Dr François Vurpillot 
  
Angela Vella 
  
Constance 
  
Nicolas 
  
Mohit, Safa Jonathan Mykola 
  
Alfia 
  
Yana 
  
Adeline Constantin 
  
Isabelle Aurélien 
  

and Claire for stimulating discussions, for hard days we were working together before deadlines, and for all the fun we

V

List of figures:

Figure I.1: Principle and components of Light Emitting Diode (LED). In order to emit light, a current is applied by connecting p-type semiconductor to positive voltage and n-type semiconductor to negative voltage via metallic contacts. In a p-n junction biased with a forward voltage, electrons are injected from the n-to the p-side, and holes are injected in the opposite direction. Light is emitted due to the The wurtzite structure model of ZnO. The unit cell contains two zinc cations and two oxygen anions, forming a sequence of O-Zn double layers stacked along the c-axis [Yang 2008].
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Moreover, ZnO is non-toxic and it can be obtained in wide range of nanostructures using many different synthesis methods which makes it a flexible material for more complex and advanced devices. However, many difficulties are encountered when it comes to the introduction of the impurities to ZnO matrix. The presence of many defects and natural n-type conductivity of ZnO has made it difficult to produce a high, stable and reliable p-type ZnO. In the last decade, significant efforts and improvements in crystal growth and characterization techniques has made it possible to have a better understanding of the p-type doping process of ZnO.

Yet, additional material and process development issues are necessary aiming the control on doping process and the improvement of crystal quality. Size reduction from bulk and thin films to nanowires has shown a considerable enhancement for achieving p-type ZnO. For nanowires, higher quality of ZnO can be achieved as the impact of substrate nature on nanowires is decreased. Nanowires also exhibit excellent optical properties due to the smaller presence of deep levels, usually associated to intrinsic point defects.

For optical devices such as LEDs, the incorporation of rare earth elements in ZnO matrix has been of a great interest to produce different color of emissions. Nevertheless, the optical properties of these materials are found to be strongly dependent on the quality of the doped ZnO.

Hence, a well-established method is necessary to control the distribution and concentration of the dopants for a reliable emission. Many elaboration methods have been developed for an optimum emission from rare earth elements embedded in ZnO. However, many observations have This thesis comprises five parts:

-First chapter contains the information about the properties of ZnO and its applications for optoelectronic and electronic devices. The main objective and interest of this thesis are also discussed in this chapter.

-In the second chapter, the synthesis methods and the conventional characterization techniques used in this work are explained.

-The third chapter is dedicated to the fundamentals of atom probe tomography (APT)

technique. Different methods of specimen preparation for APT of nanowires have been suggested. Since this technique is recently developed for semiconductor materials and in particular barely discussed for ZnO, in this chapter we mainly focus on development of APT for ZnO nanomaterials. The influence of certain APT analysis parameters on the quality and accuracy of measurements is examined. These fundamental studies are to perform more precise APT analyses of the doped and undoped ZnO materials. These studies are then applied in characterizing different doped ZnO material discussed in chapter four and five.

-In chapter four, p-type doping of ZnO nanowires has been discussed. The main interest of achievement of a p-type ZnO is to provide the near UV emission p/n ZnO homo-junction.

Two different doping processes have been used and the success or the failure of these techniques is studied by APT. These results obtained by APT, were used to explain the results observed by different conventional techniques such as XRD, Raman and photoluminescence.

-In chapter five, we focus on the enhancement of ZnO emission by doping with rare earth elements. The influence of the growth parameters on optical properties of doped ZnO thin films are examined by photoluminescence. APT is used to relate the significant change in optical properties of these samples to distribution and quantity of the incorporated dopants.

Finally, the major results of this thesis will be summarized in the conclusion. Some prospective are also proposed following this work.

CHAPTER I Zinc oxide properties and applications

In last decades, zinc oxide (ZnO) has received a considerable attention due to its potential applications in optoelectronic, photonic and electric devices such as short-wavelength LEDs and photodiodes. In order to discuss the application of ZnO-based devices, first we should have a good knowledge of ZnO material, structure and its general properties. Hence, the objective of this chapter is to provide general information about ZnO material and the recent reports on its application in short-wavelength ZnO LEDs.

I.1 Wide band gap light emitting diodes

In the past decade, the rapid increase in demand for new electronic and optoelectronic devices, has brought a considerable attention on light emitting diodes (LED) based on wide band gap semiconductors. LEDs have fast response, low pollution, excellent durability and long lifetime (more than 100,000 h). Unlike other light sources, LED produces light directly instead of generating a byproduct of heated filaments or ionizing gas; making it a true "cold" light. Red and green light-emitting diodes have been used for almost fifty years. White LED particularly, has shown to be a significant potential solution for brand new applications in room lightening, mobiles and displays. White-light LED can be obtained using few main techniques: uniting a short wavelength LED such as UV or blue LED coated with yellow phosphors which appears white to human eye [Park 2014] or triad of red, green, blue colors (RGB system) [Huang.S 2014] giving rise to a white light. Each technique has its own advantages and drawbacks. RGB system involves more complex procedures and it needs a stronger control on color rendering. Hence, this method becomes more costly and less straight forward than phosphorous conversion method. A simple LED is composed of a junction of a positive and a negative direct band-gap semiconductor (p-n junction). The light is released when an electron from higher energy level falls into a hole at lower energy level. The color of the light depends on the difference in the energy of these two levels corresponding to the band gap of the semiconductor. Many additional electrical transitions become possible when dopants or defects are introduced into the semiconductor lattice. For example, substituting lattice ions with impurity atoms having a nuclear charge greater than that of the lattice, creates discrete electron levels at the energies above the valence band. These dopants are called donor creating an n-type semiconductor. If the dopants carry a nuclear charge less than that of the lattice ion (acceptors), unoccupied electron acceptor levels are introduced at energies below the conduction band (p-type semiconductor). The density of dopants in an n-type or a p-type semiconductor is generally in the range of 10 12 to 10 20 cm -3 [Özgür 2005].

LED development began with infrared and red devices made with gallium arsenide (GaAs).

Advances in materials science have made it possible to produce devices with light in a variety of colors and shorter wavelengths.

Considering the band gap energy of most common semiconductors, developing an affordable high energy emissions in the range of blue and UV is narrowed down to only few semiconductors.

Among all semiconductors, ZnO has received much attention due to its large and direct band gap (~3.4 eV), allowing for the application in short wavelength LEDs. Its direct band gap provides the same momentum of electrons and holes in the conduction and the valence. Thus, an electronhole recombination can directly emit a photon. Among all large band gap semiconductors, gallium nitride (GaN) is the main rival of ZnO as they have many similar properties.

Nevertheless, ZnO has many more advantages over GaN that makes ZnO a more suitable semiconductor for LED devices:

 Large exciton binding energy of 60 meV (at room temperature) of ZnO as compared to GaN (24 meV). This large exciton binding energy indicates that the excitonic emission in ZnO can persist at room temperature and higher which allows ZnO based devices operate at room temperature and above. The prototype ZnO based LEDs have been shown to operate at nearly 400°C [Wei 2007].

 ZnO offers a higher band gap (3.4 eV) and by band gap engineering (doping with Cd or Mg) this value can be raised to the range of 3-4.5 eV [Makino 2001].

 ZnO can be synthesized in different ZnO nanostructures using low cost methods, whereas GaN film is prepared on some limited substrate (SiC, Sapphire, and Si). Furthermore a good quality ZnO film can be achieved at much lower growth temperature (about 500 °C) comparing to the one of GaN (>1000°C).

 ZnO is cheap, abundant and non-toxic and resistant to high radiation.

However, some difficulties are encountered in synthesis and doping process of ZnO material that prevents the large-scale application of this material in short-wavelength LED devices. The properties of ZnO and the origin of these difficulties are discussed in the following sections.

I.2 Zinc oxide: Material properties and applications

I.2.1 General properties

ZnO is a II-VI semiconductor, which attracted many attention due to its possible applications in optoelectronic, photonic and electronic devices. ZnO has a wide and direct band gap of 3.437 eV at 2K and a large exciton binding energy of 60 meV [Look 2001].

ZnO can exhibit a hexagonal wurtzite structure, a cubic rock salt structure or a cubic zinc blend structure. In normal conditions of temperature and pressure, the wurtzite structure is the most stable one. The lattice parameters for wurtzite structure at room temperature are The highest growth rate in ZnO is along the c-axis [Özgür 2005]. Along c-axis, the crystal can be considered to have a stacking sequence of zinc cations and oxygen anions which give rise to the piezoelectric properties in ZnO. Hence, depending on whether ZnO material is Oterminated or Zn-terminated, the polarity along c-axis changes that can influence the structure and properties of ZnO. Therefore, the growth direction together with the polar surfaces allows ZnO to present a wide range of novel structures that can be grown by adjusting the growth conditions.

Pure, p-type and n-type ZnO thin films have been produced using several deposition methods: pulse laser deposition (PLD), molecular beam epitaxy (MBE), diffusion, magnetron sputtering and chemical vapor deposition using different dopants. Pure and doped ZnO nanowires can be grown via vapor transport process, hydrothermal methods and CVD mechanisms using metal-organic precursor.

Each method provides different kinetic parameters for different crystal planes that are governed by the growth technique and the experimental conditions. Various ZnO nanostructures can be carried out by different synthesis techniques. The flexibility in morphology makes ZnO a great potential for novel or more complex device design. Only by means of the controllable synthesis parameters, such as deposition temperature and pressure as well as the carrier flux, different morphology of ZnO with different properties can be carried out. hierarchical nanowires [Wang 2004] and comb-like [Wang 2003]. For electrical and optical applications, a reproducible and reliable method to grow high quality ZnO is an inevitable step. A high quality ZnO can also be a good host material for introducing the dopants. ZnO can be doped with different elements regarding the desired application.

However, ZnO suffers from many native defects that strongly affect its properties. Since the presence of these defects is highly dependent on the growth technique and conditions, finding a reliable method for ZnO growth and doping is very important task.

I.2.2 Defects in ZnO

ZnO has a number of intrinsic defects that can directly influence its wide range of properties by affecting the doping and growth related diffusion mechanism and concentration of the carriers. Therefore, in order to use ZnO materials in devices, it is important to know and control where N sites is the concentration of the sites in the crystal that the defect can be incorporated on, k B is the Boltzmann constant and T is the temperature [Kittel 2004].

The formation energy of the defects in ZnO was calculated by Kohan and Van de Walle [START_REF] Kohan | [END_REF]-Van de Walle 2001]. The formation energy of a point defect is not constant and it depends on the growth or annealing conditions. In O-rich conditions, zinc vacancies are dominant, whereas oxygen vacancies are more likely in Zn-rich conditions [START_REF] Kohan | [END_REF]].

For example, forming an oxygen vacancy requires the removal of one oxygen atom. This is determined by the relative abundance of Zn and O atoms, expressed by the chemical potentials of Zn and O, respectively (µ Zn and µ O ). However, for a charged vacancy, the formation energy further depends on the Fermi level E F , which is the energy of the electron reservoir such as electron chemical potential.

The formation energy of a point defect in a charge state of q is given by, , ) ( ) (

F O O Zn Zn total f qE n n q E q E       ( I.2)
and E total (q) is the total energy of the system containing n Zn and n O zinc and oxygen atoms, and 

I.2.3 Electrical properties of ZnO

The electrical properties of ZnO are strongly influenced by the point defects concentrations and dislocation number density. However, the electrical conductivity of ZnO can be tuned from

(a) (b) (c) (f) (d) (e)
insulating to very high conductive behavior by introducing different dopants [Özgür 2005]. A,B,C) in ZnO [Meyer 2004], (b) formation of donor-acceptor levels, electrons (red circle) can leave to higher energy level and leave behind a hole (white circle).

Nevertheless, achieving a high quality p-type ZnO remains a major challenge because ZnO exhibits unintentional n-type conductivity. The origin of this behavior is still under debate, but it has been mainly addressed to the deviation from stoichiometry due to the presence of intrinsic defects such as zinc interstitial (Zn i ) and oxygen vacancy (V O ) or/ and presence of hydrogen impurities [Janotti 2009].

Difficulties in both n-type and p-type doping have not been a surprising issue in wide band gap semiconductors. For example, GaN, ZnS and ZnSe are easily doped to n-type while p-type doping is the major obstacle. This situation is opposite for the case of ZnTe [Özgür 2005].

Hence, in order to take advantage of potential offered by zinc oxide in devices working at UV or visible range, it is important to find a reliable synthesis method for high quality n-type and p-type ZnO materials. The high quality ZnO p-n junction is the revolutionary step leading towards a whole new technology.

 n-type ZnO

As-grown ZnO often presents unintentional n-type conductivity with a very high electron density of more than 10 17 cm -3 [Yang 2008 So far, there is no definite explanation for the natural n-type conductivity of ZnO. Therefore, in order to have a controlled n-type doping of ZnO, it is important to investigate the possible impurities that act as shallow donor and can be used to make n-type ZnO in a stable manner [Zhang 2001].

n-type doping of ZnO is possible by column VIIA elements such as F, Cl, I substituting for O sites giving rise to the carrier concentration up to 10 20 cm -3 [Cao 2011-Chikoidze 2008-Zheng 2011]. High quality n-type ZnO can also be achieved by intentional doping with the column IIIA elements such as Al, Ga, In. These elements can substitute for zinc sites and act as donors and can produce carrier concentration more than 10 20 cm -3 . These donors can produce n-type ZnO transparent materials with highest conductivity available today and hence, they are preferred as donor dopants [Behrends 2012-Hafdallah 2011-Kim 2010[START_REF] Su | [END_REF].

 p-type ZnO

As it was explained previously, unintentional n-type behavior of ZnO is the main problem in achieving a p-type ZnO and the reason behind this behavior has remained controversial. The difficulties involved in the p-type doping of ZnO, can rise from several reasons:

-The native defects play a role as compensating centers in p-type conductivity. When the impurity atom is introduced, spontaneously, opposite-charged native defects are generated which compensate for the effect of the dopants [Desnica 1998].

-Hydrogen impurities can incorporate in ZnO structure and act as acceptor-killer center [Theys 2002].

- Park et al. have shown that if the dopant cannot be introduced to the appropriate host crystal site due to the low solubility or insolubility, the dopant can behave as a donor. They have shown that when the column-I elements occupy the interstitial site they behave as donors and not acceptors [Park 2002].

-Even if the dopants are soluble and they occupy the appropriate site they can stay unionized because they form a deep level rather than a shallow acceptor level at normal temperature [Zhang 1999].

Native defects such as O i and V Zn can also behave as acceptors in ZnO in certain conditions [START_REF] Look | Zinc Oxide Bulk, Thin Films and Nanostructures[END_REF]]:

i. O i and V Zn that behave as acceptors must have shallow levels, so that they produce holes easily which is only the case in V Zn .

ii. In order to increase the concentration of acceptors, they must have low formation enthalpy, even if the formation energy of the acceptor defect is low. This is the case only for O-rich conditions.

iii. V O , Zn i and Zn O can compensate for the hole centers, therefore they must have high formation enthalpy so that they do not form. This condition cannot be met for neither Znrich nor O-rich conditions.

Therefore, it was concluded that ZnO could not be doped under thermal equilibrium because the formation energies of V O , Zn i and Zn O (which act as donors) are low and they form readily. Also, it is hard to produce acceptors in Zn-rich conditions and as it was mentioned before most samples are grown under zinc rich condition.

Hence, to create shallow acceptor levels, the growth condition must be controlled carefully to produce ZnO with low compensating defects. Prior to 1999, there was only one report of ptype ZnO, where both the method reliability and material quality were poor [Minegishi 1997].

Since then, a vast experimental literature has been done in order to find the origin of difficulties in growth of p-type ZnO that is yet, controversial.

So far many groups have reported the achievement of p-type ZnO using different techniques and different dopants [Kao 2014-Myers 2012[START_REF][END_REF]. Theoretically, the intentional doping of ZnO materials is possible by elements of group IA and VA.

Using ab-initio calculations, Vidya et al. showed that acceptors occupying the cation site make shallow acceptor level rather than dopants at the anion site. It was found that the acceptors occupying cation sites make less perturbation in valence band maximum than dopants at anion sites [Vidya 2012].

Previously, it was observed that, once the acceptors are introduced, the E F moves towards the valence band maximum. Simultaneously, the formation energy of the charge donor defects decreases as they donate the electrons to Fermi level reservoir. Therefore, theoretically elements of column IA such as Li, Na, K were considered to be able to create p-type conduction in ZnO as they sit on cation sites. Zinc oxide thin films doped with Li, Na, K have been prepared by pulse laser deposition and radio frequency magnetron sputtering where doping enhanced the electrical, optical and also magnetic properties [Huang.Y 2014[START_REF] Lü | [END_REF]-Yi 2010].

Among all, lithium has attracted more attention since it is the most common unintentional dopant in hydrothermally grown ZnO [Monakhov 2009]. Theoretically, Li atom replacing cation sites should act as acceptor. However, it was found that the type of charge carrier Li forms depends on the site it occupies. For example, Li at the interstitial site Li i behaves as a donor and it is stable in Zn-rich and equilibrium conditions. On the other hand, Li substituting Zn sites (Li Zn ) behaves as acceptor. However, Li Zn is stable only in O-rich conditions, where the formation energy of Li i is lower than Li Zn in p-type ZnO and hence can be formed more readily [Vidya 2012]. It was realized, having small atomic radii, group I elements prefer to occupy the interstitial sites rather than substitutional sites and hence they act as donors. In case of Na and K, the longer bond length than Zn-O bond length, increases the formation of the native defects that are acceptor killers [Look 2004].

For Li complex with defects, it was shown that L i -V O appears as donor and it is stable under Znrich condition. On the other hand, Li Zn -V Zn is stable under O-rich condition and behaves as acceptor. Therefore it was concluded that, obtaining Li doped p-type ZnO is more likely under O-rich condition. The same behavior can be considered for the other elements of the same group as well [Vidya 2012].

Previously, it was discussed that the H impurities incorporate as a donor in ZnO. This contrasts with the conventional behavior of hydrogen in semiconductors, whereby it counteracts the prevailing conductivity. In other words, it is expected that H should incorporate as an acceptor in n-type ZnO. This paradox was theoretically explained by Van de Walle by the fact that H -(act as acceptor) has never lower formation energy than H 0 or H + (donors). Hence, the donor site is always preferred state in thermodynamic equilibrium [Van de Walle 2000].

Elements of column VA such as N, P, As and Sb are also possible dopants for p-type ZnO where they replace anion sites [Chu 2008-Fan 2007-Fang 2009-Zheng 2009]. Among all, nitrogen is considered as the most suitable acceptor for a successful p-type ZnO. Having similar atomic radius, it was naturally accepted that nitrogen atoms replace oxygen sites. Larger ionic radius of P and As than oxygen, casts the doubt about the success in doping with P and As. The ionic radius of P and As seem to be too large to occupy the oxygen site within the host lattice.

However, there are several reports of achieving p-type ZnO doped with As or P with a hole concentration of above 10 18 cm -3 . In ZnO doping with As, The concentration of about 10 17 cm -3 was achieved by Look et al. [Look 2002]. However, they have not resulted in stable and reproducible p-type material, bringing doubt on the efficiency of nitrogen as a shallow acceptor and whether nitrogen is actually a deep acceptor [Lyons 2009].

Up to this day, among all possible dopants, nitrogen is still considered to be the most promising dopant. Despite facing many limits such as low solubility, poor stability and thermal instability of ZnO:N, the hole concentration up to 2.29×10 18 cm -3 was reported [Alves 2009-Chao 2013-Dhara 2012-Kerr. 2007-Zeng 2007]. Most of the attempts for p-type doping of ZnO have been dedicated to doping with nitrogen acceptors. Nitrogen doped ZnO thin films were carried out using plasma-assisted molecular beam epitaxy on c-plane sapphire. The samples exhibit a hole concentration of 4.45x10 17 cm -3 with a hole mobility of 0.18cm 2 /Vs and a resistivity of 78 Ω.cm [Sun 2006]. Different ZnO nanostructures were chosen for p-doping. To solve this problem, Sun et al. suggested the annealing in N 2 O plasma protective ambient, that can provide both nitrogen ion and oxygen ion. In this case, the decomposition of nitrogen and oxygen from ZnO:N sample during thermal annealing process under high temperature was restrained [Sun 2008].

Despite all the attempts, the choice of dopant and growth technique remains controversial and the reliability of p-type ZnO is still under debate [Look 2004].

I.2.4 Optical properties of ZnO

Both the presence of the defects and the incorporation of the dopants can affect the optical properties of ZnO. Defects and impurities create discrete electronic states in the band gap and hence they influence the optical emission and absorption in ZnO. In semiconductors, apart from defects and impurities, intrinsic optical transitions take place between electrons in the conduction band and holes in the valence band. The emission of photons in semiconductors occurs when an electron from higher energy level recombines with the hole from a lower energy. The energy of the emitted photon depends on the difference in the energy of these two levels. There are five main radiative recombination processes commonly observed in semiconductors, shown in  Excitonic recombinations of bound excitons are extrinsic transitions and related to dopants or defects that create discrete electronic energy levels in the band gap. A free hole can recombine with the electron on the neutral donor forming a positively charged excitonic ion which is known as "bound exciton" (Figure I.9.d). Similarly a free electron can recombine with the hole on the neutral acceptor (Figure I.9.e).

Undoped ZnO materials exhibit two main band emissions: an intense UV band and a visible broad band. UV band is referred to the excitonic recombination across the band gap. However, the origin of the visible luminescence in ZnO remains controversial and it is mainly addressed to the presence of the intrinsic point defects. Chen et al. used in-situ laser-induced luminescence to study the visible luminescent characteristics of ZnO in nitrogen and oxygen ambients. In N 2 atmosphere, green, yellow and orange luminescence was observed. Once the samples were treated in oxygen atmosphere, the green luminescence turned into yellow and the yellow luminescence to orange. The results indicate that the visible luminescence in ZnO is associated with the oxygen vacancies in ZnO and the green, yellow and orange luminescence appear in high, moderate and low concentration of oxygen vacancy, respectively [START_REF][END_REF]. In general, the emission of green light is mainly assigned to the two main mechanisms, deep copper acceptors [Dingle 1969] and intrinsic point defects such as oxygen vacancies (V O ) [Kang 2003-Rakhesh 2007], excess of Zn in the form of zinc interstitial (Zn i ) [Liu 1992] , or oxygen antisite defects (O Zn ) [Lin 2001].

Thermal annealing was usually employed to treat doped ZnO samples since it is an effective technique to improve the crystalline quality as well as optically activation of the impurities.

Figure I

.10 shows the influence of thermal annealing of ZnO thin films grown by magnetron sputtering annealed in a thermal furnace with air and nitrogen ambient at 800 °C for 30-120 min.

The photoluminescence results show that the UV peaks of the annealed ZnO films were shifted approximately 1-3 nm toward shorter wavelength while its intensity increased after thermal annealing. There was no deep-level emission peaks related to point defects after thermal annealing. It means that optical properties are improved by high temperature annealing.

Especially in air ambient, the oxygen vacancies are resolved by the supply of oxygen from air ambient [Lee 2009].

Nevertheless, the doping of ZnO is an important bottleneck for many applications because the quality of ZnO and dopant incorporation is strongly dependent on the synthesis conditions. 
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Even a very small amount of native defects and impurities (down to 0.01 ppm) can significantly change the electrical and optical properties of ZnO [Stavola 1998]. Although the undoped ZnO exhibits visible light emission due to the defects, this emission is not adequate for lightening applications as it is governed by random luminescence. Making use of excellent luminescence properties of ZnO in UV and light regions through a controlled process, ZnO can be doped with rare earth elements (REE). Doping with rare earth elements has attracted much attention. Their partially filled d and f orbitals give rise to the additional optical transitions providing great luminescent centers. These transitions result in unique optical properties that are used extensively in new generation of optical devices [Bünzli 2005].

In general, rare earth ions exist in trivalent state e.g. Eu +3 , Tb +3 , etc. Once a rare earth atom is substituted in a host crystal, the energy levels in the atom are disturbed by host crystal field causing a redistribution of the electrons at 4f sub-shell in rare earth ion. Figure I.11 shows the discrete energy levels for different RE ions [Bünzli 2005].

The emission from RE dopants begins with absorption process which means the transition of an electron from the ground state to higher excited states.

Then the electron at higher excited energy level loses its energy and drops to the available states just below the previous state. When the energy corresponding to this transition is small, the electron loses its energy to the lattice. Otherwise, this energy is given out in the form of 

I.2.5 Hetero-junction ZnO LED

Difficulties in p-type doping of ZnO has led the ZnO based device technology to an alternative approach. Some attempts have been made to develop the growth of n-type ZnO on ptype materials (ZnTe, Cu 2 O, SrCu 2 O 2 ) to form LEDs [Hosono 2002].

In particular, n-ZnO/p-GaN hetero-junction has attracted much attention. The small lattice mismatch of 1.8% between p-type GaN and ZnO, has been practically demonstrated to be useful for commercial devices [Kim 2007-Lee 2009]. under forward bias. In air ambient, EL spectrum consisted of a broad band from 400 nm to 700 nm and a yellow emission was observed [Lee 2009].

I.2.6 Homo-junction ZnO LED

For practical device applications, durable and reproducible p-type ZnO is essential. The electroluminescence (EL) spectrum from the p-i-n junction exhibits a luminescence from violet to green region (Figure I.13.b_blue). Room temperature PL spectrum of the p-type ZnO film (Figure I.13_black) shows a peak at 430 nm that is consistence with EL observations.

Tsukazaki et al. could prove that ZnO is a potential material for making short-wavelength optoelectronic devices, bringing more appreciation and attention to ZnO materials.

In recent years, one-dimensional (1D) ZnO nanostructures such as nanorods, nanowires and nanotubes have been studied extensively. Compared to bulk and thin films, ZnO 1D-nanostructures have more advantages: they have large surface-to-volume ratio, high quality single crystals and high optical properties.

p-type ZnO nanowires have been obtained by direct growth method on doped or undoped ntype ZnO nanostructures. Electroluminescence from ZnO nanowire p-n homo-junction was observed by several groups as listed in Table I.1. 

I.3 Conclusion and scope

In this chapter, the great potential and interest in application of zinc oxide materials for electronic and optoelectronic devices are highlighted. Doped ZnO nanostructures have been extensively studied for their applications in Light Emitting Diodes (LEDs). ZnO is able to provide a wide range of emissions, from visible to ultra violet, by introducing proper dopant impurities.

Nevertheless, the main obstacle on the way to a large-scale production of ZnO based devices is to find a reliable and reproducible method for the synthesis of high quality doped and undoped ZnO nanomaterials. Particularly, for short wavelength ZnO based LEDs, the synthesis of high quality n-type and p-type ZnO is crucial. So far, a p-type ZnO has been hard to achieve due to the intrinsically n-type behavior of ZnO.

There are already reports showing the feasibility of achieving homo-junction ZnO LEDs.

However, the absence of large scale production of ZnO based homo-junction LEDs, challenges the reliability and efficiency of these techniques. Until this date, the choice of dopant and growth technique remains controversial and finding a reproducible p-type ZnO is still under debate.

For ZnO based devices, the control of dopant incorporation in ZnO matrix is the necessary step to control the properties of doped ZnO. Hence, a thorough understanding of the dopant incorporation in ZnO is the first step to confront the limits in doping of ZnO.

In the present work, we study the influence of different elaboration methods and synthesis conditions used for doping of ZnO thin film and nanowires. The recent most popular dopants were used to tune the optical and electrical properties of ZnO. The success and efficiency of each doping synthesis method is investigated by using different techniques such as: Raman spectroscopy, photoluminescence and TEM. As far as the dopant characterization is considered, the dopant metrology in individual ZnO nanowire or thin film is performed by atom probe tomography.

Hence, this work integrates two main objectives: 1) providing a more precise insight into the application of atom probe tomography and enhancing the quality and reliability of the measurements for ZnO materials. 2) applying this technique to study the influence of the elaboration methods on dopant incorporation and distribution in single ZnO nanowire and thin film.

CHAPTER II Elaboration and characterization techniques

One of the advantages of ZnO over other semiconductors is that it can be prepared by different synthesis techniques in various nanostructures. However, for electrical and optoelectronic applications, the synthesis technique strongly influences the properties of ZnO. As it was explained in the first chapter, the main challenge in industrializing ZnO based devices is to find an efficient and reproducible elaboration technique. In the present work, pure and doped ZnO in the form of thin film and nanowire were prepared using different synthesis techniques.

The failure or success of the doping process then is studied using different characterization techniques. Hence, this chapter consists of two sections: first, description of the elaboration techniques used in this work and influence of different elaboration parameters, second, the description of the methods used for characterization of the elaborated samples. Basics and principle atom probe tomography technique will be discussed separately in details in chapter III.

II.1 Elaboration techniques

In this work, two elaboration methods are used for the preparation of doped and undoped ZnO nanostructures. ZnO thin films were prepared using magnetron sputtering and ZnO nanowires were grown by metal-organic chemical vapor deposition (MOCVD).

II.1.1 Thin film preparation: Magnetron sputtering

Magnetron sputtering is a physical vapor deposition (PVD) process, widely used for deposition of conductive oxide thin films at low temperatures with good optical and electrical properties [Balestrieri 2013-Kim 2006-Ziani 2014]. It is one of the most popular growth techniques for early ZnO investigations because of its low cost, simplicity and low operating temperature.

Figure II.1.a shows the schematic view of magnetron sputtering system. A source of the material desired to be deposited (target) is bombarded with inert gas ions, typically argon (Ar + ).

By application of high voltage that can be either RF (radio frequency) or DC, the Ar plasma is created between cathode and anode. The RF power source then sends radio waves through the plasma to ionize the gas atoms. The collision of these ions onto the target ejects target atoms from its surface towards the substrate. The target atoms travel to the substrate and begin to form a coating layer. As more and more atoms reach the substrate, they begin to bind to each other, forming a tightly bound atomic layer. Depending on the sputtering time one or more layers of atoms can be deposited, allowing for the production of precise layered thin film structures.

In RF magnetron sputtering, the influence of parameters must be taken into account prior to the elaboration set-up as they rule the structure, properties and quality of the synthesized materials.

 Influence of parameters in magnetron sputtering

Sputtering pressure, sputtering time, the distance between the substrate and the target, RF power and substrate temperature are the main parameters. These parameters can directly affect the properties of the deposited materials by changing factors such as mean free pass of sputtering species, surface mobility and defect concentration of doped and undoped ZnO thin films resulting in different morphology, electrical and optical properties.

-Sputtering pressure and flow rate: Ar sputtering pressure can influence the crystal quality and properties of the grown ZnO thin film. The influence of Ar sputtering pressure on the growth of zirconium doped ZnO thin film was examined in the range of 0.5 to 3Pa. It was observed that the crystallinity increases and the electrical resistivity decreases when the sputtering pressure increases from 0.5 to 2.5 Pa. However, for more than 2.5 Pa it was observed that, as the pressure increased the crystallinity decreased and resistivity increased [Hanfa 2009]. Besides the Ar pressure, the increase in the flow rate of argon showed an increase in the band gap of Al-doped ZnO thin film [Huang.D 2013].

-Target-to-substrate distance: the distance between target and substrate is a very important factor as it influences the growth rate. Increasing this distance results in a slower growth rate and thus an enhancement of the crystal quality as well as the electrical resistivity. In case of Al doped ZnO thin films, raising the distance from 45 to 70 mm led to a more stoichiometric value of O/Zn ratio and it could vary the optical band gap of Al doped ZnO from 3.18 to 3.36 eV [Jeong 2004].

-RF power: Varying the RF power can directly change the morphology of the samples as it changes the growth rate. In the synthesis of Zr doped ZnO thin films, the increase in RF power has improved the crystallinity, conductivity of the samples. However, applying very high powers led to deterioration of crystallinity and reduction of the conductivity

[Mao-Shui 2007].
-Substrate temperature: the substrate temperature, is one of the most important factors as it has a strong effect on improving the surface morphology and thus, it affects the crystallinity and optical properties [Bhavanasi 2013].

-Post-deposition annealing temperature: annealing the grown samples can heal the undesirable defects in the crystal structure and change the properties of the grown sample. In doped samples, depending on the annealing temperature, redistribution of the dopants can occur upon annealing, which can strongly change the optical and electrical properties of the sample.

In the present work, we are only focused on the influence of two latter growth parameters (growth and annealing temperatures) on the morphology and optical properties of the doped samples. The other parameters were kept fixed. The samples studied in this work are elaborated under the condition explained in the following.

 Preparation of the terbium and ytterbium doped ZnO thin films

Two different series of ZnO thin films were studied in this work. First series of thin films were doped by Terbium (Tb) grown by radio frequency (RF) magnetron sputtering using a pure ZnO target and silicon as the substrate at CIMAP laboratory. Doping was obtained by arranging 10 calibrated terbium oxide (Tb 4 O 7 ) pellets on the surface of the ZnO target. Deposition was performed on a (100) silicon substrate heated at 100°C. The total pressure and RF power to target were fixed at 1.5 Pa and 1.91 W.cm -2 , respectively. The substrate was placed at the distance of 70 mm from the target. Post-annealing treatments were carried out for 1h under continuous nitrogen flow at different temperatures in order to track its influence on ZnO:Tb films properties [Ziani 2014]. The investigated Tb doped ZnO samples are summarized in Table II.1. Second series of investigated ZnO thin films were doped by ytterbium (Yb) .Yb-doped ZnO thin films were deposited on silicon substrate by RF magnetron sputtering using an Orion 3 device from AJA International Co at IPCMS 1 laboratory. Doping was carried out by placing pure Yb discs on the surface of a pure zinc target (sputtering with substrate-on-top configuration).

Oxygen was added in the sputtering chamber to form the final Zn 1-x Yb x O oxide. The Ar/O 2 gas flow ratio was optimized and kept to a value of 4. The substrate was placed at the distance of 120 mm from the target. The silicon substrates were taken from 500 µm thick 4″ CZ-100 wafers with resistivity varying from 0.07 to 5Ω.cm. Substrates were cleaned from the organic contaminations by piranha procedure and further dipped in HF in order to remove the oxide at the substrate surface. Two halogen lamps in the deposition chamber provide the temperature in the range of 15 °C to 400 °C. The RF power and deposition pressure were optimized to 50 W and 3.4 mTorr (0.45 Pa), respectively. Post-deposition annealing was done in a quartz tube under both Ar and O 2 gas flows and at temperature of 700°C [Balestrieri 2013]. Hence, the samples listed in Table II.2 are chosen for further investigation in this work. MOCVD is mainly a self-nucleation process and layer-by-layer growth method using metal organics as the precursor. Since metalorganics have only one dangling bond, they can be easily converted to chemical vapors and hence, they allow for low temperature growth relevant to the pressure that precursor vapor offers. In a typical MOCVD, a carrier gas delivers the vapor-phase precursors. The precursors are decomposed due to the applied temperature and ZnO deposition occurs as a result of chemical reactions on the substrate. Hence, one of the main issues in MOCVD is to find precursor combination so that the chemical reaction is only taking place at the substrate surface, but not in the gas phase. As Zn precursors metal-organic compounds such as dimethyl-metals and diethyl metals have been used successfully [Kanjolia 2011-Marzouki 2010-Souissi 2013]. Oxygen molecule and nitrous oxide (N 2 O) are commonly used as oxygen precursor. For high temperature MOCVD growth (600-1000°C), N 2 O is widely used as oxygen precursor whereas for the growth process at lower temperatures the use of O 2 is more often. The reactions take place in a reactor where a necessary temperature profile is created in the gas flow direction

(Figure II.2.b).
MOCVD was first used for the deposition of thin films. Nevertheless, MOCVD has later become a pioneer method to reproduce large area, catalytic free, long, vertically aligned ZnO nanowires with excellent morphological, structural and optical properties. In this work, the MOCVD growth concerns only the spontaneous growth of nanowires. The catalyst free and spontaneous growth of nanowires and the transition from thin film to nanowires occur only by changing the growth parameters.

The MOCVD growth mechanism of the nanowires involves two steps: nucleation and growth. First, nuclei that can have different crystallographic orientations are formed on the substrate. Then the growth of nanowires takes place along specific direction. The preferred growth axis is then ruled by the growth condition and choice of substrate. For ZnO, generally caxis offers the fastest growth rate and considered as the preferred growth direction.

 Influence of parameters in MOCVD

The MOCVD parameters play a very important role not only on the properties of the grown materials, but also on their morphology. One dominant factor governing morphology of the It was observed that a low deposition temperature decreases the mobility of the molecules reaching the substrate and thus favors the growth of 2D thin films. However, increasing the reactor pressure have shown to increase the diameter of the nanowires [Behrends 2009-Nath 2012] In the growth of ZnO nanowires, the choice of substrate is very important as it affects the final morphology of the nanowires. In this work, the MOCVD growth parameters were chosen so that the spontaneous growth of ZnO pure or doped nanowires would occur. Taking advantage of large length to surface ratio of nanowires, different ex-situ and in-situ techniques were used in order to achieve p-type ZnO nanowires. A successful incorporation of the dopants in ZnO nanowires and their conductivity are the main interests in growth and investigation of these nanowires. The growth conditions used in the present work are described as follows.

 Nitrogen doped ZnO nanowires

Nitrogen-doped ZnO nanowires have been grown in a horizontal MOCVD reactor working at low pressure on (0001) sapphire substrate with diethylzinc (DEZn), NO 2 , NH 3 as zinc, oxygen and nitrogen sources. Growth of nanowires was carried out at 800°C and the pressure of 50 Torr (6666.1 Pa) for 30 minutes in the presence of Helium as a carrier gas. At the R VI/II of 540 (ratio of NO 2 to DEZn), different concentrations of NH 3 were used for doping. The concentration of 0, 10, 15 and 20 ml, have been chosen to study the effect of dopant concentration on the properties of ZnO nanowires.

The undoped and doped nanowires grown by MOCVD were prepared at GEMaC laboratory,

II.1.3 Ex-situ doping process

In this work, the ex-situ p-type doping process of ZnO nanowires was carried out using spinon-dopant method (SOD). The ex-situ doping was performed at CEA-Leti laboratory. Since, this technique is generally known for doping of thin films, the main challenge in here is to investigate if this technique can result in successful incorporation of acceptors in ZnO nanowires. The growth parameters and doping conditions are discussed in chapter IV.

 Principle of the technique

Doping of semiconductors can be carried out through an ex-situ diffusion process called spin-on-dopants. This method provides an impurity source for doping of semiconductors. The dopants are introduced by application of a homogenous solution (containing the intended impurities) on a planar semiconductor surface followed by annealing treatment. Schematic SOD used for doping of thin films involves 4 basic steps as follow:

1. Cleaning of the substrate, 2. Application of dopants to the substrate followed by spinning, 3. Inducing an elevated temperature for the diffusion of dopants, 4. Etching and post diffusion clean-up.

 Influence of parameters

At each step, the selection of the parameters can directly influence the quality of the doped material, hence they must be chosen carefully. Dopants and solvent must be chosen with respect to the substrate properties. Some solutions require a pre-diffusion bake to remove excess of solvent. The typical spinning speed used is between 2000 to 6000 rpm 2 and as the spinning speed increases, the thin film becomes thinner. An average time of spinning is about 5 second which should be selected with respect to the expected thickness and spinning speed. The diffusion temperature plays an important role as well as other parameters to yield desired substrate resistivity and junction depth. Since the dopant diffusion occurs at very high temperatures, aside from desirable dopants, sometimes due to the poor experimental condition, the distribution of already existing impurities in the lattice can be severe at these temperatures. Once the diffusion is performed at elevated temperatures, it is important to avoid a rapid withdrawal of the sample from the furnace and to allow the samples having time to come to thermal equilibrium. A rapid 2 revolutions per minute, number of turns of the object around an axis divided by time withdrawal can cause the high-temperature disorder-dispersed impurity phase and vacancy interstitial concentrations frozen into the crystal influencing the properties of the doped material.

II.1 Characterization techniques

In this section we will discuss the basic principle of different characterization techniques used to investigate the elaborated samples. The characterization techniques described in this section are the conventional techniques providing a wide range of information about the crystal structure, morphology and optical properties of the elaborated thin films and nanowires.

II.1.1 Transmission Electron Microscopy

Transmission electron microscope (TEM) is a technique offering the investigation of detailed nano and micro structures at high resolution (<1 nm). It also enables to investigate the crystal structures, specimen orientations and chemical compositions of phases, precipitates and contaminants through diffraction pattern, X-ray and electron-energy analysis. This microscope is based on transmitting electrons accelerated up to high energy levels (few hundreds keV) and focused on an ultrathin specimen. As these electrons reach the specimen, they can scatter or backscatter elastically or inelastically, or produce many interactions, source of different signals such as X-rays, Auger electrons or light (Figure II.6.a).

The elastically scattered electrons are the ones used to make the TEM image. The image projected by the electrons transmitted directly through the specimen is referred as a bright field image. In the bright field mode of the TEM, an aperture allows only the direct beam to pass. In this case, the image results from a weakening of the direct beam by its interaction with the sample. If the direct beam is blocked by the aperture and only one or more diffracted beams are allowed to pass the objective aperture, a dark field (DF) image can be obtained. Since diffracted beams have strongly interacted with the specimen, very useful information is present in dark field images such as planar defects, stacking faults or particle size. is commonly used as a quick method for identifying and quantifying the elements with a resolution up to 0.2 nm. However for identification of the light elements (Z < Z Al ) electron energy loss spectrometry (EELS) is particularly used providing a better spatial resolution. For TEM observations of nanowires, nanowires were removed from the substrate by scratching, and then spread on a copper grid covered with a thin carbon film.

II.1.2 Photoluminescence

Photoluminescence (PL) has long been used to investigate the optical properties of the material. Besides, it is also a powerful technique to probe discrete energy levels and to extract valuable information of the semiconductor sample by identifying extremely low concentrations of intentional and unintentional impurities that can strongly affect material quality and device performance.

PL measurements involve the excitation of an electron into a higher energy state that eventually falls back to a lower unoccupied state with an emission of a photon. Since the initial excitation is by incident light this process is called photoluminescence. The efficiency of photoluminescence signal is determined by the nature of optical excitation (radiative and nonradiative recombinations) and properties of material such as defects or impurities. Performing PL at very low temperatures (few Kelvin) often reveals spectral peaks associated with impurities contained within the host material.

ZnO shows a great variety of richly structured luminescent lines covering almost all the visible and near UV spectral range. 2.9-3.3 eV) [Meyer 2004].

Generally, PL spectrum of ZnO contains a broad band centered around 2.45 eV extending from blue to the green range. Main peaks originate from bound excitons (BE) recombinations followed by phonon replicas with an energy separation of about 72 meV. The photoluminescence of ZnO has been well discussed for more than 50 years; however, despite the large number of publications, there are some aspects which remain unclear. For example, for many optoelectronic purposes, ZnO has been doped with different impurities, which generates particular exciton emission lines to donor or acceptor impurities.

The photoluminescence system used in this work includes an excitation source consists of an argon laser Spectra-Physics 2085 beam lock that can provide different lines in the range of visible and ultraviolet between 530 nm and 275-300 nm. The samples are placed in a bath of helium cryostat operating between 2 and 300 K. In this work PL measurements of nanowires were performed at 2 K in order to minimize thermally activated non-radiative recombination The spectral analysis can be carried out by two Horiba-Jobin-Yvon monochromators: Low resolution with a Triax 550 monochromator equipped with a multi-channel analysis (1024x256 pixels) with a CCD camera or high resolution with a U1000 double monochromator equipped with a photomultiplier. The covered wave length range is from 300 nm to about 1 micron. All PL analyses of nanowires were carried out at GEMaC laboratory by Dr. Alain Lusson and Emir Zehani.

II.1.3 Raman spectroscopy

Raman scattering is an optical and non-destructive characterization method commonly used to provide information about the chemical composition, crystal quality and the influence of dopants on lattice vibration properties. Raman spectroscopy is based on the inelastic scattering of monochromatic light within the studied samples. Once the laser light interacts with molecular vibrations, phonons or other excitations in the sample, the energy of the laser photons can be shifted up or down and therefore providing information about the vibrational modes in the system. A Raman spectrum is usually presented as intensity versus Raman shift which is the frequency difference between the scattered light and the monochromatic excitation source.

Raman spectroscopy has been successfully used to study different semiconducting materials.

Wurtzite-structured ZnO belongs to the space group of C 6 V 4 with two formula units per primitive cell, giving rise to phonon modes Г=2A 1 +2B 1 +2E 1 +2E 2 . Among these modes, the optical modes are Г= A 1 +2B 

II.2 Conclusion

In this chapter, first the elaboration methods used for the growth of different doped and undoped ZnO nanostructures is discussed. In the second section, the most common Intensity (a.u.)

CHAPTER III Atom probe tomography of ZnO materials: fundamental studies

One of the challenges for the investigation of nanomaterials is the development and use of characterizing tools dedicated to the metrology of dopants in semiconductors. For this mean, the use of techniques with atomic resolution is demanded. Secondary ion mass spectrometry (SIMS), which has long been the reference technique, is nowadays limited. Indeed, threedimensional (3D) atomic imaging and spectroscopy capabilities are now required to image structures whose complexity tends to be inversely proportional to their sizes. Among all the nanoscale-sensitive analytic techniques, Atom Probe Tomography (APT) appeared to be one of the most promising tools thanks to its unique capability of combining the atomic scale resolution with quantitative chemical analysis. Over the past few years, very innovative improvements have been brought to this technique. Introducing ultrafast femtosecond laser pulsing to primitive atom probes has given rise to the development of the Laser Assisted Tomographic Atom Probe (LA-TAP) extending the field of applications to materials used in nano-electronics such as semiconductors or insulators [Gault 2006].

Atom Probe Tomography is a three-dimensional high-resolution analytical microscope that is built on the concept of field evaporation of atoms from the surface of a needle-shaped specimen. The emergence of APT started with the studies on ionization of atoms in free space under electric field in 1928 by Oppenheimer [Oppenheimer 1928]. In 1956, E.W.Müller invented the Field Ion Microscope (FIM) which made it possible to see the atoms of the surface for the first time [Müller 1956]. Müller continued the development on FIM and by combining FIM, a detector with a single atom sensitivity and time of flight mass spectrometry, he was able to develop the first atom probe in 1968 [Müller 1968]. This atom probe was able to identify the chemical nature of the detected atoms and since it was able to demonstrate one dimensional composition profile, it was called 1D-AP [Müller 1968]. In the last decades, APT has evolved notably and today it is considered as a unique instrumental technique providing ultimate chemical information together with 3-dimensional distribution map of specimen at atomic level.

Nevertheless, despite the great interest in application of APT for ZnO and in general semiconducting materials, there is a lack of fundamental studies on acquisition of reliable APT measurements. Hence, prior to apply this technique to ZnO materials, we need to be able to perform a reliable APT analysis and for that, having a good knowledge of the APT principle is crucial.

Therefore, this chapter includes four main parts. In the first section, a general overview on the basic principle of atom probe tomography and the physical phenomena behind this technique is discussed. In the second part, we will be mainly focused on the application of APT for semiconducting materials. Due to the recent application of APT for semiconductors, the advances, difficulties and problems concerning the application of this technique in such materials are discussed in detail. In the last two sections, we address two main problems often encountered in APT of semiconductors: 1) APT specimen preparation of nanowires, 2) adapting APT to ZnO nanostructures for reliable and reproducible measurements. Once these problems are resolved, we are able to apply this technique for further investigation of doped ZnO nanostructures discussed in chapters IV and V.

III.1 Basic principle of Atom Probe Tomography

The basic operating principle of APT involves a specimen in the shape of a very sharp tip with a radius less than 50 nm at the apex that is cooled down to a temperature less than 80K in ultra-high vacuum. A high direct current voltage (V dc ) of about few kilovolts is applied to the specimen that creates a high electric field at the apex of the tip. By applying additional high voltage or laser pulses, the atoms from the surface are field evaporated and fly towards the detector which is perpendicularly placed in front of the tip. By applying a positive standing voltage at the tip with a small radius, a strong electric field is created at the apex which keeps the specimen positively charged. The electric field (E) created at the apex of the tip is given by: R

V E dc .   , ( III.1)
where V dc is the voltage applied on the tip, β is a numerical factor in the range of 2-8 accounting for the fact that the end of the tip is not spherical but hemispherical and R is curvature radius of the tip.

When the electric field is sufficiently high to ionize the surface atoms, the positive ions created at the surface of the specimen are repelled by the specimen and accelerated along the electric field lines established between the specimen and the detector. This process is called 'field evaporation'. Since the electric field is higher at the protuberant points of the tip (e.g. edge of atomic terraces), the evaporation of ions from these points happens first. Once the evaporated ion is collected by the detector, its chemical identification is possible via mass spectroscopy where the ion mass to charge ratio is determined from its time of flight [Gault 2012-Miller 1996].

APT analysis basically involves the field evaporation, time of flight mass spectroscopy, mass spectrum and data analysis and volume reconstruction, which are discussed in following sections.

III.1.1 Theory of field evaporation

The main process involved during APT analysis is field evaporation. It involves a combination of ionisation and desorption of an atom from a surface that is subjected to a very intense electric field. Under a sufficiently high electric field, the atom can be pulled away from the specimen surface as an ion, leaving behind one electron. To remove an atom from the surface of the specimen, the atom needs to overcome an energy barrier that bonds it to the surface, as [Miller 1996].
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To explain the mechanism of evaporation, two models are proposed: image hump model [Müller 1956] and charge exchange model [Gomer 1959]. In first model, it is considered that the atom is fully ionised at a critical distance from the surface before leaving the specimen whereas in the later model the charge is progressively pulled away from the atom as it is escaping the surface. In image hump model, for the particle to be ionised and repelled from the surface, it must cross the so-called Schottky hump, which is a field dependent barrier Q(E) that represents the activation energy for field evaporation.

For triggering the evaporation, a potential lower than the one required for evaporation is applied to the specimen. A high voltage pulse with a nanosecond rise time (V pulse ~ 0.2V dc ) is usually used for the controlled field evaporation of surface atoms. In laser pulsed atom probe, a pulse of laser with a duration time in the order of femtoseconds replaces the voltage pulse. The laser pulse, gives rise to a local increase of the temperature that induces evaporation. The choice of applying a laser or voltage pulse mode is directly related to the nature of the material that we are analysing. Voltage pulse is commonly used for metallic materials whereas, for poor conductive materials the use of laser pulse mode is more appropriate. This will be further discussed in section III.2.

The number of atoms that evaporate per second is called evaporation rate, which is usually assumed to be through a thermally activated field evaporation process. The thermal agitation of the atoms results in their vibration on the surface with a frequency (v 0 ) which is estimated to be in the range of 10 12 to 10 13 Hz depending on the applied temperature and field. On each of this vibration, the atoms attempt to overcome the energy barrier that holds it on the surface, and escape to the free space. The evaporation rate ( n evaporatio



) for an ion is given as
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where Q(E) is the field-dependent height of the barrier, k B is the Boltzmann constant and T is the absolute temperature. The exponential term reflects the probability of field evaporation and hence the evaporation rate. The expression of the energy barrier Q(E) depends on the model considered which experimentally is expressed as a linear function of the field
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where Q 0 is activation energy in the absence of the field, E evap is the field allowing for the evaporation of the material when the energy barrier at 0 K is reduced to zero. The evaporation field (E evap ) can be calculated for different elements. For example, for pure zinc, E evap is 29V/nm.

However, in atom probe experiments, the evaporation rate is not measured directly, instead, it is the detection rate which is measured. The detection rate (Φ detection ) associated with a single pulse is measured in atom per pulse and it is given by
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where the τ is the evaporation pulse duration which is about 1 ns for voltage pulsed atom probe and about 350 fs for the laser pulsed one. ƞis the efficiency of the detection system (~0.5 to 0.6) which will be discussed further in III.1.3. N atm is the number of atoms across the entire surface of the specimen that can be evaporated. Hence, the detection rate is therefore directly linked to the amplitude of the electric field. Using equation ( III.3), equation ( III.4) can be modified to
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reflecting that the evaporation field ratio decreases linearly with the temperature of the tip.

Most atom probe experiments are carried out under constant detection rate which is usually set in the range of 0.2% to 5% of ion per pulse. As the atoms from the surface evaporate layer by layer, the specimen radius becomes larger resulting in higher N atm and lower electrical field. Hence, in order to keep the Φ detection constant during the experiment, the voltage should be increased. Atom probe experiments are thus performed under a slowly changing electric field to compensate the increase in the radius and N atm .

Field evaporation can also be considered as a two-step process suggested by Kingham: initial evaporation and subsequent post-ionization. It is shown by Kingham that theoretically postionization of field evaporated ions may occur, whereby a positive ion being accelerated away from a metal surface in a strong electric field loses one or more electrons by tunneling into the substrate.

There are thus two different possible processes of field evaporation:

(a) the ion being initially evaporated in its final observed charge state conducting the information directly related to the local electronic structure of the surface, (b) the ion being initially evaporated in some lower charge state and then being post-ionized to its final observed charge state which carries the information about the characteristic of the initial charge state of the ion and the modification caused by post-ionization.

In given cases, the probability of post-ionization may be very low so that the initial and final evaporated charge states are the same.

Based on a physically realistic potential model, Kingham predicted the probability of postionization as a function of field strength for all elements of interest in field evaporation. Therefore, knowing the charge state ratio of an element can allow us to deduce the relative value of the field and vice-versa. However, Kingham curves can predict the charge states of the elements as a function of field for pure materials only and not for semiconductors such as ZnO.

III.1.2 Time of flight mass spectroscopy

The first step in identification of each atom is to measure its time-of-flight (ToF) corresponding to the time needed for an ion to travel from the surface of the specimen to the detector. In voltage and laser pulsed atom probe, the departure time is measured when the pulse is applied. A position sensitive detector is placed in front of the tip, providing the arrival time and the position of the atoms.

The mass-to-charge ratio (m/n) of arriving ions is then deduced from the energy conservation between the potential energy of the atom at the voltage of V total =V dc +V Pulse and its kinetic energy upon evaporation given by: 

Zn 2+ Zn 2+ &O 2 + O 2 2+ ZnO 2+ Zn + Zn 2 O 2+ ZnO +
Besides, APT is also able to distinguish different isotopes of each single chemical element.

Table III.1 presents the common species detected in mass spectra of ZnO materials at their corresponding m/n ratios and charge states given for different Zn isotopes. Once the different peaks of the mass spectrum are clearly identified, the atomic concentration of the elements in the studied system can be obtained simply by counting the number of atoms of each species collected by the detector which is given as the number of atoms in each peak of the mass spectrum.

Hence, the atomic concentration (C) of element 'A' corresponds to the number of A atoms divided by the total number of atoms.

The statistical uncertainty of the measurement (ΔC) is given by

n C C C ) 1 ( 2    , ( III.8)
where C is the atomic concentration of the measured species and n is the total number of atoms in the volume.

In some cases like in ZnO, the mass-over-charge ratio of two peaks overlaps and it can significantly affect the determination of the elements composition. In ZnO, the peak at 32 a.m.u. Very often in atom probe tomography, there are some ions which are evaporated from the surface of the specimen between pulses or in a multiple ion evaporation events that influences the composition of the elements. These events can create noise on the mass spectrum or cause an inaccuracy in the composition via three main phenomena. In the mass spectra of ZnO, it is common to see that the peaks are followed by a tail.

Basically, in pulsed laser atom probe, the temperature of the tip increased from less than 100K to almost room temperature. The main peaks seen on the mass spectra are obtained at the maximum temperature. However, even after the pulse, there are still some ions flying towards the detector with a slightly different and longer ToF which degrades the mass resolution of the spectrum.

The longer the heat retained at the specimen apex, the higher the probability of delayed evaporation is. This occurs often for poor thermal conductive materials.

III.1.3 Three dimensional reconstruction of analysed volume

The Since the radius of the tip is increasing during the field evaporation of the specimen, in 3D reconstruction of the volume, the increase of the radius is taken into account as it is given in equation ( III.1).

To calculate the third dimension (z) corresponding to the depth of the atoms in the analysed volume, evaporation of an ion is assimilated to the evaporation of a tranche of a material with a volume of V at . The increment of the depth Δz is thus calculated for each event written as:

where S is the surface of the tranche of the evaporated material which can be obtained by magnification (S=S detector /M 2 ). At each impact, z is incremented with a volume of Δz.

For each atom hitting the detector, different information is provided: the chemical nature of the detected ion and its coordinates x, y, and z. This information leads to the 3D reconstruction of the analysed volume.
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III.2 Development of the laser assisted APT for semiconductor materials

Earlier than 2006, APT was limited only to metallic materials. In conductive materials, a voltage pulse is used to increase the field at the tip of the specimen to above the threshold required for ion evaporation. However, for poor conducting materials such as semiconductors and oxides, the high voltage pulses cannot be transmitted at the apex of the specimen efficiently due to the high electrical resistance. Moreover, applying cyclic electrical pulses, generates high stress on these materials, and thus increases the risk of rupture of the specimen. Since 2006, using laser pulse made it possible to perform APT on semiconductors and even insulated materials [Gault 2006].

First applications of pulsed laser field evaporation for poor conducting materials were performed on silicon [Grovenor 1982-Kellogg 1982-Tsong 1982-Tsong 1984]. It was observed that APT analysis of silicon using a pulsed laser APT results in the evaporation of Si in the form of monoatomic Si + and Si 2+ and an improvement in the mass spectrum [Grovenor 1982], whereas, using electrical APT have shown the evaporation of Si atoms in the form of clusters resulting in a poor mass resolution [Sakurai 1978]. Grovenor et al. compared the atom probe measurements of silicon using both voltage pulse and laser pulse. As it is shown in It was observed that the propagation of the high pulse voltage in the specimen generates a mechanical shock and increased the fracture in brittle materials causing problem even for doped materials. Therefore, to enhance the field evaporation, analyses have been carried out at higher temperatures than usual [Tsong 1978]. compositional ratios very close to the stoichiometric values (0.99 and 0.97, respectively). Hence, pulsed laser atom probe was found to be the most successful method for the study of poor conductive materials as it provided a better mass resolution and a quantitative analysis.

However, in the early works, the stability of the lasers available in 1980s and the difficulties in performing a controllable evaporation limited the application of this technique. Moreover, the physical phenomena behind laser-semiconductor interaction, field ionization and field The third path (c) is referred more often in the literature. Nevertheless, the theory of field evaporation through photo-ionization is applicable for materials with large band gap where the lifetime of the ions is long enough for the evaporation. For metals, the re-neutralization of the ions from a conduction band electron is rapid and hence the experimental detection is more difficult [Tsong 1976].

(a) (b) (c)

Another theory of field evaporation beside photon-ionization is through thermal mechanism.

Once the laser interacts with the specimen, a localized heat occurs on the tip which assists the field evaporation by transferring energy to the surface atoms, and assisting them to overcome the potential barrier for ionization. The surface is quenched, as the heat propagates away from the specimen apex. Hence, the evaporation occurs at each successive increase and decrease of temperature at the surface of the specimen which is referred as thermal pulsing. This thermal pulsing temperature is higher than the base temperature at which the specimen is maintained [Kellogg 1980].

In the past decades, the introduction of advanced lasers to the atom probes together with the Such results evidenced the great improvement of laser assisted atom probe tomography of semiconducting materials.

The application of LA-APT technique was then significantly increased in order to investigate metallic, semiconductor and oxide nanomaterials such as magnetic multilayers [Lardé 2009],

transistors [Inoue 2009], Si nanowires [Roussel 2011], silicon-rich silica/silica multilayers [Talbot 2009] and doped thin film semiconductors [Lardé 2011]. Despite many successful reports on application of LA-APT for certain semiconducting and insulating materials, the application of this technique for many other poor conducting materials encountered unreliability in APT measurements. This unreliability is mainly due to the fact that, the physical phenomena behind laser-semiconductor interaction in LA-APT are not fully understood.

Moreover, recently it was shown that in laser assisted atom probe tomography of semiconducting materials and metal oxides, the laser parameters were found to be very important factors governing the field evaporation. Number of reports has been devoted to the influence of laser energy on different system and semiconducting materials. As the laser intensity was increased, the broad peak was found overriding the first peak shown in Therefore, a proper selection of laser parameters is very important in atom probe tomography of semiconductors which should be adapted according to the material that is studied.

In laser assisted APT, the selection of a proper laser wavelength is one of the most important parameters. To unbind the electrons from the atoms and create free negative carriers in the conduction band and positive holes in the valence band, a laser wavelength providing a higher energy than the band gap energy should be used. Thus, in case of ZnO, UV light (λ=343 nm, E λ =3.62 eV) theoretically offers a better absorption. Therefore, due to the quantitative and qualitative deviation in APT analyses as a function of laser parameter in semiconductors and metal oxides, prior to apply this technique to ZnO doped materials, it is crucial to perform a comprehensive fundamental study in order to obtain a reliable APT analysis of ZnO materials.

The first step in APT analysis is the specimen preparation which is a very delicate task and will be discussed in the following section.

III.3 APT specimen preparation for ZnO nanostructures

One of the main challenges in atom probe tomography of semiconductors is the APT specimen preparation. The sample preparation for semiconducting thin films has already an established process. However, coming to nanowires, many limits are encountered for APT sample preparation due to the nanowires morphology. Hence, in this section first, the procedure of APT sample preparation for thin films is discussed. Then, different approaches, for specimen preparation of nanowires with different lengths are suggested in this work.

III.3.1 APT sample preparation of ZnO thin film

For metallic materials, a needle shape specimen is directly made by electrochemical polishing, where analysed material is immersed in an appropriate electrolyte under a positive potential of several tens of volt.

For semiconductors like ZnO, electrochemical polishing is not a possible technique. In this case, the sample preparation is carried out with a dual beam system consisting of Focused Ion Beam (FIB) and Scanning Electron Microscope (SEM).

FIB system uses a finely focused beam of ions (usually gallium). When the gallium beam strikes the sample surface, it generates many species including sputtered atoms and molecules, secondary electrons and secondary ions offering different abilities to FIB. Focused ion beam instrument has the ability to mill, image or deposit material depending on the nature of the ion beam-solid interactions. Low beam currents are used for imaging and high beam currents are applied for specific sputtering or milling [Orloff 2003]. The deposition is performed by decomposing gaseous molecules with chemical reaction using ion beam. Most commonly Pt, W, C, and SiO 2 are used as deposition materials. This process is called ion beam induced deposition (IBID).

The instrument used in this work is a SEM-FIB N-Vision, made by Zeiss. This instrument combines high resolution imaging with a focused ion beam, allowing for the identification and a controlled etching of the area of interest on the sample.

The APT specimen preparation of the thin films is possible using an established method called lift-out process in FIB. 

III.3.2 Developing APT sample preparation techniques for ZnO nanowires

The main difficulty in atom probe analysis of ZnO single nanowires is the specimen preparation process. Different techniques have been suggested in order to mount a single nanowire on top of a support tip [Blumtritt 2014-Chen.W 2011].

In this work, we have developed several techniques in order to increase the efficiency of sample preparation of ZnO nanowires of different lengths. Since these techniques are strongly dependent on the length and size of the nanowires, we have categorized the techniques with respect to their length. It is very important to mention that using FIB for sample preparation of ZnO nanowires can create extreme damages to the nanowire. Since, the deposition of the protecting layer on nanowires is not practical, the milling of ZnO nanowires should be performed without this protecting layer and at very low voltage or current.

-Nanowire length >5 µm (Figure III.17 Top of the W-tip is dipped slightly in epoxy glue in order to overcome the electrostatic forces between the lamella's surface and the nanowire and also to reinforce the attachment between ZnO nanowire and W tip.

Eventually the attachment between the nanowire and the support tip is reinforced again using Pt deposition. It should be noted that we have observed the welding using IBID brings sever sputtering damages during deposition. Therefore, instead of ion beam, electron beam induced deposition mode (EBID) is used for Pt welding which causes much smaller sputtering effect.

In case of having a nanowire with a large diameter, annular milling is performed carefully using the minimum current (1 pA) allowed by the device at 30 keV as it is presented in  Lift-out process: A blade of nanowires is created using FIB. Annular milling is then performed so that only one nanowire remains on the support tip. Figure III.20 shows different steps of this method. However, for a highly dense distribution of nanowires, selecting only one nanowire is not always an easy task. Moreover, since it is not possible to deposit a protecting layer, the annular milling process can easily damage the specimen which decreases the efficiency of this method.
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A precise annular milling sometimes could be helpful to avoid the presence of unwanted nanowires (Figure III.21.d). Nevertheless, mounting the nanowire perpendicularly to the support tip can also be very interesting as it allows for a radial APT analysis of the nanowire.

 Mounting nanowires under the optical microscope: even if the nanowires of about 2 µm length are not very well observable under the optical microscope, it is still possible to use the optical microscope for sample preparation. We have realized that nanowires placed perpendicularly to the sharp edges of a substrate are easier for mounting. In this way, smaller surface of the nanowire is in touch with the substrate causing smaller nanowiresubstrate electrostatic forces making it possible to mount the nanowire on the support tip (Figure III.22). Using clean lamella substrates with sharp edges allows the deposition of nanowires on the edges, simply by robbing the nanowire samples on the edges and surfaces of the clean lamella such as Si.

Depending on the density distribution, diameter and length of the nanowires, one of the techniques above can be used. Nevertheless, nanowires with the length of ~8 µm or more are easier to manipulate under optical microscope and hence, they are more practical for APT sample preparation. In this work, sample preparation using optical microscopy was mostly used.

The APT specimen of ZnO thin films and nanowires are then moved to atom probe instrument for analyses. 

III.4 Quantitative ZnO analysis using Laser-Assisted Atom Probe Tomography

In this part, we will discuss the influence of different laser parameters (such as laser wavelength and laser pulse energy) for pure and doped ZnO nanowires and thin films. The instrument used in this work is a Laser Assisted Wide Angle Tomographic Atom Probe (LAWATAP). The laser system is an Ytterbium-doped laser with the impulsion duration of 400 fs. The total laser power is 1 W and the laser frequency is 100 kHz. LAWATAP can provide three different wavelengths, infrared (λ~1030 nm), green (λ~515 nm) and ultraviolet (λ~343 nm). In this work, all the atom probe analyses were carried out at 80 K and at a fixed detection rate of Φ=2x10 -3 atom/pulse.

III.4.1 Mass spectra

APT experiments were performed on undoped ZnO thin films and nanowires at different than that of ZnO band gap, in our APT analyses in green mode, the V dc was increased so that the detection rate remained constant. For the mass spectra obtained in green mode, the same behavior, previously seen for UV mode, can be observed. For instance, increasing the LPE gives rise to an increase in the intensity of the peak at 64 a.m.u. However, in green mode, this increase of the intensity appears less important as compared to the one of UV one.

Comparing the mass spectra obtained in green and UV modes shows that the intensity of the peaks at LPE for the green mode exhibits the same behavior as the one obtained for smaller LPE using UV mode. However the mass resolution (m/Δm) at full-width-half-maximum (FWHM) of the peaks does not vary significantly for different conditions. Table III As it is presented in Table III.2, no significant influence of the condition on mass resolution is observed, although higher resolution is obtained in UV mode and at higher LPE. Lower resolution in green mode as compared to the UV one for the same sample can be expected as the interaction of green laser with materials involves a deeper interaction and a slower quenching. As mentioned before, a higher electric field leads to post-ionization of ions creating more doubly charged ions [Kingham 1982 and decreases monotonously with the increase in the LPE. This clearly indicates that the increase in LPE leads to a decrease of the surface electric field at a constant detection rate. In this case, the decrease of the electric field is consistent with the observed decrease of the DC voltage.

In green mode, the Zn 2+ /Zn + ratio decreases slightly in the range of 4 to 5. Green LPE provides a higher Zn 2+ /Zn + ratio than UV mode at the same LPE value. This indicates the Laser pulse energy (nJ/pulse) presence of a higher electric field at the surface of the tip. Considering a lower absorption of ZnO in green mode, a higher DC voltage is necessary in order to achieve the same detection rate as under UV illumination. This translates into a higher DC field and to an increase in Zn 2+ /Zn + ratio. In the present case, the difference in voltage is measured to V dc =5.89 kV. It can be noted that the further increase or decrease of LPE is not possible in UV and Green modes due to the instrumental limits.

Indeed, for both modes, if the LPE is too low, the continuous voltage induces an electric field higher than the atom field evaporation threshold resulting in an ungoverned field evaporation of atoms and a loss of chemical identification of the ions. If the LPE is too high, some laser ablation phenomena can be observed. From these results we can conclude that, APT analysis at low electric field using green mode cannot be performed whereas the UV mode appears to be more versatile.

III.4.2 Chemical composition measurements

The atomic concentration of the elements can also be obtained simply by assigning each peak of the mass spectra to the corresponding ion and counting the number of atoms of each element associated to the peak. We evidenced a continuous increase (decrease) of oxygen concentration (zinc concentration) with the increase of Zn 2+ /Zn + ratio from X O =33% (X Zn =67%) to X O =56% (X Zn =44%). The expected stoichiometric measurement (50/50) is achieved at Zn 2+ /Zn + ~3.8.

This condition can only be obtained in UV mode. As mentioned previously, we cannot achieve this condition in green mode due to the continuous evaporation of atoms at very low green laser pulse energies. Moreover, in the same condition of UV LPE and mass to charge ratio, we observe the same behaviour on thin films and nanowires, indicating that sample morphology does not play a role in evaporation. Using the green mode provides the same trend as UV mode at first, followed by a stabilized value for zinc and oxygen atomic concentrations that is due to the stabilization of electric field mentioned previously (Figure III.24).

As it is clear in Figure III.25, using UV mode and keeping a Zn 2+ /Zn + ratio in the range of 0.2 to 3.8, results in an oxygen concentration lower than the zinc concentration. This result indicates a loss in detection of oxygen atoms in the APT experiments.

For Zn 2+ /Zn + ratio ranges from 4 to 5, for both green and UV modes, we observe the opposite behaviour suggesting a loss of zinc atoms. Our results clearly indicates that APT experiments of ZnO, must be carried out with much care as the measured concentration is strongly dependent on the analysis parameters (laser wavelength, laser pulse energy, and continuous voltage).

Atomic concentrations of zinc and oxygen have been also calculated considering the peak at 16 a.m.u. contains dominantly O + ions. They mentioned that an accurate measurement of oxygen content in green mode is possible but such a condition does not provide reliable measurement of Li composition. The chemical compositions appeared to be more accurate in UV mode despite of some oxygen deficiency.

The dependence of chemical composition on LPE has also been previously observed for

MgO [Devaraj 2013], CeO 2 [Kirchhofer 2013], GaN [Riley 2012]. In all cases, the concentrations of the metallic element decreased while the concentration of non-metallic element 

increased by increasing the surface electric field (decreasing the LPE). In the case of MgO, this behavior was addressed to the formation of holes localized on the oxygen corners of MgO lattice due to the laser irradiation [Devaraj 2013]. These holes were found to be responsible for the formation of oxygen and magnesium neutrals. The neutral species that are not field ionized would go undetected and therefore result in a loss of these elements. Comparing to O, Mg has a relatively smaller field ionization potential. Hence, it is less likely for desorbed neutral oxygen atoms to be field ionized at lower field. For GaN, the field evaporation of c-axis GaN nanowire is found to be influenced by the formation of N 2 dimers. At high laser energies, sublimation of N 2 leads to the highly Ga-rich measurements [Riley 2012].

In case of zinc oxide, one possible reason can be the difference in field ionization potentials of zinc (~9.39 eV [Gault 2012]) and oxygen (~13.61 eV [Devaraj 2013]). At high laser pulse energies, the surface electric field is strong enough to ionize only zinc atoms and not oxygen atoms leading to the oxygen deficiency. At lower laser pulse energies, the surface electric field is strong enough to ionize oxygen atoms (and/ or oxygen molecules) that can lead to the increase in field evaporation efficiency of oxygen. Moreover very high field can cause continuous ionization and evaporation of zinc atoms between and after pulses that could not be detected.

III.4.3 APT analysis of doped ZnO materials

The results obtained previously for undoped ZnO have evidenced how variation of laser pulse We can observe that Eu concentration decreases with increase of surface electric field (decrease in LPE) as it was previously observed for Zn. On the other hand, the N concentration increases by increasing the field (decreasing the LPE) as seen previously for oxygen.

The N-rich measurement at high electric field has also been reported previously [Diercks 2013].

However, in most of the systems such as GaN, MgO, ZnO and CeO, the lower field yields a cation-rich measurement and higher field results in anion-rich measurements. We have realized that the similar behavior of these elements can be associated with their similarity in their electronegativity value and their ability of losing electrons. For most of lanthanides, the electronegativity is of the order ~1.2 which is close to the electronegativity of Zn (1.65) while the electronegativity of O and N are 3.44 and 3.04, respectively [Allred 1961]. The same conclusion can be made for the systems discussed previously. Ga, Mg and Ce exhibiting similar electronegativity values of 1.81, 1.31, 1.12 respectively [Allred 1961] show the same concentration trend as a function of surface electric field. It is worth mentioning that regardless of the morphology of the tip and the APT condition for these two samples, the stoichiometric value for Zn/O was obtained at almost the same value of Zn 2+ /Zn + which indicates the great importance of laser pulse energy and the resulting surface electric field.

These results can bring confusion about the accurate concentration of the ZnO elements and dopants due to the strong dependence of concentration on the APT parameters. Nevertheless, we have observed that strong deviation of concentration occurs only at high laser energies where the surface electric field is not uniform, as it will be shown in the following. Hence, we suggest that the condition that provides the stoichiometric ratio of Zn/O can be assigned to the correct measurements and dopant concentration referring to this condition could be considered as the appropriate value. For Eu and N doped ZnO the stoichiometric ratio of Zn/O value is achieved at the Zn 2+ /Zn + ratio of 3.26 and 3.12 resulting in the Eu and N atomic concentration of about 6% and 0.8 % respectively.

Nevertheless, once APT condition for good quantitative measurements for a particular system is found, we suggest comparing the dopant concentration obtained by APT with other techniques. However, this is not always possible, as for most popular dopants such as the ones 

III.4.4 Surface field distribution

The strong variation in compositions under different laser pulse energies is further studied by tracking the changes in the electric field at the surface of the specimen. Since the surface electric field directly influences the surface atoms, its distribution on the surface becomes very important. Hence, systematic series of laser pulse energies were used for APT analyses on the same specimen. The concentration and the distribution of the surface electric field at each LPE were carried out.

The relative LPE and V dc used are presented in Table III.3. The analyses were performed on nitrogen doped ZnO nanowires. The presence of a uniform or non-uniform distribution of the surface electric field is investigated by plotting the charge state hitmap of Zn charge states at different LPE. Such hitmaps corresponds to the impact of the ions on the detection system.

Hence, it can be used as an indicator of the electric field distribution at the surface of the tip.

Thus, it can help us to have a better understanding of evaporation event of the ions and the variation in concentrations. The charge state ratio hitmap also depicts a uniform distribution indicating the surface electric field is uniform. However, as the LPE increases, the uniform distribution of Zn + is disturbed strongly. For LPE >2 nJ, the Zn + distribution becomes more and more inhomogeneous with a lower detection of Zn + in certain zone forming a clear hexagonal shape. The origin of this particular shape is discussed later. The change in the charge-state-ratio reflects the inhomogeneous surface electric field distribution at higher LPE: higher field inside the hexagonal region and lower field out of this region.

However, the distribution of Zn III.

3).

Increasing the laser pulse energy results in a non-uniform detection of the elements. The same evolution of Zn and O concentration as a function of charge state ratio can be observed as it was seen previously for ZnO. The stoichiometric value is obtained for a Zn 2+ /Zn + ratio of 3.2 (LPE =1 nJ) where both Zn + and Zn 2+ ions are homogeneously distributed.

Considering the hitmaps and composition evolution by LPE, we can conclude that APT analysis at higher LPE give rise to the non-uniform distribution of the surface electric field and lower detection of Zn + ions in particular zone. The non-uniform field results in the deviation Zn and O compositions from the stoichiometric value. However, in order to investigate the origin of this particular field distribution at high LPE, we only focused on APT analysis performed at 5nJ where this behavior appeared more severely. In order to investigate the influence of the crystallographic orientation on this specimen field ion microscopy (FIM) was performed.

FIM imaging was performed using a mixture of Ne and He gas as the imaging gas at the pressure of 10 -6 bar (0.1 Pa) and the temperature of 80K. Imaging was carried out using UV at Inside the hexagon region, the electric field is the highest and the measured Zn 2+ /Zn + is close to the one observed for LPE=1 nJ. Inhomogeneity in the electric field at the surface leads then to a bias in the global composition measurements. However, this inhomogeneity of the surface electric field was not clearly observed on the ZnO thin films.

In order to well understand these phenomena on ZnO nanowires, further investigations in It can be noted that the observed pole corresponds to the highest electric field region of the entire FIM image. We can then conclude that the hexagonal area (the highest electric field region observed in APT) is correlated to the (0002) crystallographic direction of ZnO.

These results can suggest that the distribution of the electric field at the tip surface is dependent on the crystallographic direction. Moreover, this dependence becomes accentuated at higher LPE.

In order to understand the crystallographic poles in ZnO, the ball-and-stick model of ZnO Therefore, the crystallographic poles can clearly influence the surface electric field and cause unreliability in compositional measurements. Nevertheless, this effect is shown to be much more pronounced at higher laser pulse energies. This effect was better observed in APT of nanowires due to their higher crystal quality and mono crystal structure.

III.5 Conclusion

In this chapter the basic principle of atom probe tomography has been explained. Different challenges and approaches to APT specimen preparation have been demonstrated for ZnO thin films and nanowires. In APT of ZnO materials we have observed that, the measured concentrations of oxygen and zinc are strongly dependent on the analysis parameters (laser wavelength, laser pulse energy and continuous voltage). The influence of these parameters has been studied on undoped ZnO nanomaterials as well as on doped one. For both green and UV laser modes (λ=515 nm and λ =343 nm), at fixed evaporation flux, the variation of the laser pulse energy leads to the variation of the surface electric field expressed by the Zn 2+ /Zn + ratio. This parameter which is accurately measurable in APT experiment was chosen as the pertinent parameter to correlate the variation of the LPE and V dc to the variation of the surface A electric field. We have shown that APT analyses are quantitative for a precise range of surface electric field (Zn 2+ /Zn + ratio around 3.5) in both UV and green mode. In green mode, the field evaporation of ZnO materials is possible. Nevertheless, the V dc has to be strongly increased (as compared to the UV mode) leading to a high surface electric field. It was observed that decreasing the laser pulse energy creates higher field on the tip and leads to zinc-rich measurements whereas higher laser pulse energies results in oxygen rich-measurements.

The reason behind this behavior is yet ambiguous. However, it can be addressed to the formation of neutral oxygen at lower field which cannot be detected resulting in the oxygen deficiency. By increasing the field, more oxygen atoms are ionized leading to a higher concentration of oxygen. Moreover, at higher field the zinc atoms can evaporate between or after pulses causing lower detection of zinc atoms.

The same variations in concentration have been also observed for Eu and nitrogen doped ZnO nanomaterials. Concentration of Eu dopants was decreased by the increase in the field as it was seen previously for Zn. Nitrogen dopants on the other hand showed the same behavior as oxygen where, by increasing the field, the concentration of the nitrogen increased. However, we have observed the accurate value can be achieved at low LPE, where the surface electric field is more uniform and the stoichiometric ratio of Zn/O can be obtained regardless of the specimen radius size.

We have also observed, in nitrogen doped ZnO nanowires, the crystallographic orientation plays an important role on field evaporation of Zn + ion at high LPE resulting in the deviation from stoichiometric condition. This dependence appeared less important for ZnO thin films.

The experimental results reported here show that, although there are challenges on APT of ZnO materials proper stoichiometric field evaporation can be carried out by adjusting the operating parameters in order to obtain an optimum surface electric field, which can be accessed via the Zn 2+ /Zn + ratio.

For all systems studied, we have observed a strong influence of the different factors resulted from either ZnO crystal or APT analysis parameters on the quantitative measurements.

However, the explanation of the compositional bias needs further experimental investigation for a larger series of ZnO doped materials specifically aimed for quantitative investigation. A good choice of material can allow us to perform quantitative measurements using other techniques (e.g. SIMS) for a comparison.

We suggest that such fundamental studies can be also applied for other semiconducting materials where the electronegativity of the cations and anions are close to the one of Zn and O respectively. This fundamental study can help the atom probe and materials science community to perform more reliable analyses and to harvest all the advantages that atom probe tomography technique can offer.

CHAPTER IV Towards p-type ZnO nanowires

As it was mentioned in the first chapter, the main obstacle in commercializing ZnO for Hence in this work, we combine the information obtained by atom probe tomography with the results obtained by conventional techniques in order to provide comprehensive information about the incorporation of dopants in ZnO. Such studies can directly reflect the failure or success of each doping process used in this work.

IV.1 Phosphorous ex-situ doped ZnO nanowires

In the framework of the ANR MADFIZ project1 , undoped ZnO nanowires prepared by MOCVD at GEMaC laboratory were doped at CEA-LETI laboratory using spin on doping (SOD) method. Nevertheless, as it was discussed in II.1.3, this technique is mainly known for thin films. Previously, Jang et al have attempted to prepare p-type bulk ZnO using phosphorous diffusion from a zinc phosphide source (Zn 3 P 2 ) in a closed ampoule system [Jang 2005]. In our work, we apply this diffusion method for ex-situ doping of the pure ZnO nanowires. As this doping process involves diffusion of dopants, the use of nanowires can offer a great advantage due to their large surface to volume ratio. The incorporation of dopants was further explored by atom probe tomography. Considering the phosphorous diffusion in ZnO at 550 °C is D p =5.6x10 -13 cm 2 /s [Jang 2005],

we are able to roughly calculate the diffusion length (L d ) for phosphorous atoms in ZnO using a simple approximation of L d =(4Dτ) 0.5 . Hence for diffusion time of 4 hours (τ) the diffusion length is estimated to be about 1800 nm. This diffusion depth thus, should be sufficient to produce an entirely doped ZnO nanowire with a diameter smaller than 1800 nm. During annealing at the applied temperatures here, a strong deformation and bending of the ZnO nanowires was observed. Therefore, to protect the nanowires from deformation, after SOD doping process, some nanowire samples were coated by a very thin SiN layer of about 10 nm. Since the application of this p-type doping process for ZnO nanowire is very new, different characterization techniques have been used to study the presence and distribution of the dopants.

IV.1.1 Morphology of nanowires

Prior to investigate the properties of doped nanowires, it is important to know the After SOD process, the diameter of the nanowires significantly decreased. TEM images of the doped ZnO nanowires (PSiN750) reveal a much smaller diameter for the doped nanowires. A core-shell structure with a very porous shell, a few tens of nanometer thick, was also revealed confirming the SEM observations. The core exhibited a smaller diameter than the undoped nanowire as it is indicated in Figure IV.5.b. The pores were found to have a diverse diameter size in the range of few nanometers to about 15 nm.

However, the main question is, "what is the origin of this porous layer?''. Since the doped nanowires after etching exhibit smaller diameter than the one of undoped nanowires, this reduction in diameter size can be referred to the strong etching process during which both SiN and SOD coating layers are removed entirely. One can extrapolate that further etching could cause additional removal of the ZnO nanowire surface forming a porous layer.

To support this hypothesis, EDX mapping has been carried out on both core and shell sections of the nanowires seen previously in Raman spectra of the samples exhibit the typical vibrational modes of ZnO. The peak at 441 cm -1 is assigned to the E 2 (high) mode which is the main vibrational mode in ZnO and its high intensity generally reflects the high crystallinity of the ZnO material. The peak at 382 and 420 cm -1 are placed near the frequency positions of A 1 (TO) and E 1 (TO) respectively (Table II.3).

The small peak observed at 333 cm -1 is assigned to the multiple-phonon-scattering process which usually occurs in ZnO thin films as well [Kaschner 2002-Kerr 2007]. The origin of the vibrational mode at 580 and 645 cm -1 is controversial and it is ascribed to the Raman shift (cm -

presence of nitrogen or to intrinsic host lattice defects. The peak at 645 cm -1 can be observed only for the samples P750 and PSiN750 which previously have been assigned to the presence of nitrogen [Kaschner 2002-Kerr 2007]. However, Friedrich et al. have shown that the incorporation of nitrogen in ZnO exhibits a peak at about 275 cm -1 which is not the case in our samples [Friedrich 2007]. The origin of these two peaks will be discussed further in section IV.2.2.

In order to investigate the incorporation of phosphorous atoms in ZnO, Raman spectra of doped samples can be compared to the undoped one. In this case, we can clearly see that no significant change in the Raman spectra is observed after doping process. The classical ZnO vibrational modes observed for undoped ZnO are present for ZnO:P nanowires as well and no new vibrational modes is revealed which brings doubt to the effective presence of phosphorous atoms in ZnO nanowires.

IV.1.3 Photoluminescence

Photoluminescence for long has been known as a sensitive technique for investigation of impurities in ZnO matrix. Low temperature PL (2K) measurements were carried out on all doped and undoped samples and the results are shown in Figure IV.8.

For clarity, the spectrum is divided into two ranges: 2.90-3.30 eV (a, b, c, d and e) and 3.30-3.40 eV (f, g, h, i and j).

In a typical PL spectrum of ZnO, a broad band centered on 2.45 eV extending from blue to the green range is commonly seen. This peak was not observed in our samples. However, in the range of 2.90-3.30 eV (Figure IV.8.e), several peaks can be observed for undoped nanowires at 3.12, 3.29, 3.245 and 3.291 eV. For doped samples, these peaks disappeared entirely after doping process. Since doped samples are annealed at high temperatures, it is likely that these peaks are related to the presence of the defects which were healed by annealing. For pure ZnO, the longitudinal optical phonons replicas of the BE are expected in the range of 2.9 eV to 3.3 eV. In this range it is also possible to find shallow donor to shallow acceptor recombination (DAP) if sufficient amount of shallow acceptor is present which is not the case in our studied samples. In the range of 3.30-3.40 eV (Figure IV.8.j), six peaks can be observed for pure ZnO nanowires. Recombination of excitons that are bound to structural defects can generate a prominent transition called Y 0 around 3.333 eV and also Y 1 seen at 3.336 eV [Meyer 2004-Wagner 2010]. The Y 0 line was only observed for pure ZnO and it disappeared after SOD doping. The peaks appearing in the range of 3.355-3.375 eV are attributed to the transition of the excitons bound to the impurities. There is no definite assignment of all these bound excitons recombinations to a specific donor or acceptor; they are numbered I 0 to I 10 in Reynolds et al. [Reynolds 1965]. Over the years, up to 20 different bound exciton transitions were reported and an extension of additional letters were introduced (I 6a ) [Meyer 2004]. A list of common transitions in ZnO is provided by Meyer et al. [Meyer 2007-Meyer 2004-Meyer 2010]. In Figure IV.8, the main peaks observed for undoped ZnO are also present for doped ZnO nanowires except for the sample P750. In the PL spectrum of sample P750, we can see that a broad peak centered at about 3.360 eV replaces the peaks observed for other samples.

The reason behind this event is not clear but it can be due to the change in crystal quality by annealing or incorporation of phosphorous atoms that will be further investigated in the following. Since no significant change in PL spectra was observed after doping, the conclusion about the presence of the phosphorous atoms in ZnO nanowires cannot be confirmed by PL. The peaks that appear above the energies of the bound excitons, are related to the free exciton luminescence observable between 3.375 eV and 3.440 eV. The peaks observed in PL spectra and their origins according to the literature are summarized in Table IV.2.

Relying on the results obtained by Raman and PL, a thorough conclusion about the incorporation of the phosphorous cannot be obtained.

Hence, using APT can provide important information about the presence and the distribution of the dopants.

IV.1.4 Atom probe tomography

The first APT attempts, have shown unusual and ungoverned field evaporation during the experiments. The mass spectrum and the 3D reconstruction of the doped nanowire is shown in In the mass spectrum of the analyzed nanowire, the peaks related to the ZnO can be observed.

Phosphorous is a monoisotopic element with an expected peak at 31 and 15.5 a.m.u.

corresponding to P + and P 2+ ions, respectively. A small peak at 31 a.m.u. is observed in the mass spectrum. However, since many extra peaks can also be observed (which we could not assign to a certain element), we assume their appearance as well as the one observed at 31 a.m.u. to be due to the unusual field evaporation. The volume reconstruction of the analyzed sample also shows an unusual distribution of the atoms. It should be noted that the analyzed nanowires originated from a small diameter (<150 nm) of nanowires, therefore the APT was directly performed on the nanowires without annular milling process.

Thus, the unusual field evaporation during APT experiment can be assigned to the presence of the highly porous surface observed by TEM. This porous structure can result in a non-uniform field distribution on the APT tip surface and consequently a non-uniform field evaporation of the elements. The 3D reconstruction of the analyzed volume (Figure IV.9.b) also confirms that we have analyzed the porous section of the nanowire probability due to declination of the tip. Hence, further APT analysis was carried out to provide the information from the core of the nanowires.

APT was performed on each of the four doped samples: P750, PSiN750, P850 and PSiN850. In order to avoid the uncontrollable field evaporation of the atoms due to the presence of the porous layer, annular milling of the nanowire before APT analysis can be used. In most cases a proper mounting of the nanowire during APT specimen preparation can help to analyze only the core of the tip. For a better comparison, APT was also carried out on a P750 nanowire that was previously annular milled in order to insure that porous layer is removed from the tip. No peak related to the presence of phosphorous can be observed. In the m/n range of 22-32 a.m.u. (Figure IV.11.c), some extra peaks are revealed. The peaks at 28, 29 and 30 a.m.u. are related to N 2 2+ , N 2 H + and NO + . The use of N 2 O as O precursor in the growth of undoped nanowire can be the result of this unintentional incorporation of the nitrogen atoms. The peak at 23.5 a.m.u. could be ascribed to the PO 2+ molecular ion. However, this assignment is doubtful as no other P-related peaks appeared in the mass spectrum. APT experiments were carried out on all the samples repetitively to have a good statistics of the samples composition. Similarly as we have observed for the nanowires previously (Figure IV.10 and Figure IV.11), no presence of phosphorous was observed indicating that even annealing at 850°C could not provide any significant change in doping process.

EDX spectra of these nanowires were carried out. The EDX was performed on three different zones of the nanowire: top, middle and bottom sections. Unfortunately, EDX spectra of none of the nanowires could reveal the presence of the phosphorous atoms. Nevertheless, surprisingly, the EDX spectra on the bottom of the nanowire, has shown the presence of the phosphorous as it can be seen in Figure IV.13.a. The EDX mapping of the analyzed zone shows that the phosphorous can be found most probably on the very bottom of the nanowire, closer to the wetting layer. The reason why we could find phosphorous at the bottom of this nanowire is very interesting since it can help us to understand the dopant diffusion process. It is likely that the diffusion has not occurred entirely throughout the nanowire meaning that the real diffusion length was shorter than our estimated value probably caused by using not a precise diffusion coefficient value. As the etching was found to be stronger on top of the nanowire than its bottom, we can assume that the etching process removed the doped region of the nanowires mostly on the top of the nanowires. Hence, possibly, there is a higher chance that the phosphorous is present at interface of the nanowire and the wetting layer which were less affected by etching process. In order to support this idea, APT was performed on the wetting layer of the same series of nanowires (P750). From the results obtained for ex-situ phosphorous-doping of ZnO nanowires, we could not confirm the presence of dopants in ZnO nanowires. There is also a small chance that the doping process has taken place but in rare and random places of the sample. Another possibility is that the estimated annealing time was not sufficient for the thorough diffusion of the dopants to nanowire core under the applied condition. The doped area that could be closer to the edges of nanowire is then removed due to the strong etching process. Either case, for device application a homogenous distribution of dopants and a good control on doping process are crucial. In this case, considering the great potential of SOD doping process and its very new application for p-doping of ZnO nanowires, more investigation and modifications of parameters are necessary to exploit all the advantages SOD method can offer for p-type doping.

Another interesting feature in APT measurements of the nanowires with SiN coating was the considerable lack of oxygen in the nanowires. This lack of oxygen was found to be more important on the sides of the nanowires and in certain cases no oxygen was detected by EDX spectroscopy. The EDX mapping of the PSiN850 is shown in Since the loss of oxygen was only observed for the nanowires with SiN coating, we suspect that the lack of oxygen is due to the presence of SiN. Kalin et al. have shown that Si 3 N 4 is not chemically stable in contact with oxidized steel at elevated temperatures. At 700 and 500°C, Si diffusion into the oxide layer resulted in the dissociation of the Si 3 N 4 ceramic.

At higher temperatures, Si 3 N 4 reacts with the formation of N 2 , SiO 2 and/or other complexes containing both Si and O [Kalin 2000].

Considering this condition, we can assume that during the annealing at 750 and 850°C, a part of oxygen was used to form SiO 2 which then was removed by etching. This could explain why we have the lack of oxygen on the samples with SiN coated layer particularly the one annealed at 850°C.

This loss of oxygen is very important since it should not be attributed to any of the artifacts during APT experiments discussed in chapter III. Therefore, prior to the APT measurements, a good knowledge of the growth condition and the sample morphology is necessary to make a reliable conclusion.

IV.2 Nitrogen doped ZnO nanowires

Nitrogen doped ZnO nanowires were grown directly using the MOCVD method at GEMaC laboratory (see II.1.2). Different concentrations of NH 3 were used for the doping of ZnO nanowires: 0, 10, 15 and 20 ml shown in Table IV.3. The influence of nitrogen concentration on the properties of these samples is examined in the following sections. It can be seen that the hexagonal structure has been conserved after introducing the nitrogen atoms. However, introducing nitrogen impurities clearly influences the size (diameter) of the nanowires. It was observed that the increase in nitrogen concentration decreases the nanowire's length while it increases in diameter. This change in diameter varies from 30 nm for the pure one to about 250 nm for N2 doped. For N3 and N4 a wide range of different diameter size was observed where in some cases, this value reaches to about 1 µm. The tapering has also been observed for the nanowires with the diameter size increasing from bottom towards top of the nanowire. Strong tapering can be seen for N3 samples where the diameter of a single nanowire can vary from few tens to hundreds of nanometer moving from bottom to top of the nanowire. One reason resulting in the tapered morphology of nanowires can be due to disturbance in vapor pressure due to the introduction of nitrogen precursor.

Other possible reasons could be the change in mobility of elements on the surface after introducing nitrogen and/or the adsorption of NH 3 in a way that it slows down the longitudinal growth and promotes the lateral growth instead. The latter can also explain why the doped nanowires are found shorter in length as compared to the undoped one for the same growth Hence, we can conclude that nitrogen doping of ZnO still retains the hexagonal morphology and c-axis preferential growth direction that was observed for the undoped ZnO nanowires. This result indicates that introduction of nitrogen atoms in our process had no significant effect on the crystallographic structure and direction.

IV.2.2 Raman spectroscopy

In order to investigate the presence of nitrogen dopants in the ZnO nanowires Raman For undoped ZnO (N1), three classical vibrational modes of ZnO can be found placed at 382, 420 and 441cm -1 ascribed to A 1 (TO) and E 1 (TO) and E 2 (high) respectively. Deterioration of the E 2 (high) mode at higher nitrogen concentration can be observed which can indicate that the crystal quality became worse by doping.

An important feature can be seen in Raman spectra of the doped nanowire as compared to the undoped one: the presence of the additional vibrational modes at 278, 512, 580, 645 cm -1 .

The same modes at 275, 510, 582, 643, and 856 cm -1 have been reported previously for nitrogen doped ZnO thin films grown by CVD [Kaschner 2002-Kerr 2007]. To confirm that these additional modes are nitrogen related, Kaschner et al. acquired [ Friedrich 2009]. The controversy about the origin of these modes remains but generally it has been assigned either to local vibrational modes due to the nitrogen substitution or to intrinsic host lattice defects. Two more small peaks can be observed at 333 and 382 cm -1 which are assigned to multiple-phonon-scattering process and A 1 (TO) respectively.

The influence of different nitrogen concentrations in N-doped samples is demonstrated by an intensity ratio of the nitrogen-related vibrational mode (278 cm -1 ) to the one of ZnO at 441 cm -1 corresponding to E 2 (high). This ratio is presented as I 278 /I 441 and shown in Similar DAP energy was observed at 3.235 eV for nitrogen implanted bulk ZnO crystals by Meyer et al. [Meyer 2004]. It is interesting to mention that the presence of DAP peak appeared to be independent of the concentration of nitrogen.

In addition to DAP band, three broad energy bands at about 3.020, 3.091 and 3.164 eV are visible with an energy separation close to 72 meV ascribed to the longitudinal optical phonons replicas of DAP peak. As it was mentioned before, DAP peaks and its replica occurs only if there is enough of acceptor and donor. Since the ZnO crystals are intrinsically n-type, donor levels are expected. Therefore, the strong DAP peak and its replicas in this case reflects the presence of the acceptors. The intensity of the replicas (1LO, 2LO, 3LO,...) with respect to the intensity of the DAP peak (zero phonon line located at 3.39 eV) can be theoretically described by Poisson distribution:

where I n is the intensity of the n th phonon replica (n=0,1,2,3,…) and n= 0 corresponds to the DAP line or so-called zero phonon line (ZPL). N, is the Huang-Rhys factor corresponding to the mean number of created phonons indicating the strength of electron-LO phonon interactions. For nitrogen doped ZnO, Huang-Rhys factor was observed to be N=0.85 [Zeuner 2002].

Table IV.5 presents the calculated N factor at each phonon replicas for the samples doped with different concentrations of nitrogen (N2, N3 and N4). The N values calculated for the samples are different that the expected value of 0.85 and it increases for higher replica numbers. Such behavior can be due to the additional excitation process caused by activation of the dopants.

The peaks appearing in the range of 3.3-3.4 eV of the PL spectra of the doped and undoped samples are related to the bound excitonic recombinations. For undoped ZnO nanowire N1 (Figure IV.19.h), the peak at 3.376 eV is ascribed to the free-exciton emission (FX A ). Strong lines observed in the 3.355-3.375 eV are associated with the transition of the excitons bound to the impurities. For undoped sample, three energy lines of I 1 , I 2 and I 6 are visible at 3.372, 3.367 and 3.360 eV. The origin of the peak observed at 3.333 eV is still under debate but it is generally referred to the exciton bound to the structural defects (Y-line)

or to the deep donor [Meyer 2004].

For doped samples (Figure IV.19.e,f and g), an interesting feature can be observed: the emergence of an energy line at 3.343 eV which was not observed for undoped nanowires.

Park et al. attributed this peak to nitrogen related transition [Park 2008]. The transitions lines of I 1 , I 2 are still present for doped samples.

An additional peak at 3.313 eV is observed for N2 sample. This peak was observed previously by Look et al. located near 3.315 eV and it was referred to A 0 X line associated with N O [Look 2002]. Later, it was shown that the samples with low hole concentration have D 0 X transition at 3.364 eV and also an A 0 X line at 3.315 eV, whereas in samples with higher hole concentration only A 0 X line at 3.317 eV is present [Schirra 2008-Ye 2007].

The peak at 3.31 eV was observed in variety of ZnO samples and has been ascribed to various recombination types most often as conduction band to acceptor transition.

In this work, we have tried to assign all the peaks observed in PL spectra of these samples. The result is summarized in Table IV.5. However, ascribing all observed peak is controversial due to the sensitivity of the PL measurements to the condition of the growth and the sample quality. [Meyer 2004] 3.337 ? 3.343 3.343 3.343 N related line [Park 2008] 3.360 D 0 X (I 6 ) [Wang 2006] 3.362 3.362 3.362 D 0 X (I 4a ) [Wagner 2010] 3.365 I 4 [Wang 2006] 3.366 I 2 [Meyer 2004] 3.367 3.367 I 2 [Meyer 2004] 3.372 3.372 3.372 3.372 I 1 [Wang 2006] 3.376

FX A

Eventually, although photoluminescence is a well-known technique in investigating the presence of the dopants and defects, it cannot provide all necessary information about incorporation of nitrogen in ZnO nanowires.

IV.2.4 Electron energy loss spectroscopy

The presence of nitrogen was also examined by electron energy loss spectroscopy The peak at 28 a.m.u. corresponds to the N 2 + ion. The peak at 14 a.m.u. can be assigned to either N + or N 2 2+ or the mixture of both. As it was discussed previously for the case of oxygen peak at 16 a.m.u., the assignment of this peak to either ion or molecule can influence the value of the calculated concentrations. However in this case, due to the very small number of atoms at the peak 14 a.m.u., assigning this peak to either N + or N 2 2+ does not affect the Each bar in the figures indicates the number of corresponding species in a sampling volume of 500 atoms. For the corresponding degree of freedom, experimental chi-square values were compared to the theoretical one for 5% probability. In all cases, the measured chisquare value was smaller than the theoretical one, indicating that the distributions of nitrogen species in the analyzed volume are homogenous.

The same experiment has been repeated on different nanowires of the same sample (N3) and in all the studied nanowires no cluster or formation of new phases has been observed. Hence, we can certainly conclude that ZnO nanowires grown by MOCVD are successfully doped with nitrogen atoms homogenously distributed in the nanowire.

IV.2.6 Field-effect transistor characteristic

The results obtained by APT are very important for the development of an efficient growth technique and elaboration of high quality materials. However, the presence of the The origin of this n-type conductivity can be related to the high concentration of electrons.

The total charge in the wire can be obtained by where V T is the threshold voltage to deplete the wire and C is the capacitance commonly modeled as

a) b) T V C Q .  , ( IV.2) ) 2 ln( . 2 r h L C   , ( IV.3)
where ε is the dielectric constant, h is the thickness of the SiO 2 substrate, L is the length and r is the radius of the nanowire.

The electron concentration can be then obtained by

In our case, the electron concentration was found to be more than 10 18 cm -3 which could likely be the reason of n-type conductivity.

The results on N-doped ZnO nanowires show that the nitrogen doping of ZnO nanowires are possible by MOCVD method. However, the p-type conductivity was not confirmed. The n-type conductivity of nitrogen doped ZnO is not surprising as it has been reported previously on the same system [Lyons 2009]. Based on the density functional calculations, Lyon et al.

showed that nitrogen can create deep acceptor. Their results brought doubt to the fact that, doping with nitrogen can give rise to shallow acceptor level or p-type conductivity.

Despite many reports on a successful p-type conductivity of N doped ZnO [Look 2002-Tsukazaki 2005], the lack of ZnO p-n junction based devices indicates that yet, there are problems associating the reliability, reproducibility and stability of p-type ZnO.

IV.3 Conclusion

The reliability of two different doping processes to achieve p-type ZnO nanowires were examined using conventional techniques. Some evidence of the presence or the absence of dopants was provided by conventional techniques. However, APT comes as an important technique providing direct information about the presence and distribution of dopants.

Ex-situ doping of undoped ZnO nanowires were carried out using spin-on doping process and phosphorous as the dopant. APT and different conventional techniques could not confirm the presence of phosphorous in the nanowires. The absence of the phosphorous can be due to the parameters used in the doping process such as annealing temperature and etching method.

Since this doping method is a new approach for p-type doping of ZnO nanowires, both MOCVD and ex-situ doping process used in this work need further experimental attempts and modification in order to obtain p-type ZnO nanowires. In this case, atom probe tomography plays an important role in examining the presence, distribution and concentration of the Nitrogen doped ZnO nanowires grown by MOCVD were also examined by Raman, photoluminescence and electron energy loss spectroscopy. The techniques could reveal some evidence of the presence of nitrogen dopants in ZnO nanowires but yet leaving no clear answer to some important information such as concentration and distribution of dopants. 3D volume reconstruction of the analyzed nanowire by APT exhibits that the nitrogen atoms are uniformly distributed in the nanowire with an average concentration up to 3.4x10 20 cm -3 . However, FET measurements revealed that the nanowires are n-type conductive.

CHAPTER V Taking advantage of luminescent lanthanide ions in ZnO matrix

In chapter I, we have discussed how the presence of lanthanide ions in ZnO matrix can provide luminescent centers and hence enhance the natural luminescent properties of ZnO.

Depending on which rare earth element is used as optical dopant in ZnO, different colors of emission can be produced. For example, Tb doped ZnO provides green emission where Eu doped ZnO provides red emission. The choice in emission color is the main interest in studying ZnO doped with rare-earth elements not only for the fabrication of different basic color LEDs but also to generate white LED by mixing different basic color emissions.

As it was discussed in the first chapter, triad of red, green and blue colors (RGB system) can provide white color emission. However, RGB system involves more complex procedures and a strong control on color rendering, which makes this method more costly and less straight forward than phosphorous conversion method LED. Hence, using ZnO as host matrix can offer two main economic advantages: ZnO is cheap and abundant and also, it is possible to synthesize many different ZnO nanostructures using various low-cost techniques. The application of ZnO:REE is not only limited to the LEDs, for applications such as laser diodes, optical fibers, displays and sensors utilizing UV to visible down-conversion, doping ZnO and other semiconductors with rare earth elements is an established strategy [Balestrieri 2013-Bünzli 2005-Rakov 2013]. Although one rare earth alone can lead to down conversion, the use of the combination of rare earth elements leads to a more efficient down conversion. So far, down-converting materials are based on Lanthanide 3+ -Yb 3+ couples and a transfer from ZnO to Yb has attracted many attentions [Chen.Y.D 2012].

In past years, many reports have been devoted to the synthesis of different ZnO materials doped with different rare earth elements and their optical properties [Balestrieri 2013-Cetin 2009-Fang 2005-Kumar 2014-Yang 2008]. In all cases, the optical properties of ZnO:REE are strongly dependent on the growth condition and post-deposition annealing process, as they rule the distribution of the active luminescent centers. Hence due to the great interest, this chapter is dedicated to the atomic investigation of ZnO materials doped with different rareearth elements by atom probe tomography.

V.1 Terbium doped ZnO thin films

Undoped and Tb doped ZnO thin films were grown using magnetron sputtering with the conditions explained in II.1.1 (provided by CIMAP laboratory 1 ). Post-deposition annealing of the doped samples was carried out for one hour under continuous nitrogen (N 2 ) flow at different temperatures: as grown, 400, 500, 600, 700, 800 and 900°C. The thickness of the films was measured to about 1.5μm and the Tb concentration is estimated to be 3%.

The effect of annealing temperature on Tb doped samples was examined by photoluminescence using excitation wavelength of 282 nm (Figure V.2).

1 Centre de Recherche sur les Ions, les Matériaux et la Photonique, ENSICAEN (j=6,5,4,3) transitions due to the presence of Tb 3+ ions. For the sample annealed at 600°C, these transitions are at maximum values compared to other samples. The 5 D 4 → 7 F 5 transition observed at 544 nm corresponds to the main green emission in Tb. This transition is more pronounced for the samples annealed at 600°C. For the samples annealed at temperatures above 600°C, the intensity of 5 D 4 → 7 F j transitions decreases drastically until they disappear entirely at 800°C. Hence, the PL results suggest that the annealing up to 600°C enhances the Tb-related emissions whereas above this temperature, these emissions are strongly suppressed.

Several explanations can be suggested associated to this drastic change in Tb-related emissions. For example, annealing can result in the formation of new phases (such as terbium oxide) which can directly influence the crystal structure properties and lattice environment. Second order excitation towards substrate can be also a possible reason for the loss in optical properties [Balestrieri 2013].

Besides, the insertion of Tb ions results in a change in ZnO lattice environment and it influences the defect concentration as well as generating some Tb-related defects. Since the defects play an important role in indirect excitation (explained in the following) of Tb atoms in ZnO matrix, the change in defect concentration affects the optical properties.

In general, rare-earth elements can be excited directly (using particular excitation wavelength) or by an indirect process through energy transfer from the matrix.

Several excitation mechanisms can be predicted for terbium atoms such as: direct Tb 3+ excitation through the f-f transition, direct Tb 3+ excitation through the f-d transition, excitation through the defect assisted energy transfer, and charge-transfer transition An electron at the ground state is first excited to the conduction band of ZnO, which relaxes to an energy level just below the conduction band through a non-radiative phonon emission.

The defects (e.g. Tb Zn , V O and Zn i ) introduce energy levels in the band gap which can act as a deep level trap. The electron is then trapped by these defects and transferred to energy levels of Tb ( 5 D 4 or 5 D 3 ) [Kumar 2014-Singh 2014]. Hence, the Tb-related emission can occur only if a part of this energy is transferred to the D-levels in Tb. However, to assist in the Tb-related emissions, the defects should be close to the Tb lattice site. Besides, for Tb to provide luminescent centers in ZnO, it has to be present in Tb 3+ state which depends on the lattice environment. Since annealing can heal the defects, the significant loss of Tb-related emission above 600°C (Figure V.2) can be due to the presence of a lower amount of defects. Considering that the low defect concentration is simultaneous with the loss in Tb-related emissions, it is likely that the Tb-emission is governed by an indirect excitation. Above 800°C, a near band edge peak at 387 nm appeared and its intensity becomes more pronounced at higher annealing temperatures. This peak is ascribed to the recombination of free excitons in ZnO [Yang 2011].

Below the annealing temperature of 600°C, the increase in the temperature involves more contribution of the Tb-related emissions.

Considering that most significant changes in PL results occur for annealing at 600 and 800°C (Figure V.2), these samples were chosen to further investigate the origin of this change in PL. Undoped and as grown Tb doped films are used as references. Table V.1, presents the list of the samples and growth information studied in this section. 

V.1.1 XRD and structural properties

The presence of Tb and new phases in ZnO thin films were first studied by XRD. The main results are presented in Figure V.4. The XRD instrument used here is a D8 Bruker configured with a cobalt source providing the X-ray wavelength of 1.79Å. The XRD data were acquired using θ-2θ Bragg-Brentano configuration in the 2θ range of 20 to 90°. The preferred growth direction for all thin films was found to follow c-axis and along [002] direction with a peak position at about 40°.

However, other peaks such as (004) were also observed. The intensity of these peaks increases for annealed thin films. Some small peaks can also be observed particularly in the 2θ range of (45-75°), which can be associated with the presence of zinc silicates layer that is formed by the diffusion of Si from substrate towards the thin film during annealing. This layer has already been reported and evidenced by TEM [Balestrieri 2013-Ziani 2014].

For Tb doped samples, some small peaks are also observed in the 2θ range of < 40˚ (shown by star sign in Figure V.4). The origin of this peak could be related to Tb or zinc silicates layers.

Nevertheless, this peak is not present for pure ZnO film. Besides, for the as grown thin film, where no signal related to the substrate is detected, this peak is still present. Hence, it is more likely that this peak refers to some Tb related compositions. 

V.1.2 Raman spectroscopy

Raman spectroscopy was performed at room temperature using green light (λ=532 nm).

The results are shown in Figure V.6.

The several main peaks can be observed on Raman spectra at 440, 584 and 646 cm -1 for all thin films. The peak at 440 cm -1 is ascribed to E 2 (high) and the peak at 584 cm -1 is close to the location of both A 1 (LO) and E 1 (LO). Yang et al. have observed a peak at 584 cm -1 for Tb doped ZnO nanowires and they ascribed this peak to E 1 (LO) [Yang 2008]. However, as we have mentioned in chapter IV, the presence of nitrogen in ZnO can also create vibrational modes at 580 cm -1 .

For all doped and annealed thin films, the intensity of the peaks at 440 and 584 cm -1 decreased as compared to the pure one. A small shift and a broadening of the peaks after doping and annealing have been also

observed. These changes in the peaks for doped thin films show that the crystal structure is degraded by introduction of dopants. This phenomena has been seen previously for Tb doped samples [Yang 2008].

Additional modes can be observed at 280 and 646 cm -1 for pure ZnO thin film which can be related to the presence of nitrogen due to the annealing. Nevertheless, the origin of these modes is still controversial since they are not observed for the annealed Tb doped thin films.

Atom probe tomography may bring additional inputs as reported in the following.

V.1.3 Atom probe tomography

As it was discussed before, the photoluminescence results suggest that difference in The presence of nitrogen peaks was not highly pronounced in all the analyzed samples and hence its contribution as impurities can be due to the synthesis process or annealing under nitrogen atmosphere. Nevertheless, the presence of nitrogen peaks in mass spectra is consistent with the presence of nitrogen related Raman vibrational peaks at 280, 584 and 646 cm -1 discussed previously (Figure V.6)

The concentration of Tb for each sample is deduced from its APT mass spectrum obtained for the same volume size. The results are summarized in Table V.2. We have observed that less Tb concentration is detected for the annealed samples. For as grown ZnO:Tb thin film (T2), the atomic concentration is about 3.1 at.%, which is the expected value. However, for thin films annealed at 600 and 800°C, the Tb concentration is less than 2%. This change in concentration can be explained by either 1) diffusion of dopants As we observed and reported in chapter III, the variation in concentration is ruled by APT conditions. We have discussed how to improve the quality of the APT of ZnO materials but the quantitative measurements yet needs further investigation. For a better comparison, Tb concentration of all samples is obtained with similar experimental conditions. For example, at the same laser pulse energy, the concentration of Tb for as grown and 800°C samples was measured to be 2.9 and 1.3 atomic percent, respectively. At the same charge state ratio, the concentration of Tb was found to be 3.1 and 1.3 atomic percent for as grown and annealed samples at 800 °C. These results show that, even if there is an influence of APT condition on the dopant concentration values, under the same condition, the Tb concentration of the as grown sample is always almost twice more than that of the annealed sample.

Nevertheless, yet, for a more reliable analysis, the influence of three APT variables (V DC , Atomic concentration of zinc and oxygen exhibit the same behavior as it was seen previously in chapter III. Tb concentration exhibits a weak dependence on the surface electric field. Its value is stable around 1.7 atomic % at constant flux. Thus, we can conclude that, the significant decrease in Tb content for annealed samples cannot be addressed to the loss of detection in atom probe tomography. This makes the hypothesis of migration of Tb atoms towards and into the substrate stronger. However, since the thickness of the films is more than 1.5 μm, the feasibility of Tb diffusion in such a large distance needs more investigation. Nevertheless, due to the thickness of the films, the APT analysis of such a large volume was not achieved in this work. that requires no statistical sampling [Philippe 2009]. This approach is based on the first nearest neighbor (1NN) distances between solute atoms in a volume containing solvent and solute atoms. Using this approach can allow us to define even the very tiny cluster which is usually a tricky task in both atom probe tomography and atomic simulations.

Further information about this approach can be found in the annex. The 1NN approach for the sample annealed at 800°C reveals a non-uniform distribution of Tb atoms as well. The two observed "phases", show smaller atomic distances: 0.9 and 0.5 nm for phase B and phase A respectively. This means that by increasing the annealing temperature, the Tb atoms diffuse and tend to aggregate.

Hence, we can conclude that annealing favors Tb atoms aggregation, towards formation of stable clusters. Nevertheless, to support this idea, further analysis should be performed on Nevertheless, some other possibilities should also be taken into account influencing the optical properties of ZnO:Tb films such as migration of Tb atoms towards and into the substrate and/or the presence of Tb atoms that are not in their trivalent state. Each of these events can also result in the loss of Tb-related transitions which needs more investigations.

V.2 Ytterbium doped ZnO thin films

Yb doped ZnO thin films were grown using magnetron sputtering at Institut de Physique et de Chimie de Strasbourg laboratory (IPCMS) with the conditions explained in II.1.1.

Previously, different techniques have been used in order to grow Yb doped ZnO thin films such as spray pyrolysis [Soumahoro 2011], thermal decomposition of Yb-doped zinc carbonate hydroxide [Shestakov 2012] and wet chemistry route [START_REF] Otal | [END_REF]]. Among all techniques, magnetron sputtering is expected to offer a more homogenous distribution of Yb ions and therefore better optical properties. However, as it was mentioned in II.1.1, different growth parameters can directly affect the crystal quality and the distribution of the impurities.

The influence of annealing and growth temperature on ZnO:Yb thin films properties were studied. Yb doped thin films were prepared at two different growth temperatures of 15 and 400°C. ZnO:Yb thin film grown at 15°C was then annealed for 10 minutes at 700°C in Ar atmosphere. The films have a thickness of less than 100 nm. Table V.3 presents a list of samples with their corresponding elaboration conditions. The XRD pattern of all the samples, exhibit a peak at about 40° corresponding to the (002) orientation of the thin films. This peak shows a small shift towards higher 2θ values for the two samples Y2 and Y3. The XRD pattern of the sample Y2 (grown at 400°C) shows a peak related to the growth along (004). This peak appears when the crystallinity of the sample is good. For the sample annealed at 700°C, we observe broad (002) peak and small (004). Some low-intensity peaks can also be observed in XRD patterns related to a new phase which could be attributed to the Zn x Si 1-x O phase. This phase results from the Si diffusion across the film/substrate interface.

Nevertheless, in all doped samples, no new phases associated with the presence of Yb could be found in the XRD patterns.

c-parameter and crystallite size of the thin films are deduced from the XRD results and shown in Table V.4. We can observe that introducing the Yb atoms in ZnO matrix has not Comparing the crystallite size of the as grown ZnO:Yb sample (Y1) to the pure ZnO, we can observe a significant decrease. This decrease in crystallite size for sample Y1 is then partially recovered by annealing at 700°C (Y3). The smaller crystallite size of Y1 sample can reflect that introduction of Yb atoms creates lattice stress and Yb-related defects. These defects can prevent the grain growth and the increase in the crystallite size in sample Y3

shows that these defects are partially healed after annealing.

The highest crystallite size was obtained for the sample grown at 400°C (Y2). At this temperature, the diffusion of the Yb atoms in ZnO is stimulated which results in a lower concentration of defects and hence allows for a larger growth of the grain. Considering the significant difference in the crystallite size of the samples grown at 15°C and 400°C, we can conclude that the crystallite size is strongly dependent on the growth temperature rather than the annealing temperature. However, complementary information should be provided by annealing sample grown at 400°C under the same condition as the sample Y3. The morphology of the samples were studied by atomic forced microscopy (AFM) as shown in Figure V.12 [Balestrieri 2014].

The surface is mainly formed by small grains. The root-mean-square (RMS) of roughness measured for Y1, Y2 and Y3 samples are 1.61, 2.21 and 1.53 nm, respectively. The AFM results exhibit that higher growth temperature (400°C) results in larger grains and a higher surface roughness as compared to the thin film grown at 15°C. The annealing of the sample grown at 15°C (Y3) could not result in a significant change in the morphology of the sample (Figure V.12.c). The AFM results shown here are consistent with the results discussed for crystallite size in a way that the higher growth temperature leads to a major grain growth and also yields an increase in the surface roughness. However, annealing has shown a much smaller influence on the grain size.

Further information about the crystalline structure of the thin films was carried out by TEM analysis. The thin film shows a thickness of about 84 nm. At the interface of ZnO:Yb/Si, we can note the presence of a SiO 2 layer of about few nm thick. The formation of the SiO 2 layer is commonly observed for ZnO and other materials grown on Si substrate [Lardé 2011].

V.2.2 PL and luminescent properties

As it was discussed in The Yb-related transition line at 978 nm can be observed in PL spectra of all ZnO:Yb thin films. This transition is minimum for the Y2 sample (grown at 400°C) and maximum for the sample annealed at 700°C (Y3).

Comparing the sample grown at 15°C after and before annealing (Y1 and Y3), we can observe that Yb-related transition is strongly enhanced after annealing at 700°C. Similar behavior has been previously seen for ZnO:Tb thin films annealed at 600°C. On the other hand, considering the two samples of Y1 and Y2 grown at 15 and 400°C respectively, we can observe that the increase of the growth temperature from 15 to 400 °C, diminishes the Ybrelated luminescent in ZnO.

Two important points can be extracted from PL results. First, annealing at 700°C can increase the Yb emission 43 times more than that of the same sample before annealing.

Second, the increase in growth temperature from 15 to 400°C reduces the Yb emission (5 times smaller). As it was mentioned before, the emission from Yb is achieved through an indirect excitation mechanism with association of the matrix defects. Therefore, annealing at 700°C for 10 minutes is sufficient to reduce and to heal the stress created due to the presence of the Yb ions and provide a better distribution in ZnO leading to an improvement in luminescence of Yb ions. Nevertheless, the growth at 400°C can lead to the formation of much smaller amount of ZnO defects. As these defects participate in indirect excitation of the Yb ions, their lower concentration can be the reason of a lower Yb-related emission.

Other possibilities resulting in such changes in optical properties can be also attributed to the concentration of the incorporated Yb atoms, dopant distribution within the matrix or the diffusion of the dopants into the substrate. These issues are further studied by atom probe tomography. Energy-dispersive X-ray spectroscopy has been also performed in order to verify if this change in concentration is not caused by any APT artifacts.

EDX results also confirmed the presence of a lower Yb content for sample grown at 400°C (Y2) and higher Yb content for the sample grown at 15°C with annealing at 700°C (Y3).

Nevertheless, the difference in Yb content of the sample grown at 400°C as compared to the as grown one seems to be too small to be responsible for a 5 times lower Yb emission The results show a uniform distribution of Yb atoms for the sample grown at 15°C before and after annealing (Y1 and Y2 samples). In case of sample grown at 400°C, a non-uniform distribution was observed.

1NN approach has also been applied and is shown in Figure V.18.d, e and f. For the sample grown at 15°C, a uniform distribution of Yb atoms was confirmed both by chi-square test and 1NN approach. This uniform distribution was conserved even after annealing at 700°C. Nevertheless, the distribution of Yb atoms in the sample grown at 400°C exhibited a slight deviation from uniform distribution. 1NN approach shows "two phases" where Yb ions are mostly at a distance of 0.35 and 0.55 nm from each other. From the results discussed above, we can conclude that the lowest Yb-related emission is observed where the distribution of Yb is non-uniform. Previously, for Tb doped ZnO films, we have observed that the distributions of Tb dopants were non-uniform for both samples with maximum and minimum Tb-related emissions. Hence, the distribution of dopants may not be the only reason affecting the loss in Yb-related emission. Nevertheless, there is still a chance that under a critical distance between the dopant atoms, the influence of non-uniform distribution of dopant becomes more important. Considering higher Yb-related emission of annealed sample (Y3) as compared to its emission before annealing (Y1), we can conclude that annealing at 700°C healed the defects and stress in the lattice caused by the presence of the Yb atoms (exhibiting a smaller cparameter) resulting in better optical properties. On the other hand, the growth temperature of 400°C generates fewer defects (which also lead to a larger crystallite size). Considering the role of defects in Yb-emissions, lower quantity of defects can be the reason of a loss in Ybrelated emission.

V.3 Conclusion

In this chapter, we have investigated ZnO thin films doped with two different rare earth elements, namely terbium and ytterbium. The influence of growth parameters such as growth and annealing temperature on optical and structural properties of the samples were discussed.

It was observed that for ZnO:Tb films, the annealing up to 600°C can significantly enhance the Tb-related emissions. However, annealing above this temperature, revealed a drastic loss of these emissions. For ZnO:Yb thin films, it was observed that increasing the growth temperature from 15 to 400°C could diminish the Yb-related transition. Nevertheless, annealing the sample grown at 15°C at the annealing temperature of 700°C could significantly enhance the Yb-related transition. This behavior was observed previously and was mainly addressed to optical activation, cluster-like distribution and migration of the REE within the matrix. In this work, thanks to atom probe tomography technique, we have observed that the distribution of the Tb and Yb atoms within the ZnO matrix has no or small contribution in optical properties of the samples. Hence, the variation in optical properties can be attributed to the presence of the defects and the concentration of the optically activated rare earth elements within ZnO matrix. However, in order to support this idea, further investigation on a wider range of samples is necessary. ZnO:Yb thin films annealed at 700°C and ZnO:Tb films annealed at higher temperatures (higher than 1000°C) are good examples for a complementary investigation of the annealing effects on optical properties and a possible cluster formations respectively.

Conclusions and perspectives

The context of this work concerns the large interests in application ZnO nanomaterials in optoelectronic and electronic device as it was discussed in the introduction.

Due to its unique properties, ZnO is an unrivaled semiconductor as compared to the commonly used large band gap semiconductors. Nevertheless, finding an efficient and reliable synthesis and doping process has been the subject of many research efforts over decades. In recent years, due to the advances in both understanding the physical properties of ZnO and development of techniques, the number of reports and associated literature has been intensified. However, despite these efforts, a reliable method of synthesis and doping was not well-established. Particularly, in case of p-type doping of ZnO nanomaterials the reproducibility of the method is still a challenge. Although many new and advanced methods have been developed for synthesis of doped ZnO materials, the same conventional characterization techniques are yet used to identify the observed phenomena or properties. As these techniques are subjected to many technical limits or resolution, they are not always able to provide a clear answer. In this work, we have introduced the application of laser assisted atom probe tomography as a main characterization technique to study the incorporation of dopant in ZnO matrix. The results obtained by this technique could pave the way to have a better understanding of the results observed by conventional techniques.

In chapter II, first, the samples studied in this work, with their synthesis processes were described. In the second part of the chapter, the conventional characterization methods used in this work namely TEM, photoluminescence and Raman spectroscopy are introduced.

The samples were then analyzed at atomic scale by laser assisted atom probe tomography in order to obtain the chemical information and spatial distribution of the elements and dopants.

The application of this technique for ZnO materials has barely been discussed previously.

Hence in chapter III, after a detailed description of atom probe tomography technique, we give a close insight into the interaction of laser-ZnO materials (femtosecond pulses on nanosamples). Two different ZnO nanostructures, thin film and nanowire, were studied. It has been shown that the measured concentrations of oxygen and zinc are strongly dependent on the analysis parameters (laser wavelength, laser pulse energy and continuous voltage value).

We have also shown that lower surface electric field on the specimen is obtained for high laser energies resulting in biased zinc-rich measurements. Inversely, decreasing the laser energy creates higher electric field under which the oxygen deficiency is recovered. Further decrease of the laser energy has shown to result in biased oxygen-rich measurements observed in both UV and green laser modes. The reason behind this behaviour is yet ambiguous.

Nevertheless, we have proposed several explanations: 1) the formation of neutral oxygen at lower field which remain un-detected and result in oxygen deficiency, 2) evaporation of the zinc atoms between or after pulses causing lower detection of zinc atoms at higher field, 3) crystallographic poles which creates non-uniform surface electric field at higher laser energy.

We have shown that stoichiometric APT measurement is possible for a precise range of surface electric field (Zn 2+ /Zn + ratio around 3.5) in both UV and green mode regardless of the morphology of the specimen. Since in green mode, the field evaporation of ZnO materials requires a stronger increase in V dc , hence we consider UV laser mode as a more appropriate analysis condition. Same variation in concentration with laser energy has been also observed for the doped ZnO materials. Hence, in order to avoid non-uniform surface electric field and non-stoichiometric measurement, we suggest performing analysis at lower laser pulse energy.

Further investigations using this technique along with other conventional techniques are the subject of the chapters IV and V.

The main objective of this project was to produce p-type ZnO nanowires for application in 1-dimensional ZnO homo-junctions. Phosphorous and nitrogen doped ZnO nanowires were grown using ex-situ and in-situ processes respectively. The results presented in chapter IV deal with the reliability of each doping process. Hence, each series of samples were examined by different techniques. In case of spin on doped ex-situ phosphorous doping of ZnO nanowire, Raman, photoluminescence and EDX could not confirm the presence of the dopants. The atom probe tomography analyses of the nanowires confirmed the absence of the phosphorous dopants both in the nanowires and the wetting layer. The spin-on doping process involves the diffusion of phosphorous atoms from a coating layer into the core of the nanowires at high temperature, followed by the removal of the coating layer via an etching process. Hence, the reason behind the absence of the P atoms can be due to the annealing conditions. For example, low annealing temperature and short annealing time can only allow for diffusion close to the surface of the nanowire which eventually, was removed by the strong etching. TEM and SEM images have also shown the presence of a porous layer around ZnO nanowire which is formed due to the strong etching. In case of nitrogen doped ZnO grown by MOCVD, the presence of nitrogen was confirmed by Raman and photoluminescence. Atom probe tomography has shown a uniform distribution of nitrogen dopants in ZnO nanowires, with a concentration of about 3.4 x10 20 atom.cm -3 . Nevertheless, the field effect transistor test has shown an n-type conductivity of the nitrogen doped ZnO nanowires.

In chapter V, we have described ZnO thin films grown by magnetron sputtering doped with terbium and ytterbium in order to obtain the light emission near or in the visible. The influence of annealing and growth temperature on optical properties of the samples, were studied. It was observed that for Tb doped samples, post-deposition annealing up to 600°C, strongly increases the Tb-related emissions whereas above this temperature, an optical quenching was observed. Generally accepted reasons of this optical quenching reported in the literature were addressed to the formation of new phases such as terbium oxide and/or formation of nano-particles and clusters at high annealing temperatures. These phases can act as luminescent killers. In our work, XRD and Raman results confirmed the absence of the new phases. Atom probe tomography results have also shown that there is no formation of clusters that could be related to the loss of optical properties at 800°C. Nevertheless, using 1NN approach, we have observed that a new phase of Tb atoms is formed where Tb atoms are at a smaller distance to each other or in other words begin to aggregates.

In case of Yb doped ZnO thin films, an increase in growth temperature to 400°C resulted in the loss of Yb-emission. Annealing the as grown sample at 700°C could strongly enhance the Yb emission. We have observed that the growth at 400°C disturbs the distribution of Yb atoms and results in non-uniform distribution of the ions.

Nevertheless, in both cases of Tb and Yb doped ZnO thin films, it is hard to conclude that such a loss in optical properties is related only to the non-uniform distribution of dopant.

Hence, it seems that strong change in optical properties is more likely related to the concentration of defects in ZnO matrix that participate in excitation of rare earth dopant.

However, for a better understanding of the effect of the annealing process, the study of new samples should be considered.

Many perspectives are suggested for improving both atom probe tomography measurements and incorporation of dopants.

To improve the atom probe tomography measurements, we suggest a delicate choice of samples. Analysis on a thin film containing multi-layers of doped ZnO with different dopant concentrations from highly doped to pure ZnO can help us to calibrate the APT measurements. The dopants should be chosen so that it will allow us to measure its precise concentration using techniques such as SIMS for a comparison with atom probe tomography results. The choice of substrate is also important, as for the aluminum doped multi-layer ZnO deposited on sapphire; the diffusion of Al from substrate to the doped ZnO layers is possible which can influence the final conclusion.

In case of p-type doping of ZnO nanowires, some modifications in synthesis process are needed. For ex-situ doped ZnO, these modifications can be a better control on etching process, longer diffusion time, or using higher temperatures for diffusion of dopants.

In case of nitrogen doped nanowires, we have observed that the MOCVD results in a uniform distribution of dopants. Hence to track the conductivity of the nanowires, we suggest a series of nitrogen doped ZnO nanowires with different concentration of nitrogen in order to determine if the p-type conductivity can be obtained at any of these concentrations. Besides, for a better understanding of the influence of the growth condition on dopant incorporation, the diffusion of the dopants into the matrix can be predicted by simulations and be compared to the experimental results of APT.

In case of rare earth elements, we have observed that the increase of annealing temperature decreases the distance between Tb atoms. Hence, it is interesting to analyze the ZnO:Tb samples annealed at much higher temperatures in order to track the distribution of the dopants and their influence on the optical properties. In case of Yb doped ZnO, the annealing of as grown samples could strongly increase the Yb-related emissions without changing the uniform distribution. Hence, it is interesting to perform the same annealing condition for the sample grown at 400°C and to follow the influence of annealing on its optical properties and distribution of the Yb dopants.

Prior to this work, the fundamental studies of atom probe tomography of ZnO materials were unexplored. Hence the discussion we provided here and the suggested prospective can pave the way for much vaster application of atom probe tomography not only for ZnO materials but also for all II-VI and III-V semiconductors as well.

Annex

 First nearest neighbor approach (1NN) 1NN approach is used in order to identify the tiny clusters observed in APT volume reconstruction and to derive their compositions. The approach is based on the statistics of distribution for the first nearest neighbor distances (r) between solute atoms in the volume.

The theoretical distributions of the 1NN distances P(r) can be described as, where P(r) gives the density probability to find two first nearest neighbor atoms at the distance r within dr. Q is the APT detection efficiency and C 0 is the observed concentration.

The most probable 1NN distance (r 0 ) for random system can be obtained where the distribution P(r) is maximum (dP/dr=0) and it is expressed as For a system with a uniform distribution of the atoms (figure.1.a), the 1NN model (using equations 1 and 2) can be calculated and compared to experimental data obtained by APT (figure.1.b). In both cases, only one maximum distance between atoms can be observed. 

For a non-uniform distribution of the atoms (figure.2.a), more than one maximum distance is expected. Hence, in 1NN approach, the probability density P(r) for two distribution phases, (A) and (B), can be described as the sum of intrinsic distribution of each phase where f is the atomic fraction and is described as

The 1NN approach for a non-uniform distribution of atoms within a matrix is compared to the APT data (figure.2.b). 1NN approach shows two most probable maximum distances between atoms, indicating a small clustering of some atoms [Philippe 2009]. 
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  remained under debates basically due to the lack of proper characterizing technique. In this thesis, we introduce atom probe tomography as a powerful technique for a quantitative picture of the dopant spatial distribution in ZnO nanowires and thin films. Different nanostructures elaborated by different growth techniques have been studied by atom probe tomography. These studies allow us to assess and develop atom probe tomography for characterizing ZnO nanomaterials.

  However, RGB system has more color flexibility which can help to reach a real ''day light'' color LEDs [U.S. Department of energy]. Nevertheless, despite the high demand and great efforts undertaken in the research community as well as in industry, blue light remained a long sought after of lighting technology for three decades. First blue LEDs were made following the achievement in fabrication of high quality GaN by Isamu Akasaki, Hiroshi Amano and Shuji Nakamura in the early 1990s [Amano1989 -Nakamura 1991]. On October 2014, this achievement has received the Nobel Prize in physics for the invention of efficient blue LED as a step forward for bright and energy saving white light source. Basically, a light emitting diode is a semiconductor based electric device which creates light under an electric current. The emission from LED is directly related to the semiconductor that is used. Components of a light emitting diode are illustrated in Figure I.1.

Figure I. 1 :

 1 Figure I.1: Principle and components of Light Emitting Diode (LED). In order to emit light, a current is applied by connecting p-type semiconductor to positive voltage and n-type semiconductor to negative voltage via metallic contacts. In a p-n junction biased with a forward voltage, electrons are injected from the n-to the p-side, and holes are injected in the opposite direction. Light is emitted due to the electron-hole recombinations.

  a=b=3.249 Å and c=5.2042 Å [Klingshirn 2010 -Özgür 2005]. In ZnO wurtzite structure, each oxygen anion is surrounded by four zinc cations and together they form a tetrahedral structure (Figure I.2.a).

Figure

  Figure I.2: (a) The wurtzite structure model of ZnO. The unit cell contains two zinc cations and two oxygen anions, forming a sequence of O-Zn double layers stacked along the c-axis [Yang 2008]. (b) Electronic band structure of ZnO where the energy of the valence band maximum is set to zero [Janotti 2009].

Figure

  Figure I.2.b shows the electronic band structure of ZnO. The ten narrow bands below -4 eV mainly consist of the Zn 3d-orbitals, and the six moderately dispersive bands from -4 to 0 eV consist of the O 2p bonding states. The first two conduction band states are strongly Zn localized and correspond to empty Zn 4s-orbitals. Both the valence band maximum and the lowest conduction band minimum occur at Г indicating that ZnO has a direct band gap [Janotti 2009].

  Figure I.3.a to d shows examples of ZnO nanostructures such as ZnO nanowires [Fang 2008], nanobelts [Pan 2001],

Figure I. 3 :

 3 Figure I.3: (a) ZnO nanowires grown by physical vapor deposition[Fang 2008], (b) ZnO nanobelts grown by sublimation of Zn powder[Pan 2001], (c) ZnO hierarchical nanowires grown by vapour liquid solid and SnO 2 as catalyst[Wang 2004], (d) ZnO comb-like result of surface polarization induced growth due to the chemically active (0001) Zn plane[Wang 2003].

Figure I. 4 :

 4 Figure I.4: XRD pattern of synthesized ZnO nanowire arrays at different growth temperatures (a) 990°C, (b) 960°C (c) 930°C and (d) 70 nm ZnO thin film [Fang 2008].

  these defects. Native defects associated with ZnO are Zn vacancy (V Zn ), O vacancy (V O ), Zn interstitial (Zn i ), O interstitial (O i ), Zn antisite (Zn O ) and O antisite (O Zn ). Among all, Zn interstitials and O vacancies are known to be the predominant defect types in ZnO[Özgür 2005].Most of the defects commonly mentioned and discussed for ZnO are quite small and qualified as point defects. The concentration of a point defect (c) depends on its formation energy (E f

µ

  Zn and µ O are the chemical potential for Zn and O, and E F is the Fermi energy [Janotti 2009 -Morkoç 2009]. Since the chemical potentials depend on the growth conditions, the change in the condition can influence the defect concentration in ZnO. Some typical defects in ZnO at their different charge state are shown in Figure I.5 [Janotti 2009].

Figure I. 5 :

 5 Figure I.5: Ball and stick model of local relaxed atomic position of Zn and O atoms around oxygen vacancy at (a) neutral,(b)+1 charge, (c) +2 charge states, (d) Zn antisite in 2+ charge state, (e) Zn vacancy at -2 charge state, (f) Zn interstitial in 2+ charge state. The Zn atoms are shown in grey and oxygen atoms are in blue [Janotti 2009].

Figure I. 6

 6 Figure I.6 shows the dopants substituting Zn or O sites in ZnO creating p-type or n-type conductivity. Once the elements of group VA replace oxygen sites in ZnO, they are considered as acceptors, while group VIIA are donors. If the elements of group IA replace zinc sites, they are acceptors, while group IIIA replacing zinc atoms behave as donor.

Figure I. 6 :

 6 Figure I.6: (a) Undoped ZnO, Zn atoms are shown in red and oxygen atoms in blue representing a defect-free wurtzite structure, (b) dopants replacing oxygen atoms, (c) dopants replacing zinc sites.

Figure

  Figure I.7.a presents schematic view of the band gap energy levels in ZnO. The valence band in ZnO splits into three states named A, B and C which is caused by crystal field and spin orbit interaction [Meyer 2004]. The ZnO band gap of 3.437 eV refers to the difference in energy level between the subband-A and conduction band. Introducing donor and acceptors creates energy levels close to the conduction and valence band respectively (Figure I.7.b). More transitions can occur due to the presence of donor and acceptor levels, such as, transfer of electrons from donor states to the conduction band or from the valence band to the acceptor states.

Marzuki

  photoluminescence shown in Figure I.8. Local micro-Raman measurements (Figure I.8.a) show a decrease in nitrogen concentration from the bottom to top of the nanowire. PL spectra (Figure I.8.b) confirmed that the DAP (donor-acceptor-pair) is more important on the bottom of the nanowires [Marzouki 2010].

Figure I. 8 :

 8 Figure I.8: (a) Micro-Raman spectra of one nitrogen-doped ZnO nanowire. The inset shows variation of R275/436 along a single nitrogen-doped ZnO nanowire. (b) Micro-photoluminescence(μ-PL) spectra at 4 K of a nitrogen-doped ZnO nanowire recorded at different positions [Marzouki 2010].

Figure I. 9 .

 9 Band to band recombination, is an intrinsic transition and it involves the recombination of an electron from the conduction band with a hole on the valence band. This process is dominant at room temperature but rarely seen for low temperatures (Figure I.9.a).  Excitonic recombination of free excitons: when electron and hole remain bound to each other due to the Coulomb force, they create excited states slightly less than band gap energy. These electron-hole pairs are known as exciton and they are referred as "free excitons" (FE). An exciton can move in the crystal but since electron and hole are bound, they move together causing neither photo-conductivity nor current (Figure I.9.b).  Donor-acceptor recombination: as it was seen previously, introducing acceptors and donors to the semiconductor creates energy levels in the band gap. The recombination can occur between the electron on the neutral donor and the hole on the neutral acceptor (Figure I.9.c).

Figure I. 9 :

 9 Figure I.9: Radiative recombination process in semiconductors, (a) band to band, (b) free exciton, (c) donor-acceptor, (d) and (e) bound exciton. E D and E A , corresponds to the donor and acceptor energy levels and E bg corresponds to the energy of the band gap.

Figure I. 10 :

 10 Figure I.10: Photoluminescence spectra of the as-deposited ZnO film and ZnO films annealed at 800°C for 30-120 min in N 2 and air ambient [Lee 2009].

  emission. Therefore in RE elements incorporated in a crystal, the emission corresponds to the transition from the intermediate states to the ground state (Figure I.11 blue lines).

Figure I. 11 :

 11 Figure I.11: Discrete 4f energy levels for RE ions. Red lines correspond to the main luminescent levels and blue lines to fundamental level [Bünzli 2005].

Shen

  et al. have deposited highly crystalline ZnO epitaxial films on commercial p-type GaN substrates via radio frequency (RF) magnetron sputtering [Shen 2014]. The schematic diagram of n-ZnO/p-GaN heterojunction is shown in Figure I.12.a. Electroluminescence spectra of the fabricated junction were obtained under different forward bias voltage (Figure I.12.b).

Figure

  Figure I.12: (a) Schematic diagram of n-ZnO/p-GaN heterojunction. (b) Electroluminescence spectra of the fabricated n-ZnO/p-GaN LED under different forward bias voltages. The blue light emission observed under a dc bias of 3 V is shown in the inset [Shen 2014].

  Nevertheless, the fabrication of ZnO homo-junction LEDs has been restricted by the bottlenecks in synthesis of high quality p-type ZnO. In the last decade, following the enhancement in p-type doping of ZnO, the fabrication of homo-junction ZnO LED has made a great progress and a number of reports have shown achievement of UV and near UV band emission [Chu 2008 -Kong 2008 -Sun 2008 -Tsukazaki 2005]. Tsukazaki et al. claimed a reliable and a reproducible way to fabricate p-type ZnO and consequently, a homo-structural p-i-n junction (Figure I.13). n-type and p-type ZnO thin films were prepared by molecular beam epitaxy (MBE). Undoped ZnO was sandwiched between ptype and n-type ZnO that were highly doped with N and Ga, respectively. High quality p-type ZnO was obtained using a repeated temperature modulation and layer-by-layer growth technique as shown in Figure I.13.a [Tsukazaki 2005].

Figure

  Figure I.13: (a) The structure of p-i-n homo-junction ZnO LED, (b) Electroluminescence spectrum from the p-i-n junction (blue) and photoluminescence (PL) spectrum of a p-type ZnO film measured at 300 K [Tsukazaki 2005].

Chen

  et al. have reported a successful fabrication of 1D ZnO homo-junction LED. The ptype phosphorous doped ZnO nanowires were deposited on top of n-type Zn doped ZnO nanowires by catalyst free thermal vapor deposition method [Chen.M.T. 2010]. Nanowires were grown on Si substrate covered with a very thin ZnO layer. The morphology and structure of the nanowires are shown in Figure I.14. The electroluminescence spectra of the nanowires under different applied voltages are shown in Figure I.14.c. The spectra exhibit the short-wavelength emission at 342 nm and the blue shift from 342 to 325 nm as the operating voltage further increases.

Figure

  Figure I.14: (a) SEM image of vertically aligned p-n ZnO nanowires. (b) TEM image of a single nanowire, A, and C are referring to n-type and p-type sections respectively, and B refers to the interface of these two segments. (c) Electroluminescence spectra from the p-n junction under different applied voltage at 300 K. [Chen.M.T 2010].

Figure

  FigureII.1: (a) The basic component of a magnetron sputtering system. Ionized argon bombards a target ejecting atoms which are being then deposited on the substrate. Electron and argon ions form plasma near the target due to the magnetic field resulting in a higher efficiency, (b) Inside sputter deposition tool with five magnetron sources with shutters, chimneys, and tilt.

Figure

  Figure II.2.a shows the schematic principle of MOCVD technique. The mechanism by

Figure

  Figure II.2: (a) principle of MOCVD, to produce compound semiconductors, the chemicals are vaporized and transported into the reactor together with other gases, there the chemical reaction takes place that turns the chemicals into desired crystals and (b) horizontal MOCVD reactor used for the growth of nanowires at GEMaC laboratory, Versailles.

  nanowires is O/Zn partial pressure usually referred as R VI/II parameter. It was observed that low R VI/II typically favors the growth of nanostructures whereas high R VI/II is used to grow 2D layers [Behrends 2009 -Chen.Y.J 2009 -Choi 2011 -Montenegro 2012] . Montenegro et al. have proposed three growth mechanisms under different VI/II ratios using N 2 O and DMZn-TEN (dimethylzinc-triethylamine) as oxygen and Zn precursors, respectively. Figure II.3 shows the three suggested growth mechanisms of nanowires, nanotubes and thin films. At low R VI/II , high mobility of Zn and sufficient diffusion can allowfor a growth governed by surface energy. Since the growth surface energy of the c-plane is higher, the growth of the c-oriented nanowires tends to minimize this energy resulting in the formation of well-defined hexagonal ZnO nanorods. At higher R VI/II , the higher adsorption of oxygen atoms makes the migration of Zn atoms difficult resulting in a lateral growth and formation of 2D layer. At an intermediate R VI/II , the mobility of Zn and diffusion length is reduced and if the mobility becomes too low, it can favor the formation of the nanotubes[Montenegro 2012].

Figure

  Figure II.3: Proposed growth mechanisms under various R VI/II : (a) well-defined hexagonal ZnO nanowires, (b) ZnO nanotubes, (c) formation of ZnO 2D film [Montenegro 2012].

  Figure II.4 shows the effect of different sapphire substrates on the morphology of the grown ZnO under the same condition. Beside the difference in the morphology of the samples, it was observed that the nanowires grown on the c-plane sapphire exhibit better optical properties[Kar 2010].

Figure

  Figure II.4: Micrographs of ZnO nanostructures on (a) A (11-20) , (b) C (0001), (c) R (-1-012)-plane sapphires for 15 min growth, (d) C-, (e) R-plane sapphires for 90 min growth, and (f) bright-field TEM image images [Kar 2010].

  principle of SOD method is shown in Figure II.5.The advantage of SOD technique is uniform doping with high yields, convenient application of dopant with non-hygroscopic solutions, simultaneous diffusion of "p" and "n" types and simultaneous diffusion of different concentrations of the same dopant, a lower cost technique compared to ion implant technique and the possibility of semiconductor junction fabrication.

Figure

  FigureII.5: schematic of SOD process, spin on dopant solution is deposited on a substrate followed by spinning. Diffusion takes place by applying high temperature[Sohn 2014].

Figure

  FigureII.6.b shows an example of TEM image obtained for ZnO:Yb thin film.The signals provided by inelastic interactions between electrons and matter are used to characterize the specimen chemical composition. X-rays energy dispersive spectroscopy (EDS)

Figure

  FigureII.6: (a) interactions between electrons and the material creating different sorts of scattering. The scattering can be elastic or inelastic used for different means of characterizations in TEM.(b) TEM image of the interface of Yb doped ZnO thin film and Si substrate. The inset shows a high resolution TEM image of the interface revealing a thin layer of SiO 2[Balestrieri 2014].

  Figure II.7 demonstrates the typical PL spectrum of bulk ZnO obtained at 4.2 K [Meyer 2004].

Figure

  Figure II.7: Photoluminescence spectra of bulk ZnO substrate provided by at 4.2 K. The spectrum presents excitonic (~2.45eV), donor-acceptor-pair (DAP) (3.3-3.5 eV) and its replica with longitudinal optical phonons (2.9-3.3 eV)[Meyer 2004].

  processes and thermal line broadening and to obtain the most complete spectroscopic information. The basic PL experimental set-up is shown in Figure II.8.

Figure

  Figure II.8: Basic photo-luminescent experiment set-up including an excitation laser source and spectrometer and detecting system. Optical systems are to guide and adjust the initial and resulted beams. For low temperature PL measurements, the sample is held in cryostat.

Figure

  Figure II.9 shows an example of Raman spectra of undoped ZnO and nitrogen doped ZnO nanowires grown by MOCVD. Typical vibrational modes of ZnO can be observed for both undoped and N-doped ZnO nanowires. Additional vibrational modes are observed for nitrogen doped ZnO nanowires which can be related to the presence of nitrogen. In this work, Raman spectra of the samples are provided by Horiba Jobin Yvon Labram HR 8500 (confocal) and using green irradiation. Raman spectroscopy of the ZnO:N nanowires were carried out at GEMaC laboratory by Dr. Alain Lusson. ZnO:P nanowires and ZnO:Tb thin films were analyzed in GPM laboratory using the same Raman spectrometer and measurement condition.

Figure II. 9 :

 9 Figure II.9: Raman spectra of ZnO doped and undoped nanowires are shown in blue and red respectively.

  Figure III.1 shows the principle of APT.

Figure

  Figure III.1: Principle of atom probe tomography. Specimen in the shape of a sharp needle is cooled down to cryogenic temperatures. A high positive V dc is applied to the tip. Evaporation of the atoms from the surface of the tip occurs by applying an additional high voltage or laser pulse. The atoms follow the electric line and reach the detector.

  shown in Figure III.2. This energy barrier is reduced by the application of the electric field and by thermal activation.

Figure

  Figure III.2: Diagram of atomic and ionic potential as a function of distance (a) in absence of electric field and (b) in presence of the electric field. Ʌ is the sublimation energy, I n is the n th ionization potential,φ e is the work function, Q(E) is energy barrier in the presence of an electric field[Miller 1996].

Figure

  Figure III.3 shows how variation in voltage or temperature can influence the field evaporation [Marquis 2010].

Figure

  Figure III.3: Evaporation rate as a function of tip temperature and applied voltage [Marquis 2010].

Figure III. 4

 4 Figure III.4 shows the Kingham curve calculated for Zn presenting the evolution of Zn different ionization states as a function of the field [Kingham 1982].

Figure

  FigureIII.4: The relative abundance of singly and doubly charged zinc ions plotted logarithmically against field strength[Kingham 1982].

  the time of flight (assuming the acceleration time is negligible), L is the flight distance, m is the ion mass, n is the ion charge state and e is the electron elementary charge. Note that for laser pulse atom probe tomography, V pulse = 0. By field evaporating the specimen, atomic layer-by-atomic layer, a mass spectrum of atoms is obtained. The mass spectrum gives the number of detected single or molecular ions corresponding to the calculated mass (a.m.u.). A typical mass spectrum of ZnO materials is shown in Figure III.5. Each peak is assigned to a specific m/n ratio corresponding to different chemical species.

Figure III. 5 :

 5 Figure III.5: Mass spectrum of ZnO obtained at laser energy of 0.5nJ using UV source. The peak at 32 belongs to both oxygen and zinc atoms.

  a) Evaporation between pulses: During field evaporation of atoms, there are some atoms which evaporate at some time after the pulse and their time of departure (t 0 +Δt) remains unknown, and hence what detector detects as a time of flight is inaccurate. This means that when they hit the detector, the recorded time of flight is random, degrading the mass resolution or increasing the back ground noise (Figure III.6.a). b) Evaporation in a multiple ion evaporation events: It corresponds to the event where two ions are evaporated at the same time but at some time after the pulse (Figure III.6.b). c) Ion dissociation during flight: When a molecular ion composed of few ions is evaporated, it can dissociate during the flight, and generate few ions which are flying at different speeds; therefore they are reaching the detector at different times (Figure III.6.c).

  most recent generation of atom probes are equipped with an advanced delayline based position sensitive detectors (aDLD). Once the ion reaches aDLD system, it passes through micro channel plates (MCP) creating an electron cloud [Da Costa 2005]. The electron cloud is then focused onto two polarized conductive lines placed behind MCP. The passage of the electron cloud in the vicinity of the conductor induces two signals that are then propagated towards each end of the conductive lines. Detecting these signals provides information about the lateral coordination of the impact.

Figure III. 6 :FigureFigure

 6 Figure III.6: Three different possible inaccuracies caused by multiple event evaporation, (a) evaporation between pulses, (b) evaporation in a multiple ion evaporation events, (c) ion dissociation during flight.

Figure III. 9 ,

 9 Figure III.9, the mass spectrum obtained by laser pulsing (Figure III.9.a) shows higher resolution compared to the mass spectrum obtained by voltage pulsing (Figure III.9.b). A closer look at these mass spectra clearly shows that different isotopes of Si 2+ can be obtained only by laser pulsing method (Figure III.9.c andd). On early attempts, in order to use the electrical pulsed atom probe for semiconductors, due to the poor conductivity of the semiconductors, the pulsed voltage atom probe measurements were carried out on highly doped semiconductors using a high voltage pulse.

Figure III. 9 :

 9 Figure III.9: Mass spectra obtained by APT on silicon samples at different conditions: (a) laser pulsing at base temperature of 77K and voltage of 17kV, (b) using voltage pulsing at base temperature of 300K and 17 kV where the tip was maintained at room temperature. Short range spectra (12-16 a.m.u.) obtained by (c) laser and (d) voltage pulsing presenting the difference in the resolution of Si 2+ isotopes obtained for each mode[Grovenor 1982].

  -APT were the main issues remained unclear for many poor conductive materials. Tsong et al. have suggested the mechanism of photo-ionization of the surface atoms gives rise to the generation of ions. Three different photo-ionization paths have been proposed that are demonstrated in Figure III.10 [Tsong 1976 -Tsong 1984]. (a) A direct electric transition from the atomic state to vacant state by absorption of a photon followed by a tunnelling of electrons from the vacant state to the conduction band of the semiconductor (Figure III.10.a). (b) Absorption of the photon results in the direct transition of the electron to the conduction band in semiconductor (Figure III.10.b). (c) Absorption of the photon occurs in valence band or below Fermi level of semiconductor creating many holes, allowing for the tunnelling of adatom electrons to these vacant electronic states (Figure III.10.c).

Figure

  Figure III.10: Photon-assisted field evaporation from a surface of a semiconductor through three different paths (a, b and c)[Tsong 1976].

  improvements in 2D detectors, time-of-flight mass spectroscopy and analytical software, has given rise to a renaissance of APT particularly for semiconducting materials. Variety of laserassisted atom probes are introduced such as Local Electrode Atom Probe (LEAP), Laser Assisted Wide Angle Tomographic Atom Probe (LAWATAP) equipped with a femtosecond pulsed laser. In 2009, Cadel et al. have reported the high depth resolution of silicon substrate and doped silicon semiconductors bringing the application of APT to a more advanced level. Cadel et al. were able to provide the 3D mapping of silicon by LA-APT revealing the atomic planes in the <111> direction (shown in Figure III.11).

Figure

  FigureIII.11: (a) Schematic of diamond structure projected on {110} plane providing a stacking of {111} layers, (b) 3D map of silicon atoms ordered in sequenced planes along[111] direction obtained by LA-APT[Cadel 2009].

  silicon films separated by undoped silicon films[Cadel 2009].

Figure

  Figure III.12.a shows the 3D map of four boron doped layers separated by 18.3 nm ultrathin silicon layers. The concentration profile shown in Figure III.12.b was derived from the reconstructed volume and superimposed on the concentration profile obtained by SIMS.

  Figure III.13 shows the recent examples of application of APT for semiconducting materials. The 3D reconstruction of pure silicon nanoclusters embedded in SiO 2 is shown in Figure III.13.a.

Figure

  FigureIII.12: (a) 3D map of multilayer boron doped Si, (b) concentration profile of boron derived from the 3D map of (a) superimposed the corresponding SIMS profile for comparison[Cadel 2009].

Figure

  FigureIII.13: Two examples of recent application of LA-APT for semiconducting materials, (a)3D reconstruction of silicon nanoclusters (in red) embedded in silica matrix (in green),with the corresponding concentration profile along the analyzed volume[Talbot 2009],(b)3D reconstructed volume of Mn-rich self-organized nanocolumns embedded in Ge matrix[Mouton 2012].

Gilbert

  et al. have studied the influence of laser energy on boron doped silicon using a femtosecond pulsed laser atom probe[START_REF] Gilbert | [END_REF]]. They have observed that a better mass resolution can be obtained at very low laser pulsed energy <1μJ/pulse. At lower laser energy (b) (a) Along the analyzed volume Across a single nanocluster (Figure III.14.a), silicon appeared to be evaporated mainly as Si 2+ with low background noise whereas at higher laser energy a broad peak evolved in addition to the first peak, both corresponding to Si 2+ ions (Figure III.14.b).

Figure

  Figure III.14: Mass spectra of B doped silicon obtained for different laser intensities, (a) 750nJ/pulse, (b) 3μJ/pulse,(c)7μJ/pulse[Gilbert 2007].

Figure

  FigureIII.14.c. This phenomenon was considered to be where the evaporation time of the ions (~several nanoseconds) is much longer than the laser pulse duration. Besides, proper quantitative measurements in APT of semiconductors were found to be strongly affected by the laser parameters. The deviation from stoichiometric measurements have been reported for different semiconductor and metal oxide materials such as MgO[Devaraj 2013], GaN[Diercks 2013] and ceria[Kirchhofer 2013]. In LA-APT of MgO, Devaraj et al. have observed oxygen deficiency at high laser pulse energies.

  In case of APT analysis of ZnO materials, only few reports can be found in the literature [Chen.Y.M 2011 -Dawahre 2012]. Among all, only one report has briefly discussed the influence of the laser concerning only the quality of APT analyses for ZnO materials [Chen.Y.M 2011]. Chen et al. performed laser assisted APT analysis of ZnO using different laser wavelength (green and UV) and laser pulse energies. Figure III.15 shows APT mass spectra of ZnO obtained by UV and green laser. The mass spectra of ZnO were only obtained for UV mode whereas, no spectrum related to ZnO was observed for green mode indicating the importance of laser wavelength selection in APT of ZnO [Chen.Y.M 2011].

Figure

  Figure III.15: Mass spectra of ZnO single crystal obtained by atom probe tomography using green and UV laser modes. For UV mode, the APT was performed at different laser pulse energies [Chen.Y.M 2011].

  Figure III.16 shows different steps of sample preparation from a thin film. In this process, a blade with the thickness of few micrometers in the sample is made by sputtering the sample(Figure III.16.a). During imaging and milling in FIB, Ga ions can be implanted into the specimen and induce damages. Hence, a thin protecting layer of tungsten or platinum is deposited on the area of interest, before FIB imaging and milling.The blade is then extracted by a micromanipulator(Figure III.16.b) and placed on top of a support tip (W-tip) previously prepared by electrochemical polishing(Figure III.16.c). The contact between the thin film and the support tip is reinforced using IBID. In order to shape the specimen and reach the specimen radius of <50 nm, the tip is resized using different milling currents using annular milling (Figure III.16.e). Annular milling gradually reduces the radius of the tip by decreasing the milling current of 1.5 nA to 150 pA at the voltage of 30 keV. Once the radius of the tip is less than few hundred nanometers, lower currents (up to 10 pA) are used (Figure III.16.f). The final step is to remove the protecting layer using a low voltage of 2 keV allowing a slow removal of surface layers from the tip Figure III.16.e.

Figure

  Figure III.16: APT specimen preparation using lift-out method.(a) forming a blade in the thin film, (b) extracting the blade by a micromanipulator, (c) welding the specimen on the previously polished support tip, (d) thin film mounted on the support tip,(e, f) gradual size reduction by annular milling using different current masks, (g) low voltage cleaning of the tip.

  ): In this case nanowires are long enough to be easily visible under the optical microscope. Nanowires are dispersed on a clean glass lamella by simply robing the nanowires over the glass surface very gently. Under the optical microscope, the deposited nanowires can be picked up with a sharp tungsten tip previously prepared by electrochemical polishing(Figure III.17.b).

  Figure III.18. 

Figure

  Figure III.18: APT specimen preparation of a single ZnO nanowire (a) before annular milling, (b) after annular milling in FIB using a Ga beam with 1 pA and 30 keV.

Figure-

  Figure III.17: APT specimen preparation for a single ZnO nanowire. (a) overall view of the ZnO nanowires grown on sapphire substrate, (b) ZnO nanowire mount on a support tip under optical microscope, (c) SEM image of mounted nanowire, (d) the reinforcement of the attachment between ZnO nanowire and the support tip using Pt deposition.

Figure

  Figure III.19: ZnOnanowirewithalength<5μm,(a) overall view using SEM, (b) magnified view of (a), (c) overall view of the same sample under the optical microscope.

Figure

  Figure III.21: APT specimen preparation single nanowire in SEM mode, (a) selected nanowire dispersed on the substrate, (b) picking up a nanowire by micromanipulator, (c) mounting the nanowire on top of a support tip (where the neighbouring nanowire is also attached horizontally), (d) ZnO nanowire after annular milling.

Figure

  Figure III.22: APT specimen preparation for nanowires, a w-tip is used to pick up the nanowires deposited at the edge of the substrate.

  Figure III.23: Mass spectra for the relative number of atoms obtained by atom probe analysis of pure ZnO thin film (TF) and nanowire (NW) at different LPE using green and UV modes. The figure presents the mass spectra of ZnO nanowire using UV laser at (a) 1nJ, (b) 0.5nJ, ZnO thin film at (c) 0.5nJ and (d) 10 nJ using UV laser, and ZnO thin film at (e) 10 nJ and (f) 50 nJ using green laser acquired at 80 K. The peak at 32 consists of both oxygen and zinc atoms, and the peak at 16 a.m.u. consists of pure O 2 2+ or pure O + or a mixture of both.

  However, in our experiments, APT of ZnO thin films with green laser at any LPE shows a sufficiently high resolution of mass spectra which was not the case previously shown byChen et al. (Figure III.15) [Chen.Y.M 2011].

Figure III. 24 :

 24 FigureIII.24: Influence of LPE on Zn 2+ /Zn + ratio using UV and green modes. For the same LPE of 5 nJ, green mode provides higher ratio.

Figure

  Figure III.25 shows the evolution of Zn and O concentrations as a function of Z 2+ /Zn + ratio. The oxygen peak at 16 a.m.u. has been considered as O 2 2+ .

  Figure III.26 shows the atomic fraction of Zn and O for both cases using UV (a) and green mode (b). In this case, the corresponding Zn 2+ /Zn + value at

Figure III. 25 :

 25 Figure III.25: The comparison of Zn (in red) and O (in blue) composition obtained by atom probe analysis for ZnO pure thin film (TF) using UV mode (solid triangle) and green mode (open square) and ZnO pure nanowires (open circle) at different LPE, as a function of charge state ratio representing the strength of the field on the tip.

  energy and wavelength can significantly deviate the composition of elements from the stoichiometric value. Therefore, APT experiments on doped ZnO with an improper LPE can result in a bias on the concentration of the zinc, oxygen and consequently the dopant. Therefore, we found it crucial to investigate the influence of LPE on dopant concentration of doped ZnO materials. Two different ZnO doped nanostructures were chosen: europium doped ZnO thin films and nitrogen doped ZnO nanowires.

Figure

  FigureIII.27 presents Eu and N dopant concentrations as a function of Zn 2+ /Zn + ratio where all measurements were carried out at constant evaporation rate using UV mode.

Figure

  Figure III.27: Atomic composition of two doped samples: (a) Eu doped ZnO thin film and (b) Nitrogen doped ZnO nanowire.

  studied in this work (REE and nitrogen), common techniques of concentration measurements such as EDX and secondary ion mass spectrometry (SIMS) encounter many limits and hence they cannot provide precise values. Therefore, for a comparison, we have measured the dopant concentration of an aluminum doped ZnO thin film by both APT and SIMS. Aluminum is chosen as the dopant because its concentration is measurable with other techniques as well as APT. Aluminum doped ZnO films are grown by MOCVD on sapphire substrate (at GEMaC) using Al precursor of trimethylaluminium. ZnO:Al film exhibits a thickness of about 600 nm. The concentration of Al measured by SIMS and APT is shown in Figure III.28.

Figure

  FigureIII.28.a shows the SIMS measurement of the sample down to a depth of about 1.5μm carried out at GEMaC laboratory. At a depth lower than 500 nm, the concentration of Al is measured to be about 1x10 20 atm.cm -3 . APT was also performed on the same sample. The depth from the surface of the thin film of the APT analyzed volume was about 200 nm. The average Al concentration in the analyzed volume was measured 1.2x10 20 ± 0.1x10 20 atm.cm -3 which is consistent with the results obtained by SIMS.

Figure

  FigureIII.28.b shows the distribution of aluminum atoms in the analyzed volume. For most Al doped thin films grown on sapphire substrate some variation of Al concentration is also expected due to the diffusion of Al atoms from the sapphire (Al 2 O 3 ) substrate towards the ZnO thin film.

Figure

  Figure III.28: (a) Aluminum concentration as a function of analysis depth for a ZnO:Al thin film obtained by SIMS (b) Al distribution obtained by APT 3D reconstruction on the same sample.

Figure

  FigureIII.29 presents the hitmaps of Zn charge states and their ratio. Since the peak at 32 a.m.u. contains both oxygen and zinc ions, for a more precise comparison, the peaks related to the maximum zinc isotope at 32 and 64 a.m.u. are excluded and not shown in the hitmaps. These Zn charge state ratio hitmaps are only to provide the information about the surface electric field distribution and thus, they should not be confused with the exact precise values of Zn charge state ratio deduced by peak deconvolution shown previously.

  2+ does not seem to be affected by the variation in LPE except for the LPE =5 nJ(Figure III.29.f).Quantitative information was carried out by calculating the O and Zn composition and the Zn charge-state-ratio at each LPE (0.5, 1, 2, 3, 4 and 5nJ). The results are presented in FigureIII.30. 

Figure

  Figure III.29: APT of nitrogen doped ZnO single nanowire using UV laser. Hitmap of the detected *Zn + , *Zn 2+ and their ratio (the star indicates that the Zn atoms corresponding to the major isotopic peak is excluded) at the corresponding laser pulse energies and V dc voltage (more details in TableIII.3). Increasing the laser pulse energy results in a non-uniform detection of the elements.

Figure

  Figure III.31.a shows 2D view of the APT reconstructed volume presenting the distribution of Zn + ions collected at LPE of 5 nJ. Each red point represents one detected Zn + ion exhibiting a lower detection of Zn + ions in a clear hexagonal region.

Figure

  FigureIII.30: Atomic fraction of zinc and oxygen obtained at each LPE as a function of charge state ratio. The stoichiometric ratio of Zn/O was obtained at the LPE of 1 nJ referring to the charge state ratio of about 3.2.

Figure

  Figure III.31.c presents composition profile of Zn and O measured in the box indicated in the Figure III.31.a. It was observed that the field is strongly increased in the hexagonal zone and out of this zone; the field appeared at a very low value of Zn 2+ /Zn + . Hence, this strong difference in surface electric field results in the Zn/O ratio of about 70/30 at the low surface electric field region, evolving to almost 50/50 in the core region.

Figure

  Figure III.31: (a) Distribution of Zn + ions at LPE=5 nJ, (b) Field ion microscopy image of the same nanowire presenting the existence of a crystallographic pole at the place where the highest field is seen (c) concentration profile for a 3D selected zone shown in (a). For clarity reason, only few error bars are shown. Zone A and B refer to the rich and poor Zn + impact areas.

  HRTEM and SAED diffraction were performed on a single nanowire of the same sample (shown in Figure III.32).

Figure

  Figure III.32.b shows that the nanowire is well single crystallized in the wurtzite structure with a (0002) growth axis. The FIM image (Figure III.31.b) confirms the orientation of the nanowires during the APT analysis.

  stacking layers (zinc and oxygen) is provided (shown in Figure III.33.a and b).

Figure

  Figure III.32: (a) HTREM and (b) diffraction pattern in zone axis [01-10] of nitrogen doped ZnO nanowire, indicating the preferential growth along c-axis.

Figure

  Figure III.33: (a) ball-and-stick model of ZnO stacking sequences of zinc and O along c-axis showing different crystallographic poles (circles with traces), (b) the pole corresponding to (0002) growth direction observed previously by FIM analysis (c).

  optical and electrical means is providing a high quality p-type ZnO. Despite many reports on the successful p-type doping of ZnO, the choice of dopant and growth technique remains controversial and the reliability of p-type ZnO is still under debate. Even if long-lasting and robust ZnO-based devices are ever to be produced, the quality of layers has to be yet improved. Thus, in this chapter we report an investigation of ZnO nanowires doped with different popular acceptors: nitrogen and phosphorous, using MOCVD growth technique and ex-situ doping of pure ZnO NWs, respectively. Once we are able to achieve p-type ZnO nanowires, a ZnO homo-junction can be built by deposition of p-type ZnO on top of the ntype ZnO. Figure IV.1 shows the different steps for fabrication of 1D ZnO p-n homo-junction.

Figure IV. 1 :

 1 Figure IV.1: Schematic view of preparation process of 1D ZnO p-n homo-junction,(a) vertically aligned n-type ZnO nanowires are grown on sapphire substrate covered with a ZnO buffer layer, (b) p-type nanowires are deposited on top of n-type nanowires, (c) metallic contacts are then grown on ntype zone and p-type zone as bottom and top electrodes.

  Figure IV.2 shows different steps of the doping process. The pure ZnO nanowires grown by MOCVD (Figure IV.2.a) are doped by spin-on-doping method where a commercially available phosphorous doped glass (Accuspin P-8545 from Honeywell 2 ) was deposited by spin coating on ZnO NWs (Figure IV.2.b).A volume of 100 µl of dopant source was used for a 2 in. wafer. The rotating speed during the deposition was fixed at 200 rpm initially and then increased to 2000 rpm to increase the thickness of deposited layer. In order to allow phosphorous atoms diffuse in ZnO NWs, the samples were annealed at two different temperatures, 750°C and 850°C for 4 hours under nitrogen ambient(Figure IV.2.c).

Figure

  Figure IV.2: schematic of ex-situ phosphorous doping process of ZnO nanowire by spin-on doping. (a) pure ZnO NWs grown by MOCVD, (b) doping NWs by spin on coating, (c) annealing at 750 and 850°C and diffusion of the P atoms, (d) removing the coating layer by reactive ion etching.

Figure

  FigureIV.2.d shows the last step of doping process involving the removal of coating layer from all the nanowires samples. CHF 3 reactive ion etching (RIE) was used in order to remove the doped coating layers of all samples and SiN layer (if it was applied). Hence in this work, doped nanowire samples refer to the ones after 3 steps of SOD doping process: Spinon-coating, dopant diffusion upon annealing and RIE etching process. TableIV.1 shows the

  morphology of the undoped nanowires. The TEM and SAED images of undoped ZnO nanowires grown by MOCVD are shown in Figure IV.3. The TEM image of undoped ZnO nanowire shows the hexagonal facets typically observed for ZnO nanowires with wurtzite structure along c-axis grown.

FigureFigure

  Figure IV.3: (a) TEM image of the undoped ZnO nanowire exhibiting a hexagonal facet, (b) SAED image of the nanowire.

Figure IV. 4

 4 FigureIV.4 shows the SEM images of the nanowires after doping, annealing and etching process (PSiN750). The nanowires have about 4 µm length with sharp edges on the top which is generally due to the etching process. Some nanowires are slightly bent due to the annealing process.

Figure

  Figure IV.4: SEM image of ZnO nanowires after doping with phosphorous (a) overall view at 45 °, (b) core-shell structure have been observed at the interior section of a nanowire, (c) shows a magnified view of this core-shell structure.

Figure

  Figure IV.5: TEM and STEM images of ZnO nanowires, (a) before doping, (b) after doping, annealing and etching (c) a magnified image of the top section of the nanowire after doping process.

Figure

  Figure IV.5.a, shows an undoped ZnO nanowire before doping process. The undoped ZnO nanowires throughout the sample exhibit a diameter varying between 120 to 200 nm.

  Figure IV.5.b. The chemical maps are presented in Figure IV.6. The EDX mapping shows that the shell consists of only zinc and oxygen. No silicon or nitrogen was detected. This proves that the coating layers are removed entirely and a long etching process caused further removal from the ZnO nanowire surface forming a damaged porous layer.

Figure

  Figure IV.6: EDX mapping of elements in a single PSiN750 nanowire, (a) STEM image of the selected area, (b) and (c) zinc and oxygen distribution respectively.

Figure IV. 7 :

 7 Figure IV.7: Raman spectra of the ZnO nanowires for pure and phosphorous doped ZnO nanowires.

Figure IV. 8 :

 8 Figure IV.8: PL spectra of ZnO phosphorous doped samples (a,f) P1 pure ZnO nanowires, (b,g) P750 , (c,h) PSiN750, (d,i) P850 and (e,j) SOD PSiN850.

Figure IV. 9 ,

 9 FigureIV.9, where both distribution of the atoms and mass spectra did not appear as it was expected.

Figure

  Figure IV.9: (a) APT mass spectrum of ZnO:P nanowire, only defined ZnO related peaks are indicated, (b) 3D distribution of zinc and oxygen atoms in an analyzed volume of 30x30x60 nm 3 .

  Figure IV.10 shows the atom probe tomography analysis of PSiN750 nanowire. No annular milling was applied in this case (Figure IV.10.a).

Figure

  Figure IV.10: Atom probe tomography of (a) un-milled PSiN750 nanowire and the obtained (b) mass spectrum and (c) 3D distribution of O and Zn (shown in blue and red respectively).

Figure

  Figure IV.11.a shows the corresponding mass spectrum of the nanowire.

Figure

  Figure IV.11: APT analysis of a milled P750 nanowire, (a) mass spectrum in the range of 10-90 a.m.u. of a milled nanowire shown in (b), (c) magnified view of the spectrum at the range of 22-32 a.m.u., (d) 3D distribution of Zn and O atoms in the analyzed volume.

Figure

  Figure IV.12: The EDX spectra of ZnO SOD 750 nanowire for different zones, (a) top, (b) bottom of the nanowire. The signals related to the Cu and C are caused by the sample holder.

Figure

  Figure IV.13: (a) EDX spectra of the bottom zone of the phosphorous doped nanowire, (b) TEM image of the selected area, (c) from right to left zinc, oxygen and phosphorous distribution respectively.

Figure

  Figure IV.14 shows the APT results on the wetting layer of the nanowires. The mass spectrum presents the typical peaks of pure ZnO materials. In contrary to our assumption, no presence of phosphorous dopant was found.

Figure

  FigureIV.14: (a) a schematic view of the selected area for APT specimen preparation, (b)mass spectrum obtained by APT of the wetting layer.

  Figure IV.15 which shows the negligible amount of O as compared to the other elements. The presence of a fluoride related peak can also be observed which is due to reactive ion etching (RIE) by CHF 3.

Figure

  Figure IV.15 Energy dispersive spectra and map of elements in a single PSiN850 nanowire, (a) on top zone, (b) on bottom zone.

  of nitrogen doped ZnO nanowires SEM images of the samples are shown in Figure IV.16. All doped and undoped nanowires exhibit a hexagonal morphology reflecting hexagonal wurtzite structure of ZnO.

Figure

  Figure IV.16: SEM image of (a) undoped and (b,c,d) nitrogen doped ZnO nanowires corresponding to the samples N2, N3 and N4 respectively. Undoped and doped ZnO nanowire exhibit hexagonal facets with strong tapered structure.

  condition and duration. SEM images of the nanowires exhibit two types of growth: The nanowires that originate directly from the surface of the ZnO wetting layer and the ones that are formed on top of hexagonal pyramids. The origin of formation of these pyramids was discussed by Perillat-Merceroz et al. and it was referred to the polarity of the nuclei that is formed. They have reported that ZnO nanowires grown by MOCVD exhibit Zn-polarity while pyramids are Opolar. Therefore, the growth of nanowires requires Zn-polarity nuclei. This type of growth has a high rate in the [0001] direction due to the low free energy of the {1-100} facets resulting in hexagonal morphology of ZnO nanowire [Perillat-M 2010 -Perillat-M 2012].

Figure

  Figure IV.17.a shows the TEM image of the nitrogen doped ZnO nanowire (N3 sample).

Figure

  Figure IV.17: (a) TEM and (b) HRTEM image of N3 nanowire. SAED image of this nanowire shows the growth direction is along (0002).

Figure

  FigureIV.18: (a) macro Raman of undoped and nitrogen doped ZnO nanowires shown in blue and red respectively carried out at GEMaC (b) Raman intensity ratio of the peaks at 278 to 441 cm -1 as a function of NH 3 concentration.

  Raman spectra of the nitrogen doped ZnO with different concentrations of nitrogen. It turned out that the intensity of these additional modes correlates linearly with the nitrogen concentration and can be used as a quantitative measure of nitrogen in ZnO.Kaschner et al. ascribed all these modes to the localized vibrations of nitrogen atoms on oxygen sites. However,Bundesmann et al. challenged this interpretation, as they detected similar peaks in ZnO thin films doped with Fe, Sb, and Al, intentionally grown without N incorporation. They ascribed the additional Raman peaks to intrinsic host lattice defects incorporation[Bundesmann 2003].Friedrich et al. have also observed the same modes in nitrogen implanted single crystal. They ascribed all these peaks to the nitrogen related complexes[Friedrich 2007]. However, later it was shown that the vibrational mode at 275 cm -1 is due to an interstitial Zn atom bound to a substitutional nitrogen atom (N O -Zn i ) whereas the mode at 582 cm -1 is related to the Zn i -O i complexes

Figure

  Figure IV.18.b. The figure shows a clear variation of I 278 /I 441 ratio towards higher values as NH 3 concentration increases. This demonstrates a stronger presence of nitrogen in ZnO nanowires as the NH 3 content increases in the MOCVD reactor. However, the distribution and homogeneity of nitrogen in the nanowires are yet unknown parameters while they are very important factors to evaluate the efficiency of doping process.

Figure IV. 19 :

 19 Figure IV.19: Photoluminescence spectra of the nanowires in 3-3.3 eV range and 3.3-3.4 range for the samples N4, N3, N2 and N1 shown respectively as (a,e), (b,f), (c,g) and (d,h).

(

  EELS) as it is shown in FigureIV.20. EELS is an ideal supplementary technique that can give chemical information similar to that provided by X-ray absorption near-edge structures (XANES) and extended X-ray absorption fine structure (EXAFS). In comparison with the two previous techniques, the main advantage of EELS is its accessibility; it can be carried out in laboratories with access to the basic electron spectroscopic techniques. The obtained EEL spectra contain peaks that are used as fingerprints to define the corresponding elements.

Figure

  Figure IV.20, shows the EEL spectroscopy of a single nanowire (N3).

Figure

  Figure IV.20: Electron energy loss spectrum of nitrogen doped ZnO nanowire, the inset shows the same spectrum after removing the background.

  . The peaks related to the nitrogen oxide complexes can be also observed at 30 and 46 a.m.u. assigned to NO + and NO 2 + molecules.

Figure

  Figure IV.21: (a) Mass spectrum of the N3 nanowire, the nitrogen peaks are revealed on the spectrum, (b) and (c) magnified views of the mass spectrum.

Figure

  Figure IV.22: spatial distribution of O, Zn, and N shown in green, red and blue respectively obtained by reconstruction of the APT analysed volume.

  be seen in this figure, nitrogen atoms are distributed homogenously throughout the analyzed volume and no formation of clusters or new phases can be observed.The average concentration of the nitrogen in the whole analyzed volume was found to be 3.4 x 10 20 atom.cm -3 with an uncertainty of ± 0.1 x 10 20 . In order to investigate the distribution of nitrogen component species, chi-square tests have been performed. The distribution of the N 2 and NO species that are retrieved from APT data are compared with the theoretical Poisson distribution and shown in Figure IV.23.a and b, respectively.

Figure

  Figure IV.23: Frequency distributions of two main nitrogen species (N 2 and NO) compared to the Poisson distribution are shown as (a) and (b) respectively. The sampling distribution of 500 atoms was chosen for calculating the number of events.

  doped acceptors in ZnO matrix cannot assure the p-type conductivity of ZnO. Hence, it is essential to verify the conductivity of doped materials. The field-effect transistor is the most common technique to estimate the carrier concentration and mobility in doped nanowires.Analysis was carried out at Institute NÉEL Grenoble in the framework of ANR project.

Figure

  Figure IV.24.a shows a device configuration of nitrogen doped ZnO nanowire (sample N3) electrically contacted to interdigitated electrodes on Si/SiO 2 substrates.

Figure

  Figure IV.24: Field-effect transistor characteristic of nitrogen doped ZnO N3 sample (a) view of the measurements set-up showing a nanowire placed on Si/SiO2 substrates and provided with individual contacts, (b) a I_Vg data recorded for nanowires with different diameter size [performed at Institute NÉEL].

  diffusion path through the nanowire and thus determining whether the doping method is successful.

Figure V. 1 :

 1 Figure V.1: ZnO heterojunction white LED, where the combination of red, green and blue color emitted from different doped layers results in white color emission.

Figure V. 1

 1 Figure V.1 shows the protocol of LUZ project 1 . The main objective of this project is to synthesize ZnO based white LED using RGB system. In this work, in order to provide the red,

Figure V. 2 :

 2 Figure V.2: Photoluminescence spectra of Tb doped ZnO thin films annealed at different temperatures using excitation wavelength of 282 nm at room temperature [Ziani 2014].

  Another possibility of the change in the optical properties can be caused by the redistribution of dopants due to annealing. This redistribution can disturb the uniform distribution of dopants within the matrix and create aggregation or clusters which can result in a loss of optical properties.Balestrieri et al. have suggested that the diffusion of dopants

[

  Podhorodecki 2010]. In an indirect excitation of Tb ions (e.g. excitation via energy transfer), the Tb-related emission is yield by defects which participate in energy transfer. Hence the emissions from Tb should be dependent on the annealing as it changes the defect concentration in matrix. The indirect or direct excitation of the ions is dependent on the excitation energy that is used. In photoluminescent measurements of ZnO:Tb series presented in this work, the excitation wavelength of 282 nm is used which can result in a direct excitation of Tb ions. Nevertheless, in Figure V.2 a strong influence of annealing on Tbrelated luminescence can be observed which can indicate that the defects are involved in emissions from Tb. Figure V.3 shows a possible transfer mechanism labeling the energy levels of Tb 3+ ions in Tb doped ZnO thin films.

Figure

  Figure V.3: A possible transfer mechanism leading to radiative transitions of Tb in ZnO matrix. Solid and dashed lines represent radiative and non-radiative emissions respectively.

  More information can be obtained from XRD results by calculating the lattice parameter and grain size using angular position and width of the peaks. The comparison of the (002) peak position for different doped thin films were compared to the one of pure ZnO thin film showing a shift towards lower 2θ. This shift in peak position reflects the compressive or tensile stress created by the defects and/or impurities. The lattice stress can be estimated by calculating the c-parameter.

Figure V. 4 :

 4 Figure V.4: XRD patterns corresponding to the undoped and Tb doped ZnO films. The intensity is normalized for better comparison. The symbol (■) and (•) indicate the peaks related to the Si substrate and zinc silicate, respectively. Some extra peaks are observed for ZnO:Tb films at lower angles(2θ<40⁰) shown by (*).

For

  Figure V.5: The lattice c-parameter (a) and the crystallite size (b) of each sample deduced from XRD results.

Figure V. 6 :

 6 Figure V.6: RamanspectraoftheZnO:Tbthinfilms.Thesymbol(■)indicatesthepeaksrelatedtothe Si substrate.

  optical properties can be resulted from the different distribution and concentration of the luminescent centers due to the post deposition annealing process. The influence of annealing on concentration of the defects and distribution of the dopants is well-known. Annealing can heal the undesirable defects and lattice damages caused by introduction of dopants. Besides, annealing can also change the dopant distribution within the matrix and result in the formation of clusters or nanoparticles[Çetin 2007]. The concentration and distribution of the Tb dopants in ZnO thin films were thus carried out by atom probe tomography.

Figure V. 7

 7 Figure V.7 shows the typical mass spectrum of ZnO:Tb obtained by APT using UV mode. Tb exists in only one stable isotopic mass of 159. Nevertheless in mass spectra, it mostly appears as Tb 3+ , TbO 2+ , TbO 2 2+ , TbO + and in some cases Tb 2+ at the mass to charge ratio of 53, 87.5, 95.5, 175 and 79.5 a.m.u. respectively. As a reminder, it is very important to keep in mind that, in APT analyses, Tb 3+ only refers to the charge state of the evaporated ions and it should not be confused with the Tb in its trivalent charge state providing radiative centers. Some extra nitrogen related peaks can also be observed in the mass spectrum shown with asterisk in Figure V.7.

Figure V. 7 :

 7 Figure V.7: Mass spectrum of ZnO:Tb thin film obtained by atom probe tomography. Tb-related peaks are shown in color.

  flux and laser pulse energy) on the element composition of sample annealed at 600°C (T3) were studied (Figure V.8) [Mancini 2014].

Figure V. 8 :

 8 Figure V.8: Influence of surface electric field induced by different APT conditions on the measured composition of ZnO:Tb (sample annealed at 600°C). The variation in concentration of oxygen and zinc (left figure) and terbium (right figure) are shown in red, green and blue respectively [Mancini 2014].

  The 3D distribution of the Tb3+ ions in ZnO:Tb samples are shown in Figure V.9. At a first glance, the 3D distribution of the Tb atoms shows no formation of clusters in any of the analyzed samples.For a more precise study, distribution of the Tb atoms is examined by frequency distribution and chi-square test. Sampling volume was chosen so that, each box of volume contains 500 atoms.

Figure V. 9 :

 9 Figure V.9: Distribution of Tb atoms for three samples of T2, T3 and T4. For clarity reason only 50% of the atoms are shown and the analyzed volume is 38x38x107 nm 3 .

  Although chi-square test is a common technique in investigation of the distribution, these sorts of tests are highly dependent on the size of the sampling box used for the determination of composition.Philippe et al. have developed a new more sensitive approach to define the tiny clusters

Figure V. 10

 10 FigureV.10.d, e and f present the 1NN approach for T2, T3 and T4 respectively. We can observe that for as grown sample(Figure V.10.d), only one atomic distance for Tb atoms can be observed centered at about 0.8 nm. The distribution is homogenous and no cluster can be observed. However, for annealed samples, such as T3, the 1NN approach (Figure V.10.e) reveals two peaks corresponding to two different distances. This means that in the sample annealed at 600°C, there are two characteristic distributions: some Tb atoms at the distance of about 0.7 nm (so called phase A) from each other and some others at the distance of 1.1 nm (called phase B).

Figure V. 10 :

 10 Figure V.10: Distribution of Tb atoms for three samples of T2, T3 and T4 using two approaches (a), (b), (c) frequency distribution (d), (e) and (f)1NN approach, respectively.

Figure V. 11 :

 11 Figure V.11: XRD results obtained for ZnO:Yb samples. The intensity is normalized for better comparison.Thesymbol(■)indicatesthepeaksrelatedtotheSisubstrate.

  c-parameter value of the sample grown at 15°C (Y1) compared to the undoped sample. However, deposition at higher temperature (Y2) or after annealing (Y3) resulted in smaller c-parameter values, indicating a lower stress in the lattice. Annealing at 700°C could reduce the stress in the lattice caused by introduction of the Yb atoms and thus, exhibits a smaller lattice parameter (5.19 Å) compared to the one obtained before annealing (5.27 Å).

Figure V. 12 :

 12 Figure V.12: AFM images of ZnO:Yb samples (a)Y1, (b)Y2, and (c)Y3 exhibiting the influence of deposition temperature and annealing on surface morphology[Balestrieri 2014] 

  Figure V.13 shows the TEM and high resolution TEM images of ZnO:Yb thin film grown at 400°C (Y2).

Figure V. 13 :

 13 Figure V.13: TEM and HRTEM image of ZnO:Yb thin film deposited at 400°C grown on Si substrate [Balestrieri 2014].

  Figure I.11, Yb creates only one luminescent line caused by 2 F 5/2 → 2 F 7/2 transition with a separation energy level of 1.3 eV (~950 nm).

  Figure V.14 shows the schematic mechanism of the transitions in Yb doped ZnO.

Figure

  Figure V.14: The possible mechanisms leading to radiative recombination of Yb in ZnO matrix.

Figure

  Figure V.15 shows the PL spectra of Yb doped samples using an excitation wavelength of 355 nm at room temperature. PL measurements were also carried out for the undoped thin film as a reference. The Yb-related transition at the excitation wavelength used in here provides indirect transition involving an energy transfer from the trap levels.

Figure V. 15 :

 15 Figure V.15: Photoluminescent measurements of ZnO:Yb thin films using excitation wavelength of 355nm at room temperature [Balestrieri 2014].

  performed on all ZnO:Yb samples. Figure V.16 shows a typical mass spectrum obtained by APT of Yb doped ZnO grown at 15°C.

Figure V. 16 :

 16 Figure V.16: Mass spectrum of Yb doped ZnO thin film grown at 15°C obtained by APT using UV laser mode. The peaks related to Yb elements are magnified and shown on left figure.

  observed previously (Figure V.15). 3D maps of Yb atoms distribution for each ZnO:Yb sample are presented in Figure V.17. No formation of cluster or nanoparticles was observed in all samples.

Figure V. 17 :

 17 Figure V.17: 3D distribution of Yb atoms in different thin films Y1, Y2 and Y3 obtained by APT analysis exhibiting the Si/ZnO interface.

  Poisson distribution. Each bar indicates the number of Yb atoms found in a volume of 500 atoms.

Figure V. 18 :

 18 Figure V.18: Distribution of Yb atoms for three samples of Y1, Y2 and Y3 using two approaches (a), (b), (c) frequency distribution (d), (e) and (f)1NN respectively.

Figure

  Figure V.19.a shows the concentration profile of the elements along z-axis and towards the substrate of the Y1 analyzed volume. At the interface of ZnO and Si substrate of the sample grown at 15°C (Y1), a thin layer of silicon oxide can be observed.

Figure V. 19

 19 Figure V.19: (a) Concentration profile of different elements along z axis towards Si substrate of the analyzed samples obtained by APT of Y1 sample, (a) magnified view of Yb concentration profile

Figure. 1

 1 Figure.1.a) System with a uniform distribution of the atoms, b) distribution of the first nearest neighbour atoms obtained by APT as compared to the 1NN model. Only one most probable distance can be found at r~0.8 nm indicating a uniform distribution of atoms.

Figure. 2

 2 Figure.2.a) System with a non-uniform distribution of the atoms, b) distribution of the first nearest neighbour between atoms obtained by APT as compared to the 1NN model. The 1NN model shows the presence of two different distances between the atoms with the most probable distances of r~0.7 nm and r~10 nm indicating a non-uniform distribution of the atoms.

  

  

  

  interactions between electrons and the material creating different sorts of scattering. The scattering can be elastic or inelastic used for different means of characterizations in TEM.(b) TEM image of the interface of Yb doped ZnO thin film and Si substrate. The inset shows a high resolution TEM image of the interface revealing a thin layer of SiO 2[Balestrieri 2014]. ............................................................................................................................................ 43 

Figure II.7: Photoluminescence spectra of bulk ZnO substrate provided by at 4.2 K. The spectrum presents excitonic (~2.45eV), donor-acceptor-pair (DAP)

  The peak at 32 consists of both oxygen and zinc atoms, and the peak at 16 a.m.u. consists of pure O 2 2+ or pure O + or a mixture of both. .................................... 80 Figure III.24: Influence of LPE on Zn 2+ /Zn + ratio using UV and green modes. For the same LPE of 5 nJ, green mode provides higher ratio. ................................................................................... 82 Figure III.25: The comparison of Zn (in red) and O (in blue) composition obtained by atom probe analysis for ZnO pure thin film (TF) using UV mode (solid triangle) and green mode (open square) and ZnO pure nanowires (open circle) at different LPE, as a function of charge state ratio representing the strength of the field on the tip. .................................................................. 84

	Figure III.26: The composition comparison of Zn (in red) and O (in blue) of ZnO pure thin film
	(TF)usingUVmode(a)andgreenmode(b)asafunctionofZnchargestateratio.Zn'andO'

: APT specimen preparation single nanowire in SEM mode, (a) selected nanowire dispersed on the substrate, (b) picking up a nanowire by micromanipulator, (c) mounting the nanowire on top of a support tip (where the neighbouring nanowire is also attached horizontally), (d) ZnO nanowire after annular milling. ............................................................... 77 Figure III.22: APT specimen preparation for nanowires, a w-tip is used to pick up the nanowires deposited at the edge of the substrate.
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Figure III.23: Mass spectra for the relative number of atoms obtained by atom probe analysis of pure ZnO thin film (TF) and nanowire (NW) at different LPE using green and UV modes. The figure presents the mass spectra of ZnO nanowire using UV laser at (a) 1nJ, (b) 0.5nJ, ZnO thin film at (c) 0.5nJ and (d) 10 nJ using UV laser, and ZnO thin film at (e) 10 nJ and (f) 50 nJ using X green laser acquired at 80 K. correspond to the compositions considering peak at 16 a.m.u. is dominantly O + (open triangle). Solid circle refers to the composition considering 16 a.m.u. is dominantly O 2 2+ a.m.u. .............. 85 Figure III.27: Atomic composition of two doped samples: (a) Eu doped ZnO thin film and (b) Nitrogen doped ZnO nanowire. .................................................................................................... 87 Figure III.28: (a) Aluminum concentration as a function of analysis depth for a ZnO:Al thin film obtained by SIMS (b) Al distribution obtained by APT 3D reconstruction on the same sample. . 89 Figure III.29: APT of nitrogen doped ZnO single nanowire using UV laser. Hitmap of the detected *Zn + , *Zn
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Table I

 I 

	Reference	Growth technique	Structure	Emission range(nm)
	[Tao 2012]	CVD	p-ZnO:P/n-ZnO	390, 519
	[Yang 2008]	Ion implantation	p-ZnO:As/n-ZnO	380, 630
	[Sun 2009]	Ion implantation	p-ZnO:P/n-ZnO	UV, 510, 800
	[Fang 2009]	Hydrothermal	p-ZnO:P/n-ZnO	415, 450-650
	[Zhang 2008]	CVD	p-ZnO:As/n-ZnO	382, 510

.1: Comparison of 1D homo-junction ZnO LED developed by different growth techniques

Table II

 II 

	samples	T1	T2	T3	T4
	doped	No	Yes	Yes	Yes
	annealing	600	As grown	600	800
	temperature (°C) for				
	1hr				

.1: List of studied Tb doped ZnO thin film samples prepared at CIMAP Caen.

Table II

 II 

	Sample	Y1	Y2	Y3
	growth			
	temperature(°C)	15	400	15
	annealing	_	_	700(°C)
	temperature (°C)			for 10 min
	thickness (nm)	100	100	100

.2 : List of studied Yb doped ZnO thin film samples prepared at IPCMS Strasbourg.

II.1.2 Nanowire preparation: metal-organic chemical vapor deposition

Metal-organic chemical vapor deposition (MOCVD) is a technique widely used in manufacturing light-emitting diodes (LEDs), lasers, transistors, solar cells and other electronic and optoelectronic devices.

1 Institut de Physique et de Chimie de Strasbourg

  1 +E 1 +2E 2 where only A 1 , E 1 , E 2 modes are Raman active and B 1 modes are Raman silent modes. E 2 mode is a nonpolar mode with two frequencies: E 2 (high) which involves with the vibration of oxygen sublattice and E 2 (low) which is mainly associated with the vibration of Zn sublattice. For long range electrostatic forces, A 1 and E 1 modes are polar and they split into transverse and longitudinal optical phonons ascribed TO and LO, respectively[Cuscó 2007]. TableII.3 presents the classical Raman active modes and phonon combinations of wurtzite ZnO at the corresponding Raman shift values.

Table II

 II 

	Raman shift (cm -1 )	99	333	378	410	438	574	590

.3: Raman active phonons in wurtzite-structured ZnO and their corresponding wavenumber value

[Cuscó 2007

].

Vibrational mode E 2 (low) E 2 (high)-E 2 (low) A 1 (TO) E 1 (TO) E 2 (high) A 1 (LO) E 1 (LO)

  In order to count the number of impacts corresponding to the Zn 2+ or O 2 + at the peak 32 a.m.u., we first should find the number of Zn 2+ at this peak (n Zn32 ). For that, we need to know the number of Zn 2+ impacts excluding the ones at the peak 32 a.m.u. (n Zn" ) which can be obtained directly from mass spectrum. Considering the abundancy of the Zn 2+ isotope at 32 a.m.u. is 48.3 %, we can conclude that n Zn" corresponds to the 51.7 % of the total Zn 2+ atoms. Hence, the number of Zn 2+ at 32 a.m.u. can be calculated as n Zn32 = 48.3x n Zn" /51.7. Once the number of counts for Zn 2+ at 32 a.m.u. is found, the O 2 + counts can be deduced from the total number of counts at this peak.There is also an uncertainty on ascribing the peak at 16 a.m.u. that can be attributed to 16 O + , 16 O 2 2+ or a mixture of both. The real nature of this peak is still under debate and has been identified as 16 O 2 2+ by several authors [Duguay 2010 -Ngamo 2010 -Talbot 2013] or 16 O +

corresponds to both Zn 2+ and also O 2 + (Figure III.5). The peaks are hence decomposed based on the expected number of counts signified by the isotopic abundance of the elements.

[

Kinno 2014

]. This problem can be solved by considering which assignment can provide an expected stoichiometry

[Bachhav 2011

].

  ]. Since the Kingham curve concerns only pure Zn metal, for the Zn ions in ZnO semiconductor, the determination of Zn charge state ions cannot provide the direct value of the field strength for ZnO sample. Therefore, the Zn 2+ /Zn + ratio has been chosen as a reliable parameter to indirectly quantify the electric field strength and allowing us to compare APT experiments. Such a ratio is extracted from mass spectra (Figure III.23) by comparing intensities of Zn 2+ and Zn + ions respectively in the 32-35 a.m.u. and 64-70 a.m.u.mass ranges values. One should keep in mind that in all Zn 2+ /Zn + ratios, the amount of O 2 + at the peak 32 a.m.u. is excluded. FigureIII.24 shows the evolution of the Zn 2+ /Zn + ratio using UV and green modes at different LPE. For UV laser pulses, the Zn 2+ /Zn + ratio ranges from 2.5 to 4.5

  Table III.3: Laser pulse energy values for APT of nitrogen doped ZnO single nanowire using UV laser with the relative V dc at the corresponding LPE values.

		(a)	(b)	(c)	(d)	(e)	(f)
	LPE (nJ/pulse)	0.5	1	2	3	4	5
	V dc (kV)	7.36	6.75	6.18	5.8	5.49	5.27

Table IV

 IV Table IV.1: List of the investigated samples grown by MOCVD and doped by spin on doping process.

	Sample	Phosphorous	Annealed	SiN coating layer	Etched
	Reference	doped	Temperature (°C)		
	P1	No	No	No	No
	P750	Yes	750	No	Yes
	PSiN750	Yes	750	Yes	Yes
	P850	Yes	850	No	Yes
	PSiN850	Yes	850	Yes	Yes
					.1 shows the
	list of the investigated phosphorous doped ZnO nanowire samples. All doped samples are
	annealed and etched.			

P

  )

		PSiN850						
		P850							
	PL intensity (arb.units)	PSiN750						
		P750							
		P1							
							3.218		3.291
							3.233	
								3.245	
	2.90	2.95	3.00	3.05	3.10	3.15	3.20	3.25	3.30
				Energy(eV)			

Table IV

 IV 

.3: List of nitrogen doped ZnO nanowire samples prepared at GEMaC Versailles.

Table V .

 V 1: List of studied Tb doped ZnO thin film samples prepared at CIMAP Caen.

	CB				
	defects			489 nm	541 nm 589 nm
	VB				
	samples	T1	T2		T3	T4
	doped	No	Yes	Yes	Yes
	annealing	600	As grown	600	800
	temperature (°C) for				
	1hr				

624 nm Excitonic state Tb

  

Table V

 V 

	.2: Atomic concentration of Tb, Zn and O atoms in T2, T3 and T4 samples.	
	Atomic%(c±Δc)	T2	T3	T4
	Tb	3.1 ± 0.1	1.7 ± 0.1	1.3 ± 0.1
	Zn	52.2 ± 0.1	60.1 ± 0.1	47.0 ± 0.1
	O	44.7 ± 0.1	38.3 ± 0.1	51.7 ± 0.1

  towards substrate or 2) APT artifacts. In both cases, a Tb detection loss can occur which is further studied in the following.

			O 2	+ , Zn 2+				
	atoms			Zn +		Zn +	Zn 2 O 2+	ZnO +
	number of	O 2	2+		ZnO 2+	Tb 3+	Tb 2+	TbO 2+	TbO +
	Relative		* *	*	*			TbO 2	2+
						Mass/charge (amu)	

  the samples annealed at much higher temperatures or/and during longer time in order to follow the influence of the annealing temperature on forming larger Tb clusters.Non-uniform distribution of Tb atoms in both samples T3 and T4 (with maximum and minimum optical properties) casts doubt on whether the loss in optical properties is only due to non-uniform distribution of Tb. Nevertheless,Kumar et al. have observed for a small critical distance between the neighboring Tb 3+ ions, non-radiative energy transfer between Tb 3+ ions can occurs as a result of an exchange interaction or a multipole-multipole interaction[Kumar 2014].However, in our work, it is not quite clear if such a small change in Tb distribution after annealing can actually cause such a severe loss in Tb-related emissions described previously(Figure V.2). This can lead to the possible conclusion that the loss of luminescence by annealing at 800°C is associated with the strong loss of ZnO defects that participate in energy transfer. This means the loss in Tb-related emissions. Besides, the presence of zinc silicate observed by XRD (Figure V.4), can act as the mediator for Tb-luminescence.
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As annealing at 600°C shows the maximum optical properties in the visible range, we can conclude annealing at this temperature provides optimum crystal properties and Tb atom incorporation in ZnO film for excitation of Tb atoms.

Table V .

 V 3: List of studied Yb doped ZnO thin film samples prepared at IPCMS Strasbourg.

	Sample	Y1	Y2	Y3
	growth			
	temperature(°C)	15	400	15
	annealing	_	_	700 °C
	temperature (°C)			for 10 min
	thickness (nm)	100	100	100
	V.2			

.1 XRD, structural and morphological properties

  Figure V.11 presents the XRD results obtained on ZnO:Yb samples. Due to the small thickness of the thin films (<100 nm), strong signals from Si substrate can be observed.

Table V .

 V 4: List of studied Yb doped ZnO thin film samples prepared at IPCMS Strasbourg.

	sample	ZnO pure	Y1	Y2	Y3
	c-parameter (Å)	5.26	5.27	5.22	5.19
	Crystallite size (nm)	22.27	17.17	29.52	20.70

Table V .

 V 5: Yb isotopic abundancy and their relative mass to charge ratioYb concentration was deduced from the APT results shown in Table V.6. We can observe that the Yb concentration of 1.13 at.% was found for the ZnO:Yb sample grown at 400°C which is lower than the ones of two others grown at 15°C.

	Si +2 2+	Si +				Yb +2	170 Yb 2+	171 Yb +2 172 Yb 2+ 2+	173 Yb +2 2+ 174 Yb 2+	176 Yb 2+
			SiO +					
	SiO +2 2+						
	Isotope (Yb)		168	170	171	172	173	174	176
	Natural abundance	0.13	3.04	14.28	21.83	16.13	31.83	12.76
	(atm%)							
	Charge state 2+	84	85	85.5	86	86.5	87	88
	(Yb 2+ )							
						2+		

Table V .

 V 6: Atomic concentration of Yb atoms for Y1, Y2 and Y3 doped thin films.

	Sample	Y1	Y2	Y3
	Yb atomic	1.49	1.13	1.64
	concentration% (c)			
	±Δc	0.03	0.03	0.03
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Selecting nanowires using micromanipulator in SEM: The same process for mounting a nanowire under the optical microscope is used for smaller nanowires using SEM (shown in Figure III.21. The nanowires are dispersed on a clean surface such as silicon. Taking advantage of electrostatic forces, when the micromanipulator reaches the nanowire, it attracts the nanowire (Figure III.21.b). Then the nanowire is mounted on top of a support tip previously inserted into the SEM chamber. The contact between nanowire and support tip is reinforced using EBID mode. Annular milling can be performed if the diameter of the nanowire is large.

However, this method encounters many limits since it is based on electrostatic forces. where d can be found via Braggs' law and a, b and c are lattice parameters

As it is shown in

n is an integer number and λ=λ(cobalt)=1.79 Å.

Thus, for hexagonal structured ZnO with crystal direction of (002), the equations ( V.1) and ( V.2) can be simplified to