties concerned in the present study are primarily PL and PL QY, which will be discussed in detail in this section. The investigation in PL spectra and PL QY values in terms of dopant type, concentration, size and valence allows us to understand the role of dopant in tuning the optical properties of doped ZnO nanohybrids. Keep in mind that the introduction of dopant usually means introduction of non-radiative energy levels in the bandgap of ZnO. [START_REF] Vempati | One-step synthesis of ZnO nanosheets: a blue-white fluorophore[END_REF] In addition to PL and PL QY, PLE and PL at high temperature will be presented briefly as well.

Photoluminescence

PL spectra of all samples were recorded and compared according to the dopant type, doping concentration and dopant valence. Appendix V gives all the spectra sorted according to the dopant type. All the spectra exhibit a board emission spectrum spanning from UV to visible range with no sharp near-band-edge emission. For clarity, herein, only selected spectra will be presented to highlight the effect of doping accordingly.

Effect of dopant type

It is reasonable to predict that different dopants have different impacts on the PL spectra of ZnO nanohybrids. Figure 3.12 plots some PL spectra of doped ZnO nanohybrids at the same doping concentration of 0.1 %. Compared to undoped ZnO, doping results in a redshift (shift to longer wavelength, or lower energy, in the spectrum) of the peak (maximum of the emission intensity) in the PL spectra for all types of dopant. The redshift is prominent even at a low doping concentration of 0.1 %. For most dopants, such as Co, Mn, and Cu(II), the PL peak shifts to different new positions; however, the redshift can be very similar for some dopants, such as Co and Fe(III).

Considering the cases of 0. 

Effect of doping concentration

As is already mentioned above, 0.1 % doping with different elements allows us to tune the PL emission peak in a wide range (between 504 nm and 574 nm); and increasing the doping concentration to 1 % and 5 % renders the tuning range a bit wider (between 504 nm and 596 nm). Therefore, doping concentration has an effect on the color tuning of ZnO nanohybrid. Despite a few peculiar cases where a weak UV emission persists, the effect of doping concentration is better manifested in the redshift of visible emission compared to undoped ZnO. For example, Mn doping at 0.1 % and 5 % leads to similar shift of the emission peak, whereas 1 % Mn doping leads to a larger redshift compared to the other two concentrations. On the other hand, the largest redshift is found at 5 % doping for Cu(I) and Fe(III) doping. There are also cases where doping concentration barely changes the redshift in the visible range (see Cr doping for example in Appendix V). For Cr doping, the change in the anion of Cr precursor compound does not lead to significant changes in PL spectra of Cr-doped ZnO at all three doping concentrations. Therefore, it is believed that the anion in the precursor has no significant effect on the PL spectra.

Effect of valence

The effect of valence on PL is demonstrated by Fe doping and Cu doping as shown in In the case of Cu doping, the shape of the PL spectra are similar except for 0.1 % Cu(I) doping, which exhibits an extra weak UV contribution compared with other spectra. The similarity in the visible part of the emission spectra suggests that the two valence states of Cu affect the deep-level defects in similar manners. In particular, at 1 % doping, the spectra are highly similar. A notable difference for the two valence states of Cu doping is that Cu(I) causes more drastic redshift than Cu(II). The emission peak positions are in a small range between 2.30 eV and 2.25 eV for Cu(II) doping at three doping concentrations whereas 5 % Cu(I) sets the spectrum further towards the red end, giving a tuning range between 2.30 eV and 2.18 eV.

Although the final valence of the dopant in the materials was not determined by any technique, it can be clearly seen that the dopant valence in the precursor plays an important role in tuning the PL spectra of ZnO nanohybrid.

Summary

As discussed above, dopant type, concentration and valence all play a role in tuning the PL spectra of ZnO nanohybrid. However, no clear tendency is noticed in the peak shift for any of the three factors. 

Photoluminescence quantum yield

The PL spectra show that the emission from ZnO nanohybrid can be tuned by doping, with different types of dopants, different valence states and at different doping concentrations. However, such tuning ability would be useless if the emission efficiency, i.e., PL QY, cannot be preserved. Many studies in the literature have suggested that a large doping concentration can lead to marked quenching effect of the PL QY. [START_REF] Vempati | One-step synthesis of ZnO nanosheets: a blue-white fluorophore[END_REF], [START_REF]Enhanced room temperature ferromagnetism and green photoluminescence in Cu doped ZnO thin film synthesised by neutral beam sputtering[END_REF], [START_REF] Xue | Influence of Ag-doping on the optical properties of ZnO films[END_REF], [START_REF] Luo | Probing the magnetic profile of diluted magnetic semiconductors using polarized neutron reflectivity[END_REF]- [START_REF] Lu | A facile green antisolvent approach to Cu 2+ -doped ZnO nanocrystals with visible-light-responsive photoactivities[END_REF] Therefore, it is necessary to accurately measure the PL QY of doped samples and compare it to the PL QY of undoped ZnO. The majority of the doping cases have a PL QY lower than undoped ZnO nanohybrid. Distinctively, 0.1 % doping is the optimal doping concentration for all the dopants, except for Fe(II) doping where the highest PL QY is achieved at 1 % doping. The general trend is that, within the doping range in the present study, the lower the doping concentration, the higher the PL QY. The peculiarity of Fe(II) doping remains to be explained. However, the results confirm the observation from the literature that large doping concentrations quench the PL QY.

Contrary to some reports in the literature, the PL QY can be preserved or even improved by doping at a low doping concentration of 0.1 %. The PL QY of several doping cases, such as Ag, Bi, Ce, and Cr(NO3)3, is nearly equal to that of undoped ZnO nanohybrids; and the PL QY of another few cases, such as Cu(II), Ni, CrCl3, Fe(III), and Al, is improved by up to 62 % (Fe(III)). Interestingly, the cases with improved PL QY all fall into the upper-right rectangular of Figure 3.16. Moreover, the cases with the biggest improvement in PL QY are found in the upper-right corner, for dopants with a small ionic radius and a large valence state. For Cu and Fe doping, a larger valence state is beneficial for a higher PL QY at 0.1 % doping. Although, even with their smaller ionic radii than Zn 2+ , 0.1 % Mn doping and 0.1 % Co doping do not improve the PL QY.

Considering all the doping cases, some of which remain peculiar, a conclusion can be drawn that one prerequisite for obtaining high PL QY by metal doping is to choose an element with small ionic radius and a small doping concentration around 0.1 %. The samples with improved PL QY in the present study still offer a tuning range of emission peak from 2.46 eV (undoped ZnO) to 2.17 eV (0.1 % Fe(III) doping), or from 504 nm to 571 nm.

Photoluminescence excitation

PLE can help interpret the optical transitions in the materials. For the metal-doped ZnO nanohybrids, PLE was employed to probe the differences in PL mechanism between samples with different doping concentrations. Figure 3.17 displays the PLE spectra of Cu(II)-doped ZnO nanohybrids at 0.1 %, 1 %, and 5 % doping concentrations. The emission wavelength was set at 565 nm, where the highest emission intensity was recorded. The spectra are normalized to the intensity at the excitation wavelength (λex) of 266 nm according to the PL QY value of the samples. The noisy signal at λex > 360 nm comes from the setup aberration.

The excitation threshold is found to be near 360 nm (3.4 eV in energy), which indicates the bandgap of the doped ZnO nanohybrids. Compared to previous results, the bandgap of doped ZnO nanohybrids was not modified by the incorporation of dopants at any doping concentration. [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] ZnO nanoparticles in the doped samples are not small enough to induce quantum confinement effect.

Furthermore, the shape of the PLE spectra at each doping concentration is similar, implying that the optical transitions in all the samples are essentially the same. The broad peak feature near 340 nm is attributed to the presence of PAA. [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] Doping concentration does not affect the position of the radiative energy levels. Finally, the highest emission intensity is achieved at around 255 nm. 

Figure 3.17 PLE spectra of Cu(II)-doped ZnO nanohybrids at three doping concentrations.

Role of dopant

The structural and optical properties of metal-doped ZnO nanohybrids have demonstrated that the dopant plays an important role in tuning the PL and PL QY of ZnO. Metal doping influences the properties of ZnO nanohybrids in two major aspects: 1) the role of dopant during hydrolysis process and 2) the role of dopant in the final nanohybrid structure. The role of dopant is schematically exposed in Figure 3.18 as it is discussed as follows.

Dopants during hydrolysis synthesis

On the first aspect, the presence of dopant during hydrolysis essentially determines the architecture of the nanohybrid. In other words, the dopant can control the formation of mesospheres that contain ZnO nanocrystals in PAA matrix and the size of these nanocrystals, which ultimately control the PL QY.

The interaction between the dopant precursor and PAA is scarcely reported in the literature. It appears that the function of PAA in the solution can be modified by complexing with the dopant to some extent, depending on the chemical nature of the dopant precursor. [START_REF] Nishikiori | Zinc complex formation of organic ligands on zinc oxide and titanium dioxide[END_REF], [START_REF] Prochowicz | Zinc hydroxides and oxides supported by organic ligands: Synthesis and structural diversity[END_REF] Such complexation modifies the pH of the solution and the conformation of PAA chains, thus interrupting the interaction between PAA and ZnO to form homogeneous mesospheres. The dopant atoms incorporated in ZnO lattice are bound to introduce defect levels in the bandgap.

These defect levels can be new levels. For example, Cu(II) doping can introduce radiative energy levels in the ZnO bandgap when Cu ions substitute Zn ions (cf. Chapter 1). [START_REF] Garces | Role of copper in the green luminescence from ZnO crystals[END_REF] On the other hand, most dopants are likely to introduce degenerate levels, since doping leads to a reduction of PL QY in most doping cases. For example, Mn and Co can occupy vacancy sites in ZnO nanocrystals, eliminating optical transitions through those vacancy sites, in other words, introducing quenching energy levels. [START_REF] Baraki | Electron paramagnetic resonance study of ZnO varistor material[END_REF], [START_REF] Ruf | Competing effects between intrinsic and extrinsic defects in pure and Mn-doped ZnO nanocrystals[END_REF] Therefore, most dopants essentially favor the presence of non-radiative levels, whether intrinsic or extrinsic.

The dopants can also modify the concentration of crystalline defects. For example, presence of Ni was reported to induce oxygen vacancies, which are deep radiative levels. [START_REF] Iqbal | Oxygen-vacancy-induced green emission and room-temperature ferromagnetism in Ni-doped ZnO nanorods[END_REF] The shape of the visible emission is similar among most doping cases, suggesting that doping does not create new radiative energy levels in these cases. It is highly unlikely that specific radiative defect levels are introduced by various dopants considering their vastly different chemical nature, even though we cannot rigorously discard this hypothesis. Instead, the dopants can modify defect concentration and enhance or reduce the presence of intrinsic radiative levels, leading to the redshift of visible emission observed in PL spectra. The redshift may also result from the modification of the position of existing radiative energy levels, as the bandgap is not changed after doping, which was proved by PLE.

Furthermore, the strong quenching effect on the UV end of the PL spectrum evidences that deep-level recombination prevails over near-band-edge emission even more after doping. Two possible mechanisms can explain further UV quenching by doping. First, since no new emission peaks appear, the concentration of deep-level defects must be enhanced by doping, further forbidding UV emission.

In this case, the PL QY is likely to be improved, for example, Al doping and Fe(III) doping at 0.1 %.

Second, in cases where the PL QY is not improved, the dopant probably introduces non-radiative deep levels that trap charges, also leading to the forbiddance of UV emission.

Finally, it is worth mentioning that the initial valence of the dopant in the precursor can also affect the PL spectrum (see Figure 3.14). The valence of the precursor ion can affect the incorporation of the ion both during the hydrolysis process and in the ZnO nanocrystals. However, it is yet difficult to draw a conclusion, since the final valence of the dopant within the ZnO nanocrystals is not determined. From a practical point of view, the present study supports the fact that doping can be utilized to control the visible emission spectrum and to improve the PL QY of ZnO nanohybrid. Thanks to the modification of radiative defect levels by certain dopants (Al, Fe 3+ , Cr, Ni and Cu 2+ ) at 0.1 % doping, the emission spectrum from ZnO nanohybrids can be tuned between 2.47 eV and 2.17 eV with an improved PL QY. Figure 3.19 plots the emission color of several doped samples on a gamut chart in Judd's Uniform Chromaticity Scale (UCS) diagram. The projection from the samples on the Planckian locus shows a large amplitude of allowed color tuning range by doping, although the emission colors of the samples are not equivalent to black body irradiation. It has been demonstrated that metal doping at low concentration is an effective approach to producing rare-earth-free phosphors based on ZnO nanohybrid for white LEDs, the color of which can be readily tuned to yield warm or cold white light.

Photoluminescence at high temperature

To test the robustness of the promising WLEDs materials, the PL of doped ZnO nanohybrids were studied at temperatures up to 100 °C, as the emissive materials in LEDs heat up to such temperatures.

The results obtained for ZnO doped with 0.1 % Fe(III) are shown in Figure 3.20. As the temperature rises from room temperature (RT) to 100 °C, the PL intensity maximum decreases drastically by 69 % from initial intensity. After the temperature is lowered to RT again, the PL intensity (spectrum in dots) recovers to 49 % of the initial intensity, indicating that the structure of the nanohybrid was irreversibly damaged by heating. Heat can degrade the material in two possible ways. First, the polymer PAA is susceptible to heat. At 100 °C, some residual solvent molecules (e.g., water and ethanol) trapped in the materials are evaporated. The mesosphere structure can therefore be damaged, leading to the decrease of PL intensity. Second, the defect concentration in ZnO nanocrystals was modified by heating. Either the radiative defect concentration was reduced, or the non-radiative defect concentration was increased.

Since the spectrum shape remains the same at different temperatures with lower intensity, the loss of emission is likely to result from the modification of defect concentration. The electrons and holes are more active under high temperature, thus more likely to recombine non-radiatively.

Our experiments show that the samples are sensitive to heat and, presently, they cannot be used as they are in WLEDs. Therefore, further research is required to improve the stability of the materials if they were to be applied in WLEDs.

Conclusion

In this chapter, a comprehensive and quantitative study of the effect of dopant on metal-doped ZnO nanohybrids is presented by structural and optical characterizations.

Firstly, the structural characterizations confirmed the successful synthesis of metal-doped ZnO nanohybrids via hydrolysis at doping concentrations of 0.1 %, 1 %, and 5 %. The materials are composed of mesospheres of ZnO nanocrystals embedded in PAA organic matrix. The crystal structure was indexed to be wurtzite ZnO by TEM and XRD. Presence of PAA was confirmed by FTIR. Presence of dopants was proved by RBS and EDX on 5 % doped samples, in addition to XRD on calcinated samples. The presence of dopants affects the resulting microstructure of the materials.

Different types of dopants influence the microstructure in different ways. Dopants with a large ionic radius tend to degrade the integrity of the mesospheres. High doping concentration induces larger mesospheres and nanocrystals outside of mesospheres. The nanocrystals showed no clear trend in size evolution according to the dopant type or doping concentration, although it is under 50 nm for all the samples.

Secondly, the optical characterizations demonstrated that the PL spectrum could be tuned without degrading PL QY by doping at a low concentration. All the dopants are able to shift the PL spectrum towards the red end in the visible range. Differences in dopant type, doping concentration, and dopant valence all induce different redshifts in PL spectrum, producing a wide tuning range of the emission peak between 2.46 eV and 2.08 eV. The PL QY is also influenced by the above doping factors, as well as the morphology and crystal size of the nanohybrids. The dopants modify the PL and PL QY in two aspects: 1) by interacting with PAA during hydrolysis and 2) by incorporating into ZnO crystal lattice.

The first aspect involves free dopant ions that are not incorporated in ZnO lattice. These free dopant ions may complex with PAA to interrupt the formation of mesospheres that are responsible for high PL QY. The second aspect involves the introduction of non-radiative energy levels in the bandgap of ZnO by the dopant ions incorporated in ZnO lattice. Most dopants introduce non-radiative energy levels, quenching the near-band-edge and deep-level emissions. They may also modify the position or the concentration of the deep defects, resulting in the redshift of the PL spectrum and the enhancement of PL QY, respectively. By doping small ions at a low doping concentration of 0.1 %, the color of the emission can be tuned from cold to warm between 2.46 eV and 2.17 eV without degrading PL QY.

Finally, the nanohybrids were found to be sensitive to heat up to 100 °C, probably due to the instability of the organic matrix or the increase of the concentration of non-radiative deep-level defects. The thermal stability of the material thus requires improvement before application in WLEDs.

Chapter 4 Silica-Coated ZnO Nanohybrids

In Chapter 3, it has been demonstrated in PL at high temperature that ZnO nanohybrids are sensitive to heat and suffer from instability. The absolute PL QY value of the undoped and doped ZnO nanohybrids is still rather low. For the materials to be applied in WLEDs, it is necessary to overcome these shortcomings by developing a more stable nanohybrid with a higher PL QY. A core-shell structure with silica coating can be a favorable design to improve the stability of the core material.

Silica is commonly used as the coating substance thanks to its high stability, especially in aqueous environment, as well as its easy coating process, compatibility with other materials and optical transparency. [START_REF] Guerrero-Martínez | Recent Progress on Silica Coating of Nanoparticles and Related Nanomaterials[END_REF] Silica shell can also induce surface passivation to modify the functionality of the core material. [START_REF] Zhai | Core/shell structured ZnO/SiO2 nanoparticles: Preparation, characterization and photocatalytic property[END_REF], [START_REF] Correa-Duarte | Stabilization of CdS semiconductor nanoparticles against photodegradation by a silica coating procedure[END_REF], [START_REF] El-Kabbany | Thermal and spectroscopic properties of the nano-system (ZnO(1-x)SiO2(x))[END_REF] Therefore, silica-coated ZnO nanohybrids were synthesized and characterized as introduced in Chapter 2.

In this chapter, the study of a series of silica-coated ZnO nanohybrids will be presented. This study employs the hydrolysis process as described in Section 2.1.1 to synthesize the ZnO nanohybrid (ZnO/PAA) precursors. The as-prepared ZnO/PAA from different synthesis batches exhibit different absolute PL QY values and instability under laser excitation. This issue will be addressed first in this chapter. Silica coating is then carried out for samples from each batch under the presence of tetraethyl orthosilicate (Si(OC2H5)4, TEOS) in ZnO/PAA suspension. Characterization techniques as described in Sections 2.2 and 2.3 are applied to probe the structural and optical properties of silica-coated ZnO/PAA nanohybrids, respectively. The role of silica shell on the mesospheres will be studied with specific focuses on the enhancement of visible luminescence and on the stability with respect to high temperature. Two correlated factors in the coating process will be investigated, namely, the ratio of TEOS (x) to ZnO and the amount of NH4OH in the alkaline solution (solution A, i.e., EtOH, H2O and NH4OH at mass ratios of 1:0.93:0.027y), as they may determine the integrity of the core-shell structure and ultimately the PL QY.

Instability of ZnO/PAA precursors

In order to investigate the effect of silica coating on ZnO/PAA, the optical properties of ZnO/PAA precursor were examined at the beginning of the study as a reference. surface states of these ZnO nanocrystals then act as PL quenching centers. However, the formation of PAA-NH4 may be beneficial for the release of adsorbed and trapped molecules in PAAH matrix. The amount of both TEOS and ammonia should be studied, in order to obtain an optimal silica shell that enhances the surface states passivation and protects the nanohybrid.

Effect of TEOS ratio

The attempt to coat ZnO/PAA mesospheres started with adding different amount of TEOS after hydrolysis synthesis. The weight ratio of TEOS to ZnO ranged from 0.94:1 to 600:1. High PL QY was achieved only for small TEOS to ZnO ratios smaller than 10:1. Consequently, we only focus on these samples. The first part of the study concerns samples with different TEOS contents but the same amount of NH4OH. These samples are denoted as xSi-1A, where x is the TEOS mass ratio to ZnO and 1A denotes 1 time of the nominal NH4OH ratio of 0.027 in solution A. The structural and optical properties of xSi-1A (x = 1.1, 2, 3, 3.8, 5, 6, 7, 8, 9, and 10) samples will be discussed herein.

Microstructure

X-ray diffraction

The hydrolysis process in our study produces wurtzite ZnO nanocrystals, as demonstrated previously. after calcination at 400 °C for 4 h.

Transmission electron microscopy

Since crystalline silica was not observed from XRD spectra, TEM was employed to search for evidence of its presence. ZnO nanocrystals were observed both inside and outside of the mesospheres for all the studied samples (xSi-1A (x = 1.1, 3.8 and 10)). However, the images were taken mostly from regions with nanocrystals outside of the mesospheres, since the mesospheres are rather thick (~ 100 nm) for TEM measurement. Since the amount of PAA is the same for all the samples, the difference in the thickness of the amorphous phase probably results from the silicon-based coating, despite the fact that its composition cannot be accurately determined.

Fourier transform infrared spectroscopy

TEM results presented evidence of the presence of silica, or at least of an amorphous silicon-based phase, but PAA has not yet been characterized. On the other hand, XRD spectra detected two unassigned peaks that are related to PAA. FTIR can provide information on the presence of PAA, as shown in Section 3.1.3. For both samples, the broad feature between 3000 cm -1 and 3500 cm -1 is associated with water or OH groups. Characteristic peaks of PAA are observed between 1219 cm -1 and 1800 cm -1 . The peak at 1736 cm -1 is attributed to C=O stretching mode of free non-hydrogen-bonded carboxylic acid (COOH)

groups. The two strong peaks at 1551 cm -1 and 1408 cm -1 are ascribed to asymmetric and symmetric modes of carboxylate anion (COO -), respectively. [START_REF] Zhang | Surface Functionalization of Zinc Oxide by Carboxyalkylphosphonic Acid Self-Assembled Monolayers[END_REF] The features above correspond well with the FTIR results obtained for metal-doped ZnO nanohybrids, as shown in The peak at 447 cm -1 from ZnO/PAA sample is assigned to Zn-O stretching mode, which is further evidence of the presence of ZnO. Interestingly, a peak at 544 cm -1 is present instead of at 447 cm -1 for sample 3.8Si-1A. This peak has a weak contribution in ZnO/PAA sample as well. The position of the peak from Zn-O bond is dependent on the size, morphology and the axial ratio (c/a) of ZnO nanocrystals. [START_REF] Soni | Studies on ZnO Nanorods Synthesized by Hydrothermal Method and their Characterization[END_REF] Oxygen-related defect complexes are also associated with FTIR peaks near this range. [START_REF] Xiong | Photoluminesence and FTIR study of ZnO nanoparticles: the impurity and defect perspective[END_REF] Therefore, the peak at 544 cm -1 can be assigned to highly defected ZnO, which constitutes the majority of ZnO nanocrystals in sample 3.8Si-1A but only a small fraction of ZnO nanocrystals in uncoated ZnO/PAA.

Summary

The characterizations above can well depict the microstructure of the as-prepared xSi-1A samples:

silica-coated PAA mesospheres embedding ZnO nanocrystals. The silica coating does not change the crystallographic structure of ZnO, nor does it destroy the PAA matrix around ZnO nanocrystals, leading to a direct coating on the whole mesosphere of the nanohybrid. The amount of TEOS has little impact on the microstructure and only affects the thickness of the silica coating. The coating may modify the surface states of the materials, which can in turn modify their optical properties.

Optical properties

Photoluminescence

Regarding the optical properties, the effect of the silica coating on the PL was investigated first.

Normalized PL spectra of selected xSi-1A samples are presented in 

Photoluminescence quantum yield

As the spectrum of ZnO/PAA was not modified by silica coating, PL QY becomes a key parameter for the optical properties of silica-coated ZnO nanohybrids. The PL QY of the xSi-1A samples are plotted in Figure 4.8 as PL QY improvement compared to the PL QY of the uncoated ZnO/PAA. The ZnO/PAA precursor for these samples is from the same batch and it has an absolute PL QY of 3.5 %.

When x (TEOS:ZnO ratio) is smaller than 5, the PL QY is significantly improved by silica coating. A drastic improvement by a factor of nearly five (484 %) is found at x = 3.8. When x is larger than 5, the PL QY is only improved by a small margin (for x = 8, 9 and 10) or even degraded (for x = 6 and 7) by silica coating. The optimal ratio of TEOS to ZnO seems to locate between x = 3 and 5. source would be partially absorbed by silica before reaching the effective material of ZnO. Therefore, TEOS ratio of 3.8 has been considered an appropriate amount of silica coating, as it presents full coverage of nanoparticles and, seemingly, an optimal thickness of a few nanometers.

Effect of ammonia content

The integrity of the mesospheres is not affected by TEOS to ZnO ratio, but it is subject to the alkaline solution (solution A) containing NH4OH, which can neutralize protonated PAAH. Therefore, the amount of NH4OH in solution A is crucial for successful silica coating and for the improvement of the stability of the coated ZnO/PAA. The second part of the study is presented in this section, concerning sample series 3.8Si-yA. TEOS to ZnO ratio of 3.8 was chosen because it retained an optimum of PL QY improvement. The size of the unassigned phase is estimated by Scherrer equation from the peak at 2θ = 33.4°.

Microstructure

X-ray diffraction

Transmission electron microscopy

In order to examine the effect of ammonia on the structure of silica-coated ZnO nanohybrids, in particular the effect on the PAA matrix, TEM was carried out for the three 3.8Si-yA samples.

Representative TEM images are shown in The nanocrystals become less distinguishable as the amount of ammonia increases, as observed in Ammonia also acts as a catalyst for the hydrolysis of TEOS to form silica. [START_REF] Wan | Polyelectrolyte Controlled Large-Scale Synthesis of Hollow Silica Spheres with Tunable Sizes and Wall Thicknesses[END_REF] When the amount of NH4OH is low at the nominal amount, only a thin layer of silica shell is formed. One reason is that the hydrolysis happens slowly; another possible reason is that insufficient amount of COOH groups in PAA chains are aminated to absorb TEOS hydrolysis and condensation, regardless of the TEOS loading. On the other hand, the repulsion among the mesospheres may be reduced and they tend to agglomerate into thick structure, as shown in Since both PAA and silica are present in an amorphous form, it is rather difficult to distinguish them or determine their respective thickness from the TEM images, especially when the silica shell (a few nanometers in thickness) is much thinner than the PAA matrix (around 100 nm in thickness). It can be deduced though that silica shell is present on the surface of nanohybrid mesospheres at relatively low NH4OH concentrations, when the PAA matrix is not significantly perturbed by excessive NH4OH. At higher NH4OH concentrations, the silica shell is sufficient to cover the mesospheres, and may even coat the nanocrystals outside of the mesospheres when enough silica is produced. The coverage of the silica coating determines how well the nanocrystals are protected and how light propagates within the material, thus influencing its optical properties and possibly its stability under laser excitation. Retrospectively, considering xSi-1A sample series again, since the amount of NH4OH is limited during the coating process (i.e., y = 1), it is possible that a maximal amount of silica coating is achieved under high TEOS loading (x > 5). This can explain why further increase in TEOS content does not change the structure or significantly improve the PL QY. Where silica coating is formed is closely related to the location of PAA. The ZnO nanocrystals are no longer embedded in the mesospheres although some of them may still be surrounded by PAA. Meanwhile, large amount of silica is produced on top of PAA-coated ZnO nanocrystals and it can even form a new amorphous matrix.

A medium and optimal concentration may exist, where mesosphere structure is not degraded by the presence of NH4OH but enhanced by the silica coating. In this case, the mesospheres are slightly degraded, but overall can maintain the spherical shape. Some embedded ZnO nanocrystals may be exposed to silica coating over the mesospheres. The mesosphere tends to break apart but the silica coating formed around it may hold it together. This optimal structure can be obtained when the amination process and the formation of silica coating are well balanced, which depends on the ratio of both NH4OH and TEOS.

The model above can explain the increase in the thickness of amorphous phase, the increase of Si composition and the degradation of the mesospheres observed under TEM with the increase of NH4OH ratio. It should be noted that a small amount of ZnO nanocrystals might already exist outside of the mesospheres, uncoated by PAA, in the ZnO/PAA precursors. These nanocrystals are not efficient emitting material due to abundant PL-quenching surface states, therefore not considered in this model.

Optical properties

Photoluminescence

Normalized PL spectra of 3.8Si-yA (y = 1, 2, 3) samples are presented in It is worth noting that sample 3.8Si-1A has a much higher PL QY improvement (by 484 %) in the previous batch, as presented in Figure 4.8. One explanation is that the ZnO/PAA precursor of the previous batch has a low initial PL QY of 3.5 %, whereas the precursor here has a much higher PL QY of 21.4 %, which is also higher than that of most other ZnO precursors (see Figure 4.2). It can be perceived that the magnitude of PL QY improvement may also depend on the initial PL QY of the precursor.

It can be summarized that silica coating plays an important role in the passivation of the surface states of ZnO nanocrystals, which is the main reason for the improvement of PL QY. However, the PL QY can also be reduced at the same time, due to the absorption of excitation light by the silica coating when it is too thick. The tradeoff between these two effects, as it is determined by the amount of ammonia, is closely related to the integrity of the mesospheres. Therefore, it is tricky business to control the silica coating on the mesospheres in order to obtain an optimal improvement of PL QY. 

Photoluminescence excitation

Thermal stability

In the perspective of applying the silica-coated ZnO/PAA nanomaterials in WLED applications, we examined the thermal stability of both coated and uncoated samples. PL spectra were obtained at It is evident that increasing the temperature of the materials leads to a continuous reduction of the PL intensity. detrimental thermal quenching has a reduced impact on the silica-coated ZnO/PAA. Thus, the instability issue of ZnO/PAA nanohybrid is not completely resolved but alleviated by the silica coating. 

Role of silica coating

In this section, the role of silica coating is discussed, based on the results from the two previous sections. The role of silica coating depends on two correlated parameters that can affect the successful coating of silica, namely the ratio of TEOS to ZnO and the ratio of ammonia in solution A.

Starting with the effect of ammonia in solution A, NH4OH has a profound effect on the microstructure of ZnO/PAA as it can change the pH of the solution and neutralize protonated PAAH. The model in As established in our previous studies, the mesospheres are beneficial for high PL QY because the excitation light can be sufficiently scattered within the mesospheres. [START_REF] Zhu | ZnO nanoparticles as a luminescent down-shifting layer for solar cells[END_REF], [START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] In order to achieve high PL QY, ammonia in solution A has to be kept at an appropriate ratio to prevent the degradation of the mesospheric structure. At this ratio, there is not enough ammonia to destroy the mesospheres. The mesospheric structure can be preserved on the brink of breaking down, as modelled in In other words, the mesospheres are infiltrated by ammonia and barely holding together. However, the silica coating is likely to be formed at the infiltrated locations, where ammonia is present as the catalyst for the hydrolysis of TEOS. As a result, the mesospheres are bound together by silica coating.

In the case of our 3.8Si-2A sample, TEM image in Figure 4.11 (d) shows the mesospheres with rough edges, which is the evidence of infiltration by ammonia. Silica coating therefore not only exists on the surface of the mesospheres, but may also be formed close to the embedded ZnO nanocrystals. ZnO nanocrystals with thin PAA coating may be exposed to direct silica coating, whether inside or outside of the mesospheres. Unembedded ZnO nanocrystals are likely to exist even in samples with a majority of mesospheres. These nanocrystals are inefficient in PL, since their surface states act as quenching centers. Silica coating can help passivate the surface states of these nanocrystals and make them efficient emitters. In short, the silica coating in this model strengthens the mesospheric structure and passivates unembedded nanocrystals, leading to marked improvement in PL QY (by 619 % for our sample).

The model in Figure 4.14 (a) describes the situation where the amount of ammonia is low. A low ammonia concentration does not significantly affect the integrity of the PAA matrix. Therefore, the mesospheres preserve their structure, while only a thin layer of silica is coated on their surface. In this case, the silica coating has little effect on the structure of the materials, hence little effect on the optical properties as well. It is conceivable that the thickness of silica coating reaches the maximal value under such low ammonia concentration, as suggested by RBS results. This assumption can in turn explain the effect of TEOS ratio to ZnO. Now coming to the effect of the ratio of TEOS to ZnO. For our xSi-1A sample series, the most interesting finding is that the optimal ratio of TEOS to ZnO is at 3.8 among ratios between 1.1 and 10.

At smaller TEOS ratios, the formation of silica coating around the mesosphere is expected to be incomplete due to lack of Si source. Therefore, the silica coating does not play a significant role in improving the PL QY of ZnO/PAA nanohybrid. At larger ratios, the resulting silica coating is too thick and it can reach the maximal coating thickness (the thickness "saturates"). In these cases, the thick silica coating absorbs the UV excitation light, preventing it from exciting the ZnO nanocrystals embedded in the PAA mesospheres. Consequently, a bigger fraction of excitation light is inefficiently absorbed, leading to a decrease of PL QY improvement. At the optimal TEOS ratio with a fixed amount of ammonia, a balance is reached between a beneficial protecting and passivating effect of the silica shell and a detrimental effect of its excess absorption of the UV light.

Finally, despite the best samples being 3.8Si-2A in the present study, this combination of TEOS ratio and ammonia ratio is not necessarily the general optimum for silica coating, since these two parameters are highly dependent. The ideal case is presented in 

Conclusion

In this chapter, we presented a structural and optical study of silica-coated ZnO/PAA nanohybrids.

The coating process was carried out after hydrolysis synthesis of ZnO, with TEOS as the coating agent and a solution (solution A) containing ammonia to modify the pH. The study was focused on the role of silica coating in two aspects, namely the effect of TEOS to ZnO weight ratio and the effect of ammonia ratio in solution A.

The effect of TEOS ratio was studied first under the same ratio of ammonia in sample series xSi-1A.

The coating process did not change the crystallographic structure of ZnO, although an unassigned phase related to PAA was observed from XRD for all the samples. The unassigned phase may be related to the thermal instability of the materials. At the nominal ratio of ammonia in solution A, the difference in TEOS ratio has no effect on the PL spectra but only on the PL QY. An optimal ratio of TEOS to ZnO was found at 3.8. Smaller ratios lead to incomplete thin coating, which does not significantly improve the PL QY. Larger ratios lead to thick coating that absorbs the UV excitation and inhibits the UV light from reaching ZnO nanocrystals, which can even reduce the PL QY.

The results above led to the study of the effect of ammonia ratio in solution A through a new sample series 3.8Si-yA under the same TEOS ratio of 3.8. Different concentrations of ammonia do not change the crystallographic structure of ZnO either, but the diffracting size of the unassigned phase increases with the increasing amount of ammonia, indicating a certain interaction between NH4OH and the PAA matrix. TEM images revealed that the PAA mesospheric structure was compromised by high concentration of NH4OH. A model was proposed to explain the effect of ammonia ratio based on the amination of COOH groups in the PAA chains. At low ammonia ratios, the silica coating is a thin shell on the surface of the PAA matrix and it does not significantly improve PL QY, in accordance with the results from xSi-1A samples. At high ammonia ratios, the mesospheres are destroyed and some of the resulted ZnO nanocrystals with thin PAA coating are partially coated by silica. An optimal ratio of ammonia is found at y = 2, where mesospheres are preserved and strengthened by the silica coating on the surface and possibly at locations infiltrated by ammonia, while unembedded ZnO nanocrystals are passivated by silica coating. The PL spectra are not modified by silica coating, regardless of the ammonia ratio, but the PL QY can be substantially improved at the optimal ammonia ratio.

Finally, the 3.8Si-2A does not necessarily represent the general optimal combination of TEOS to ZnO ratio and ammonia ratio. The thermal stability is improved but the instability issue of ZnO/PAA nanohybrid is not completely eliminated by silica coating. More research is required to better understand the interaction between NH4OH and PAA, in order to produce the optimal silica coating and further improve the optical properties and thermal stability of the material.

General Conclusions

The thesis presented the studies on ZnO nanocrystals embedded in polyacrylic acid (PAA) mesospheres as a potential substitute for rare-earth-based phosphors in white light-emitting diodes (WLEDs). Two notable optical properties, namely photoluminescence (PL) and photoluminescence quantum yield (PL QY), were considered the key parameters to evaluate the applicability of the materials in WLEDs. PL spectrum of the ZnO/PAA nanohybrid was tuned by doping metal elements, and the PL QY was enhanced by silica coating. The effect of doping and the effect of silica coating were investigated independently in two studies.

In the first study, metal-doped ZnO nanohybrids were synthesized via hydrolysis at three distinct However, the PL QY can be improved for dopants with a small ionic radius and at a low doping concentration of 0.1 %. The emission peak can be tuned between 2.46 eV and 2.17 eV without degrading PL QY.

In the second study, silica-coated ZnO nanohybrids were synthesized with ZnO/PAA nanohybrid as the precursor, tetraethyl orthosilicate (TEOS) as the coating agent, and ammonia as the pH modifier and catalyst for TEOS hydrolysis. ZnO nanocrystals retained the wurtzite structure after the coating process. The incorporation of amorphous silica coating was confirmed by various techniques (TEM, EDX, RBS, and FTIR), although the stoichiometry of silica could not be determined. An unassigned phase related to PAA was discovered by XRD and its presence proved to be related to the amount of ammonia. The integrity of the mesospheres could be compromised by the coating process, as the COOH groups in the PAA chains were aminated by ammonia.

Silica coating did not significantly modify the PL spectrum of the ZnO/PAA nanohybrid precursor regardless of the coating conditions, but it improved the PL QY by different extents under different coating conditions. A referential sample synthesized without TEOS proved that ammonia was not responsible for PL QY improvement. An optimal PL QY improvement of 619 % was achieved for a mass ratio of TEOS to Zn/PAA at 3.8 and ammonia at twice the nominal ratio. The effect of silica coating is closely related to the ratio of TEOS and the amount of ammonia, which collectively determine the integrity of the mesospheres and the thickness of silica coating, which in turn determines the PL QY improvement.

The effect of silica coating on ZnO/PAA nanohybrid can be explained by a structure model describing the evolution of mesospheres as a result of the coating process. At a fixed TEOS ratio, a low ratio of ammonia leads to a thin silica coating on the surface of PAA mesospheres, due to the low extent of amination of COOH groups and the low rate of TEOS hydrolysis. A high ratio of ammonia results in the degradation of mesospheres and thick silica matrix. The optimal ratio of ammonia (twice the nominal ratio in this study) leads to a silica coating with an appropriate thickness on the surface of the mesospheres that are protected and strengthened. The PL QY is significantly improved in this case because of further passivation of the surface states of ZnO nanocrystals, preservation of mesospheres, and low absorption of excitation light by silica. At a fixed ratio of ammonia (nominal ratio in this study), the ratio of TEOS determines the thickness of the silica coating while the integrity of the mesospheres is not affected. The PL QY can be improved the most when the optimal silica coating protects the mesospheres and does not absorb too much of excitation light.

Finally, the thermal stability of the nanohybrids was examined at temperatures up to 100 °C to simulate the operating condition of WLEDs. Both metal-doped and silica-coated ZnO/PAA nanohybrids showed gradual decrease of emission intensity as the temperature increased from room temperature to 100 °C. The thermal instability of the materials may be related to the trapped solvent molecules (such as water and ethanol). The thermal quenching effect is reduced for silica-coated samples due to the protection of silica and the drastic improvement of PL QY. The issue is alleviated but not eliminated by silica coating and more research is required to further improve the thermal stability of the nanohybrids. The present thesis studies ZnO nanoparticles embedded in a mesospheric polyacrylic acid (PAA) matrix synthesized via a hydrolysis protocol. The mesospheric ZnO/PAA hybrid structure was previously proved efficient in emitting visible light in a broad range, which results from the deep-level intrinsic defects in ZnO nanocrystals. To further tune the photoluminescence (PL) spectrum and improve the PL quantum yield (PL QY) of the material, metal-doped ZnO and silicacoated ZnO/PAA are fabricated independently. For ZnO doped with metallic elements, the nature, concentration, size and valence of the dopant are found to affect the formation of the mesospheres and consequently the PL and PL QY. Ions larger than Zn 2+ with a higher valence tend to induce larger mesospheres and unembedded ZnO nanoparticles. Doping generally leads to the quenching of PL, but the PL spectrum can still be tuned in a wide range (between 2.46 eV and 2.17 eV) without degrading the PL QY by doping small ions at a low doping concentration (0.1 %). For silica-coated ZnO/PAA, an optimal coating correlatively depends on the amount of TEOS and ammonia in the coating process. The amount of TEOS does not affect the crystal structure of ZnO or the PL spectrum of the material, but high concentration of ammonia can degrade the PAA mesospheres and thicken the silica shell. A thin layer of silica that does not absorb too much excitation light but completely covers the mesospheres proves to be the most efficient, with a drastic PL QY improvement of six times. Regarding the application, the materials suffer from thermal quenching at temperatures high up to 100°C, at which white light emitting diodes (WLEDs) generally operates. However, silica-coated ZnO/PAA induces higher emission intensity at room temperature to make up for the thermal quenching. 
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 11 Figure 1.1 (a). These chips are highly efficient InGaN single quantum wells (blue and green LEDs) or

  .1 (b)) and third (Figure 1.1 (c)) approaches utilize inorganic phosphors to convert high-energy excitation source into low-energy visible light to generate white light, a simple process also known as down-shifting. Thanks to the simplicity of down-shifting, the phosphor-converted WLEDs have been industrialized and remain the research cornerstone of lighting industry.
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 11 Figure 1.1 Three approaches to generate white light with LEDs: (a) with single RGB LEDs, (b) with

Figure 1 . 1

 11 (b)) and blue-excited phosphors (in partial conversion as shown in Figure 1.1 (c)) with a focus on YAG:Ce, the industrially used WLED material, the emission spectrum of which is shown in Figure 1.2 (b). Finally, ZnO as a new down-shifting phosphor will be briefly introduced.
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 1212 Figure 1.2 (b). The possibility to tune the CCT of a phosphor material is a prerequisite for specific applications based on the same material.
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 1313 Figure 1.3 PL spectra of Ba2Ca(B3O6)2:0.04Eu 2+ , yMn 2+ phosphors (λex = 330 nm). Inset shows the dependence of the energy transfer efficiency ηT on the Mn 2+ content (y).[START_REF] Xiao | Ba2Ca(B3O6)2:Eu 2+ ,Mn 2+ : A potential tunable blue-white-red phosphors for white light-emitting diodes[END_REF] 

Figure 1 . 1

 11 (c), a blue-excited phosphor is incorporated in a partial-conversion WLED device, where a blue excitation source is partially converted into yellow light by the phosphor.The currently industrialized WLEDs is a partial-conversion device employing a blue GaN LED chip covered by Ce-doped yttrium aluminum garnet phosphor Y3Al5O12: Ce 3+ (YAG:Ce). Smaller Stokes shift in this design ensures higher efficiency compared to full-conversion WLEDs. Other merits of YAG:Ce are easy fabrication and low cost, which made its industrialization possible. What is unsatisfactory, though, is the low CRI (lower than 75) due to lack of red component in the emission of YAG:Ce phosphor. Therefore, much effort is still devoted to the improvement of CRI in YAG:Ce.
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 14 Figure 1.4 demonstrates a typical excitation and emission spectra of YAG:Ce. [29] In this particular

Figure 1 . 4

 14 Figure 1.4 PL excitation and PL emission spectra of 2 mol% Ce-doped YAG (λem = 532 nm, λex = 470 nm).[START_REF] Pan | Tailored photoluminescence of YAG:Ce phosphor through various methods[END_REF] 
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 1516 Figure 1.5 (a) Wurtzite crystal structure of ZnO with indicated lattice parameters a and c. (b)Calculated band structure of ZnO. The energy of the valence band maximum was set to zero.[START_REF] Janotti | Fundamentals of zinc oxide as a semiconductor[END_REF] 
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 16 Figure 1.6 Photoluminescent processes in ZnO.

Figure 1 . 7 (a) and Figure 1 . 7 [ 65 ]

 171765 (b) give a typical example of PL spectra of ZnO at low temperature (10 K) and at RT, respectively. The spectra are comprised of three emission regions: near band edge emission (NBE), low energy tail extending from NBE, and DLE. The first two regions are in the UV range, with I9 line at 3.347 eV being the dominant peak, which is assigned to the recombination of excitons bound to neutral donors or acceptors. Other peaks are associated with longitudinal optical phonon replicas. PL at room temperature shows a dominant emission from free exciton near 3.2 eV.
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 7617 Figure 1.7 PL spectra from ZnO epilayer obtained at (a) low temperature and (b) room temperature.The inset in (a) displays the details of the PL spectrum at near band edge (NBE) region.[START_REF] Chen | ZnO as a novel photonic material for the UV region[END_REF] 

Figure 1 . 9

 19 shows the position of the transition levels in the band gap for all the native point defects in ZnO. Their results provide theoretical indication that VZn is a deep acceptor that is a possible source of green luminescence in ZnO, and that VO is a deep donor, which is a potential source of compensation in p-type ZnO. VZn is the dominant defect under O-rich conditions, while VO is more abundant than Zni under Zn-rich conditions. Other defects have higher formation energies (Zni, ZnO of donor characteristic and Oi, OZn of acceptor characteristic) and they are not likely to exist stably in significant concentrations.
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 19 Figure1.9 Thermodynamic transition levels for defects in ZnO.[START_REF] Janotti | Native point defects in ZnO[END_REF] 

  complexity of native defects in ZnO fabricated under different conditions. Many experimental attempts have been made to resolve the controversies and PL is one simple and universal technique for analyzing the components of the visible emission of ZnO. Via deconvolution of the broad spectrum, emissions of ZnO are generally discussed over three emission bands: blue (short wavelength), green (middle wavelength), and red (long wavelength).
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 110 Figure 1.10 Transition levels (measured with respect to the edge of the conduction band) of defects in ZnO reported in literature by different groups. (a) Ref [83]. (b) Ref [84]. (c) Ref [85]. (d) Ref [86]. (e)
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 111 Figure 1.11 Schematic diagram for the mechanism of visible emission from Ce-doped ZnO. [105]

Figure 1 .

 1 Figure 1.13 shows an example of PL spectra of Ce-doped ZnO in comparison with that of undoped

Figure 1 .

 1 Figure 1.13 (a) PL spectra of undoped ZnO and Ce-doped ZnO. The inset shows a schematic diagram of Ce 3+ electronic levels in ZnO bandgap. (b) Normalized PL spectra in the visible range of undoped and Ce-doped ZnO.

H 1 . 10 .

 110 doping. Hydrogen is the most common unintentional dopant because it is present in all growth methods for ZnO and large amounts of hydrogen can easily diffuse into ZnO crystals, owing to its good mobility. First-principles calculations suggested that hydrogen is positioned close to the bottom of the CB in the band gap in charged state H + , as demonstrated in Figure The exciton can be bound to H + at low temperature and the recombination of such hydrogen-donor-bound exciton leads to near-band-edge emission (NBE). Intentional hydrogen doping was performed to study the effects of hydrogen impurity on the PL of ZnO.[START_REF] Dev | Stable enhancement of near-bandedge emission of ZnO nanowires by hydrogen incorporation[END_REF],[START_REF] Dev | Enhancement of the nearband-edge photoluminescence of ZnO nanowires: Important role of hydrogen incorporation versus plasmon resonances[END_REF] A trade-off relation was established between the enhancement of NBE and the reduction of deep-level emission. NBE can be enhanced by hydrogenation while the deep level-related visible emission is quenched, as the deep donor and acceptor states are passivated by electron transfer from hydrogen to the defects.[START_REF] Ohashi | Effect of hydrogen doping on ultraviolet emission spectra of various types of ZnO[END_REF] Therefore, the extent of enhancement of NBE also depends on the defect type and concentration in the initial ZnO.
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 114 Figure 1.14 Schematic of the energy level diagram of Cu-doped ZnO system. [131]
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 115 ZnOnanostructures can be fabricated by various methods, such as thermal evaporation, hydrothermal synthesis, chemical vapor deposition, template-based synthesis, laser ablation, etc. In recent years, more and more nanostructures of ZnO-based materials have been reported for a wide range of applications including laser diodes and LEDs. In particular, one-dimensional nanowires were fabricated for laser diodes and LEDs as the orientation of the nanowires is critical in these devices, but for most applications, the orientation does not affect the properties of the nanostructure.
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 115 Figure 1.15 Various morphologies of ZnO nanostructures: (a) and (b) tetrapod structures; (c) variable diameter structures; (d) nanosheets; (e) nanoshells; (f) multipods; (g), (h), and (i) nanorods.[START_REF] Djurišić | ZnO nanostructures for optoelectronics: Material properties and device applications[END_REF] 
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 116 Figure 1.16, once the e --h + pair is generated by photoexcitation, the electron is captured by intrinsic or extrinsic defects while the hole is trapped by surface states or defects. Then the surface-trapped hole tunnels back into the nanocrystal where it recombines with an electron, giving visible emission. Such mechanism was proposed by van Dijken et al. for green emission and further confirmed by Zhang et al. through passivating the surface of ZnO nanocrystals with Mn. [93], [185] The passivated surface prevents surface states from trapping photogenerated electrons or holes, thus quenching the green emission. As we can see, controlling the surface states is of paramount importance for the optical properties of ZnO nanostructures.
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 116 Figure 1.16 Illustration of the mechanism on the origin of the visible emission in ZnO nanocrystal.
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 121 Figure 2.1 Mesospheres of ZnO nanocrystals embedded in PAA matrix. The inset permits to noticesmall nanocrystals of ZnO, smaller than 10 nm.[START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] 
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 21 Figure 2.1. The hybrid inorganic-organic (ZnO-polymer) nanomaterial was found promising for WLEDs application. It exhibits intense visible emission peaking at around 540 nm and a stable PL QY up to 70 %. [187] Figure 2.2 presents the photoluminescence (PL) spectrum of ZnO/PAA mesospheres excited at 266 nm. The high PL QY was attributed to the nanosize of the ZnO crystals and the modification of their surface states by the incorporation of PAA.
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 22 Figure 2.2 PL spectrum of ZnO nanohybrid obtained in previous study.[START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] 
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 23 Figure 2.3 illustrates the XRD setup of polycrystalline diffraction for powder samples. The X-ray source is generated by bombarding a metal target, usually Cu, with a high-energy electron beam emitted from a filament. A beam of X-ray irradiates the powder sample flattened on the sample holder at an angle of θ. The X-ray beam is scattered by the sample and the scattered X-rays are collected by the detector that is also set at an angle of θ to the plane of the sample. This configuration is called Bragg-Brentano θ-θ configuration, which is a convenient configuration for loose powder samples.
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 234 Figure 2.3 XRD setup for the study of polycrystalline materials.
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 25 presents a theoretical diffraction pattern of wurtzite ZnO crystal.

Figure 2 . 4 X

 24 Figure 2.4 X-ray scattering from crystalline planes.
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 25 Figure 2.5 Theoretical diffraction lines of polycrystalline wurtzite ZnO.

Figure 2 . 6 .

 26 In imaging mode, an image is formed by selecting transmitted electron beams with an objective aperture inserted in the back focal plane; in diffraction mode, a diffraction pattern is obtained by selecting a region with a selected area aperture inserted in the intermediate image plane. The former mode contributes bright field (BF) images, dark field (DF) images and high-resolution TEM (HRTEM) images while the latter contributes selected area electron diffraction (SAED) images.
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 26 Figure 2.6 Schemes of imaging mode (left) and diffraction mode (right) of TEM.

Figure 2 . 7 7 .

 277 Figure 2.7 Structure indexing via fast Fourier transform (FFT) in HRTEM image.
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 28 photons in the infrared range, the energy of which can be absorbed by the chemical bond according to its vibration modes. In Fourier transform infrared spectroscopy (FTIR), the IR light beam is separated into two beams by a beamsplitter and the two beams are subsequently guided to recombine and interfere by a stationary mirror and a moving mirror. The interference is realized in an interferometer called Michelson interferometer, as demonstrated in Figure 2.8. The modulated infrared beam is transmitted or deflected by the sample and the light output is then recorded by the detector to obtain an interferogram. The directly recorded interferogram is a function of change in path length between the two beams depending on the position of the moving mirror. The interferogram can be Fourier transformed into a spectrum in function of infrared wavelength, or more frequently, in function of wavenumber in reciprocal centimeter.The main interest of using FTIR is that it can be performed in a short time, while the same experiment with a scanning grating spectrometer would take much longer.
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 28 Figure 2.8 Schematic of a Michelson interferometer.

Figure 2 .

 2 Figure 2.10 shows the PL spectroscopy setup designed for our ZnO nanohybrid materials. The excitation source was a continuous laser (8 mW, Crylas FQCW 266-10) operating at 266 nm at room temperature. The emitted light was collected by an optic fiber and recorded by a CCD (iHR Triax 320Jobin-Yvon) cooled down to 155 K by liquid nitrogen. The diffraction grating in the CCD configuration was blazed at 500 nm with 600 grooves per millimeter. All the powder samples were individually pressed onto an indium foil and mounted on the sample holder for laser excitation. The CCD recorded emission spectra for an integration time of 0.5 s from the samples covering the visible range completely. The setup inherently suffers from deviation of recorded emission spectrum from the true spectrum, due to the use of optic fiber, diffraction gratings in CCD and the nature of the CCD

Figure 2 .

 2 Figure 2.11 Typical PLE spectrum (in blue) of ZnO along with its PL spectrum (in green). λem = 577nm, λex = 266 nm.[START_REF] Camarda | Luminescence mechanisms of defective ZnO nanoparticles[END_REF] 
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 71 where A is the absorption coefficient, which can be calculated from measurements (b) and (c) by A = Lc/Lb. L is the integrated area under the laser profile, representing the unabsorbed laser light in a given configuration; P is the integrated area under the emission profile, representing the emitted light from the sample. This method has proven reliable for highly scattering samples.

Figure 2 . 12 2 . 13 .

 212213 Figure 2.12 Illustration of three configurations with an integrating sphere for PL QY measurement. (a) The sample is not present in the sphere. (b) The sample is present but the laser is not directed onto the sample. (c) The sample is present and the laser in directed onto the sample.
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 213 Figure 2.13 Schematic of the setup for PL QY measurements.

Figure 2 . 14

 214 Figure 2.14 Reflectance spectrum of Spectralon coating material of the integrating sphere.
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 2215 Figure 2.15 shows the laser profile and emission profile of measurement (c) for a typical ZnO nanohybrids sample. As we can see, the intensity of the recorded spectra is in number of counts, which should not be assumed equal to the number of photons, considering the difference in energy for each

Figure 3 . 1 and 3 . 2 .

 3132 Figure Respectively, doping species and doping concentration are found to influence the morphology.

Figure 3 . 1

 31 Figure 3.1 Morphologies of (a) 0.1 % Mn-doped ZnO nanohybrid and (b) 5 % Mn-doped ZnO nanohybrid.

Figure 3 . 1

 31 Figure 3.1 (a). At 5 % doping, the mesospheres are still present, but with bigger average size of about

Figure 3 . 2 1 %

 321 Figure 3.2 Morphologies of ZnO nanohybrids doped with different elements at 0.1 %. (a) Cu(II) doping. (b) Bi doping.

Figure 3 . 3

 33 Figure 3.3 XRD spectra of Co-doped ZnO nanohybrids at 0.1 %, 1 % and 5 % doping concentrations.

Figure 3 . 4

 34 Figure 3.4 HRTEM images of (a) 0.1 % Mn, (b) 5 % Mn, (c) 0.1 % Cu(II) and (d) 0.1 % Bi doping, showing nanocrystals of ZnO. The insets are FFT images of each HRTEM image, indexed to wurtzite ZnO polycrystalline structure, respectively. More HRTEM images of these samples can be found in Appendix II.

Figure 3 . 5

 35 presents the FTIR spectra of Co-doped ZnO nanohybrids at three distinct doping concentrations as an example. FTIR spectra for other doped samples are shown in Appendix III.

1 Figure 3 . 5

 135 Figure 3.5 FTIR spectra of Co-doped ZnO nanohybrids at 0.1 %, 1 % and 5 % doping.

Figure 3 . 6

 36 Figure 3.6 RBS spectrum of 5 % Mn-doped ZnO nanohybrid with simulated curve (red curve) and contribution of each element (other colored curves). The inset shows contribution from Mn in detail.

Figure 3 . 7

 37 Figure 3.7 EDX spectrum of 5 % Mn-doped ZnO nanohybrid.

Figure 3 . 1 and Figure 3 . 2 ,

 3132 different morphologies were obtained under different doping concentrations and species. The goal of the hydrolysis synthesis is to procure mesospheres with a

Figure 3 . 2

 32 Figure 3.2 (a). Bi 3+ has an even bigger ionic radius (117 pm) and a different valence state from Zn 2+ .

Figure 3 . 3

 33 and Appendix I. However, Bi doping and Ag doping present different scenarios.

Figure 3 . 8

 38 Figure3.8 displays the XRD spectra of Bi-doped ZnO nanohybrids at 0.1 %, 1 % and 5 % doping concentrations. 0.1 % Bi doping exhibits no impurity peaks despite the broadened wurtzite ZnO peaks compared to other doping cases; however, different impurity peaks appear at higher doping concentrations, i.e., 1 % and 5 %. A broad diffraction peak around 2θ = 28 ° can be attributed to an organic compound related to PAA. Sharp peaks at 2θ = 27.2 °, 37.9 ° and 39.6 ° at 1 % doping are related to wulfingite Zn(OH)2 phase.

Figure 3 . 8

 38 Figure 3.8 XRD spectra of Bi-doped ZnO nanohybrids.

Figure 3 . 9

 39 Figure 3.9 XRD spectra of Ag-doped ZnO nanohybrids.

Figure 3 . 9

 39 Figure3.9 displays the XRD spectra of Ag-doped ZnO nanohybrids at 0.1 %, 1 % and 5 % doping concentrations. At 0.1 % doping, wurtzite ZnO phase is present, but the dominant phase is wulfingite Zn(OH)2, which was observed in Yao Zhu's study as well.[START_REF] Zhu | ZnO nanoparticles as a luminescent down-shifting layer for solar cells[END_REF],[START_REF] Zhu | Intense visible emission from ZnO/PAAX (X = H or Na) nanocomposite synthesized via a simple and scalable sol-gel method[END_REF] The presence of wulfingite Zn(OH)2 indicates that the hydrolysis process was disrupted and not complete, since Zn(OH)2 is an

Figure 3 .

 3 Figure 3.10 XRD spectra of Ag-doped ZnO nanohybrids after calcination at 400 °C for 4 hours.

3. 1 . 5 . 3 Figure 3 .

 1533 Figure 3.11 plots the mean size of crystalline domain of doped ZnO nanonhybrids estimated by Scherrer equation from XRD diffractograms. The presence of dopants affects the crystal size of ZnO as the mean crystalline size varies, depending on the types of dopants and doping concentrations.

Figure 3 . 11

 311 Figure 3.11 Diffraction domain size of doped ZnO nanonhybrids estimated by Scherrer equation in function of dopants and doping concentration. The dopants are arranged in the ascending order of the ionic radius.

Figure 3 . 12

 312 Figure 3.12 Normalized PL spectra of Co-, Fe(III)-, Mn-and Cu(II)-doped ZnO nanohybrids at 0.1 % doping concentration in comparison with the PL spectrum of undoped ZnO nanohybrid.

Figure 3 .

 3 Figure 3.13 presents PL spectra of several dopants at all three doping concentrations. For 0.1 % doping as shown in Figure 3.12 and Figure 3.13 (a), the UV emission is significantly quenched for all the dopants except for the case of Cu(I) doping, where a weak near-band-edge emission is present in the UV range. This weak UV contribution in Cu(I) doping disappears when the doping concentration increases to 1 % and 5 %. The UV emission can persist under high doping concentrations, although only for Fe(III) doping at 1 % (see Figure 3.13 (b)) and Fe(II) at 5 % (see Figure 3.13 (c)). Generally speaking, the majority of the dopants quench the UV emission.

Figure 3 . 13 andFigure 3 . 14 ,

 313314 Figure 3.14, respectively. For Fe doping at all three doping concentrations, the shape of the PL spectra are different with different valences, indicating that Fe(II) and Fe(III) affect the radiative energy levels in the ZnO bandgap in different manners. They both exhibit a weaker quenching effect on UV emission (although at different doping concentrations) compared to other doping cases.

Figure 3 .

 3 Figure 3.13 PL spectra of undoped ZnO nanohybrid and Fe(II)-, Fe(III)-, Cu(I)-, and Mn-doped ZnO nanohybrids at (a) 0.1 %, (b) 1 %, and (c) 5 % doping concentrations.

Figure 3 .

 3 Figure 3.14 PL spectra of Cu-doped ZnO nanohybrids with two different Cu valences (+1 and +2) at (a) 0.1 %, (b) 1 %, and (c) 5 % doping concentrations.

Figure 3 .Figure 3 .

 33 Figure 3.15 summarizes the PL spectra peak position of all the doped samples in function of dopant type. The PL peak position shifts towards lower energies and longer wavelength (redshift) for all the doping cases at all doping concentrations except for Fe(II) doping at 5 %, which does not cause significant peak shift from undoped ZnO. Furthest redshifts are achieved by 1 % Ag doping and 5 % Ag, Co, or Fe(III) doping. The initial valence of the dopant has an evident impact on the tuning ability of the dopant, as demonstrated by Cu and Fe doping with different valence states.

Figure 3 .Figure 3 .

 33 Figure 3.16 plots the PL QY values of all the doped samples normalized to the PL QY of undoped ZnO nanohybrid sorted in descending order of ionic radius of the dopant ions. The PL QY is represented by relative PL intensity as displayed on the vertical axis. The horizontal dashed line indicates the relative PL intensity of undoped ZnO, which is set at 100 %. The absolute value of the PL QY of undoped ZnO is 3.54 %. The vertical dashed line indicates the ionic radius of Zn 2+ .

Figure 3 . 18 3 .12 and Figure 3 . 13 .

 3183313 Figure 3.18 Role of dopant during hydrolysis synthesis and in the nanohybrid composite

Figure 3 . 19

 319 Figure 3.19 Position of the spectra of selected doped samples in the gamut chart in Judd's UCS diagram (figure produced by Fabien Mandorlo).

Figure 3 .

 3 Figure 3.20 PL spectra of 0.1 % Fe(III) doped ZnO nanohybrid obtained at various temperatures from room temperature (RT) to 100 °C.

Figure 4 . 1 Figure 4 . 1 4 . 2 ,Figure 4 . 2

 41414242 Figure 4.1 Normalized PL spectra of ZnO/PAA synthesized in two different batches.

Figure 4 . 3

 43 Figure 4.3 Distribution of PL QY of 15 uncoated ZnO/PAA samples.

It can be seen from Figure 4 . 2 4 . 2 ,

 4242 that the average PL QY is likely to fall into a small window between 9 % and 19 %, as indicated by red horizontal dashed lines. For clarity, Figure4.3 displays a histogram of the distribution of PL QY of the 15 uncoated samples. The average PL QY of the referential sample (15 th sample) is in the second column, with an equivalent value to that of most ZnO/PAA precursor samples. Since only NH4OH (or solution A) was added to the ZnO/PAA suspension in the synthesis of the referential sample, it suggests that the presence of NH4OH alone does not modify the PL QY of the initial sample. Thus, ammonia is most likely not responsible for any PL QY improvement. On the contrary, ammonia may lead to a decrease in PL QY, since the average PL QY of the 15 th sample is lower than that of the 10 th sample.The instability of ZnO/PAA precursor is manifested in two facets, both likely related to the polymer matrix of PAA. The first facet is in the synthesis. The nanohybrid of PAA and ZnO nanocrystals may be assembled differently, even under the same synthesis conditions. As a result, the size of ZnO nanocrystals may vary in a small range. The visible emission from ZnO nanocrystals is achieved by passivating the surface states of ZnO nanocrystals with PAA, which is bound to cover the surface area of all ZnO nanocrystals. The extent of passivation might be different for samples from different batches (depending on the PAA coverage on ZnO nanocrystals), resulting in different PL spectra and different PL QY. The difference in average PL QY is in a comparable range that the samples are still relevant. The second facet concerns the residual molecules (e.g., ethanol and water) trapped in PAA matrix. As discussed in Section 3.2.5, the nanohybrid material is gradually degraded as the temperature rises from room temperature to100 °C. The strong UV laser beam can locally heat the material and evaporate the residual solvent molecules, irreversibly damaging the material, leading to the discrepancy between different measurements.Silica coating can be a solution to the instability issue. A silica shell on top of the PAA matrix embedded with ZnO nanocrystals can further passivate the surface states of uncoated ZnO nanocrystals. Silica coating also provides protection for the hybrid mesospheres in the ambient environment. Besides, the role of ammonia is crucial for the silica coating. Ammonia is a neutralizer of protonated PAAH and catalyst for the sol-gel reaction of TEOS to form the silica shell. [212] As seen from the 15 th sample in Figure ammonia can lead to a decrease in PL QY without the presence of TEOS. One possible mechanism is the amination of protonated PAAH, where ammonia neutralizes COOH groups in the PAA chains to form PAA-NH4. The amination compromises the integrity of the PAA matrix, resulting in some bare ZnO nanocrystals outside of PAA matrix. The

Figure 4 . 4

 44 Figure 4.4 (a) presents XRD spectra of silica-coated ZnO nanohybrids synthesized at different TEOS to ZnO ratios, namely, 2:1, 3:1, and 10:1. The vertical lines indicate the theoretical diffraction peaks from wurtzite ZnO. The diffraction peaks of the as-prepared materials correspond well to wurtzite ZnO with two extra peaks at 2θ = 33.4° and 59.4° (marked by black dots). The mean crystal size ofZnO is estimated to be around 30 nm by Scherrer equation for all the samples. The XRD spectra are essentially identical despite the difference in TEOS content, suggesting that the presence of TEOS does not change the crystallographic structure or the crystal size of the nanocrystals. The two extra peaks cannot be indexed to any known phase related to zinc or silicon. It is possible that they are attributed to a polymer phase. The samples were therefore calcinated at 400 °C for 4 h in order to investigate the unassigned phase.

Figure 4 . 4

 44 Figure 4.4 XRD spectra of xSi-1A (x = 2, 3 and 10) ZnO nanohybrids (a) before calcination and (b)

Figure 4 . 5

 45 shows some representative HRTEM images of silicacoated ZnO nanostructures from xSi-1A samples.

Figure 4 . 5

 45 Figure 4.5 TEM images of xSi-1A ZnO nanohybrids. (a) TEM and HAADF image (inset) of 3.8Si-1A. (b) HRTEM image of 3.8Si-1A with the inset showing fast Fourier transformed (FFT) image of the red square area. (c) HRTEM of 1.1Si-1A. (d) HRTEM of 10Si-1A.

Figure 4 . 5

 45 Figure 4.5 (c) and (d) display silica-coated ZnO with the lowest and highest loadings of TEOS, from samples 1.1Si-1A and 10Si-1A respectively. In sample 1.1Si-1A, some ZnO nanocrystals (as indicated by the black arrows) are not fully coated by the amorphous matrix, whereas a much thicker layer of silica is found in 10Si-1A, since ZnO crystals are barely visible, buried deep in the amorphous matrix.

Figure 4 . 6

 46 presents the FTIR spectrum of sample 3.8Si-1A in comparison with that of uncoated ZnO/PAA.

Figure 3 . 5 .

 35 

Figure 4 . 6

 46 Figure 4.6 FTIR spectra of ZnO/PAA and 3.8Si-1A nanohybrids.

Figure 4 . 7 ,Figure 4 . 7

 4747 Figure 4.7 Normalized PL spectra of silica-coated ZnO/PAA with different amount of TEOS loading.

Figure 4 . 8

 48 Figure 4.8 PL QY improvement of xSi-1A samples in function of TEOS:ZnO ratio.

Figure 4 . 9 ¨¨Figure 4 . 9

 4949 Figure 4.9 presents the XRD spectra of silica-coated ZnO/PAA nanohybrids prepared with different amount of ammonia in solution A. All the spectra can be indexed to wurtzite ZnO with no peak shift from standard wurtzite ZnO. Two extra peaks at 2θ = 33.4° and 59.4° (marked by black diamonds) are present again for all the samples, as observed in Figure 4.4 (a) for xSi-1A samples. Since the phasecorresponding to these two peaks is related to PAA, its formation is probably dependent on the amount of ammonia due to the amination of protonated PAAH. For sample 3.8Si-4A, a broad peak appears around 2θ = 27°, which is a signature peak of amorphous silica.

Figure 4 . 10

 410 Figure 4.10 Diffraction domain size of ZnO (squares) and the unassigned phase (diamonds) of three silica-coated samples (3.8Si-yA (y = 1, 2, and 4)) in function of the amount of NH4OH in solution A.

Figure 4 . 11 .

 411 The nanohybrid structure of ZnO nanocrystals embedded in amorphous matrix is found in all the samples. When y = 1, i.e., when the ratio of NH4OH in solution A is 0.027, the atomic planes of ZnO can be observed under HRTEM (Figure 4.11 (a)). Low magnification TEM image (Figure 4.11 (b)) shows typical thick structure of this sample. The formation of such structure is probably due to agglomeration of the nanohybrids as shown in Figure 4.11 (a). When y increases to 2, i.e., when the ratio of NH4OH in solution A is 2 times of 0.027, the atomic planes of some nanocrystals are not clearly observed (Figure 4.11 (c)) due to the thickening of the amorphous silica coating. Under low magnification TEM (Figure 4.11 (d)), the mesospheres with a rough surface are present along with ZnO nanocrystals outside of the mesospheres. Some of the nanocrystals outside of the mesospheres may still be embedded in an amorphous matrix, as indicated by the arrows. Finally, when y increases to 4, the contrast of ZnO nanocrystals in the amorphous matrix declines as the amorphous coating continues to thicken (Figure 4.11 (e)). The mesospheres are no longer present and mostly unembedded nanocrystals are observed (Figure 4.11 (f)).

Figure 4 .

 4 Figure 4.11 (a), (c) and (e), indicating that the amorphous matrix thickens with the increase of NH4OH concentration. On the other hand, considering its neutralization effect, ammonia seems to degrade the mesospheres, as demonstrated in Figure 4.11 (b), (d) and (f), while leading to larger crystal size of the unassigned phase observed from XRD. PAA aggregates to form the mesospheres during the hydrolysis due to the repulsion among positively charged carboxyl (COOH) groups in the polymer chains.[START_REF] Wan | Polyelectrolyte Controlled Large-Scale Synthesis of Hollow Silica Spheres with Tunable Sizes and Wall Thicknesses[END_REF],[START_REF] Fuji | Synthesis and shell structure design of hollow silica nanoparticles using polyelectrolyte as template[END_REF] When ammonia is added into the system, the COOH groups are aminated to form COO-NH4, reducing the repulsion among the chains and disturbing the mesospheric aggregates. As the amount of ammonia increases, the mesospheres can even be completely broken apart.

Figure 4 .

 4 11 (b). When NH4OH increases to twice the nominal amount, more COOH groups are aminated to form COO-NH4, leading to the rough surface of the mesospheres as observed in Figure4.11 (d). More silica is also formed due to the increase of the amount of catalytic ammonia, most likely on the surface of the mesospheres. Finally, when NH4OH increases to four times the nominal amount, most COOH groups are aminated, resulting in the absence of mesospheres as observed in Figure4.11 (f). Even more silica can be produced around PAA chains, coating the nanohybrid of ZnO and PAA. As the mesospheres are broken apart, some ZnO nanocrystals are no longer embedded in PAA matrix but subject to the silica coating.

Figure 4 .Figure 4 .

 44 Figure 4.11 TEM images of 3.8Si-yA silica-coated ZnO nanohybrids. (a) and (b) 3.8Si-1A; (c) and (d) 3.8Si-2A; (e) and (f) 3.8Si-4A.

Figure 4 . 13

 413 Figure 4.13 Atomic ratio of Si to Zn in 3.8Si-yA samples calculated by RBS.

4. 3 . 1 . 4

 314 Structure model Based on the observations above, a structure model is proposed for the silica-coated ZnO/PAA nanohybrids, as illustrated in Figure 4.14. The key to the changes in the structure of the mesospheres is the amination of COOH groups in PAA chains, which modifies the repulsion among PAA chains.

Figure 4 . 14

 414 Figure 4.14 Structure model of silica-coated ZnO/PAA nanohybrids under different concentrations of NH4OH in solution A.

Figure 4 .Figure 4 . 15

 4415 Figure 4.15 Normalized PL spectra of (a) 3.8Si-1A, (b) 3.8Si-2A, and (c) 3.8 Si-3A, with the spectrum of their respective uncoated ZnO/PAA precursor as the reference.

Figure 4 . 4 . 15 .

 4415 Figure 4.17 PLE spectra at λem = 550 nm of ZnO/PAA precursor and 3.8Si-yA (y = 1 and 2) samples.The spectra are normalized to the intensity at λex = 266 nm.

  various temperatures high up to 100 °C, a typical operating temperature in WLEDs. The results are presented in Figure 4.18.

Figure 4 .

 4 19 (a) plots the evolution of the maximum PL intensity of the three samples at different temperatures. It can be seen that the maximum intensity decreases linearly as the temperature rises.

Figure 4 .

 4 19 (b) displays the retention of maximum PL intensity at different temperatures. When the temperature is raised to 100 °C, the maximum PL intensity is reduced to 18 % of the initial value for uncoated ZnO/PAA, while such reduction is only to 34 % for 3.8Si-1A and 32 % for 3.8Si-2A. It can be concluded that the silica-coated samples have to a slightly better tolerance for heat. When the sample is cooled down to 25 °C again, the PL intensity cannot be fully recovered, but to approximately 75 % of the initial value for uncoated ZnO/PAA and 3.8Si-2A, and to 70 % for 3.8Si-1A. What differentiates the three samples is, of course, the absolute value of the PL intensity as seen from Figure4.19 (a). Since the PL QY is improved by the silica coating, the intensity of silica-coated samples can retain a relatively high value compared to the uncoated ZnO/PAA. In other words, the

Figure 4 .

 4 Figure 4.18 PL spectra of (a) ZnO/PAA, (b) 3.8Si-1A and (c) 3.8Si-2A at different temperatures from 25 °C to 100 °C.

Figure 4 . 19

 419 Figure 4.19 Evolution of (a) maximum PL intensity and (b) retention of maximum PL intensity relative to the initial maximum at different temperatures up to 100 °C of uncoated ZnO/PAA, 3.8Si-1A, and 3.8Si-2A. The three points standing alone at 25 °C in (b) represent the retentions of maximum PL intensity after cooling down.

Figure 4 .

 4 Figure 4.14 (c) was proposed to explain the effect of ammonia on the structure of the silica-coated ZnO/PAA nanohybrids. In this model, a high concentration of ammonia can degrade the mesospheres via amination of COOH groups in the PAA chains. The mesospheres then break down into ZnO nanocrystals coated with PAA. The PAA matrix may even be partially removed from ZnO nanocrystals, leading to exposed ZnO nanocrystals that are prone to be directly coated by silica. The extra PAA that no longer forms the mesosphere matrix may subsequently enlarge the crystalline domain of an unassigned phase, as observed from XRD. Eventually, the materials are composed of ZnO nanocrystals coated by both PAA and silica with no mesospheres. The surface states of ZnO nanocrystals are modified and some are passivated by direct silica coating, inducing substantial changes of PL QY (by up to 130 % for our samples).

Figure 4 .

 4 14 (b).

Figure 4 .

 4 14 (b) without unembeddedZnO nanocrystals from degraded mesospheres. As seen in Figure4.11 (d), such ideal is probably not achieved for 3.8Si-2A, since unembedded ZnO nanocrystals are present, which could result from the degradation of mesospheres. Therefore, more research is required to further improve the PL QY and thermal stability of ZnO/PAA nanohybrids and the interaction between PAA and ammonia still needs to be better understood.

  doping concentrations, namely atomic ratios of 0.1 %, 1 %, and 5 %. The majority of doped nanohybrids were confirmed to comprise ZnO nanocrystals embedded in PAA mesospheres by structural analyses (XRD, TEM, and FTIR). Dopants of different nature were successfully incorporated into the nanohybrid, as confirmed by elemental studies (RBS and EDX) on 5 % doping samples and XRD on calcinated samples. The effect of doping is twofold: during the hydrolysis and in the nanohybrid.The presence of dopant precursor during the hydrolysis does not change the wurtzite structure of the ZnO nanocrystals; however, it can affect the presence of the mesospheres by interacting with PAA chains. The presence of mesospheres can determine the PL QY. The mesospheres are degraded by doping ions with a larger ionic radius than Zn 2+ . Large doping concentrations can induce larger mesospheres and ZnO nanocrystals outside of the mesospheres. Doping concentration also affects the size of the ZnO nanocrystals, although no clear trend can be drawn for all the dopants.The dopant ions incorporated into the ZnO crystal lattice can modify the PL spectrum of the nanohybrid by introducing energy levels in the bandgap of ZnO, which are usually non-radiative. The undoped ZnO nanohybrid exhibits a broad visible emission with a weak UV emission in the PL spectrum. The incorporation of the dopants induces redshifts of the emission peak and quenches the UV emission in most cases. Considering all the studied dopants and concentrations, the emission peak can be tuned between 2.46 eV and 2.08 eV. The PL QY is reduced for most doped samples, because the dopants introduce non-radiative energy levels, quenching both visible and UV emissions.
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Table 1

 1 

	.1 tabulates some

in Figure 1.8.

  

Table 1 .1

 1 Excitonic peak energies (eV) in ZnO single crystals. A, B, and C refer to three excitons of distinct symmetry, i.e., three transitions between the conduction band and three split valence bands,

	namely, heavy hole (A), light hole (B), and crystal-field split band (C). [66]
	FX A n=1 (Γ 5 ) FX A n=1 (Γ 6 ) FX A n=2 (Γ 5 ) FX A n=2 (Γ 6 ) LPBA	UPBA	FX B n=1	FX B n=2	FX C n=1	FX C n=2
	Ref [67] 3.3771	3.3757	3.4220	3.4206	3.3740 3.3810 3.3898
	Ref [68] 3.3773	3.3756	3.4221	3.4209			3.3895
	Ref [69] 3.3793	3.3775			3.3743 3.3829
	Ref [70] 3.378				3.374		3.385
	Ref [71] 3.40 (295 K)						3.45 (295 K)	3.55 (395 K)
	3.455 (77 K)						3.516 (77 K)	3.60 (77 K)
	Ref [72]		3.4231		3.3768 3.3783	3.4290	3.4679
	Ref [73] 3.3931		3.4243				3.4331	3.4696
	Ref [74] 3.3768						3.3828	3.4208
	Ref [75] 3.3781		3.4282				3.3856	3.4324 3.4264	3.4722

Figure 1.8 Normalized PL spectra of ZnO thin films for various excitation intensities at (a) room temperature and at (b) 550 K. [

60] 1.2.3 Visible emission

  

	As indicated above, low density of defects are favored for UV applications; on the other hand, defects
	in ZnO can trap electrons or holes and induce visible emissions, which is a great example of turning a
	demerit into a merit. Despite the fact that most defects act as quenching centers inducing non-radiative
	recombination, the native defects, or intrinsic defects, play a significant role in rendering visible
	luminescence from ZnO. These defects strongly influence the minority carrier lifetime, luminescence
	efficiency and diffusion mechanisms related to the growth and degradation processes. Therefore, it is
	of tremendous importance to study the intrinsic defects in ZnO if visible LEDs based on ZnO are to be
	developed.
	Janotti and Van de Walle performed a comprehensive first-principles investigation of all six native
	point defects in ZnO based on density functional theory. [78] Defects often introduce intermediate
	levels in the band gap of semiconductors and these levels involve transitions between different charge
	states of the same defect.

Table 1

 1 

	.2 lists some emission colors and possible energy

Table 1 .

 1 

	2 Some reported emission colors from ZnO and proposed energy transitions from point
	defects. (Adapted from Ref [79])

Emission color (nm) Proposed deep level transition

  Blue emission is primarily associated with Zn defects. This remark is made on the basis of the calculated and measured energy levels of Zn defects, as demonstrated in

	Violet	Zni to VB
	Blue	Zni to VZn, CB to VZn, Zni to VB, CB to Oi
	Green	CB to VO or VZn, VO to VZn, Zni to VO, CB to Oi, CB to OZn
	Yellow	CB to Li, CB to Oi, surface OH groups
	Orange	CB to Oi, Zni to Oi, surface OH groups
	Red	Lattice disorder along the c-axis (i.e., due to Zni),
		O-related defects (Oi, VO, VOZni)

Figure 1.9 and Figure 1.10.

  

  pm, Ni 2+ ions are also easy to incorporate into ZnO lattice. However, unlike copper with two stable valence states, Ni impurity has not been reported to introduce intermediate radiative energy levels in ZnO bandgap. Nevertheless, similar enhancement of green emission by Ni doping has been reported.

Iqbal et al. observed significantly intense green emission band centered at 2.18 eV (569 nm) for Nidoped ZnO nanorods compared to undoped ZnO nanorods and they attributed such enhancement of green emission to VO located at the surface of nanorods. [132] On the contrary, Tong et al. found that Ni doping below 5 at% in ZnO nanoparticles quenched green emission while enhancing UV emission.

Table 2 . 1

 21 List of elements doped in ZnO nanohybrid sorted in the ascending order of their ionic radii.Zn 2+ has an ionic radius of 88 pm.

	Element Precursor compound Ionic radius (pm)	Ionic radius ratio (% of Zn)
	Al	Al(NO3)3	67.5	76.6
		FeCl3	69	78.4
	Fe			
		(NH4)2Fe(SO4)2•6H2O	75	85.2
		CrCl3		
	Cr		75.5	85.8
		Cr(NO3)3•9H2O		
	Co	Co(NO3)2•6H2O	79	89.8
	Mn	MnCl2•4H2O	81	92.0
	Ni	Ni(NO3)2•6H2O	83	94.3
		Cu(NO3)2•H2O	87	98.8
	Cu			
		CuCl	91	103.4
	Ce	(NH4)2Ce(NO3)6	101	114.8
	Bi	Bi(NO3)3•5H2O	117	133.0
	Ag	AgNO3	129	146.6

Table 2 . 2 .

 22 The samples are denoted by the weight ratio between TEOS and ZnO in starting compounds, where ZnO is set as 1. For instance, a sample with TEOS:ZnO = 3.8:1 in weight ratio is denoted as 3.8Si. Samples with different amount of NH4OH are denoted as 1A, 1.5A, 2A, etc., where the numbers represent the multipliers of the nominal NH4OH mass ratio (0.027) in solution A while the ratios of EtOH and H2O are fixed. It should be noted that the 14 ZnO/PAA samples were synthesized independently under similar conditions with slight differences in synthesis temperature and washing solvent, which are not considered determining factors for the optical

Table 2 . 2

 22 List of silica-coated samples with different amounts of TEOS and NH4OH.

	Sample	Weight ratio of	Weight ratio of	Number of
	denotation	TEOS to ZnO	NH4OH in solution A	samples
	ZnO/PAA	0	0	14
	xSi-1A	x = 1.1, 2, 3, 3.8, 5, 6, 7, 8, 9, 10	1	10
	3.8Si-yA	3.8	y = 1, 1.5, 2, 2.5, 3, 4	6
	0Si-2A	0	2	1

  1 % doping and undoped ZnO nanohybrids, the PL emission peak can be tuned by doping between 2.46 eV (undoped ZnO) and 2.16 eV, or between 504 nm and 574 nm.Considering all the doping cases at all doping concentrations (see Appendix V), the tuning range spans from 2.46 eV (undoped ZnO) to 2.08 eV, or from 504 nm to 596 nm. Hence, it can be concluded that metal doping can tune the emission color of ZnO nanohybrids in a wide range. It should be noted that the PL spectra of Ce-doped samples are similar to other doping cases. Therefore, Ce is as ordinary as other dopants in terms of emission peak tuning ability.
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improved for all the samples after silica coating and the optimal PL QY improvement is obtained for sample 3.8Si-2A, its absolute PL QY reaching up to 64 %. When y = 1, i.e., when the ratio of ammonia in solution A is the nominal ratio, the PL QY is improved from 21.4 % to 24.7 % (by 15.4 %). According to the model in Figure 4.14 (a), a thin layer of silica shell is present on the surface of the mesospheres at such ammonia ratios. The thin silica coating is beneficial for the PL QY probably due to further passivation of some ZnO nanocrystals by silica coating. When y = 2, the PL QY is improved from 8.9 % to 64.0 % (by 619 %). In this case, the silica coating is thicker around the mesospheres, according to the model in