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Résumé 

 

Ce mémoire porte sur les actvites de recherche pendant ma these dans la periode 2018-2021. Ce 

manuscrit est complètement écrit en anglais et ces quelques pages résument en français les 

problématiques et les expériences menées ainsi que leurs résultats étant organisés de cette facon : 

Le chapitre 1 illustre la motivation, les objectifs ainsi que l'organisation du manuscrit. 

Le chapitre 2 introduit les propriétés générales des semi-conducteurs à base de nitrure III; de leur 

structure cristalline, leur propriétés structurales, élastiques à leurs propriétés électroniques. En 

particulier, nous concentrons notre attention sur les nanostructures avec une croissance (i) planaire 

de boîtes quantiques auto-assemblées (QD) et (ii) de boîtes quantiques auto-assemblées dans un 

nanofil. De plus, nous faisons une introduction aux phénomènes de contraintes hydrostatiques et 

uniaxiales. 

Le chapitre 3 présente les techniques expérimentales et la méthodologie de simulation utilisées dans 

cette thèse. Nous commençons par le processus de croissance utilisant l'épitaxie par faisceau 

moléculaire assistée par plasma. Un diffractomètre d'électrons à haute énergie par réflexion in-situ 

dans le bâti de croissance permet de suivre et contrôler en temps réel la croissance. Ensuite, nous 

présentons les différentes techniques de caractérisation utilisées. En particulier, nous avons étudié la 

morphologie et la structure de nos échantillons en utilisant la diffraction des rayons X et la microscopie 

à force atomique. Les propriétés optiques ont été évaluées par des techniques de photoluminescence 

et de cathodoluminescence. La distribution chimique et quantitative des espèces est déterminée par 

sonde atomique tomographique. Une attention particulière est portée au système de tomographie 

sonde atomique qui intègre la spectroscopie de micro-photoluminescence in-situ.  Nous décrivons 

également la préparation des échantillons intrinsèque à la technique de sonde atomique 

tomographique, effectuée par microscopie électronique à balayage couplée avec faisceau d'ions 

focalisé. Enfin, ce chapitre fournit des informations sur les méthodes de simulation utilisées pour 

modéliser la structure de bande de nos échantillons. Ces simulations prennent en compte les 

paramètres structuraux et chimiques issus des techniques expérimentales. 

Le chapitre 4 concerne la conception et caractérisation de super-réseaux de boîtes quantiques AlxGa1-

xN (0 ≤ x 0,1) séparées par une barrière d’AlN, polaires azote auto-assemblées le long de nanofils de 

GaN. Leur domaine d’application est la réalisation de sources UV à pompage électronique. Il existe une 

demande particulière pour des dispositifs à semi-conducteurs émettant dans la plage ultraviolette (UV) 

autour de 254 nm pour la désinfection et purification de l'eau. Une alternative prometteuse pour la 

fabrication de lampes UV hautement efficaces et respectueuses de l'environnement repose sur 

l'injection d'électrons dans des nanostructures d'AlGaN/AlN à l'aide d'un canon à électrons miniaturisé. 

Dans ce chapitre, nous décrivons les conditions de croissance pour obtenir une densité élevée de 

nanofils non coalescents et améliorer l'uniformité de la hauteur le long du substrat. Nous estimons que 

le super-réseau de nanofils est suffisamment long pour collecter les paires électron-trou générées par 



 

un faisceau d'électrons avec une tension d'accélération de 5 kV, valeur typique pour empêcher 

l'émission de rayons X. Nous évaluons systématiquement les performances optiques des super-réseaux 

GaN/AlxGa1-xN assemblés dans les nanofils pour différentes épaisseurs de boîtes/barrières et teneurs 

en aluminium dans les boîtes. Ces études sur structure nanofil sont complétées par la comparaison de 

leur émission optique avec des super-réseaux planaires GaN/ AlxGa1-XN de même périodicité. Les 

rendements quantiques internes sont mesurés dans des conditions d'injection faibles et pour des 

densités de puissance d'excitation plus élevées. Enfin, nous étudions l'efficacité quantique externe de 

ces structures sous pompage optique. 

Le chapitre 5 présente les travaux menés sur des nanostructures InGaN/GaN à base de boîtes 

quantiques d’InGaN, formant la région active de dispositifs émettant dans le domaine spectral visible 

tels que des diodes électroluminescentes, diodes laser ou émetteurs monophotoniques. Pour mieux 

comprendre les performances optiques de ces nanostructures, il est nécessaire de corréler leurs 

signatures optiques aux propriétés structurales et chimiques. Dans cette optique, la sonde atomique 

tomographique assistée par laser (La-APT) a permis d’accéder à une cartographie 2D quantitative de 

la fraction d’In en site III.  Les avancées instrumentales récentes de cette technique offrent également 

la possibilité d'enregistrer simultanément le spectre de photoluminescence de l'échantillon étudié. 

Nous rapportons ici les résultats d'une étude corrélative d'un empilement de boîtes quantiques 

d’InGaN, combinant la caractérisation chimique et optique à haute résolution, respectivement par La-

APT et micro-photoluminescence in-situ (PAP) et cathodoluminescence ex-situ. Nous montrons que les 

informations structurales et chimiques extraites de ces techniques permettent la modélisation de la 

structure de bande de ces nanostructures; à partir desquelles peuvent être extrait différents 

paramètres physiques. Ces simulations de la structure électronique sont basées sur des équations de 

Poisson-Schrödinger et effectuées à partir du logiciel commercial Nextnano3. Celui-ci a été adapté aux 

calculs de structures de boîtes quantiques. La corrélation entre la signature chimique et optique 

s’effectue par comparaison directe entre longueur d’onde d’émission expérimentale et simulée. 

L’excellent accord entre l’émission expérimentale et simulée, lors de cette étude, permettent de 

valider les modèles physiques utilisés pour les simulations électroniques de ces nanostructures à base 

d’InGaN/GaN.  

Lors de l’expérience de PAP (Photonic Atom Probe), il a été possible de résoudre l'émission de boîtes 

quantiques uniques situés dans les 9 couches de boîtes quantiques les plus proches du substrat. Les 

lignes de boîtes quantiques uniques affichent un décalage spectral vers le rouge pendant l'expérience, 

attribué à la relaxation de la contrainte élastique provoquée par l'évaporation du matériau. Notre 

étude donne une image des boîtes quantiques de Stranski-Krastanov InGaN très différente du système 

GaN/AlN. L'épaisseur de la couche de mouillage InGaN est plus épaisse que la partie des boîtes qui 

dépasse au-dessus de la couche, et la fraction molaire d'indium dans la couche de mouillage est 

inférieure à celle des points. Cette croissance perturbée de Stranski-Krastanov s'explique par l'effet 

tensioactif de l'indium favorisant la croissance planaire.  

Le chapitre 6 illustre les derniers résultats obtenus lors de cette thèse sur l’analyse corrélée d’un 

système InGaN/GaN, à base de boites quantiques d’InGaN. Il est constitué de trois empilements 
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d’InGaN/GaN crûs à différentes températures; chaque empilement étant constitué de trois couches de 

boîtes quantiques d’InGaN séparées par une barrière de GaN. La diminution de la température du 

substrat pendant la croissance entraine une augmentation de la densité de défauts structurels. 

Cependant, les premières couches boîtes quantiques se comportent comme des pièges à défauts 

ponctuels non radiatifs, de sorte que l'intensité de luminescence augmente vers la surface malgré la 

densité plus élevée de dislocations de filetage. Lors de l’analyse de ce système par PAP, il a été possible 

d'isoler l'émission optique d'une seule boîte quantique provenant de la couche de boîte quantique la 

plus proche de la surface. La seule ligne BQ a affiché un décalage spectral au cours de l'expérience 

confirmant la relaxation de la contrainte élastique due à l'évaporation du matériau.  

Le chapitre 7 résume le travail accompli, les principales réalisations et présente certaines perspectives 

de ce travail. 
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Chapter 1:  Context and motivation 

1.1. III-nitride semiconductors for optoelectronics 

AlN, GaN and InN with wurtzite crystalline structure are the keystone of blue and green 

optoelectronics. III-nitride ternary compounds present a direct band gap which can be tuned from the 

near infrared to the UV region (from 0.69 eV for InN to 6.2 eV for AlN)1,2, with the possibility of 

fabricating type-I heterostructures 3,4. The wide band gap of gallium nitride (GaN) makes this material 

suitable not only as a light emitting source but also for applications involving high temperature or 

requiring low noise. GaN and its alloys have a high potential for power electronics, competing with SiC 

in power devices such as transistors, thyristors or rectifiers. Ultraviolet solar-

blind photodetectors based on AlGaN have applications in early missile threat warning, chemical and 

biological threat detection, flame detection, and UV environmental monitoring. There are some other 

conceivable applications for III-nitrides such as surface acoustic wave generation, acousto-

optic modulators, PH sensors or devices that utilize negative electron affinity 5. 

Compared with bulk materials, low-dimensional materials such as nanowires (NWs) or quantum 

dots (QDs) can have different electrical and optical properties due to the strong confinement of charge 

carriers. Motivated by exploring the properties derived from low dimensionality, and in search for a 

new material platforms for future generation electronic and photonic devices, tremendous efforts 

have been devoted in the past two decades to the study of semiconductor NWs and quantum dots, 

with remarkable progress in their integration in light emitters, solar energy conversion devices, 

transistors, and biosensors 6–12,12–21.  

The usefulness of III-nitrides in optoelectronics does not stop in the blue/green, but it can also be 

extended to longer wavelengths (yellow/red range) as well as to shorter wavelengths (UV range). 

AlGaN-based light-emitting diodes (LEDs) are expected to be employed in UV for disinfection, replacing 

conventional sources (mercury lamps) due to their inherent non-toxicity, fast switching and longer 

lifetime.22,23 However, the performance of UV LEDs is not at the level of arc lamps. Laboratories report 

record LED external quantum efficiencies (EQE) close to 20% at 275 nm 24, yet commercial devices 

exhibit efficiencies lower than 1%. The limitations are mostly attributed to doping, asymmetric carrier 

transport, light extraction and metal contacting. 

Moreover, there still remain challenges for LEDs to be competitive in terms of performance and 

manufacturing costs. One of the critical technical challenges to be addressed for visible high-brightness 

and high-power operation of LEDs is a phenomenon commonly referred to as the efficiency droop, 

which is observed as a reduction in emission efficiency with increasing injection current under 

high current density conditions. The origin of the efficiency droop for longer wavelengths was 

previously suspected to be related to high defect densities in combination with alloy inhomogeneities 

causing carrier delocalization from localized states in the active region of light emitters 25,26. A lot of 

published works have suggested several causes of the efficiency droop, including Auger recombination 

https://www.sciencedirect.com/topics/chemistry/gallium
https://www.sciencedirect.com/topics/chemistry/nitride
https://www.sciencedirect.com/topics/chemistry/photosensor
https://www.sciencedirect.com/topics/chemistry/surface-acoustic-wave
https://www.sciencedirect.com/topics/chemistry/acousto-optic-effect
https://www.sciencedirect.com/topics/chemistry/acousto-optic-effect
https://www.sciencedirect.com/topics/chemistry/modulator
https://www.sciencedirect.com/topics/chemistry/electron-affinity


 

processes 27–30, carrier spill-over 31,32, and limited hole transport 33,34.  

In order to provide a solution for these well-identified problems, a key challenge is to correlate 

the optical and structural properties of III-nitride materials and nanostructures, to reach a full 

understanding of 3D phenomena at the nanometer scale. A similar situation occurs in the case of 

intentionally created QD structures,35 whose optical signature can only be predicted by getting access 

to the 3D structure and chemical distribution with a resolution close to the atomic scale.36,37 Thanks 

to correlation of different experimental techniques applied on the same nano-object, we are able to 

establish a one-to-one correspondence between the optical, chemical and the structural properties. A 

number of correlative studies have been performed in the past few years on single nano-objects of 

different nature, composition, size, and geometry, providing a deeper and deeper insight into the 

interplay between their structure and their optical properties. These studies were mostly based on the 

complementary use of transmission electron microscopy (TEM) correlated with different ex situ 38–43 or 

in situ 44–47 optical spectroscopy techniques. In this direction, laser-assisted atom probe tomography 

(La-APT) is a valuable alternative providing 3D chemical information.48,49 

 

1.2. Atom probe tomography for III-nitrides 

The atom probe was introduced at the 14th Field Emission Symposium in 1967 by Erwin Wilhelm Müller 

and J. A. Panitz. It combined a field ion microscope with a mass spectrometer having a single particle 

detection capability and as they have mentioned in their publication 50: “... We believe we now have a 

powerful tool for alloy research since we can determine, quite easily, short range order, discrete 

visibility of atomic species 51, and other related items of interest. Finally, the chemical nature of 

interstitials, segregations, and precipitates will be open to direct experimental observation and 

analysis” 50. APT 52 is an analytical technique allowing the 3D reconstruction of the elemental 

composition of a nanoscale sample with sub-nanometer spatial resolution. This is made possible 

through the controlled field evaporation of single atoms from a field emission tip with an apex radius 

lower than 100 nm and through their analysis by means of a position- and time-of-flight-sensitive 

detector 53. In the last generation of atom probes, the field evaporation is triggered by a femtosecond 

laser 54, enabling the analysis of semiconducting 55 and insulating samples 56–59. Furthermore, the 

possibility of analyzing the luminescence in situ during the La-APT measurement (the so-called 

photonic atom probe60 or PAP technique) allows linking the emission lines to the atomic layers that are 

evaporated.61 However, quantitative La-APT of III-nitrides faces some particular challenges since the 

result depends on experimental parameters such as the electric field at the sample surface, the laser 

pulse energy and the sample temperature.62 Initially, sample preparation proved challenging, with 

some damage to the QWs observed in the APT 48 and attributed to knock-on damage during the 

deposition of a protective Pt coating in the FIB.  

During APT studies of III-nitrides, it became evident that the technique does not generally yield an 

accurate measurement of the elemental composition. Due to the relatively high rate of success for the 

https://www.sciencedirect.com/topics/materials-science/nitride-compound
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analyses and to the straightforward interpretation of their mass spectra, III-N materials have become 

a model system for the study of compositional biases in APT, which may occur in a much broader class 

of compounds. Studies conducted on III-N materials highlighted the need to further explore the field 

evaporation behavior of compound semiconductors in order to (i) assess whether there is a bias in the 

compositional measurement, (ii) understand the physical mechanisms inducing any bias and (iii) 

correct said bias, if possible. 

APT applied to III-nitrides has already lead to a number of interesting results. For InGaN QWs, the 

identification indium clustering was demonstrated by Galtrey et al. 63 and Tang et al. 64. Here, it is 

pointed out that strong luminescence is possible from InGaN QWs in the absence of indium clustering 

or regions of high indium concentration. Aminci et al. 65,66 have demonstrated the experimental 

evidence of Mg clusters in doped GaN where the correlation between APT and electron holography 

has allowed the direct link between the nm-scale spatial distribution and the electrical activity of Mg 

dopants. Demonstration of luminescence from an APT tip containing tens of InGaN QWs 67 was 

achieved showing influence of interface fluctuations on radiative recombination. It was also studied 

the effect of stacking faults (SFs) formed along the c-plane on the optical properties of an InGaN non-

polar MQW system extracted from the side facets of a c-axis NW. A correlative study involving scanning 

transmission electron microscopy (STEM), atom probe tomography (APT), μPL and simulations showed 

that the contribution of cubic inclusions to the transition energies must be taken into account in order 

to achieve good understanding of the optical properties of multi-quantum wells (MQWs). The 

luminescence from an APT tip containing GaN/AlN QDs was first studied by Mancini et al. 68. The results 

indicated that holes effectively localize at interface fluctuations at the bottom of the QD, decreasing 

the extent of the wave function and the band-to-band transition energy. They also represent an 

important step toward the correlation of the 3D atomic scale structural information with the optical 

properties of single light emitters based on quantum confinement. 

 

1.3. Targets 

The target of this thesis is the development of an original method for the characterization of III-nitride 

nanostructures by means of correlating APT with their optical performance.  

During the first year of my PhD, I was trained in molecular beam epitaxy (MBE) of III-nitrides and 

I performed an exhaustive investigation of AlGaN/AlN QDs inserted in NWs for the implementation of 

the active region of electron-beam pumped  UV sources. In this study, I combined the design of the 

nanostructures, theoretical modeling, accurate characterization and extensive PL and CL studies.  

The next two years, I focused on APT studies of InGaN QDs. The shift to In containing 

nanostructures was motivated by the requirement of higher PL intensity in the photonic atom probe 

system, to perform correlated studies. The reduced band gap of InGaN/GaN in comparison to 

AlGaN/AlN results in more efficient excitation, which facilitated this exploratory studies. The target 

here was to attain a full correlation of optical, chemical and structural characterization of single InGaN 

https://www.sciencedirect.com/topics/physics-and-astronomy/mass-spectra


 

QDs, to better understand the chemical distribution and its effect on the properies of the single QD 

emission. 

 

1.4. Organization of the manuscript 

The manuscript is organized in seven chapters. Besides this context chapter, chapters 2 and 3 are 

introductory, and chapters 4, 5 and 6 present and discuss the experimental results. A last chapter draws 

conclusions and proposes perspectives for future studies. 

Chapter 2 is an introduction to the general properties of III-nitride semiconductors, describing 

their crystal structure, structural and elastic properties that can explain electronic and optical 

performance. In particular, we focus our attention on nanostructures such as the planar growth of self-

assembled QDs and QD systems in the self-assembling NW. In addition, we make an introduction to 

the phenomena of hydrostatic and uniaxial stresses. 

Chapter 3 deals with the experimental techniques and the simulation methodology used in this 

thesis. We start with the process of epitaxial growth using plasma-assisted molecular beam epitaxy 

(PAMBE). Then, we present the different characterization techniques used. In particular, we studied 

the morphology and structure of our samples using X-ray diffraction and atomic force microscopy 

(AFM), and the optical properties were evaluated by photoluminescence and cathodoluminescence 

techniques. We also describe sample preparation using dual scanning electron microscopy (SEM) / 

focused ion beam (FIB), and chemical characterization by La-APT. Particular attention is paid to the 

atomic probe tomography system which integrates in-situ micro-photoluminescence spectroscopy. 

Finally, this chapter provides information on the simulation methods used to model our samples. 

Chapter 4 contains the design and characterization of nitrogen polar AlxGa1-xN/AlN (0 ≤ x 0.1) QD 

superlattices integrated along GaN NWs for application in pumped UV sources. electronic. There is a 

particular demand for semiconductor devices emitting in the ultraviolet (UV) range around 254 nm for 

application in the disinfection and purification of water. A promising alternative for manufacturing 

highly efficient and environmentally friendly UV lamps relies on the injection of electrons into 

AlGaN/AlN nanostructures using a miniaturized electron gun. In this chapter, we first describe the 

growth conditions and we systematically evaluate the optical performance of GaN/AlN superlattices 

on NWs for different thicknesses of dots/barriers and the effect of incorporating Al into the dots.  

Chapter 5 describes the InGaN/GaN QD nanostructures forming the active region of III nitride 

emitters in the visible spectral range. In order to understand the optical performance of these QD 

nanostructures, it is necessary to obtain a direct correlation of the distribution of the alloy and the 

optical characteristics. Studies using La-APT offer the possibility of simultaneously recording the 

photoluminescence spectrum of the sample studied. We report here the results of a correlative study 

of a stack of InGaN / GaN QDs, combining high-resolution chemical and optical characterization by La-

APT and in-situ micro-photoluminescence and comparing to ex-situ cathodoluminescence. We 



15 

demonstrate that the structural information extracted from these techniques allow precise modeling 

of these nanostructures, obtaining excellent agreement with optical measurements. During the La-APT 

experiment, it was possible to resolve the emission of single QDs located in the 9 layers of QDs closest 

to the substrate. 

Chapter 6 illustrates the results of a correlative microscopy study of three InGaN / GaN QD stacks 

grown at different substrate temperatures, each stack consisting of 3 QD layers. Decreasing the 

temperature of the substrate during growth leads to an increase in the density of structural defects. 

However, the first QD layers behave as non-radiative point defect traps, so that the luminescence 

intensity increases towards the surface, despite the higher density of thread dislocations. In atomic 

probe tomography experiments combined with in situ micro-photoluminescence, it was possible to 

isolate the optical emission of a single QD located in the highest QD stack, closer to the surface of 

sample. The single line QD displayed a spectral shift during the experiment confirming the relaxation 

of the elastic stress due to the evaporation of the material. 

Chapter 7 summarizes the work accomplished and the main achievements and presents some 

perspectives of this work. 
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Chapter 2:  Nitride semiconductors 

 

In this chapter, we present some of the characteristics of III-nitride semiconductors for both 
ternary and binary materials. This chapter covers the structural, elastic and electronic properties 
which can explain the optical performance. We discuss the difference between hydrostatic and 
uniaxial stress and its effects on the crystal. Finally, we focus our attention on nanostructures such 
as QWs, QDs and quantum wires and describe the effect of quantum confinement on the density 
of states.  

 

2.1. Crystal structure and polarity 

III-nitride semiconductors (GaN, AlN, InN and their ternary and quaternary alloys) occur in three 

crystallographic configurations: hexagonal wurtzite, cubic zinc-blende and cubic rocksalt. Depending 

on the substrate and growth conditions, epitaxial III-nitrides are either wurtzite or zinc-blende crystals, 

and it is also possible to have the co-existence of these two phases. The zinc-blende phase of GaN has 

cubic symmetry with atoms having tetrahedral coordination. Figure 2.1(a) illustrates this phase 

consisting of two face-centered cubic structures shifted by u=1/4[111], with both metal and nitrogen 

atoms occupying appropriate sites. As a consequence, the stacking periodicity is ABCABC along the 

[111] axis. This kind of nitrides can be grown by MBE mostly on cubic substrates such as (001)3C-SiC69 

or (001) GaAs70. 

 

Figure 2.1: Crystal structure of (a) zinc-blende and (b) wurtzite  GaN. The projections show the 
different stacking sequences of the close packed planes of Ga (red) and N (white) atoms. 71 



 

In this work, we will focus on the wurtzite phase, as it is the most thermodynamically stable and 

finds applications in most III-nitride based devices. The wurtzite GaN phase shows hexagonal 

symmetry, the atoms are tetrahedrally coordinated and the orientation of the tetrahedra in 

subsequent layers is rotated by an angle of 60o around the <0001> axis. The lattice consists of two 

merged hexagonal sublattices (HCP) that are composed of group-III metal and nitrogen atoms, 

respectively, as it is shown in Figure 2.1(b). Therefore, the stacking periodicity along the [0001] axis is 

ABAB. 

The wurtzite structure can be described by two lattice parameters a and c, and the internal 

parameter u. The basal plane lattice parameter, which is the edge length of the basal plane hexagon, 

is conventionally depicted by a and the axial lattice parameter, perpendicular to the basal plane, is 

conventionally described by c, which is the unit cell height. The u parameter is defined as the anion-

cation bond length divided by the c lattice parameter.  

 
Figure 2.2: Hexagonal unit cell. 

In the hexagonal system, the crystallographic directions and planes are named after four Miller-

Bravais indices {h, k i, l}. The notation of these indices is assigned to the three base vectors 𝑎1⃗⃗⃗⃗ , 𝑎2⃗⃗⃗⃗ , and 

𝑎3⃗⃗⃗⃗ , and the out of plane vector c , as it is shown in Figure 2.2. The three base vectors are separated by 

an angle of 120o. The direction of the vectors a1⃗⃗  ⃗, a2⃗⃗⃗⃗ , a3⃗⃗⃗⃗  and c  are [21̅1̅0],  [1̅21̅0], [1̅1̅20] and [0001], 

respectively. It must be remembered that a1⃗⃗  ⃗ + a2⃗⃗⃗⃗ + a3⃗⃗⃗⃗ = 0⃗  and h+k+i=0. The lattice parameters of the 

materials used in this work are indicated in the Table 2.1.72,73  

 InN GaN AlN 

c (Å) 5.72 5.185 4.982 

a (Å) 3.542 3.189 3.112 

c/a 1.612 1.626 1.6 

u 0.377 0.377 0.382 

Table 2.1: Lattice parameters of binary InN, GaN, AlN compounds.72,73 
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The lattice parameters a and c of the ternary compounds with formula AxB1-xN can be calculated 

using Vegard’s law:  

 aAxB(1−x)N = x ∗ aAN + (1 − x) ∗ aBN  ;   cAxB(1−x)N = x ∗ cAN + (1 − x) ∗ cBN (2.1) 

Figure 2.3 illustrates some crystallographic planes with special importance in nitrides which are 

the polar c-plane (0001), the non-polar planes a (112̅0) and m (101̅0). 

 

Figure 2.3: Schematic views of (a) polar c-plane, (b) and (c) nonpolar a- and m-planes, 
respectively.74 

The hexagonal wurtzite structure is not centrosymmetric this means that directions [0001] and 

[0001̅] are not equivalent. A good example to understand the crystal polarity is studying the crystalline 

structure of GaN shown in Figures 2.4.  

 

Figure 2.4 : Crystal structure of GaN illustrating Ga-polar orientation (right) and N-polar 
orientation (left) grown along the [0001] crystallographic axes. 75 

The Ga polarity in GaN wurtzite structure is defined by the direction of the vector pointing from 

Ga to N atoms along the c-axis [0001]. Conversely, The N polarity is defined by the direction of the 

vector from N to Ga atoms along c-axis.  The (0001) face of the crystal is called Ga-face and the (0001̅) 

face is called N-face. The two faces present important differences in surface morphology, chemical 

reactivity and growth conditions. Metal polar structures are more chemically stable than their nitrogen 

polar counterparts. In the case of growth on hexagonal SiC, the polarity of the substrate can impose 

the polarity of the III-N structure that is grown. Thus, a growth on (0001) face SiC will give a metal face 

structure. On the contrary, N-polar deposition can be done on (000-1) face SiC substrate.76 In the case 



 

of GaN grown on silicon or sapphire by MBE, its polarity depends on the substrate preparation and the 

nature of the buffer layer. N-polar GaN presents often rougher surface in comparison to Ga-polar GaN, 

since the growth window that favors two-dimensional growth is larger in the latter.76,77 Figure 2.5 

presents the visualization of GaN polarity by TEM observation.75  

 

Figure 2.5 : Scanning TEM annular dark field images images of a GaN film (right) and GaN NW 
(left) showing aligned columns of N atoms (yellow) and Ga atoms (red). As the growth axis is 
oriented towards the top of the page for both systems, the film is Ga-polar and the NW is N-
polar. 

 

2.2. Elastic properties 

For the III-nitride layers grown on commonly oriented templates with c-plane as a growth plane, strain 

arises because of the equibiaxial crystal lattice mismatch between the layer and template materials. In 

the semiconductor crystal, stress (𝜎𝑖,𝑗) and strain (휀𝑘,𝑙) are linked by Hooke’s law: 

 σi,j = ∑ Ci,j,k,lεk,lk,l    ( 2.2 ) 

where 𝐶𝑖,𝑗,𝑘,𝑙 is the fourth-order elastic tensor. For the strain, we introduce the indices {1,2,3,4,5,6}, 

which are respectively the pairs of indices {xx,yy,zz,yz,zx,xy}: 

{
 
 

 
 

휀1 = 휀𝑥𝑥
휀2 = 휀𝑦𝑦
휀3 = 휀𝑧𝑧

휀4 = 휀𝑦𝑧 + 휀𝑧𝑦
휀5 = 휀𝑧𝑥 + 휀𝑥𝑧
휀6 = 휀𝑥𝑦 + 휀𝑦𝑥}

 
 

 
 

 

In the same way for the stress, we have: 

{
 
 

 
 

𝜎1 = 𝜎𝑥𝑥
𝜎2 = 𝜎𝑦𝑦
𝜎3 = 𝜎𝑧𝑧

𝜎4 = 𝜎𝑦𝑧 + 𝜎𝑧𝑦
𝜎5 = 𝜎𝑧𝑥 + 𝜎𝑥𝑧
𝜎6 = 𝜎𝑥𝑦 + 𝜎𝑦𝑥}

 
 

 
 

 

The elastic module or second-order tensor can be represented by a 6x6 stiffness matrix. For a 

crystal of hexagonal symmetry, this matrix contains six elastic modules, of which five are independent, 

as given in Equation 2.3: 
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 𝐶𝑖𝑗 =

(

 
 
 
 

𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶11 𝐶13 0 0 0
𝐶13 𝐶13 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0

0 0 0 0 0
1

2
(𝐶11−𝐶12))

 
 
 
 

 ( 2.3 ) 

The theoretical values of the parameters 𝐶𝑖𝑗 for III-nitrides used in this work are reported below.  

 

 𝑪𝟏𝟏 

(GPa) 

𝑪𝟏𝟐 

(GPa) 

𝑪𝟏𝟑 

(GPa) 

𝑪𝟑𝟑 

(GPa) 

𝑪𝟒𝟒 

(GPa) 

Ref. 

InN 271 124 94 200 46 78 

GaN 396 144 100 392 91 78 

367 135 103 405 95 79 

AlN 398 140 127 382 96 78 

396 137 108 373 116 79 

Table 2.2 : Theoretical stiffness constants of InN, GaN and AlN.  

Performing Brillouin or Raman scattering, we can determine experimentally the elastic stiffness 

constants. However, in many cases there are still differences between the theoretical and experimental 

data due to the difficulties of growing high quality crystals. To compare the theory, experimental values 

of the parameters Cij are summarized in Table 2.3. 

 

 𝑪𝟏𝟏 

(GPa) 

𝑪𝟏𝟐 

(GPa) 

𝑪𝟏𝟑 

(GPa) 

𝑪𝟑𝟑 

(GPa) 

𝑪𝟒𝟒 

(GPa) 

Ref. 

GaN  374  106 70 379 101 80 

390 145 106 398 105 81 

AlN 411 149 99 389 125 82 

410 140 100 390 120 83 

Table 2.3 : Experimental stiffness constants of GaN and AlN. 

Given Hooke’s law (Equation 2.2), it is possible to calculate the strain induced in a layer, knowing 

the stress distribution. During epitaxial growth, non-polar nitrides encounter anisotropic in-plane 

stress, which results in anisotropic distortion of the wurtzite unit cell.84 On the contrary, during 

heteroepitaxy of planar III-nitrides along the <0001> direction, the in-plane stress is uniform (𝜎11 =



 

𝜎22 = 𝜎) and there is no stress along the 𝑐̅-axis [0001]. In this case (biaxial stress configuration), the 

Hooke law is simplified as in Equation 2.4, with the coefficients given in Equations 2.5 and 2.6 shown 

below: 

  (
σ
σ
0
) = (

c11 c12 c13
c12 c11 c13
c13 c13 c33

) × (

ε1
ε2
ε3
)    ( 2.4 ) 

 ε1 = ε2 = εxx =
as−a

a
   ( 2.5 ) 

 ε3 = εzz = −2
c13

c33
εxx =

cs−c

c
   ( 2.6 ) 

where 𝑎𝑠 and 𝑐𝑠 are the lattice parameters of the substrate and a and c the lattice parameters of the 

epitaxial layer. 

 

2.3. Spontaneous and piezoelectric polarization 

Spontaneous polarization is produced due to the difference of electronegativity between the two 

species, which causes an electron displacement in the bonds resulting in an electrical dipole. Due to 

the lack of symmetry of the wurtzite structure, these dipoles are not fully compensated along the 

[0001] direction, which leads to spontaneous polarization, Psp. The mechanical stress also results in 

polarization, which is then called piezoelectric polarization PPE. The total polarization of the crystal is 

the vector sum of the spontaneous and piezoelectric polarizations: 

 P⃗⃗ = PSP⃗⃗ ⃗⃗  ⃗ + PPE⃗⃗ ⃗⃗⃗⃗   ( 2.7 ) 

 

Figure 2.6: Spontaneous, piezoelectric and total polarization of Ga-face and N-face 

GaN/AlGaN/GaN heterostructure (2DEG = two dimensional electron gas).85 

In Figure 2.6  the spontaneous, piezoelectric, and total polarization of an AlGaN layer embedded 

in GaN are shown. For the N-face (0001̅) heterostructure, the sign of the polarization induced sheet 

charge () is determined to be negative for the lower AlGaN/GaN and positive for the upper 

GaN/AlGaN interface. In the Ga-face (0001) heterostructure, charges have opposite sign.  

The values of spontaneous polarization for III-nitride materials are described in Table 2.4: 
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 GaN AlN InN 

PSP
86 -0.029 -0.081 -0.032 

PSP
87 -0.034 -0.090 -0.042 

Table 2.4 : Spontaneous polarization parameters [C/m2]. 

If stress is applied to the III-nitride lattice, the lattice parameters c and a of the crystal structure 

will be changed to accommodate the stress. Thus, the polarization strength will be changed. This 

additional polarization in strained crystals is called piezoelectric polarization. The piezoelectric 

polarization in planar wurtzite III-nitrides grown along the c-axis can be calculated with the following 

equation88: 

 PPE = e33εz + e31(εx + εy)  = 2
a𝑠−a

a
× (e31 − e33

C13

C33
)   ( 2.8 ) 

where eij are the piezoelectric coefficient of the material, as is the in-plane lattice parameter of the 

substrate and a is the lattice parameters of the epitaxial layer. 

The piezoelectric coefficients for AlN, GaN and InN are indicated in Table 2.5. 

 AlN GaN InN 

e33 (C/m2)86 1.46 0.73 0.97 

e31 (C/m2)86 -0.60 -0.49 -0.57 

Table 2.5: Piezoelectric coefficients for AlN, GaN and InN. 

 

2.4. Electronic properties 

The band structure of a semiconductor emerges as a solution of the Schrödinger equation of non-

interacting electrons in the periodic lattice. Visualization of the band gap requires a plot of energy vs. 

wavevector k = (kx, ky, kz). It is common to plot band structures as curves of En(k) for values of k along 

straight lines connecting symmetry points in the k-space. These points of symmetry occur in the first 

Brillouin zone and are labelled as Γ, Δ, Λ, Σ. The band gap is described as the energy difference between 

the bottom of the conduction band and the top of the valence band. If the bottom of the conduction 

band and top of the valence band occur at the same symmetry point, then the material is said to have 

a direct band gap. In the case of wurtzite III-nitrides, the band gap is direct, with the conduction band 

minimum and the valence band maximum located at the Γ point. Because of the lack of symmetry along 

c-axis, there is a degeneracy splitting of the valence band between the heavy hole (𝛤9 symmetry), light 

hole (𝛤7 symmetry) and spin-orbit (𝛤7 symmetry) subbands.  

The typical tool that is currently used to measure band structures of solid materials is angle-

resolved photoemission spectroscopy (ARPES). From the measured energy and momentum 



 

information, the structure of the band, from which the electrons were emitted, can be revealed. The 

calculated full band structures for GaN, InN and AlN are shown in Figure 2.7. It can be observed in 

zoomed images (Figure 2.8) that the heavy hole (HH), light hole (LH), crystal field splitting (CH) 

subbands are separated.  

For GaN, the top of HH and LH subbands are higher than CH subband in energy. So the CH energy 

has a positive value of 22 meV 89, the topmost valence band (VB) is the HH band, which is composed of 

atomic p orbitals perpendicular to c-axis < 0001 > direction. Therefore, the transition between the 

conduction band (CB) and HH band is allowed for electric field perpendicular to the c-axis (E⊥c), and 

the emission intensity is therefore strong along the c-axis direction (from the c-plane) but weak normal 

to it. However, in the case of AlN the top of the CH subband is at higher energy than the HH or LH 

subbands. As a result, the CH energy has a negative value of –165 meV 90 and the topmost VB is the CH 

band, which is composed of atomic p orbitals parallel to the c-axis. Therefore, the transition between 

the CB and CH band is allowed for electric field parallel to the c-axis (E||c), and the emission intensity 

is, therefore, weak along the c-axis direction (from c-plane) but strong, normal to it 91,92. 

 

Figure 2.7: Band structure of wurtzite AlN, GaN and InN.93 

 

 

Figure 2.8: Schematic band structures near the Γ point of (a) AlN, (b) GaN and (c) InN. 

An effective mass approximation can describe the band structure at k=0 by assuming a parabolic 

band structure at this point. This means that the electron and hole behavior can be modelled as a free 

particle with an effective mass m* experiencing a fixed potential. The typical values of the effective 

masses for electrons and heavy holes in III-nitrides at around T = 300 K are recorded in Table 2.6 below:  
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 AlN GaN InN, 

𝐦𝐞
∗  0.2743 0.2045 0.1147 

𝐦𝐡
∗  1.4444 1.2546 1.6348 

Table 2.6: Effective masses for electrons (e) and heavy-holes (hh) in units of the free electron 
mass m0. 

For ternary compounds like AlGaN or InGaN the bandgap is approximated by a quadratic equation: 

 EG(AB) = xEG(A) + (1 − x)EG(B) − x(1 − x)b   ( 2.9 ) 

where b is the bowing parameter which accounts for the deviation from a linear interpolation between 

the two binaries A and B having an A alloy mole fraction x. The bowing parameter has a value of 0.8-

1.3 eV in the case of AlGaN96 and 1.21±0.03 eV for InGaN97.  

The effect of temperature on band gap energy has been quantified through several empirical or 

semi-empirical relations. Among the empirical relationships, the Varshni relationship98 is often used to 

assess nonlinear temperature dependent band gap shift:  

 EG(T) = EG(T=0 K) −
αT2

β+T
   ( 2.10 ) 

where 𝛼 and 𝛽 are fitting parameters, which are the Varshni and Debye coefficients respectively, 

whose values are listed in Table 2.6, and 𝐸𝑔(𝑇=0 𝐾) is the band gap of the semiconductor at 0 K.99  

The values of the band gap of AlN, InN and GaN and the Varshni parameters are summarized in 

Table 2.6.  

 AlN73 GaN73 InN100 

EG(T=0 K) (eV) 6.23 3.507  0.69 

𝒂 (meV∙K-1) 1.999  0.909 0.414 

𝜷 (K) 1429 830  454 

Table 2.7: Band parameters of AlN, GaN, and InN: band gap energy at T = 0 K and Varshni 
parameters. 

 

2.5. Hydrostatic and uniaxial stress 

Strain may have an important role for the optical and electrical phenomena taken place on nanoscale 

systems. Strain can be induced by the lattice mismatch or it can be in applied by an external action 

causing hydrostatic or uniaxial stress in a strongly controlled way. 

The application of hydrostatic pressure can cause a shift of the conduction-band edge relative to 



 

the valence-band edge due to the change in volume. The hydrostatic potential is anisotropic due to 

the reduced symmetry in wurtzite structure.  

Strain affects the device properties in several ways:  

• It changes the absolute positions of the valence-band maximum (VBM) and the 

conduction-band minimum (CBM), and hence modifies the QW depth and the confinement 

of electrons and holes in the active region.  

• It induces piezoelectric polarization in InGaN or AlGaN QWs 84,101,102, thus lowering the 

electron-hole overlap and hence the radiative recombination rate.  

• It may also modify the effective masses of carriers and the density of states 103,104.  

• In polar (c-plane) QWs, the in-plane strain is isotropic 105–107. In nonpolar and semipolar 

QWs, on the other hand, the biaxial stress induces anisotropic strain, which drastically 

modifies the subband structures and wave-function character 108,109,109 and induces 

polarized light emission 110,111,102. 

Six valence and conduction band deformation potentials, in addition to the strain tensor and the 

overall hydrostatic deformation potential, are necessary to describe the band structure of GaN under 

strain as shown in Table 3.1 in Chapter 3. So far, most of the experimental data on deformation 

potentials of GaN and InN have been obtained by a combination of x-ray and optical measurements 

from the change of optical transition energies under the biaxial stress induced by the c-plane substrate. 

However, the accurate determination of deformation potentials by this experimental approach is 

difficult. One of the main problems is that the uniaxial and biaxial strain components cannot be applied 

separately, and the measurement only provides results for a combination of several deformation 

potentials.  

For an unstrained wurtzite system, the top three valence bands correspond to the heavy hole 

(HH), light hole (LH) and crystal-field split-off band (CH). The transition energies from the CBM to these 

three bands are denoted EA, EB, and EC, respectively. 

We first focus on those strain components that do not break the wurtzite symmetry, including 

biaxial strain in the c-plane (εxx = εyy ) and uniaxial strain along the c-axis (εzz). Such strain perturbations 

to the 6 × 6 k·p Hamiltonian do not split HH and LH bands, although they induce an energy shift of the 

conduction and the three valence bands at the Γ point112: 

 Δ𝐸𝐶𝐵  =  𝑎𝑐𝑧휀𝑧𝑧  +  𝑎𝑐𝑡휀⊥ , 

 Δ𝐸𝐻𝐻/𝐿𝐻  =  (𝐷1  +  𝐷3)휀𝑧𝑧  + (𝐷2  + 𝐷4)휀⊥ ,  ( 2.11 ) 

 Δ𝐸𝐶𝐻  =  𝐷1휀𝑧𝑧  + 𝐷2휀⊥   

yielding the following transition energies:  

 𝐸𝐴/𝐵 = 𝐸A/B(0) + (𝑎𝑐𝑧 − 𝐷1)휀𝑧𝑧 + (𝑎𝑐𝑡 − 𝐷2)휀⊥ − (𝐷3휀𝑧𝑧  +  𝐷4휀⊥)   ( 2.12 ) 

 and 
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 𝐸𝐶 = 𝐸C(0) + (𝑎𝑐𝑧 − 𝐷1)휀𝑧𝑧 + (𝑎𝑐𝑡 − 𝐷2)휀⊥  ( 2.13 ) 

When the heavy hole is on the top of the VB, the band gap is given by EA (e.g. for GaN or InN). When CH 

is on the top of the VB (e.g. for AlN) then the band gap is calculated using the equation of EC. 

Here 휀⊥ (defined as 휀𝑥𝑥 + 휀𝑦𝑦) and 휀𝑧𝑧 are the strain components in and out of the c-plane. 

𝐸A/B(0) and 𝐸𝐶  are the corresponding transition energies at equilibrium lattice constants. From the 

slopes of the transition energies under biaxial strain in the c-plane (εxx = εyy ≠ 0, εzz = 0), we obtain the 

deformation potentials act − D2 and D4, while acz − D1 and D3 can be obtained from the slope of transition 

energies under uniaxial strain along the c-axis (εxx = εyy = 0,εzz ≠ 0). 

 

2.6. Introduction to semiconductor heterostructures 

Heterostructures are made by joining different materials at the atomic level. When two 

semiconductors are joined, it is not clear in advance how the different bands in the two  materials will 

line up in energy with another one, and there is no accurate predictive theory in practice. Hence, an 

important experimental quantity is the "band offset ratio"; this is the ratio of the difference in 

conduction band energies to the difference in valence band energies. Figure 2.9 shows the three 

possibilities of alignment of band gap minima along the growth direction depending on the band 

offsets, known as type I, II and III.  

 

Figure 2.9: Description of the band edge profile at heterojunctions. 

In III-nitrides, heterostructures are always type I, which allows the fabrication of QWs, where 

quantified electron levels appear as a result of the quantum confinement. The conduction band offset 

in the GaN/AlN system is around 1.8 eV113. The polarization discontinuity at the interface between the 

two materials results in a fixed charge sheet. In nanostructures, this fixed charge sheet generates an 

internal electric field, which is maximum for growth along the <0001> axis, where it can reach several 

MV/cm. In (0001)-oriented QWs, the internal electric field generates a band bending as seen in Figure 

2.10. This leads to a spatial separation of electron and hole wave functions along the growth axis, which 

results in the so-called quantum confined Stark effect (QCSE). This means that the band-to-band 

transition is shifted to lower energy and the radiative lifetime increases due to the reduced electron-

hole wave function overlap. 



 

 

 

Figure 2.10: Band diagram of a GaN QW in an infinity GaN/AlN (2.1 nm/3 nm) MQW system. In 
gray lines, squared wavefunctions associated to the first and second confined levels of electrons 
(e1, e2) and the first confined level of holes (h1).114 

In the case of heterostructures grown on the m-plane or on the a-plane, the polarization dipoles are 

perpendicular to the direction of growth. Therefore, there is no polarization discontinuity at the heterostructure 

interfaces along the growth direction.115 Hence, these are called non-polar orientations or non-polar directions. 

In contrast to polar directions, the nonpolar have no internal electric field, there is no noticeable charge transfer 

between the layers, the band profiles are flat along this direction, and consequently the band gaps are “direct in 

real space” and significantly larger than in the polar case.116 A scheme presenting this difference is described in 

Figure 2.11. 

 

Figure 2.11: Schematic representation of band profiles and electron and hole wavefunctions in 
(a) polar and (b) non-polar QWs. (modified from 117)  

 

Several different nanostructures are differentiated based on the number of dimensions in the 

volume of the object with nanoscale size: QWs (quantum confinement along 1 direction), quantum 
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wires (2 directions), or QDs (three directions).  

The energy of free carriers (holes or electrons) is obtained by solving the Schrodinger equation: 

 [
−ℏ2

2𝑚
(
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+

𝜕2

𝜕𝑧2
) + 𝑉(𝑥, 𝑦, 𝑧)]𝛹(𝑥, 𝑦, 𝑧) = 𝐸𝛹(𝑥, 𝑦, 𝑧)   ( 2.14 ) 

For a square QW perpendicular to the x direction, the potential is V(x,y,z) = V(x). The total energy 

of an electron with effective mass m* and with an in plane momentum kx,y,z is given by: 

 𝐸 = 𝐸𝑥 + 𝐸𝑧,𝑦 ⇒  𝐸 =
ℏ2𝑘𝑥

2
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2

2𝑚∗   ( 2.15 ) 

where    

 𝑘𝑥 =
𝑛𝜋

𝑑𝑥
   ( 2.16 ) 

and 𝑑𝑥 is the thickness of the well and 𝑛 denotes the integer quantum number. 

The 3D density of the states for a free electron is: 

 𝑔(𝐸) =
1

2𝜋
(
2𝑚∗

ℎ2
)

3

2
𝐸
1

2   ( 2.17 ) 

When the electron is confined in the semiconductor the 3D density of states can be written as: 

 𝑔(𝐸) =
8𝜋√2

ℎ3
𝑚∗3/2√𝐸 − 𝐸𝑚𝑖𝑛  , when 𝐸 ≥ 𝐸𝑚𝑖𝑛  ( 2.18 ) 

For a 2D semiconductor such as a QW, where the electrons are confined to a 2D plane, the 2D 

density of states can be described as: 

 𝑔(𝐸) =
4𝜋𝑚∗

ℎ2
, when 𝐸 ≥ 𝐸𝑚𝑖𝑛  ( 2.19 ) 

For quantum wires (typically ≈ 5–20 nm), we restrict the motion of carriers in 2 dimensions, thus 

giving rise to one dimensional states. Now if we solve the Schrodinger Equation (2.12) for a NW with 

axis along x, the time potential is V = V(y,z) . The equation for the energy levels becomes: 

 𝐸𝑛𝑥𝑛𝑧 =
ℏ2𝜋2

2𝑚∗ (
𝑛𝑦
2

𝐿𝑦
2 +

𝑛𝑧
2

𝐿𝑧
2) +

ℏ2𝑘𝑥
2

2𝑚∗  ⇒ 𝐸 = 𝐸𝑛𝑥,𝑛𝑦 +
𝑝𝑧
2

2𝑚∗ ( 2.20 ) 

where Ly and Lz are the dimensions of the wire along y and z and ny and nz are the respective quantum 

numbers. The density of states is given by: 

 𝑔(𝐸) =
1

2𝜋
(
2𝑚∗

ℏ2
)

1

2
(𝐸 − 𝐸𝑚𝑖𝑛)

−
1

2    ( 2.21 ) 

Finally, for QDs, electrons should occupy discrete energy levels. If we once again begin with the 

Schrodinger Equation (2.12), we can write the potential V as the sum of 3D confinement V(x,y,z) = 

V(x)+V(y)+V(z). The confinement energy within this confinement box follows as: 

 𝐸𝑛𝑥𝑛𝑧 =
ℏ2𝜋2

2𝑚∗ (
𝑛𝑥
2

𝐿𝑥
2 +

𝑛𝑦
2

𝐿𝑦
2 +

𝑛𝑧
2

𝐿𝑧
2)   ⇒ 𝐸 = 𝐸𝑛𝑥,𝑛𝑦,𝑛𝑧 ( 2.22 ) 



 

Here we need three quantum numbers, nx, ny and nz to label each energy state. The situation regarding 

the density of states in QDs is quite different. As the particles are confined in all directions, the density 

of states is dependent on the number of confined levels. One single isolated dot would therefore alter 

just two states of the energy of each confined level and a plot of the density of states versus energy 

would be a series of Delta functions:  

 𝑔(𝐸) = 2𝛿(𝐸 − 𝐸𝑚𝑖𝑛)    ( 2.23 ) 

The density of states function for all 3 nanostructures (QWs, quantum wire and QD) is shown 

below Figure 2.12, including the bulk semiconductor. 

  

Figure 2.12: Electronic density of states and corresponding energy levels for the QWs, QWRs and 
QDs, respectively. Blue line represents the density of states in bulk 3D semiconductor. 118 
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Chapter 3:  Experimental methods 

 

In this chapter, we present the experimental techniques and simulation methodology used in this 
work. We start with the epitaxial growth process using plasma-assisted MBE, including reflection 
high-energy electron diffraction as real-time in-situ characterization technique. Then, we introduce 
the various characterization techniques used in this work. In particular, we studied the morphology 
and structure of our samples using x-ray diffraction and atomic force microscopy, and the optical 
properties were assessed by photoluminescence and cathodoluminescence techniques. We also 
describe the preparation of the samples using dual scanning electron microscopy (SEM) / focused 
ion beam (FIB), and the chemical characterization by La-APT. Particular attention is paid to the APT 
system that incorporates in-situ micro-photoluminescence spectroscopy. Finally, this chapter 
provides information about the simulation methods used to model our samples. 

 

3.1. Epitaxial growth 

Epitaxy is the word defining the deposition or growth of a crystalline overlayer (called epitaxial 

film/layer) on a crystalline substrate, when the orientation of the epitaxial layer is determined by the 

substrate. We speak about homoepitaxy if the substrate and the epitaxial layer are essentially the same 

material, and we call it heteroepitaxy if they are different. In this subchapter, we describe the epitaxial 

growth process using PAMBE, including an introduction to the different growth modes and the 

operation properties of the MBE machine. We also present a real-time in-situ characterization 

technique, namely reflection high-energy electron diffraction (RHEED). Last but not least, we explain 

the growth process of the various heterostructures studied in this work. At the end of the subchapter, 

there is a short description of the substrates used for the growth of the grown nanostructures. 

 

3.1.1. Plasma-assisted molecular beam epitaxy 

MBE is a technique used to grow thin crystalline films on a heated crystalline substrate under ultra-

high vacuum (UHV) conditions (pressure ≤ 10-9 Torr). Precursor elements are provided by atomic or 

molecular beams, impinging on the substrate at extremely low velocities (≤ 0.1 Å/s), under conditions 

that are far from the thermodynamic equilibrium. The process depends on surface migration 

phenomena and surface reactions with the substrate. Therefore, it is necessary to control the vacuum 

in the growth chamber, the substrate temperature and the amount of reagent by adjusting the 

temperature of the solid sources, or the gas flux and radio frequency power in the case of using a 

plasma source. If the proper conditions are met, the growth ends up in films with extremely smooth 

surface. 

The surface processes that contribute to nucleation, epitaxial deposition and development of the 

structure on the surface of the substrate, shown in Figure 3.1, are: 



 

1. Multi-layer growth: When the adatom diffusion length is short, it results in the nucleation 

of multi-layer-thick clusters, ultimately forming a rough surface. 

2. Layer-by-layer growth: When the diffusion length is longer, the increased diffusion length 

results in the nucleation of monolayer (ML) clusters, with the atomic layers completed 

one by one. 

3. Step-flow growth: When diffusion length is even longer, the longer diffusion length gives 

the adatoms enough mobility to reach the step edges, which are often energetically 

favorable incorporation sites. 

 

Figure 3.1:  Behavior of adatoms during the surface deposition process (diffusion until 
nucleation with other adatoms; deposition on edges).119 

In general, depending on the growth parameters, one can distinguish between three different 

growth modes120 (see Figure 3.2): 

1. Layer or Franck-Van der Merwe growth mode: A new layer starts to grow only after the 

preceding one is finished (Figure 3.2 a). 

2. Island or Vollmer-Weber growth mode: The deposited atoms cannot diffuse past the 

island boundaries. Already after a light coverage, multiple monolayers can be formed as 

high islands (Figure 3.2 b). 

3. Layer plus island or Stranski-Krastanov growth mode: This type is a combination of layer 

and island growth mode (Figure 3.2 c).119 
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Figure 3.2:  Growth modes for layer development by MBE. 

The advantages of using MBE are many. First, the MBE growth is carried out under low 

temperature compared to hydride vapour phase epitaxy (HVPE) or metal organic vapour phase epitaxy 

(MOVPE), and under relatively low growth rate (generally less than 1 ML/s). This results in a good 

control over layer thickness and reduced inter-diffusion effects. Then, the UHV environment in the 

MBE offers the possibility to have in-situ control of the growth, with techniques like reflection high-

energy electron diffraction (RHEED) or quadrupole mass spectrometry. This facilitates the study of the 

structure in various stages of the growth process. Finally, another reason that has made the MBE 

technique essential for the development of thin films is the growth in out-of-equilibrium conditions, 

which means that it is possible to stabilize materials that do not exist spontaneously in nature. This 

enables endless experimentation and testing in order to achieve structures characterized by new 

desirable physical properties. All these possibilities make MBE a very interesting growth technique, 

providing a very important tool for researchers involved in the synthesis of materials. Moreover, the 

reproducibility of the process makes MBE compatible with mass production, which is particularly 

interesting for devices with critical demands in terms of dimensions or chemical composition 

(requirement of extreme purity, extreme dopant concentrations, growth of alloys with miscibility 

issues or low decomposition temperature). 

The basic schematics of the MBE used in this study is displayed in Figure 3.3. All samples in this 

work were grown using this technique. Active nitrogen free radicals are obtained by cracking high-

purity molecular nitrogen (6N5) with a radio frequency plasma source. This technique is known as 

plasma-assisted MBE (PAMBE) to differentiate between other sources of nitrogen like ammonia-based 

sources. Our MBE system was equipped with an automatic N plasma source HD25 supplied by Oxford 

Applied Research. The output power was varied to modify the flux of active nitrogen. 



 

 

Figure 3.3: Schematics of the PAMBE used in this study (modified from 121). 

From the figure above, we can see that there are various effusion cells, including Ga, Al, In, Si, Mg 

and Ge. Accurate regulation of the cell temperatures is achieved through proportional-integral-

derivative controllers. A mechanical shutter in front of each cell is used to interrupt the atom beam, as 

illustrated in Figure 3.4. The Knudsen-type crucibles are made of pyrolytic boron nitride. 

 

Figure 3.4: Image of the MBE growth chamber of the lab, showing the cells and their effusion 
cell shutters. 

We glue the substrate on a molybdenum sample holder (molyblock) with indium, or we fix it 

mechanically with molybdenum clamps (indium-free growth). The molyblock is then fixed on a 4-axis 

manipulator, which allows the automatically rotation and heating of the substrate. The entire section 

with cells and substrate, where the growth happens is called the growth chamber, which is cooled 

down with liquid nitrogen to get a base pressure in the 10-11 mbar range. The molyblock is loaded into 

the growth chamber through a load-lock system consisting of an introduction chamber (base pressure 

in the 10-9 mbar range) and transfer chamber (base pressure in the 10-10 mbar range). The introduction 
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chamber is opened under nitrogen flux to exchange the molyblock. 

The MBE system is equipped with an in-situ and real-time characterization tool in order to study 

the morphology and crystal structure of the growing surface. This characterization technique is called 

RHEED. Electrons are emitted from a hot filament, which is excited by a 1.5 A current, and accelerated 

under high-voltage of 32 kV (values from our setup). The electron beam strikes the sample at a grazing 

angle, and the diffracted beam then impinges on a fluorescent phosphor screen mounted in the 

direction opposite to the electron gun. 

A scheme of the RHEED measurement principle is shown in Figure 3.5. The obtained image 

displayed on the screen is the Fourier transform of the lattice interacting with the beam. It corresponds 

to the intersection of the reciprocal lattice with the Ewald Sphere of radius 𝑘𝑖 =
2𝜋

𝜆
 where 𝜆 is the 

wavelength of the electron. In an atomically smooth and single crystalline sample the crystal lattice 

would actually correspond to perpendicular rods as shown. By analysing the pattern one can obtain 

the 2D (e.g. planar layers) or 3D (e.g. NWs) nature of the growth front and a qualitative estimation of 

the crystal quality. 

 

Figure 3.5: Working principle of RHEED used in this study. 

The RHEED intensity can give us information about the growth rate. The time-dependent change 

in the density of atoms at the growth front during the growth process can result in an oscillatory 

variation of the RHEED intensity with time. If we consider a flat surface, the coverage of atoms on the 

surface is defined as θ. When the layer is complete, the coverage can be minimum (nth layer, θ is 0) or 

maximum (n+1th layer, θ is 1) leading to a smooth surface. In both cases the RHEED intensity is 

maximum. Starting with a minimum coverage of θ = 0, we can describe the procedure to determine 

the growth rate, as illustrated in Figure 3.6. For intermediate coverage, the intensity decreases with 

increase in coverage up to θ = 0.5. Here the roughness is maximum and the intensity is at its lowest. 

Further growth would increase the coverage but decrease the roughness as shown in Figure 3.6. At θ 

= 0.75, the intensity recovers as the roughness is reduced as the growth front picks up more adatoms. 

The surface flattens at θ = 1, reaching again a maximum RHEED intensity and the process continues in 

a cyclic manner as the growth continues. A single RHEED intensity oscillation period corresponds to the 

growth of a single layer. During the operation of our PAMBE system, the calibration of the growth rate 

and the control of the alloy composition and thickness of the 2D layers were done observing such 

RHEED oscillatory behavior. 



 

 

Figure 3.6: Schematic illustration of the origin of RHEED oscillations: The intensity of the 
specularly reflected electron beam depends on the step density of the sample surface, which 
changes with the surface coverage 𝜃 of the growing layer. 122 

 

3.1.2. Growth of III-nitrides 

Here, we present extensive information on the mechanisms of MBE growth in III-nitride compounds 

using the MBE machine available at CEA-IRIG, Grenoble. This subchapter discusses the growth of planar 

layers, NWs and QDs. Each of them has a specific way of growth (different kind of substrate and 

temperature of substrate and cell) and different RHEED images showing the planar or 3D deposition.  

For the experiments described in this thesis, we used various substrates, which we classify here 

as GaN-on-sapphire templates and silicon substrates. For GaN-on-sapphire templates, we used 

GaN(0001)-on-sapphire templates supplied by LUMILOG, consisting of 4-μm-thick GaN on c-sapphire 

grown by MOCVD with a dislocation density of 108 cm-2. In this work, we used these substrates for 

growing the InGaN QDs samples. For the growth of NWs, we used n-type Si(111) substrates with a 

thickness of 500±25 μm. The substrates were provided by BT Electronics. 

3.1.2.1. Planar layers 

The growth of GaN (0001) by PAMBE presents different morphological properties depending on the 

III/V flux ratio. The GaN layers display a facetted surface when the growth is performed under N-rich 

conditions123–125. On the contrary, under Ga excess we achieve atomically flat GaN layers. Therefore, in 
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order to grow planar GaN, it is important to have an adsorbed layer of Ga atoms that covers the 

growing surface. In the Figure 3.7, we present the four regimes of Ga coverage as a function of 

impinging Ga flux measured at a substrate temperature T = 740°C and under N flux = 0.28 ML/s: 

A. N-rich growth: for ΦGa < 0.3 ML/s, the Ga coverage on the surface is negligible. 

B. Ga excess ≤ 1 ML of Ga: For 0.3 ML/s < ΦGa < 0.5 ML/s, there is < 1 ML of Ga presented 

on the surface. 

C. Ga excess = 2 ML of Ga: For 0.5 ML/s < ΦGa < 1 ML/s, there are 2 ML of Ga presented 

on the surface. 

D. Accumulation of Ga: for ΦGa > 1 ML/s, the system reaches the Ga accumulation regime, 

forming Ga droplets on the surface. 

 

 

Figure 3.7: Ga coverage on top of the GaN (0001) surface as a function of the Ga flux (modified 
from 126). 

The Ga coverage as a function of Ga flux was studied as various substrate temperatures and gives 

the growth diagram presented in Figure 3.8. The AFM images shown in Figure 3.8 illustrate the benefit 

of the Ga excess. They demonstrate that, if GaN is grown with a Ga coverage below 2 ML, it presents a 

rough surface, whereas atomic steps can be seen when GaN is grown under Ga excess.  



 

 

Figure 3.8: Ga coverage regimes as a function of both substrate temperature and impinging Ga 
flux. Insets show AFM images obtained in the different growth regimes. z-scales are 5 nm, 150 
nm and 100 nm (top to bottom) (modified from 127). 

The presence of a Ga bilayer on the growth front reduces the (0001) surface energy thus favoring 

2D growth. In this “2 ML” regime, two Ga layers are floating on top of the Ga-terminated GaN (0001) 

surface 125,125, following the laterally-contracted Ga bilayer model128, as shown in Figure 3.9. 

 

Figure 3.9: Schematic view of the laterally contracted Ga bilayer model. 128 

Although a large stability window for the Ga bilayer on the GaN surface can be obtained, the 2D 

growth of heterostructures requires identifying 𝛷Ga at the transition between 2 ML of Ga coverage 

and Ga accumulation conditions, to prevent the formation of pits associated to threading 

dislocations129,130. 

3.1.2.2. Nanowires 

In addition to the synthesis of planar layers, during my PhD I have also grown III-nitride NWs. In general, 

all the growth or fabrication approaches can be classified as “bottom-up” or “top-down”. As the name 

suggests, a top-down approach focuses on simply carving out a structure from a larger piece of material 

by means of lithographic techniques and etching methods. On the contrary, the bottom-up approaches 

construct NWs by simply combining constituent adatoms. 
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In this thesis, GaN NWs are grown by PAMBE without catalyst, under N-rich conditions on Si(111) 

substrates. Before introducing Si(111) into the PAMBE system, it was degreased using organic 

chemicals (dichloromethane or trichloromethane, acetone and methanol). In the growth chamber, the 

Si(111) substrate was heated to  880°C for 5 min to thermally clean the surface.131 The cleaned surface 

was proved by the observation of a (7×7) reconstruction, as illustrated in Figure 3.10, which appears 

at 600-850°C.  

 

 

 

Figure 3.10: a) top view and (b) side view of the Si (111) (7x7) reconstruction 131. (c) 7x7 surface 
reconstruction observed by RHEED along [-1-12] azimuth. 

In order to obtain GaN NWs with improved verticality (avoiding the tilt as reported in previous 

studies132,133) and without GaN undergrowth (parasitic 2D growth of GaN between the NWs134,135), we 

used a two-step growth procedure for AlN 136,137. After baking the substrate, it was cooled down to 

200°C, and we deposit 1.2 nm of AlN at stoichiometric conditions at this low temperature. At this point, 

the RHEED pattern evolves from the 7×7 reconstruction to the pattern in Figure 3.11(a). An 8-nm-thick 

AlN buffer layer was then grown at stoichiometric conditions at 670°C. This resulted in the 

characteristic 1×1 RHEED pattern of stoichiometric AlN, in Figure 3.11(b). GaN NWs were then grown 

at a substrate temperature around 780°C, for the Ga/N flux ratio = 0.25. The RHEED pattern during the 

growth was the spotty wurtzite pattern shown in Figure 3.11(c). 

 

 

Figure 3.11: RHEED pattern in different steps of generation of GaN NWs grown on thin AlN layer 
on Si(111) substrate. 



 

Within the NWs, AlxGa1−xN dots were grown using the same N-rich conditions as for the GaN base 

(Ga/N flux ratio = 0.25), and adding a flux of aluminium Φ𝐴𝑙 =  𝑥/𝑣𝐺 , where x is the targeted Al mole 

fraction. The Al mole fraction in the dots was intentionally kept low, x ≤ 0.1, in order to prevent 

deformations of the NW morphology and reduce the effects of alloy inhomogeneity, observed for x ≥ 

0.3 138. The AlN sections were grown at stoichiometry (Φ𝐴𝑙/Φ𝑁 = 1, with a growth rate 𝑣𝐺 = 450 nm/h). 

Figure 3.12 illustrates a growth diagram for different Ga impinging fluxes and substrate 

temperatures. The dotted line indicates the N flux, which is kept constant. The “no growth” regime is 

dominated by thermal decomposition and desorption of Ga from the surface. The regime (b) is where 

NW nucleation and growth occurs, which is indeed a narrow window. Within such a narrow window, 

the growth of NWs has to be optimized in terms of the size of the NW, degree of coalescence, and 

growth rate to obtain NWs according to the design requirements. At lower temperature and higher Ga 

fluxes (regime (a)), the growth becomes highly planar with heavily coalesced NWs at the boundary of 

the two regimes. The SEM images in Figure 3.12 are representatives of the regimes. 139 

 

Figure 3.12: NW growth window with substrate temperature and Ga flux. 140 

The NWs hence grown with PAMBE on Si (111) have been found to have wurtzite crystal structure 

with N polarity.141 Knowing the polarity of NWs is important, just like in the case of planar layers, since 

it influences various physiochemical properties, like incorporation of dopants, polarization fields and 

formation of defects.23, 58 

3.1.2.3. InGaN quantum dots 

One of the specific features of group-III nitrides is that various binary compounds have crystalline 

lattice constants differing significantly from each other. For example, the lattice constant mismatch 

between GaN and AlN is 2.5% and 4.1% for a and c constants respectively, the mismatch between GaN 

and InN is much greater − 10.7% and 15.0%. The latter values are even comparable to the mismatch 

between the lattice constants of GaN and sapphire commonly used as the substrate for growth of 

group-III nitride epilayers. Such a large difference in the lattice constants results in a considerable strain 

in ternary nitrides. Even small additions of some group-III elements into a ternary compound changes 

its lattice constant remarkably.  
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On the other hand, InGaN exhibits an evident tendency to phase separation. Figure 3.13 depicts 

a typical phase diagram in order to study the phase stability of InxGa1−xN. More in detail it shows the 

spinodal and binodal curves. Spinodal decomposition occurs when one thermodynamic phase 

spontaneously separates into two phases. The spinodal curve (dashed line in Figure 3.13) in the phase 

diagram marks the equilibrium solubility limit. Below this curve, solid solution is unstable against 

decomposition into alloys with different compositions. For exemple, the diagram says that at 800 oC, a 

large decomposition tendency is seen for In content between 20% to 80%. The boundary of the 

unstable region, referred to as the binodal or coexistence curve is presented with a solid line in Figure 

3.13. Inside the binodal curve is a region called the spinodal. The binodal and spinodal curves meet at 

the critical point. Above a certain critical temperature the alloy is stable for any composition, this 

happens  when the temperature is critical (Tcrit = 1250 °C). This is impossible to be achieved as it is 

found to exceed the melting point of InN. Therefore, as shown in the Figure 3.13, we find that unstable 

two-phase region exists for a wide range of In content. The predicted temperature and composition 

region for phase separation are consistent with the experimentally observed dificulities in achiving high 

In content (x > 0.25) InGaN.143–149 We must mention here that this diagram can show that an 

equilibrium model is useful for predicting the growth rate and composition compounds grown by 

MOCVD but for MBE growth we are always working out of equilibrium as the growth takes place in 

high vaccum conditions. 

   

Figure 3.13: Binodal (solid) and spinodal (dashed) curves for the Ga1-xInxN system, calculated 
assuming a constant average value for the solid phase interaction parameter.143 

In PAMBE, as the growth takes place out of thermodynamic equilibrium, the whole range of 

indium compositions is attainable. For this purpose, low growth temperatures are needed. For the 

growth of GaN, the substrate temperature in the range of 700-750 oC is calibrated by the Ga desorption 

time measured by RHEED.129 However, for the incorporation of In, the substrate temperature should 

be reduced below 670 oC, i.e., below the temperature where the Ga desorption rate is significant. In 

this case, a temperature reference can be provided by the In desorption time from the GaN(0001) 

surface. 150 

The incorporation of indium in InGaN nanostructures depends critically on the deposition 

temperature. It is hence a priority to establish the reference parameters that guarantee the 

reproducibility of the substrate temperature. With this purpose, we have analyzed the effect of In 



 

desorption on the RHEED intensity. In this experiment, we expose the GaN surface to In during a certain 

time—long enough to attain a steady-state situation and the nitrogen cell was off throughout this 

process. When we close the In shutter, we observe a transient variation of the RHEED intensity with a 

characteristic shape.151 

As an example, we are able to assess the gallium excess during the growth of GaN, and the indium 

excess on the surface of an InGaN layer, as the Figure 3.14 presents. 

  

Figure 3.14: RHEED images during the growth of GaN (top left) and InGaN (top right). 
Measurement of the transient RHEED intensities during the metal desorption, after stopping the 
growth at t = 0 (bottom). The variation is due to the desorption of Ga (bottom left) or In (bottom 
right). 

For the generation of InGaN QDs, we take advantage of the high lattice mismatch between GaN 

and InN. QDs are considered as the result of strain relaxation during the epitaxy of InGaN. For the 

Stranski-Krastanov mode, two-dimensional growth converts to three-dimensional growth to form QDs 

when the InGaN layer reaches a critical thickness, due to the strain accumulation originating from the 

lattice mismatch. 

In our experiments, the active nitrogen flux was adjusted to provide a growth rate of 0.52 

monolayers per second (ML/s) under metal-rich conditions. For the generation of InGaN QDs, the Ga 

flux was fixed at 30% of the stoichiometric value, and the In flux was tuned to have slightly metal-rich 

conditions, as described in refs.151,152. The growth proceeds as schematically described in Figure 

3.15(a). The Stranski-Krastanov transition is due to an elastic relaxation process forced by the strong 

lattice mismatch [see Figure 3.15(b)], in spite of the slightly metal-rich atmosphere and the well-known 

surfactant effect of In, which promotes planar growth.125 The InGaN growth time was 45 s, followed by 

a growth interruption of 15 s, during which roughening was observed in the RHEED pattern. For the 

deposition of the GaN barriers, the In shutter was closed and the Ga flux was fixed slightly above the 

stoichiometric value. Before the growth of the following QD layer, the Ga excess accumulated at the 

growth front is consumed with active nitrogen during 15 s. The substrate was rapidly cooled down 
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after the deposition of the last QD layer, to enable characterization of the QD shape and density by 

AFM.  

 

 

Figure 3.15: (a) Schematic description of the PAMBE growth process. Atomic flows of Ga, In and 
N imping the substrate surface. At the QD growth temperature, only indium is desorbed. The 
crystal grows in a metal rich environment, as described in the right side of the image. (b) 
Formation of InGaN QDs on GaN. The strong lattice mismatch leads to an elastic relaxation 
when the InGaN layer reaches a certain critical thickness. The resulting structure consists of 
InGaN islands (QDs) that are linked by a wetting layer (WL). 

 

Figures 3.16 (a) and (b) compare AFM images of InGaN/GaN QDs and the 2D surface GaN surface, 

respectively. 

 

Figure 3.16: AFM images of (a) InGaN/GaN QDs as compared to (b) the planar GaN surface.152 

 

3.2. Photoluminescence 

Photoluminescence (PL) spectroscopy is a method to measure the light emission induced by excitation 

and recombination of electron-hole pairs, as depicted in Figure 3.17.  



 

 

Figure 3.17: Schematic of carrier generation and different radiative and non-radiative 
recombination paths in semiconductors. 

 

I. Process-(a): The energy of the incoming photon must exceed the band gap energy (EG) of 

semiconductor to allow material to absorb and create an electron-hole pair.  

II. Process-(b): The holes and electrons having excess excitation energy will thermally relax 

to the edges of conduction and valence band, respectively, by releasing the energy in the 

form of phonons, i.e. vibration modes of the crystal.  

III. Process-(c): The direct recombination occurs as the electron recombines to the hole in the 

valence band, giving a photon with specific energy (approximately equal to the EG). In the 

case of III-nitrides, the electron and hole generally form an exciton, i.e. a particle resulting 

from their Coulombic attraction. The recombination energy of the exciton is slightly 

smaller than the semiconductor band gap , as it is reduced by the exciton binding energy 

 25 meV 153,154.   

IV. In addition to the band-to-band recombination, there are other processes, e.g. donor-to-

band (process-(d), band-to-acceptor (process-(e)), and donor-acceptor pair 

recombination (process-(f)). These processes can emit photons, resulting from additional 

donor (Ed) and acceptor (Ea) bands, as illustrated in the band diagram. The Ed and Ea can 

either unintentionally appear because of impurities or lattice defects, or they can be 

intentionally generated by doping. Also, excitons can be attracted by these impurities, 

reducing their recombination energy (donor-bound exciton, acceptor-bound exciton) 

V. Process-(g): Non-radiative recombination to mid-gap levels (Et) is another relaxation path 

that generally involves phonons. The origin of a mid-gap level might be generated by 

vacancies, dislocations, impurities, or surface dangling bonds. 
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Figure 3.18: (Time-resolved) photoluminescence setup. 

Figure 3.18 shows the setup available at CEA-IRIG,Grenoble used to study PL. PL measurements 

under continuous-wave excitation were obtained by pumping with a frequency-doubled solid-state 

laser (λ = 488/2 = 244 nm) focused on a spot with a diameter of ≈ 100 μm. The excitons at low 

temperatures and low excitation power densities occupy mostly the lowest localized states in the tail 

of the density of localized states and no significant thermal redistribution takes place155. To explore the 

behavior of the heterostructures under operating conditions, we have measured PL under high 

injection using pulsed laser. PL measurements under pulsed excitation were obtained used a Nd-YAG 

laser (266 nm, 0.5 ns pulses, repetition rate of 8 kHz). For the NWs under study, an excitation power 

of 10 μW was used, unless mentioned otherwise. Typically, the planar samples were studied at higher 

power of 100 μW. In both cases, samples were mounted on a cold-finger of a He cryostat, and the PL 

emission was collected by a Jobin Yvon HR460 monochromator equipped with a UV-enhanced charge-

coupled device (CCD) camera. Low temperature (5K) was employed to minimize thermally activated 

non-radiative recombination processes and thermal line broadening.  

 

3.3. Cathodoluminescence 

Cathodoluminescence refers to the emission of photons from a material excited with electron beam. 

The injected electrons generate electron-hole pairs via impact ionization. It is a technique for 

characterizing the optical and electronic properties of semiconductors at the nanoscale.156 The CL 

equipment used in this work consists of a SEM coupled to an optical spectrometer, so that it is possible 

to perform SEM imaging while using the electron beam to excite the material and collect the resulting 

luminescence. The spatial resolution of CL is determined by the volume of the photon emission, which 

depends on the material and the operating parameters. The Figure 3.19 presents different electron-

matter interaction process. Elastic interactions give rise to backscattered electrons with energy 

comparable to those of incident electrons. Inelastic interactions give rise to X-ray and visible photon 

emissions and low energy electrons such as secondary electron and Auger. 



 

 

Figure 3.19: Types of interactions between electrons and sample. 157 

Inside the material, the spatial distribution of the electron trajectories is the result of inelastic and 

elastic interactions in the sample. When the electron beam hits an atom, the electrons give up their 

energy to an electron in the valence band producing an electron-hole pair, which can recombine 

emitting a photon. The spatial extent of the interaction depends on the energy of the incident beam 

and the material density. In our studies, it was calculated by Monte Carlo simulations using the Casino 

software that will be presented later in the manuscript.  

In our CL setup, it is possible to obtain panchromatic or hyperspectral maps. CL panchromatic 

images are grey scale images [see Figure 3.20(a)] where the contrast corresponds to the intensity of 

light emitted for each pixel and collected by the detector (integrated intensity). In CL hyperspectral 

images [see Figure 3.20(b)], the electron beam scans across sample for small mapping (around 

hundreds of micrometer scale) and at each point acquire a complete spectrum. A spectrometer 

equipped with CCD detector is used to collect the light. The color-contrast image shows the energy (or 

wavelength) that corresponds to the higher emission intensity in each point. 

 

Figure 3.20: (a) Room temperature panchromatic cathodoluminescence image of sample QDisk-
InGaN for an aperture of 3×3 µm2 158. (b) CL hyperspectral information for a different sample of 

ten periods InGaN/GaN MQW 159. 

https://www.sciencedirect.com/topics/physics-and-astronomy/cathodoluminescence
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In this study, we used an Attolight CL model Rosa equipment combining an SEM and an optical 

spectrometer (CEA-Leti, Grenoble). The SEM cathode is a field emission electron gun (FEG). The 

electron beam voltage can be set between 3 keV and 10 keV for a probe size of less than 3 nm in 

diameter. The probe current can be modulated between 0.1 and 100 nA thanks to the two 

electromagnetic lenses and the variable aperture (from 25 to 100 μm) that make up the column of the 

electron microscope. In our study, CL mapping was performed with a beam current ≈ 5 nA.  Attolight's 

equipment has a spectrometer mounted along the axis of the electron microscope for a collection of 

photons as shown in Figure 3.21. This makes the optical collection more efficient and more stable. The 

light collection system is composed of a large concave collection mirror and a small convex mirror 

placed in the axis of the electron column. The field of view of this optical spectrometer is in the order 

of 300 μm. The optical signal extracted from the SEM is analyzed by a spectrophotometer with a focal 

length of 320 mm equipped with an array of 150 lines / mm blazed at 500 nm and detected by a CCD 

camera (charge-coupled device) in the range spectral 300 nm < λ <1200 nm. The sample holder is a 

cryostat that can work at temperatures between 4 K and 350 K. 

 

Figure 3.21: Simplified diagram and image of cathodoluminescence by the equipment 
manufacturer Attolight. 160 

 

 

 



 

3.4. X-ray diffraction 

X-ray diffraction analysis (XRD) is a technique used to determine the crystallographic structure of a 

material. In our study, we characterize the period of our QD superlattices (SLs), to estimate the strain 

state of the layers, as well as to assess the crystalline quality of our samples from the broadening of 

the reflections. As x-ray excitation, we used the kα1 emission line of Cu (𝜆𝑋𝑅𝐷= 0.154056 nm). In this 

work, we measured θ -2θ scans and reciprocal space maps. 

 

Figure 3.22: The Rigaku Smartlab system in the used configuration. 

Primarily we used the XRD system Rigaku Smartlab x-ray diffractometer (CEA-IRIG, Grenoble) 

presented in Figure 3.22. The x-ray source is an evacuated tube in which electrons are emitted from a 

heated tungsten filament and accelerated by an electric potential (≈40 kV) to finally impinge on a Cu 

target. The x-ray beam coming out from the source is reflected and converted into a parallel beam by 

a parabolic mirror. A beam of parallel (0.01° divergence) and monochromatic x-rays is incident on a 

crystal at the angle 𝜔i, which is the angle between the sample plane and the incident beam. A highly 

parallel and monochromatic incident x-ray beam is achieved by using one or two monochromators 

each consisting of two Ge (220) monocrystals. This results in an x-ray beam with a wavelength spread 

ΔλXRD/λXRD = 2.2×10−5 and divergence, ΔΘ = 0.0033°. 

To minimize the background noise, we place the sample on a monocrystalline Si plate. However, 

the sample surface may not correspond to the epitaxial planes due to the substrate miscue and hence 

we need to align the epitaxial plane with the optical axis of the setup by using possible angular rotation 

mechanisms of the sample stage and detectors available in the instrument. 

To obtain high-resolution XRD (HR-XRD), a 0.114° collimator or a Ge(220)x2 analyzer is placed 
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between the sample and the detector. It improves the angular precision of the diffracted beam 

(<0.001°) and is used to measure all the planar samples. In this configuration, the direct beam intensity 

is higher than 106 counts per second (cps) and the noise is about 1 cps. However, NW measurements 

were made in an open detector configuration; which means that the detectors were directly exposed. 

This was done because of the scattering induced by the NWs which leads to broadening of the 

reflections, leaving the high resolution redundant. 

The superlattice period PSL can be extracted from the angular separation of two SL satellites in the 

θ -2θ scans: 

 𝑃𝑆𝐿 =
±𝑛𝜆𝑋𝑅𝐷

2(𝑠𝑖𝑛𝜃±𝑛−𝑠𝑖𝑛𝜃0)
  ( 3.1 ) 

where 𝜃0 and 𝜃±𝑛 are the zero-order and ±n-order SL satellites, respectively. Information on the 

mosaicity and crystalline quality of planar structures were extracted from the θ-scans. Finally, 

evaluation of the strain state of the layers required a combination of θ -2θ scans of symmetric 

reflections and reciprocal space maps of asymmetric reflections, to extract the various lattice 

parameters using Bragg’s law. 

 

3.5. Atomic force microscopy 

AFM is a characterization technique that allows us to examine the surface morphology of the samples. 

AFM measurements were performed using a Dimension Icon AFM system operated in the tapping 

mode using Bruker TESPA-V2 tips and the images were processed using WSxM free software (CEA-IRIG, 

Grenoble). 

AFM can be used to characterize the surface of various types of samples, i.e. conductors, 

semiconductors, and insulators. The schematics of a typical AFM setup is described in Figure 3.23.  

 

Figure 3.23: (a) Schematics of an AFM system, (b) AFM cantilever.161 

The bending of the cantilever, proportional to the force on the cantilever, is measured by the 



 

deviation of a laser beam position on the detector. The applied force is kept constant thanks to 

feedback circuit by changing the tip-sample distance using piezoelectric actuator driving the lateral 

movement of the measured sample. The AFM cantilever is illustrated in Figure 3.23(b). At the edge, 

there is the tip, which is a couple of microns long, less than 100 Å in diameter and 10-15 µm high. The 

AFM tip and cantilever are fabricated from Si. The type and magnitude of the interaction force between 

the tip and the sample directly depend on the distance between the tip and the sample.162 Thus, the 

variation of the interaction force between the sample and the tip mirrors the variation of the surface 

height. 

 

Figure 3.24: Force vs. tip-to-sample distance in AFM operation.163 

The AFM can be operated in three different modes (Figure 3.24), which are contact, non-contact, 

or tapping mode as described below: 

I. Contact mode: In this mode, the cantilever is kept only few ångströms above the surface. The 

measurement is done by keeping the repulsive force constant throughout the measurement. In 

this configuration, the presence of frictional and adhesive forces can damage the sample surface 

or the AFM tip, and distort the measured image. 

II. Non-contact mode: In this mode, the cantilever can oscillate with large amplitudes near the tip 

resonance frequency. The interaction force between the surface and the tip in this mode is 

attractive Van der Waals force which is a force occurring when the distance between the sample 

and the tip is in the order of ten to hundreds of ångström. The non-contact mode measurement 

typically provides low resolution and the measured image can be hampered by the natural 

oscillations. However, it is very useful for measurements of soft or liquid morphologies. 

III. Tapping mode: This mode combines the advantages of the contact and non-contact mode. In 

this mode, the force between the surface and the tip is kept near zero to avoid the surface and 

tip damage problems, occurring in the contact-mode and to provide better resolution than that 

performed by the non-contact mode. This mode is the mode that was used to measure all the 

samples in this work. In tapping mode, the tip operates near its resonant frequency, ω0, typically 
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in the 100-300 kHz range. The high resonance frequency allows us to decouple the tip oscillating 

frequency from the low-noise frequency induced by the mechanical vibrations. ω0 is defined 

with: 

 𝜔0  =  √
κ

𝑚
  ( 3.2 ) 

where k and m are the force constant and the mass of the tip respectively.  

When the tip is close to the surface less than 100 Å, it is exposed to Van der Waals 

interactions. Derivative of the vertical components F of the forces acting on the probe are 

detected. The orientation of the z-axis (considering the displacement of the tip apex above the 

contact point to a certain height z) is defined as being perpendicular to the sample surface.164 

The z-gradient of the electrostatic force, 𝜕F/𝜕z, affects to the resonance frequency of the tip, 

which is: 

 𝜔 =  𝜔0√1−
1

𝑘

𝜕𝐹

𝜕𝑧
  ( 3.3 ) 

 

Figure 3.25: Resonance curve of a tapping mode cantilever above and close to the surface. Note 
that the resonance shifts to lower frequencies and exhibits a drop in amplitude.165 

Working in tapping mode, the tip-sample distance or better the oscillating amplitude is kept 

constant using a piezo-electronic actuator and a PID regulator to minimize the force gradient, 

𝜕𝐹

𝜕𝑧
. The minimal detectable force gradient is given by166: 

 
𝜕𝐹

𝜕𝑧
 =  

1

𝐴
√
4 B κ k𝐵 𝑇

𝑄𝜔0
  ( 3.4 ) 

Here, kB is Boltzmann constant, A is the root mean square oscillation amplitude (Figure 3.25), B 

is the detection bandwidth, and Q=Δω/ω0 is the quality factor of the resonance. Hence, there 



 

are four main parameters to optimize the sensitivity. The force constant (κ) should be small 

which requires the minimization of the cantilever mass while the quality factor of the resonance 

(Q) should be high. Measuring at low temperature is usually preferred. In addition, the oscillation 

amplitude (A) which is limited by the experimental setup should be large. 

The spatial resolution of AFM measurement depends on the shape and size of the tip. The actual 

tip, which is not ideally sharp, might generate the effect called tip-evolution differentiating 

consequently the measured image and the real topology of the object. The convolution occurred when 

the radius of the tip is comparable with or larger than the size of measured object.167  

 

Figure 3.26: (a) Increase of lateral island size with respect to the real island size in the case of a 
low density of islands. (b) Decrease of the island height when islands are closer to each other 
than the tip diameter. 

In the case of well-separated islands presented in Figure 3.26(a), the measurement of the height 

is precise, but the measurement of the diameter is larger by ∆l, with: 

 ∆𝑙 = 2𝑅 (
1−𝑐𝑜𝑠𝛼

𝑠𝑖𝑛 𝛼
) ( 3.5 ) 

In the case of close-packed QDs, the measurement of the QD diameter would be correct, but the 

tip would not be able to reach the WL between two QDs as shown in Figure 3.26(b). The associated 

error in the measurement of the QD height is: 

 ∆ℎ = −𝑅 (
1−𝑐𝑜𝑠𝛼

𝑐𝑜𝑠𝛼
) ( 3.6 ) 

The accurate convolution of the tip is hard to compensate since it would require a precise 

knowledge of the tip shape. Furthermore, other factors affecting the resolution are the non-linear 

response of the piezo-scanner and environmental noise interference.  

 

3.6. Dual scanning electron microscopy / focused ion beam 

To be able to analyze the sample in the APT, it is necessary to prepare it in the shape of a needle. This 

can be done by milling the sample using FIB system. The preparation by FIB is carried out in FIB-SEM 

type equipment combining an SEM column for observation and an FIB column allowing physical etching 
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using a gallium beam. The instruments available in the PFNC at CEA-Leti, Grenoble are an FEI Strata 

DualBeam 400S microscope and an FEI 450 Helios microscope. They are both composed of a source of 

Ga+ ions for engraving, inclined at 52o from the SEM column. The electron and ion beams combined 

allow simultaneous imaging and etching of the targeted area of the sample 168. Ga+ ions are accelerated 

in a voltage range between 2 kV and 30 kV and pass through a system of lenses and diaphragms 

defining the size and the focus of the beam. The FIB-SEM system is presented in Figure 3.27. 

 

Figure 3.27: Simplified diagram of the FIB-SEM.(modified from 169) 

 

The FIB can be used for170,171: 

I. deposition (protective layers, contacts e.g.: platinum, tungsten, insulator, etc.), 

II. micro(nano)-milling for sample preparation, and 

III. imaging the surface of the sample. 

The FIB can operate over a wide range of currents between a few pA and several nA, which can 

define the beam diameter from 5 nm to 0.5 𝜇m and thus determines the ion beam accuracy. Low 

current allows imaging the surface of the sample. On the contrary, working with high current, the 

material is etched. The choice of parameters is therefore made as a function of the speed, the 

engraving precision and the desired quality. 

The exposition of a specimen to FIB can produce Ga implantation (low for low current and voltage 

but the high for high voltage, even if the current is not so high), creating some nm thick amorphous 

layer. The thickness of the damaged layers strongly depends on both the material properties and the 

Ga+ ion energy. The use of a low energy ion beam for the final steps of FIB preparation is recommended 

because it reduces considerably the thickness of the damaged layer.172 The presence of amorphous 

layer enhances the light absorption173. FIB damaged surfaces may significantly increase non-radiative 

recombination processes, and decrease the radiative processes. For these reasons, we paid particular 

attention to the combination of voltage and current that should be used during FIB specimen 

preparation.  

During my thesis, we have developed a protocol that can preserve the optical and structural 

properties of our samples. The general steps for tip-shape specimen milling are presented 

schematically on Figure 3.28174. 



 

 

Figure 3.28: Specimen preparation and general FIB Lift-out method described in the text. All 

scale bars are 5 𝜇𝑚. 174 

a) Protection of the surface (Figure 3.28 a)): Etching by a Ga+ ion beam generates a damaged and 

amorphous layer under the surface, which is due to the formation of defects. In order to avoid 

the implantation of Ga+ ions in the area of interest, it is essential to protect the surface by a 

deposit which is made in two steps : 

A. First deposition of Pt by Precision Etching and Coating System (PECS), getting as a 

result around 150 nm protective layer.  

B. Secondary deposition of 300-nm-thick protective layer of Pt in Helios (or W in Strata). 

FIB (Ga+ ions) induced deposition of platinum (or Tungsten) from a precursor gas of 

(methylcyclopentadienyl)trimethyl platinum [C9H17Pt] (or Tungsten hexacarbonyl 

[W(CO)6]) using GIS (Gas Injection System) inserted in the SEM/FIB chamber. The 

nature of the deposited material, Pt or W, depends on which machine we work: in the 

FEI Strata DualBeam 400S microscope the deposition is W, and in the FEI Helios 

microscope, it is Pt.  

b) Cut-out (Figure 3.28 b)): The material is removed around three sides (arrows) of the region of 

interest (ROI), as well as underneath, to produce a long wedge of material containing the ROI 

c) Lift-Out (Figure 3.28 c)): The first steps of preparation require the extraction of a prism from 

the whole sample. This technique is commonly called “Lift-Out”. The wedge of 20 𝜇m long is 

removed by first attaching the micromanipulator to the end of the wedge (left arrow) and then 

cutting the wedge free from the substrate (right arrow).  

d) Wedge transfer (Figure 3.28 d)): The wedge is transferred to a carrier microtip (black dashed 

circle indicates location of flat 2 μm tip for APT analysis) and attached with FIB Pt or W 

deposition. 

𝟓 𝝁𝒎 
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e) The wedge is cut free of the carrier tip (dashed line) containing the active region as indicated 

by the arrow (Figure 3.28 e). 

f) The final mounted wedge-section is shown in Figure 3.28 f). 

g) Finally, standard annular milling is performed at 15 kV in the Strata FIB or 16 KV at the Helios 

FIB, followed by a 2 kV milling-polishing step. This step was done at around 52o to have the FIB 

column along the axe of the tip as small arrows indicate (evolution described in Figure 3.28 g). 

The horizontal arrow specifies the position of the active region. 

To have an idea of combination of voltage and current that we use during all these steps, for 

imaging by FIB we used 16 kV/11 pA in Helios (15 kV in Strata) and by SEM we use 3 kV/100 pA in Helios 

(5 kV /0.4 nA in Strata). 

An APT analysis requires the preparation of the sample in the form of a needle with a radius of 

curvature less than 50 nm. Therefore, the final step consists of annular milling by using masks placed 

in the center of the area of interest. During the process, the internal radius of the mask is reduced and 

the ion etching current is being decreased as soon as the tip becomes thinner and thinner. The final 

result is a tip with a radius of curvature <50 nm. It is then polished at a voltage of 2 kV in order to 

minimize the amorphous layer and implantation due to Ga+ ions. It is important to pay attention in the 

final step because the thinner the tip, the less visible the contrasts between deposit and area of 

interest. It is essential to fully mill the deposited protective layer before the APT experiment because 

there is a difference in evaporation fields between these elements (Pt/W) and InGaN alloy that could 

cause breakage of the tip. On the contrary, milling beyond the metal deposit risks destroying the area 

of interest, if it is directly below the surface, and induces larger ion implantation. 

 

3.7. Atom probe Tomography 

Specimens consisting in needle shaped tips can be investigated by APT, allowing three-dimensional 

chemical and compositional reconstruction of the elemental distribution. This equipment, available at 

CEA-Leti in Grenoble, allows precise chemical analysis. With a focus on correlative microscopy of 

nitrides for visible LEDs and single-photon emitters, we present an advanced version of La-APT made 

by the group GPM in the University of Rouen. This system offers the possibility to record the variation 

of the micro-photoluminescence (µPL) spectrum of the specimen during its evaporation. This 

innovative approach allows gaining additional insight into the origin of the spectral emission and its 

association with structural/features. The principle and main advantages of all these techniques are 

extensively discussed. Finally, an approach for the optimization of the three-dimensional APT 

reconstruction is proposed. 

 

 



 

3.7.1. Laser-assisted APT 

 

Figure 3.29: Diagram of electron field evaporation in APT. 

The APT system is an analytical microscope allowing access to three-dimensional chemical mapping of 

atoms (around 0.1-0.3nm resolution in depth and 0.3-0.5nm laterally 175). This technique is based on 

ionization and evaporation by field effect of the atoms located at the end of the sample, prepared in 

the form of a tip with a radius of curvature R <50 nm. The tip is placed in an ultra-vacuum chamber (10-

11 Bar) and is cooled down between 20 K and 80 K, as shown in Figure 3.29. It is biased at a high DC 

electric voltage, VDC, in the range of 1 to 15 kV. The very small radius of the tip and the high voltage 

induce a very high electrostatic field (tens of V/nm) at the tip surface, expressed by: 

 E =
VDC

βR
 ( 3.7 ) 

where β is a factor taking into account the shape of the tip which is between 2 and 8.  

The evaporation rate is expressed by Arrhenius law: 

 𝑣(𝐸, 𝑇) = 𝑣0 exp (−𝑄a/𝑘𝐵𝑇) ( 3.8 ) 

where 𝑄a is the activation energy, 𝑣0 vibration frequency of the atoms of the surface, 𝑘𝐵 is the 

Boltzmann constant, T is the absolute temperature and E the electric field. Figure 3.30 presents the 

diagram of the potential energy of a neutral atom (Ua) and an ion (Ui) in the presence of an electric 

field E.  
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Figure 3.30: Potential energy curve of a neutral atom (Ua) and an ion (Ui) under electric field 
E.176 

In the case of a semiconductor material, the evaporation of the ions is triggered by a femtosecond 

laser pulse. The electric field is maintained below the field evaporation. Atoms can then cross their 

potential barrier and be evaporated in the form of ions thanks to the thermal input of the laser pulses. 

The laser pulses also trigger the chronometer for the measurement of the ion's time of flight. 

During the laser-assisted field evaporation of a tip, positive charged ions are generated and accelerated 

towards the detector. The Position Sensitive Detector (PSD) consists of a stack of two MCPs 

(MicroChannel Plates) and an advanced Delay Line Detector (aDLD) that improves the detection of 

multiple ion events53,177. The design of this aDLD has improved the multihit detection performances of 

the APT system. With the help of fast digitizers, the aDLD has the ability to decompose output signals, 

potentially overlapped during multihit events, into individual signals. This is possible thanks to the 

electronic system used to extract the timing information from the analog  signals. The idea behind the 

aDLD process is to use a signal shape recognition algorithm in order to decompose step by step output 

signals potentially made of overlapped signals as illustrated in Figure 3.31. This applies a filtering 

method to increase the signal-to-noise ratio and then a deconvolution method allows extracting the 

individual analog signals which composed the filtered signal. The timing information of each signal is 

then extracted and the positions (x,y) of ion impacts are calculated. This approach decreases the error 

bar of the initial position up to 0.1 nm on the tip surface. As a consequence, the detection of multiple 

ion events is strongly improved.  

I1 : Energy of the first ionization. 

𝜙 : Work function. 

Qa , 𝛥: height and width of the activation energy shown in bold. 



 

 

Figure 3.31: aDLD operating process. With the help of a reference signal, the envelope of an 
acquired signal made of overlapped signals can be decomposed into individual signals.178 

The DLD is composed of two delay lines oriented at 90°, labeled X and Y as it is shown in the Figure 

3.32. The X and Y coordinates of the ion impacts on the PSD give the initial position of the ions at the 

surface of the tip. The depth is calculated thanks to the total number of collected ions. The chemical 

nature of the ions is determined by the time of flight between laser pulses and the PSD giving the m/n 

(mass over charge) ratio. 

 

Figure 3.32: Images of the detection system used in APT system. 

The initial energy of an ion emitted from the tip surface is equal to the electric potential energy 

neVDC, where ne is the ion electric charge and VDC is the DC voltage applied to the tip. As an ion reaches 

the detector, its final energy corresponds to the kinetic energy 
1

2
mv2, where m is the ion mass and v = 

𝐿

𝑡
  is the velocity. L represents the flight path, which as a first approximation corresponds to the distance 

between the tip and the PSD, and t is the Time Of Flight (TOF) interval of the ion (t = L/v).  



59 

The mass-to-charge ratio m/n of ions is derived from the conservation energy  
1

2
mv2 = neVDC: 

 
m

n
= 2eVdc (

tflight

𝐋
)
2

 ( 3.9 ) 

 

Figure 3.33: Mass spectrum of InGaN QDs sample. 

Figure 3.33 shows the mass spectrum obtained for a sample containing InGaN/GaN QDs, where 

different elements and their isotopes are identified, as well as the molecular ions in different state-of-

charge. It gives the number of detected ions as a function of each measured mass to charge ratio. An 

element or one of its isotopes can be associated to each peak. The identification of the chemical nature 

of the elements detected is obtained by the time-of-flight mass spectrometry. Thanks to the equation 

(3.9) we can obtain the mass spectra.  

  

Figure 3.34: CAMECA FlexTAP APT system available in the NanoCharacterisation PlatForm 
(PFNC). 

The Figure 3.34 presents the CAMECA FlexTAP system (Flexible tomographic atom probe), 

equipped with an advanced delay-line-detector (aDLD) available in the NanoCharacterisation PlatForm 

(PFNC) at CEA-Leti in Grenoble. FlexTAP allows analysis with three laser wavelengths (IR, Green and 



 

UV) as a function of materials and is equipped with diaphragms combined to electrostatic lenses 

responsible for a non-linear variable flight path. According to the transfert function of FlexTAP, best 

mass resolution are obtained for small collection angles. The minimal and maximal field of view 

configuration of FlexTAP are 8° and 30°, respectively. 

The APT analysis was performed at 50 K with a UV femtosecond laser emitting at 343 nm having 

a pulse energy of 0.2 nJ, laser spot size ≈ 10 µm, and repetition rate of 50 kHz. The field of view was 

set to 15°. In this field of view we can only detect a small part of the evaporated specimen but we have 

better mass resolution in comparison with higher field of view.  

 

3.7.2. Photonic atom probe 

Laser enhanced field evaporation of surface atoms in La-APT can simultaneously excite 

photoluminescence in semiconductor or insulating specimens. At the University of Rouen, an atom 

probe equipped with appropriate focalization and collection optics has been coupled with an in-situ 

µPL bench that can be operated during APT analysis. This so-called “Photonic Atom Probe” instrument 

can carry out La-APT and μPL simultaneously, allowing us to correlate the variation of the 

photoluminescence signal with the nanometric scale volumes of the tip evaporated during APT. In 

principle, the emission of single quantum light emitters such as single QWs or QDs can be revealed.  

 

Figure 3.35: Schematic representation of the La-APT/μPL coupled in-situ.179 

Figure 3.35 shows a schematic representation of the system combining μPL and La-APT. A 

spherical mirror was introduced inside the analysis chamber to collect the optical emission.60 The tip is 

located inside the APT chamber at the focal point of the mirror. The configuration described in Figure 

3.36 allows focusing the laser on the tip, and collecting the μPL emission using a spectrometer in 

connection with either a CCD or a streak camera. 
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Figure 3.36: Schematic representation of the Photonic Atom Probe setup. 

The Photonic Atom Probe instrument operates at frequencies up to 500 kHz with 150 fs laser 

pulses that are tunable in energy in a large spectral range (spanning from deep UV to near IR). For our 

experiments, we used a UV laser line at 260 nm focused on a spot with a diameter around 1.5 μm. The 

system is equipped with an 8-cm-diameter multichannel plate/delay line detector (MCP/DLD). The 

flight length is around 10 cm, corresponding to a field of view of 22° on the detector and of 35° on the 

tip. Such detection system is able to perform analysis using laser repetition frequency up to 1.7 MHz 

with a detection rate of 1 ion/pulse without any loss of information caused by memory management. 

The detection rate used for our measurements is 0.0005-0.0025 event/pulse. Unluckily, the detection 

system currently in use does not support the detection of multiple-ion events due to difficulties related 

to the high acquisition frequencies. The exclusion of multiple-ion events has a major impact on the 

compositional measurements. For this reason, the composition as provided by this prototype is not 

quantitative. Micro-PL spectroscopy is performed using a 320 mm focal length spectrometer equipped 

with a CCD camera for time-integrated and with a streak camera for time-resolved acquisitions. The 

spectral resolution is approximately 0.3 nm. Excitation is provided by the same pulsed laser emitting 

at 260 nm, but increasing the repetition frequency to 4 MHz, to increase the number of counts in the 

detector. For the 𝜇PL studies of our samples, the incident laser power can be tuned in the 15-2000 μW 

range.  

 

3.7.3. 3D reconstruction of the volume evaporated 

Data were processed using the TAP3D software by CAMECA, GPM 3D data software and homemade 

MATLAB codes. Keeping in mind that the APT is a projection microscope, from the position of the 

impact of the ions on the detector X and Y as shown in the Figure 3.37, it is possible to determine the 

initial position of the atoms on the tip surface before their evaporation using an inverse projection.  



 

 

Figure 3.37: Diagram of the projection principle for the 3D reconstruction of the sample at a 
distance L0 from the position sensitive detector (x, y). (modified from 65) 

The ‘radial projection’ of the ion flight paths from the specimen tip magnifies spatial differences 

between the evaporated atoms as they move along the flight path, resulting in a highly magnified and, 

ideally, uniform ‘mapping’ of the tip surface to the position‐sensitive detector. The magnification G of 

the tip image depends on curvature radius R and it can be written:  

 G =
L0

(m+1)R
 ( 3.10 ) 

where L0 is the flight path of the ions and (m + 1) is image compression factor, parameter related to 

the  projection point P and the fact that ion trajectories are not completely perpendicular to the tip 

surface.  The compression factor varies between 1.2 and 2.  

From the Figure 3.37, the initial x, y position of the atoms on the tip are given by: 

 x=X/G ;  y = Y/G  ( 3.11 ) 

The third dimensions z or the depth is determined using the total number of detected ions. So, 

the atomic volume of each detected ion has to be taken into account : 

 𝑧 =
𝑉𝑎𝑡 

𝑄𝑠
   ( 3.12 ) 

where s is the analyzed surface, Q is the detection efficiency and Vat is the atomic volume of the 

charges. The analysis surface s depends on detector surface S and magnification G as follows: 

 s =
 𝐒

G2
  ( 3.13 ) 

Replacing s to the Equation (3.12) using the Equation 3.13, we can have the depth 𝑧 as follows: 

 z =
VatG

2

Q𝐒
   ( 3.14 ) 

where the depth 𝑧 depends on the magnification G. From the Equations ( 3.10 ) and ( 3.14 ), we can 

conclude that the value of radius R is needed in order to make the 3D reconstruction.  

Several methodologies can be used to determined R. For homogeneous samples, the estimation 

of R can be done as a function of the applied voltage. Second, knowing the original shape of the tip, 
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the R, which increases with the depth of the volume analyzed, can be determined by defining initial 

radius and shank angle. The necessary parameters for this methodology are the cone angle, 𝑎, and the 

radius of curvature, R, which evolve during the evaporation and are in generally estimated initially from 

an SEM image or TEM images. Third, the estimation of the variation of radius as a function of depth 

can be done using “Tip Image” mode uploading SEM or TEM image. In this manuscript, the 3D 

reconstruction was performed using a cone-angle algorithm180,181. The reconstruction parameters were 

extracted from STEM images of the specimen before performing La-APT. The values measured initially 

are on average R = 30 - 50 nm and 𝑎 = 5o – 10o over all the samples analyzed. 

For the optimization of the mass spectra, it is also important to take into account that the L 

representing the flight path and presented in the Equation ( 3.9 ) is not constant but it depends on the 

variation of straight-flight-path and the ion impact location on the detector. We can write the L as L(x,y) 

that is dependent of x y coordinates: 

 𝐿(𝑥, 𝑦)2 = 𝐿0
2 + 𝑟(𝑥, 𝑦)2 ( 3.15 ) 

In order to have a first approximation of the parabolic trajectory of the ion we can apply the 

Pythagorean theorem in the Figure 3.38. 

 

Figure 3.38: Diagram of the projection and the first approximation for the optimization of the 
spectra. 

Figure 3.39 presents the atom probe tomographic study. Figure 3.39(a) illustrates the 3D 

reconstructed map where with blue we see the Ga atoms. The underlined region in the Figure 3.39(a) 

is presented in the Figure 3.39(b) with higher magnification. Figure 3.39(c) shows 10 nm sliced Ga site 

fraction map extracted from (b). 

 



 

 

Figure 3.39: Atom probe tomographic study of a tip containing a set of AlGaN/GaN QDs. (a) 
Reconstructed positions of the Ga atoms within the whole probed volume. (b) Reconstructed 
positions of the Ga atoms within a 0.5 nm thick slice corresponding to a cross section of a 
selected stack of QDs. (c) Ga site fraction map within the volume displayed in (b). The red arrows 
point to interface monolayer fluctuations at the bottom of several QDs. 68 

 

3.8. NextNano simulations 

Simulations of the strain distribution and electronic structure of the samples were carried out with the 

nextnano3 software which is a commercial self-consistent Schrödinger-Poisson equation solver. We 

used a model based on the k∙p perturbation theory for calculating the quantum levels.182 For the work 

presented in this manuscript, the strain distribution, electronic band structure, quantum levels and 

recombination probabilities of given nanostructures are simulated in one and three dimensions. We 

used the material parameters given in Table 3.1.129  

For the simulation of AlxGa1−xN alloys, all the bowing parameters were set to zero. In the case of 

InxGa1-xN alloys, bowing parameters were only used for the calculation of the band gap energy (b = 2.1 

eV2,183 , applied to the conduction band) and the spontaneous polarization (b = −0.038 C/m2 73).184 
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Parameters Units Symbol GaN InN AlN 

Lattice constants 73 nm a 0.3189 0.3545 0.3112 

c 0.5185 0.5703 0.4982 

Spontaneous polarization 183 C/m-2 PSP -0.034 -0.042 -0.090 

Piezoelectric constants 86 C/m-2 e31 -0.49 -0.57 -0.60 

e33 0.73 0.97 1.46 

Elastic constants 79,81 GPa c11 390 223 396 

c12 145 115 137 

c13 106 92 108 

c33 398 224 373 

c44 105 48 116 

Band gap 2,73 eV EG 3.51 0.69 6.2 

Conduction-band offset with GaN 2,73 eV Δ𝐸𝐶𝐵 0 2.44 0 

Electron effective mas 73,185 𝑚𝑒0 𝑚𝑒
∗  0.2 0.07 0.3 

Hole effective mass 73,185 𝑚ℎ0 𝑚ℎ
∗  1.6 1.63 1.44 

Luttinger parameters 186  A1 -5.947 -15.803 -3.991 

A2 -0.528 -0.497 -0.311 

A3 5.414 15.251 3.671 

A4 -2.512 -7.151 -1.147 

A5 -2.510 -7.060 -1.329 

A6 -3.202 -10.078 -1.952 

A7 0 0.175 0 

Conduction band deformation potentials 112  ac1-D1 -5.81 -3.62 -4.3 

ac2-D2 -8.92 -12.1 -4.6 

Uniaxial valance band deformation potentials 112  D3 5.47 9.12 2.68 

D4 -2.98 -3.79 -1.74 

D5 -2.82 -3.23 -2.07 

Varshni parameters 73,187 meV/K 𝛼 0.858 0.245 - 

K 𝛽 700 624 - 

Table 3.1: Input parameters used for the calculations with the nextnano3 software. 
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Chapter 4:  AlGaN/AlN nanowires for electron-

pumped ultraviolet sources 

 

There is a particular demand for solid-state devices emitting in the UV range around 254 nm for 
application in disinfection and water purification 22,188–190. A promising alternative for the 
fabrication of highly efficient, eco-friendly UV lamps is based on the injection of electrons into 
AlGaN/AlN nanostructures using a miniaturized electron gun. In this chapter, we present the design 
and characterization of nitrogen-polar AlxGa1-xN/AlN (0 ≤ x ≤ 0.1) QD superlattices integrated along 
GaN NWs for application in electron-pumped UV sources. We first describe the growth conditions 
to obtain a high density of non-coalesced NWs, and to improve the uniformity of the height along 
the substrate. We estimate the NW superlattice is long enough to collect the electron-hole pairs 
generated by an electron beam with an acceleration voltage of 5 kV, typical value to prevent x-ray 
emission. We systematically assess the optical performance of GaN/AlN SLs on NWs for various 
dot/barrier thickness and the effect of incorporating Al in the dots. These studies are 
complemented by comparing their emission with planar GaN/AlN SLs with the same periodicity. 
Internal quantum efficiencies are measured under low injection conditions and for higher 
excitation power densities. Finally, we study the external quantum efficiency of these structures 
under optical pumping. 

In this work, high-angle annular dark-field - scanning transmission electron microscopy (HAADF-
STEM) analyses were performed by Dr. M. I. den Hertog (NWs) and Dr. C. Bougerol (lamellas of 
planar samples prepared by FIB by Dr. N. Mollard). CL measurements have been made by A. 
Harikumar, Dr. F. Donatini and Dr. J. Lahnemann. I was assisted by Dr. E. Bellet-Amalric and Dr. E. 
Monroy with XRD and SEM measurements, respectively. The complete study was accepted for 
publication as “Assessment of AlGaN/AlN superlattices on GaN nanowires as active region of 
electron-pumped ultraviolet sources”, I. Dimkou, et al., Nanotechnology 31, 204001 (2020)191. 

 

4.1. Introduction to UV emitters: motivation 

Exposure to UV radiation is effective for inactivating a large range of pathogens 190,192–194. It is receiving 

renewed attention due to the global pandemics as an immediately deployable and cost effective option 
195–199. However, the common sources used for disinfection are low-pressure arc lamps, emitting at 254 

nm, which contain toxic mercury that Europe is trying to phase out. Different replacements for mercury 

lamps are recently proposed 22,23. Most attention is now focused on UV light emitting diodes (LEDs) 

based on semiconductors, with numerous advantages compared with mercury lamps (fast on/off 

switching, longer lifetime, reduced ozone generation, wider wavelength selection) 190,200,201. AlGaN 

semiconducting alloys offer an interesting choice for the fabrication of UV emitters because of their 

direct energy band gap and wide doping capabilities. Even so, the efficiency of AlGaN-based LEDs is 

still relatively low 131.  

The LED performance is characterized by its external quantum efficiency (EQE) or wall-plug 

efficiency (WPE). The EQE is the ratio of the number of photons emitted from the LED to the number 

of electrons passing through the device. The EQE in turn is dependent on the radiative recombination 



 

efficiency ηrad, the carrier injection efficiency ηinj, and the light extraction efficiency ηext : 

 𝐸𝑄𝐸 =  𝜂𝑟𝑎𝑑  ·  𝜂𝑖𝑛𝑗  ·  𝜂𝑒𝑥𝑡 = 𝜂𝐼𝑄𝐸  ·  𝜂𝑒𝑥𝑡  ( 4.1 ) 

where the product of the radiative recombination efficiency 𝜂𝑟𝑎𝑑  and the carrier injection efficiency 

𝜂𝑖𝑛𝑗 is typically referred to as the internal quantum efficiency 𝜂𝐼𝑄𝐸. 

The external quantum efficiency (EQE) and wall-plug efficiency (WPE) are related through the 

following equation202: 

 𝑊𝑃𝐸 =  
𝑃𝑜𝑢𝑡

 𝐼 · 𝑉
 =  𝐸𝑄𝐸

ℏ𝜔

𝑒 · 𝑉
   =  𝐸𝑄𝐸 ·  𝜂𝑒𝑙   ( 4.2 ) 

where Pout, I, and V represent the output power, operating current, and operating voltage of the UV-

LED, respectively, ℏω the emitted photon energy, and ηel the electrical efficiency 203.  

Figure 4.1 (a) presents the schematic of a nitride-based UV LED and Figure 4.1 (b) presents the 

plot of reported EQE values as a function of the emission wavelength. In spite of intense research 

efforts during the last decade 200,204, the WPE of commercial LEDs at  260 nm is < 1%, far below that 

of mercury lamps ( 15% at 254 nm). Current world laboratory record of WPE for a UV-C LED is 5.7% 

at 275 nm 24, and there was no improvement in the last 3 years. Furthermore, the LED efficiency 

drastically decreases at shorter wavelengths 202, as illustrated in Figure 4.1(b). 

 

Figure 4.1: (a) Schematic diagram of a UV light-emitting diode (LED) 205. (b) EQE of UV LEDs 
developed over nearly two decades. Noticeable is the big drop in EQE for wavelengths shorter 
than 365 nm, which marks the transition from InGaN- to AlGaN-based LED technologies 190.  

 

Several parameters can affect the efficiency of these devices. First, the shortage and the high price 

of high-quality native AlN substrates leads most of the researchers to use non-native substrates, which 

present high lattice mismatch, and difference in thermal conductivity and coefficient of thermal 

expansion with respect to the epitaxial layer. All these factors reduce the IQE in QWs. Second, in spite 

of the technological progress in doping and contacting of semiconductors, the high activation energy 

of both donors and acceptors and the asymmetric carrier mobility of electrons and holes in AlGaN 
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cause problems on electrical injection 206–208. Attaining reasonable hole concentrations and ohmic 

contacts to the p-type region requires that the structure is terminated with p-GaN, which absorbs the 

deep-UV LED emission. Subsequently, the increase of the Al content contributes to the low light 

extraction efficiency due to the optical polarization of the emission. Specifically, for GaN transverse-

electric (TE)-polarized photons with the electric field perpendicular to the c-axis (E⊥c) can be efficiently 

out-coupled from the surface of a LED, contrary to the case of AlN where the emission is dominated 

by transverse-magnetic (TM)-polarized photons with the electric field parallel to the c-axis (E//c)209. 

This different behavior between GaN and AlN is due to the difference of their band structure, as 

described in subchapter 2.5. 

 

4.2. Description of the electron-pumped UV lamp 

A promising alternative for the fabrication of highly-efficient, eco-friendly UV lamps consists in 

mounting the active AlGaN chip in a vacuum tube, and to inject carriers using a cold cathode 210–212. 

Such a device, which can be miniaturized to the millimetre size, would avoid the problems associated 

with electrical injection, since both electrons and holes are generated equally in the active region by 

impact ionization.  

A schematic of an electron-pumped UV (EPUV) device is shown in Figure 4.2. The device 

containing the AlGaN/AlN QD layers is attached to a copper block, to help dissipating the generated 

heat. The electron source is connected to high voltage whereas the copper block is grounded. Thus 

electrons are accelerated towards the active medium. The device must operate under vacuum. 

 

Figure 4.2: Schematic of an electron beam pumped UV emitter. 

At the beginning of this PhD work, several reports on electron-pumped emission from GaN-based 

QWs already existed211,213–217, but the performance was mostly limited by the light extraction 

efficiency. There were also some demonstration of electron-pumped lasers emitting around 

360 nm218,219. E-beam pumped sources compare favorably with state-of-the art efficiencies from 



 

conventional UV-LEDs, and can deliver high optical output powers as the Figure 4.3 illustrates. We can 

outline that NIMS (Tsukuba) refers to an output power of 0.2 mW at 225 nm, WPE ≈ 0.6% and Kyoto 

university to  an output power of 100 mW at 240 nm. Moreover, output power ≈ 2 W at 260 nm, WPE 

≈ 0.3% were reported by Moscow Tech University and Peking University. All these studies were 

performed with QW nanostructures. 

 

Figure 4.3: Comparison of e-beam pumped spontaneous emission device efficiencies with state-
of-the art conventional LED performance.202 

 

4.3. Why nanowires? 

In this chapter, we demonstrate the importance of NW arrays as active media that opens interesting 

perspectives for electron-pumped UV emitters. Semiconductor NWs represent an innovative material 

approach with potential applications in the domains of electronics, optoelectronics, sensors and 

energy conversion 12,114,220–225. The advantages of GaN‐NW‐based structures can be divided into 

number of areas. First, the GaN NWs can be grown on Si(111) with high crystalline quality, as individual 

NWs are almost dislocation‐free. Second, they can incorporate axial and radial heterostructures. In 

axial heterostructures, the elastic relaxation of strain at the NW sidewalls allows combining materials 

beyond the limits imposed by the critical thickness in planar heterostructures. Radial heterostructures, 

on the other hand, open the opportunity to increase the device active area, but the critical thickness 

limitation applies in this latter case.  

Additional advantages stem from the light-NW coupling. Using the waveguiding modes of the 

individual NWs may enhance light emission leading to stimulated emission or even lasing. In addition, 

the manipulation of growth geometry of NW arrays will allow realization of photonic structures formed 
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by NW arrays to improve light extraction. Last but mot least, controling the crystallography and 

composition of NW surfaces, it is possible to design NW optical cavities for advanced photon 

management and efficient harnessing of inter‐ and intra‐wire energy transfer processes. 

For our particular application of the NWs as active region of EPUV emitters, we will take advantage 

of the relatively easy implementation of nano-objects displaying three-dimensional (3D) quantum 

confinement (quantum-dot-like) 226–229 within a NW, which results in high IQE at room temperature 
138,230. From the structural point of view, these objects are often referred to as “nanodisks” as they look 

more like wells than like dots. However, previous works studied exhaustively the single GaN/AlN dots 

in a NW 226 showing correlation measurements indicating antibunching 231, which is a signature of QD 

behaviour. In addition to this, the strong reduction of non-radiative recombination, which results in 

photoluminescence lifetimes that remain constant in the 5-300 K temperature range 232, confirms the 

presence of 3D confinement of carriers. This is why the NW having diameter around 50 nm presents 

“quantum dot” behavior, thanks to the radial confinement. For this reason we make the choice of 

referring to these structures as “quantum dots” based on their optical nature.  

 

4.4. Target structure 

The aim of this study is to explore the possibility of using AlxGa1−xN/AlN QD SLs integrated along GaN 

NWs as active media for electron-pumped UV emitters. The implementation of a SL of QDs in a wire 

seems a good strategy, since 3D carrier confinement grants a certain insensitivity to non-radiative 

processes 231, which results in high internal quantum efficiency at room temperature. However, the 

semiconductor geometry must be adapted to maximize the energy conversion under electron 

pumping.  

A first specification is that the total length of the active region should be larger than the 

penetration depth of the electron beam, Re. A commonly used empirical expression for Re is 233: 

 𝑅𝑒 =
4.28×10−6

𝜌
𝑉𝐴
1.75 ( 4.3 ) 

where 𝜌 is the material density in g/cm3 and VA is the acceleration voltage in kV. Applied to GaN (𝜌 =

6.10𝑔 𝑐𝑚−3⁄ ) and AlN (𝜌 = 3.26𝑔 𝑐𝑚−3⁄ ) assuming VA = 5 kV, we obtain 𝑅𝑒 = 115 nm and 

𝑅𝑒 = 215 nm, respectively. For a more precise estimation of 𝑅𝑒, Monte Carlo simulations of the 

electron beam interaction with GaN, Al0.67Ga0.33N and AlN were performed as a function of 𝑉𝐴, using 

the CASINO software 234, with the results depicted in Figure 4.4.  



 

 

Figure 4.4: Energy loss as a function of depth by an electron beam penetrating in (a) GaN, (b) 
Al0.67Ga0.33N, and (c) AlN for various accelerating voltages, VA. The curves were obtained by 
performing Monte Carlo simulations using the CASINO software. 

For VA = 5 kV, the calculations predict values of 𝑅𝑒 around 175 nm, 224 nm, and 260 nm for GaN, 

Al0.67Ga0.33N and AlN, respectively [see Figures 4.4(a), (b) and (c), respectively]. The penetration depth 

in Al0.67Ga0.33N is presented here because it reflects the average Al content in the active region of some 

of the heterostructures under study, as it will be explained later in this chapter.  

In view of these results, and accounting for a reduction of the effective material density in the NW 

ensemble with respect to bulk material, the length of our QD SLs was chosen to be 400 nm. To 

maximize the number of emitting centres, the nominal SL period was fixed at 4.5 nm, which means 

that the active region consists of 88 QD periods. To adjust the spectral response, we varied the Al 

content in the dots and the dot/barrier thickness ratio, i.e. the total number of dots and the active 

region length remained constant. 

With the purpose of favouring the charge evacuation during the electron pumping process the 

NWs were grown on n-type Si(111) with a resistivity in the range of 0.001-0.005 Ωcm. The NW base 

and the dots were doped n-type with [Si] = 5×1018 cm−3 (value estimated from Hall effect 

measurements using the Van der Pauw method on planar Si-doped GaN layers). 

A schematic presentation of the as grown sample is illustrated in the Figure 4.5. 

https://www.wordhippo.com/what-is/another-word-for/with_the_purpose_of.html
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Figure 4.5: Simplified shema of the grown structure. 

 

4.5. Growth conditions  
As described in Chapter 3, self-assembled N-polar NWs were synthesized using PAMBE on n-type 

Si(111) substrates on top of a low-temperature two-step AlN nucleation layer 137,235,236. To improve the 

uniformity of the height across the substrate surface 237, the growth starts with a long (≈ 900 nm) GaN 

NW base grown under N-rich conditions (Ga/N flux ratio ΦGa/ΦN = 0.25), at a substrate temperature 

TS = 810 °C. This leads to a density of GaN NWs around 6-8×109 cm−2, with a NW diameter of 30-50 nm. 

The choice of growth conditions is based on the study described in Figure 4.6. From these bird’s eye 

and top-view SEM images, we observe that increasing the substrate temperature from 770°C to 810°C 

results in a reduction of the NW density, at the price of a slight decrease of the growth rate due to the 

enhancement of GaN decomposition. However, at 825°C the decomposition rate is too high, and the 

NW height becomes highly inhomogeneous.  

In this work, one of our main challenges for the growth of NWs for electron-pumped devices is 

the control and the reproducibility of the QD geometry and composition in a SL that is hundreds-of-

nanometres long (exceeding the penetration depth of the electrons). In general, the luminescence 

from GaN/AlGaN and AlGaN/AlN SLs on GaN NWs presents strong spectral dispersion, with broad and 

sometimes multi-line spectral profiles 45,138. This is due to the variation of the dot height and diameter 

along the growth axis 238–240, the different strain relaxation in the dots along the growth axis 238,239,241, 

the presence of monolayer thickness fluctuations in the dots 238, and the alloy inhomogeneities and 

inter-diffusion phenomena at the hetero-interfaces, which depend on the strain state of the structure 
138. Additionally, structural perturbations can be introduced by coalesced areas and lateral GaN 

inclusions 242. From all of these, we can conclude that the most critical is to develop precisely controlled 

growth processes aiming to the synthesis of homogeneous AlGaN/AlN QD SLs in a NW geometry.  

The bottom-up approach itself has many subtypes: catalyst-assisted growth, self-catalyzed 

growth, catalyst free growth, oxide-assisted growth, selective area growth and template-assisted 

growth. The catalyst-free growth technique utilized here has the advantage of not having to use any 



 

foreign material or impurity, hence producing high quality defect-free NWs. Moreover, compared with 

selective area growth (SAG), such catalyst free, self-assembled NWs of GaN have already been 

demonstrated in PAMBE, and when grown, they generally occur as a forest of highly dense NWs 243–247. 

This can be an advantage for electron-pumped lamps compared to SAG of well seperated NWs, as the 

highly dense self-assembled NWs favours the high carrier-injection. 

For the synthesis of the active region, we completed the growth of the NWs with the deposition 

of the AlxGa1−xN/AlN (x = 0, 0.05, 0.10) SL, which was 400 nm long (88 periods of QDs). The AlxGa1−xN 

dots were grown using the same N-rich conditions as for the GaN base (Ga/N flux ratio = 0.25) as 

described with more detail in subchapter 3.1.2.1.. The complete heterostructure was synthesized at 

TS = 810 °C without any growth interruption. A summary of the samples under study is presented in 

Table 4.1. Some of the samples were repeated to assess the reproducibility of their growth. 

 

  

Figure 4.6: SEM images (bird’s eye on the left and top view on the right side) of GaN NW samples 
grown at various substrates temperatures: (a) 770°C, (b) 790°C, (c) 810°C, and 825 °C. The NW 
height is indicated as a legend in the bird’s eye figure. All the samples grew for 3 hours with a 

flux ratio Ga/N = 0.25 at a growth rate vG = 290 nm/h. 139 
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Sample 
tW 

(nm) 
tB 

(nm) 

alloy 
fraction 

x 

XRD 
Period 
(nm) 

Peak 
emission 

(nm) 

IQE 
(%) 

FWHM 
(nm) 

average 
diameter 

(nm) 

E3857 
E3898 

1.5 3.0 0 
4.4±0.1 

 
340 
336 

63 
60 

31 
30 

54.5±11.6 

91.6±19.9 

E3858 1.5 3.0 0.05 4.4±0.1 331 34 27  

E3859 1.5 3.0 0.1 4.6±0.1 335 42 29 65.6±14.0 

E3861 1.0 4.0 0 5.0±0.1 324 55 25 64.0±28.7 

E3862 0.75 3.75 0 4.4±0.1 296 48 22 90.7±29.5 

E3863 0.75 3.75 0.1 4.3±0.1 286 44 16 88.8±13.5 

E3918 
E3864 

0.65 3.85 0 
 

4.1±0.1 
277 
265 

29 
31 

23 
36 

81.3±16.7 

87.5±19.6 

E3865 0.65 3.85 0.1 4.1±0.1 258 22 34  91.2±24.4 

E3889G 1.5 3.0 0 4.4±0.1 329, 343 <0.05 9, 11  

E3889N    1.5 3.0 0 4.1±0.1 
329, 342, 

367 
<0.4 9, 13, 24 

 

Table 4.1: Structural and optical characteristics of the samples under study: Nominal thickness 
of the AlN barriers (tB) and of the AlxGa1-xN wells (tW), Al concentration in the wells (x), MQW 
period measured by XRD, peak emission wavelength at room temperature (in the case of 
multiple peaks, the dominant peak appears in bold fonts), internal quantum efficiency (IQE) at 
room temperature (measurement under low-injection conditions), and full width at half 
maximum (FWHM) of the emission at room temperature. 

In order to compare the performance of the NWs with standard QWs, one of the samples (E3857) 

has been reproduced as a planar structure with similar thicknesses of well/dot, barrier and total active 

region. The sample was grown simultaneously on the Ga-face (E3889G in Table 4.1) and on the N-face 

(E3889N in Table 4.1) of free-standing n-type GaN substrates (resistivity at room temperature 

< 0.05 Ωcm, dislocation density < 5106 cm−2). Growth was performed at 720 °C, under Ga-rich 

conditions (nitrogen-limited growth rate vGN = 450 nm/h) and without growth interruptions 129. 

 

4.6. GaN/AlN NWs 
Our description of the results will focus first on GaN/AlN QD superlattices on GaN NWs (samples E3857, 

E3898, E3861, E3862, E3918, E3864 in Table 4.1). In order to compare the performance of NWs with 

standard QWs, we have also studied planar structures with the same layer sequence grown along the 

[0001] (Ga-polar) or [000-1] (N-polar) crystallographic axis of GaN, starting from free-standing GaN 

substrates (samples E3889G and E3889N in Table 4.1, respectively). The structural properties of 

GaN/AlN  heterostructures have been analyzed using a combination of XRD, SEM and high resolution 

TEM experiments. The optical studies have been perfomed using PL and CL measurements. Moreover, 

we compare the optical characterization with theoretical simulations of the electronic structure.  



 

 

Figure 4.7: (a) SEM image of as-grown sample E3857. (b-c) HAADF-STEM views of a NW, where 
bright contrast corresponds to GaN and dark contrast corresponds to AlN: (b) general view of 
the heterostructure, and (c) zoomed image in the centre of the heterostructure. Dashed yellow 

lines outline the {1−102} facets in one of the GaN dots. (d) Integrated intensity of the HAADF-
STEM image analysed along the turquoise and red rectangles outlined in (c). (e) HAADF-STEM 
image of the first periods of the heterostructure. Dark/bright contrast corresponds to Al-
rich/Ga-rich areas. 
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4.6.1. Structural properties 

In a first experiment, we have studied the structural properties of GaN/AlN QD superlattices on GaN 

NWs (samples E3857 and E3898 in Table 4.1). An SEM image of E3857 is displayed in Figure 4.7(a), 

illustrating the high density of NWs in the ensemble. Figures 4.7(b-c) present HAADF-STEM images of 

the GaN/AlN heterostructure (88 periods) in E3857, where the bright contrast is GaN and the darker 

contrast corresponds to AlN. Along the NW, the heterostructure exhibits a regular thickness of 1.5 ± 0.2 

nm for GaN and 2.8 ± 0.2 nm of AlN, with the whole GaN/AlN QD superlattice enveloped by an AlN 

shell. Along the SL, the thickness of the GaN section increases by a maximum of 0.5 nm from the base 

to the end. It can be observed in zoomed images [Figure 4.7(c)] that the thickness of the AlN shell 

decreases along the NW growth axis, being negligible at the top of the NWs and having a maximum 

thickness of around 5 nm at the interface with the GaN base. The vertical cross section of the GaN dots 

is not rectangular but trapezoidal, with {1−102} facets towards the NW sidewalls [see dashed yellow 

lines in Figure 4.7(c)]. 

Figure 4.7(d) depicts the integrated intensity of the HAADF-STEM image in (c) analysed along the 

turquoise and red rectangles outlined in the figure. From these profiles, the interface resulting from 

the deposition of AlN on GaN is systematically sharp at the scale of one atomic layer. On the contrary 

the GaN-on-AlN interface is widened by interdiffusion, extending 2-3 atomic layers. Note that the 

results are similar in the centre of the NW (data in turquoise) as closer to the sidewalls (data in red). If 

we focus on the initial stage of the growth of the heterostructure, illustrated in Figure 4.7(e), there is 

a diffusion of Ga from the stem into the first two periods of the SL. Such Al-Ga intermixed regions have 

previously been reported at the beginning of the growth of GaN/AlN SLs 138, and are explained by the 

strain-driven out-diffusion of Ga induced by the lattice mismatch between GaN and AlN. 

As a comparison, we have studied the structural properties of planar structures with the same 

layer sequence grown along the [0001] (Ga-polar) or [000-1] (N-polar) crystallographic axis of GaN, 

starting from free-standing GaN substrates (samples E3889G and E3889N in Table 4.1, respectively). 

Figure 4.8(a) displays a HAADF-STEM image of a Ga-polar planar sample containing 88 periods of 

GaN/AlN (E3889G), and Figure 4.8(b) is a bright-field (BF) TEM off-axis (10° tilt from the [11−20] zone 

axis) image showing five periods in the centre of the SL. 

The structure presents sharp and symmetric hetero-interfaces at the atomic level, only disturbed 

by clearly identified atomic steps [marked by white arrows in Figure 4.8(b)], characteristic of the step-

flow layer-by-layer growth mode. The equivalent N-polar planar structure is shown in Figures 4.8(c-d). 

The heterointerfaces are still relatively sharp and symmetric, but they extend to about two atomic 

layers.  

 



 

 

Figure 4.8: (a) HAADF-STEM image of planar sample E3889G showing the 88 periods of 
GaN/AlN. Dark/bright contrast corresponds to Al-rich/Ga-rich areas.  (b) BF TEM off-axis (10° 

tilt from the [11−20] zone axis) image of E3889G showing five periods in the centre of the 

superlattice, tilted viewed along <1−100>. Bright/dark contrast corresponds to Al-rich/Ga-rich 
areas. The arrows mark atomic steps at the heterointerfaces. (c) HAADF-STEM image of sample 
E3889N showing the 88 periods of GaN/AlN. Dark/bright contrast corresponds to Al-rich/Ga-

rich areas. (d) BF TEM off-axis (10° tilt from the [11−20] zone axis) image of E3889N showing 

five periods in the centre of the superlattice, viewed along <1−100>. Bright/dark contrast 
corresponds to Al-rich/Ga-rich areas. The arrows mark atomic steps at the heterointerfaces. 

The structural characteristics of the GaN/AlN superlattice were also investigated by high-

resolution XRD. Figure 4.9 shows θ−2θ scans around the GaN (0002) reflection for samples E3857, 

E3889G and E3889N. In the NW sample, the angular location of the reflection from the GaN stem is 

shifted to higher angles with respect to relaxed GaN, which confirms that it is compressively strained 

by the AlN shell. From the inter-satellite distance, we extract the MQW periods listed in Table 4.1, 

which are in good agreement with the nominal values. Using the Ga-polar sample as a reference, the 

N-polar structure presents broader reflections due to the larger inhomogeneity in thickness observed 

in the TEM images. In the case of NWs, thickness fluctuations from wire to wire within the ensemble 

introduce an additional broadening factor. Nevertheless, the satellites of the MQW reflection are still 

well resolved, and their linewidth is comparable to the N-polar structure.  
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Figure 4.9:  XRD θ-2θ scans of samples E3857, E3889G and E3889N, recorded around the (0002) 
reflection of GaN. The scans are vertically shifted for clarity. Labels indicate the (111) reflection 
of the Si substrate, the (0002) reflection of GaN, and the (0002) reflection of the MQW, with 
several satellites 

 

4.6.2. Optical properties 
To get an idea of the impact of the structural properties on the optical characteristics we studied the 

PL emission of the three heterostructures E3857, E3889G and E3889N. Normalized spectra recorded 

at low temperature (T = 5 K) are displayed in Figure 4.10. The peak emission wavelength of the three 

samples is relatively close, in the 336-340 nm range. The spectra from planar samples present a multi-

peak structure due to the monolayer thickness fluctuations in the QWs 248, with the Ga polar sample 

presenting narrower lines. In contrast the emission for the NW sample consists of a single spectral line, 

centred at 337 nm, with a large linewidth due to the geometry fluctuations in the NW ensemble.  

 

Figure 4.10: Low-temperature PL spectra of samples E3857, E3889G and E3889N. Spectra are 
normalised to their maximum value and vertically shifted for clarity. 



 

 

Then, we have assessed the IQE of the samples by analyzing the variation of their emission, either 

PL or CL, as a function of temperature. As an example, Figure 4.11(a) displays the evolution of the PL 

spectrum as a function of temperature of the sample E3857. The variation of the PL intensity as a 

function of temperature is presented in Figure 4.11(b). The luminescence from the planar structures 

drops by more than two orders of magnitude when increasing the temperature from 5 K to 300 K. In 

contrast the emission intensity from the NWs remains constant up to 100 K and remains at 63% of its 

maximum (low temperature) value at 300 K. This result confirms the relevance of carrier confinement 

in hindering non-radiative recombination. 

 

 

Figure 4.11: (a) Variation of the PL spectra as a function of the temperature of the sample E3857. 
(b) Variation of the integrated PL intensity as a function of temperature for samples E3857, 
E3889G and E3889N. Measurements are taken under continuous-wave, low-injection (power 
density = 0.00013 kW/cm2) excitation. (c) Variation of the IQE at room temperature as a 
function of the excitation power density measured with a pulsed Nd-YAG laser. 

 

The room-temperature internal quantum efficiency (IQE) of the nanostructures is often estimated 

as the ratio of the room-temperature and low-temperature integrated PL intensities: 

 𝐼𝑄𝐸(300𝐾) =
𝐼(300𝐾)

𝐼(0𝐾)
 ( 4.4 ) 

This estimation is based on the hypothesis that the PL intensity saturates at low temperature as a result 

of the carrier freeze out which prevents carriers from reaching defect-related non-radiative 

recombination centres. There is hence a risk of overestimation of the IQE if non-radiative 

recombination is active at low temperature, but also if the pumping intensity is high enough to saturate 

non-radiative recombination paths at high temperature.  

To get an estimation of the IQE associated with the material properties, we tried to introduce as 

few extraneous perturbations as possible to straightforward linear response. Thus the measurements 

presented here were performed using a continuous-wave laser, and very low power density excitation 

(10 µW laser power, focused on a spot with a diameter of 100 µm). The results in Figure 4.11(b) show 
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that the luminescence from planar samples E3889G and E3889N clearly does not attain saturation at 

low temperature, so that the IQE calculated from these curves should be taken as an upper limit. On 

the contrary, all the NW samples in the study present a clear saturation of their PL for temperatures 

lower than 100 K, as shown for E3857 in Figure 4.11(b). Therefore, the ratio of their room-temperature 

and low-temperature PL intensities can be considered as a good estimation of their IQE. The obtained 

IQE values are summarized in Table 4.1, together with the peak emission wavelength and linewidth at 

room temperature. In the case of E3857 and E3898, the IQE at room temperature is 60-63%, orders of 

magnitude higher than the IQE of planar structures with the same layer sequence (E3889G and 

E3889N).  The higher value of IQE in E3889N in comparison to E3889G is explained by the localization 

of carriers in the thickness fluctuations observed in the N-polar structure. 

When the perturbation introduced by the excitation source is very small (low injection regime), 

the IQE values describe the material properties in terms of radiative and non-radiative processes. 

However, it is difficult to compare these data with the literature since most reported values are 

measured under pulsed excitation 155,217,249–257, using power densities in the range of 5-1000 kW/cm2 
155,249–251,253,254, to emulate the carrier injection at LED operating conditions. In this pumping regime, 

the photogenerated carrier densities are higher than the doping level of the original structure (high 

injection) and nonradiative recombination paths are partially saturated. Therefore the obtained IQE is 

significantly higher than the low-injection value and depends on the excitation power density 155,249–

251,254,258. Maximum values of IQE are obtained for an excitation power density around 10-100 kW/cm2 
251,254. Note that in an electron-pumped UV lamp using an acceleration voltage of 5 kV and an injection 

current of 1 mA to irradiate a spot with a diameter of 1 mm, the excitation density would be below 

1 kW/cm2. 

To explore the behavior of the NW heterostructures under operating conditions, and compare 

with previous literature, we have measured PL as a function of the excitation power using a pulsed Nd-

YAG laser. Measurements were performed at 6 K and at 300 K. Under high injection, the calculation of 

the IQE at room temperature must take into account the drop of the PL efficiency at low temperature 

due to the many-body effects induced by high-power excitation 254 so that: 

 𝐼𝑄𝐸(300𝐾, 𝑃) =
𝐼(300𝐾,𝑃)

𝐼(0𝐾,𝑃)
×

𝐼(0𝐾,𝑃)/𝑃

𝐼(0𝐾,𝑃𝑙𝑖)/𝑃𝑙𝑖
 ( 4.5 ) 

where 𝐼(𝑇, 𝑃) is the integrated PL intensity as a function of temperature and excitation power (P), and 

𝑃𝑙𝑖 is an excitation power at low injection conditions. The results for samples E3857, E3889G and 

E3889N are presented in Figure 4.11(c). In the case of planar samples, the IQE increases with pulsed 

excitation. A maximum IQE around 3-4% is obtained for excitation in the range of 100-500 kW/cm2. 

The values are lower than the IQE = 15-50% that can be found in the literature for this spectral range 

(measured by the same method) 251,254,258. This difference can be explained by the choice of AlN/GaN 

as materials for barriers/wells, to be used as a reference for the NW heterostructures. In this case, the 

lattice mismatch is maximum in comparison with generally-used AlxGa1−xN/AlyGa1−yN heterostructures. 

This leads to enhanced plastic relaxation of the misfit strain 259, which has an important effect on the 

maximum IQE 249. Looking back to Figure 4.11(c), in the case of QDs contained in NWs, the IQE is stable 



 

under pulsed excitation up to around 50 kW/cm2, and then decreases slightly.  

 

4.6.3. Band profile simulations 
We have compared the optical characterization results with theoretical calculations of the electronic 

structure. A schematic description of the simulated structure is presented in Figure 4.12(a), where the 

GaN dots are modelled as regular hexagonal prisms. To assess the effect of the sidewall facets observed 

in Figure 4.7(c), the structure was also modelled considering a reduction of the prism radius along the 

growth axis, as illustrated in Figure 4.12(b).  

 

Figure 4.12: (a,b) Schematic description of the simulated structures (a) without taking into 
account the top facets of the QDs, and (b) including the facets (outlined with a red ellipse). (c, 

d) Left: Band diagram along the [000−1] NW growth axis showing three QDs in the centre of the 
superlattice, including a projection of the squared wavefunctions of the first electron (e1) and 
hole (h1) levels in the central dot. Right: In-plane view of the squared wavefunctions of e1 and 
h1. Dark contrast indicates higher probability to find the electron/hole. The red hexagons 
represent the GaN core and the AlN shell. Results in (c) and (d) correspond to the simulated 
structures described in (a) and (b), respectively. (e,f) Component of the electric field along the 

[11−20] axis represented along the NW diameter. Green/orange curves are obtained at the 
location of the maximum of the electron/hole wavefunction. The arrows highlight the areas with 
a change of sign of the electric field if we compare figures (e) and (f). Results in (e) and (f) 
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correspond to the simulated structures described in (a) and (b), respectively. 

The band profile of 3 QDs in the centre of the superlattice, taken at the radial centre of the NW 

[dashed lines in Figures 4.12(a) and (b)], is displayed in Figures 4.12(c) and (d), for calculations with 

and without sidewall facets, respectively. The squared wavefunctions of the ground electron and hole 

levels depicted in the figure represent in-plane integrated values. The effect of the polarization in the 

bands, rendering the characteristic saw-tooth profile of GaN, is clearly visible. The internal electric field 

in the dots shifts the electron wavefunction towards the NW stem and the hole wavefunction towards 

the cap. However, the separation of electron and hole along the growth axis remains relatively small 

due to the small QD height. The electron-hole transition at room temperature is predicted to occur at 

340 nm and 349 nm, as a result of the calculations in Figures 4.12(a,c) and 4.12(b,d), respectively. 

These results are very close to the experimental value of 340 nm (room temperature, 31 nm linewidth) 

in sample E3857 (i.e. the sample analysed by HAADF-STEM in Figure 4.7). 

 

Simulation 휀𝑎
𝑄𝐷 (%) 휀𝑐

𝑄𝐷 (%) 휀𝑎
𝐵 (%) 휀𝑐

𝐵 (%) 𝜆𝑅𝑇 (nm) 

Without facets −1.70 0.61 0.78 −0.80 340 

With facets −1.68 0.56 0.78 −0.80 349 

Table 4.2: Some results of the theoretical calculations described in Figure 4.12: in-plane and out-

of-plane strain at the centre of GaN dots (휀𝑎
𝑄𝐷 and 휀𝑐

𝑄𝐷, respectively) and at the centre of the 
barrier (휀𝑎

𝐵 and 휀𝑐
𝐵, respectively), and emission wavelength at room temperature (𝜆𝑅𝑇).  

If we compare the results of the calculations for the structures in Figures 4.12(a) and (b), the 

presence of the facets in the dots does not have a major effect on the strain in the centre of the NW 

(see values in Table 4.2). However, it has a drastic effect on the in-plane distribution of the electron 

and hole wavefunctions, depicted on the right side of Figures 4.12(c) and (d). In the structure without 

facets [Figure 4.12(c)] the maximum of the electron wavefunction is located in the centre of the NW, 

whereas the hole is shifted towards the sidewalls. In the structure with facets the radial distribution of 

carriers is opposite, with the hole wavefunction in the centre of the NW and the electron close to the 

sidewalls. The radial separation of the electron and hole wavefunctions is known to exist in GaN NWs 

and its effects on the carrier lifetime have been measured by time-resolved PL 232. In homogeneous 

NWs (without heterostructure) the separation occurs due to the Fermi level pinning at the NW 

sidewalls 260. However in heterostructured NWs the separation is enhanced due to a radial electric field 

that appears because of the radial gradient of strain and the sheer component of the strain associated 

to elastic relaxation at the surface 232. Figures 4.12(e) and (f) represent the in-plane electric field along 

the [11−20] axis, measured at the point along the growth axis where the electron and hole 

wavefunctions reach their maxima. In the structure without facets [Figure 4.12(e)] the field points 

towards the sidewalls, with a maximum value of 37 kV/cm. Even if this value is much smaller than the 

electric field along the growth axis (7.3 MV/cm in the dots), it is enough to force a radial separation of 



 

electron and hole. However it should be noted that the calculations do not take into account the 

Coulomb attraction, so that the radial separation should be smaller than the calculated result. The 

presence of the facets in the QDs changes the strain distribution, which leads to an inversion of the 

radial electric field, now more intense (maximum of  250 kV/cm) and pointing towards the centre of 

the wire [see Figure 4.12(f)], which results in a different radial distribution of charges. In spite of these 

radial changes the emission wavelength does not vary significantly since it is dominated by the axial 

electric field, which is one order of magnitude more intense. 

 

4.6.4. Cathodoluminescence measurements 
To better understand the origin of the spectral broadening in the NW samples, and the presence of 

multiple peaks in the planar layers, we investigated E3889G and E3857 using CL spectral line-scans on 

the cross-section of the samples, recorded at 7 K. The results are depicted in Figures 4.13(a) and (b). 

In the case of the planar structure [Figure 4.13(a)], analysing from bottom to top, the narrow emission 

from the GaN substrate is observed around 356 nm. The line remains visible when the excitation shifts 

into the superlattice (position = 0-0.4 µm in the graph), which points to a good vertical diffusion of 

carriers, facilitated by the orientation of the polarization-induced internal electric field for this Ga-polar 

sample. The emission from the superlattice presents two distinct peaks, which is consistent with the 

PL measurements in Figure 4.10. The spectral separation of the two peaks corresponds to a change in 

QW thickness of 1 monolayer, which is in line with the atomic steps at the top interface of the QWs 

identified in HAADF-STEM [see Figure 4.8(b)]. Towards the surface these peaks are slightly shifted to 

shorter wavelengths as outlined by the white dashed lines in the figure. The small value of the total 

shift, around 1 nm along the superlattice thickness, points to strain relaxation.  

If we turn to the behaviour of the NW structure [Figure 4.13(b)], the emission from the GaN stem 

around 350 nm is visible in the 0.4-0.5 µm position range. The fact that the emission is no longer 

observed when exciting the superlattice (position = 0-0.4 µm) is explained by the N-polarity of the 

NWs. In this crystallographic orientation the internal electric field pushes the electrons away from the 

interface between the stem and the SL. The emission from the superlattice shifts from 320 to 344 nm, 

following the dashed white line in the figure, when the excitation moves from the stem to the top of 

the NW. Note that in individual spectra at a specific position, the emission linewidth is comparable to 

that of the planar SP. Therefore the spectral broadening of the luminescence in Figure 4.10 is mostly 

due to the shift of the emission along the growth axis. Looking at theoretical calculations for GaN/AlN 

SLs in NWs 261 this shift can be explained by a difference in the QD height of 1-2 atomic layers ( 0.3-

0.5 nm) along the growth axis, consistent with STEM observations. 
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Figure 4.13: CL spectral line-scan on the cross-section of samples (a) E3889G and (b) E3857 
measured at 7 K. The intensity is colour-coded on a logarithmic scale. The sketches on the left 
side of the images show the schematics of the samples. White dashed lines highlight the 
evolution of the peak emission wavelength of the SLs along the growth axis. 

 

To study the penetration depth of the electron beam under operating conditions, samples E3889G 

and E3857 were characterized by CL (excitation normal to the surface in the SEM) as a function of the 

acceleration voltage, with the results described in Figure 4.14. Figure 4.14(a) shows that the 

superlattice presents a multi-peak emission as described by the PL studies [Figure 4.10]. Luminescence 

from the GaN substrate (at 357 nm) is only visible for acceleration voltages higher than 10 kV. This 

result is consistent with the calculations in Figure 4.4(b), which show that acceleration voltages higher 

than 7.5 kV are required for electrons to generate electron hole pairs in the substrate. Note that the 

AlxGa1−xN layer modelled in Figure 4.4(b) presents the same average aluminium mole fraction as the 

active region of samples E3889G and E3857. In the case of the NW sample [Figure 4.14(b)] the emission 

spectra are dominated by a line around 340 nm, assigned to carrier recombination in the QD 

superlattice. The emission from the stem becomes visible for acceleration voltages above 5.5 kV, which 

points to a higher penetration depth in comparison with planar layers, which is justified by the reduced 

average material density in the NW ensemble.  



 

 

Figure 4.14: CL measurements of samples (a) E3889G and (b) E3898 as a function of the 
acceleration voltage, VA. Spectra are normalized at the peak value and vertically shifted for 
clarity. The emissions from the QD/well SL and from GaN are identified. (c) Normalized CL 
intensity and (d) emission efficiency as a function of VA for sample E3857. Measurements were 
performed using an electron gun operated in direct current mode, under normal incidence, with 
a beam spot diameter of 4±1 mm. (e) Variation of the CL intensity from sample E3857 as a 
function of the current injected in the sample. Measurements were performed using an electron 
gun operated in direct current mode, under normal incidence, with a beam spot diameter of 
4±1 mm, and keeping VA = 5 kV. (f) Variation of the CL intensity as a function of time, measured 
with VA = 5 kV and an injection current of 25 pA concentrated in a 20 nm spot. 

 

The evolution of the CL intensity as a function of the acceleration voltage, VA, was studied using 

an electron gun operated in direct current mode, under normal incidence, with a beam spot diameter 

of 4±1 mm. Measurements were performed with an injection current of 100 µA. Figure 4.14(c) depicts 

the result for the NW sample E3857, showing that the maximum CL intensity is attained for VA  5.5 

kV, which is consistent with the penetration depth estimated from Figure 4.14(b). Accordingly, a 

decrease of the emission efficiency is observed for VA > 5.5 kV [see Figure 4.14(d)]. 

To validate the results in Figures 4.14(c) and (d), it is necessary to assess the influence of the 

electron beam current on the CL emission. With this purpose, sample E3857 was pumped with an 
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electron gun operated in direct current mode, under normal incidence, with a beam spot diameter of 

4±1 mm, keeping VA = 5 kV and varying the injected current. As shown in Figure 4.14(e), the integrated 

emission of the sample scales linearly with the current, without any indication of saturation up to 

400 µA.  

Finally, CL studies of GaN NWs have been previously reported 44,45,262,263 with some groups 

observing a reversible degradation of the emission during the experiments 262,263 which they attributed 

to charge accumulation and trapping at the NW surface. The CL quenching was reduced in the case of 

NWs with an AlN shell 262. The stability of our samples under electron irradiation was studied by 

measuring the evolution of the CL intensity with time. The experiment was performed at room 

temperature with an acceleration voltage VA = 5 kV, the injected current was 25 pA and the beam was 

concentrated in a 20 nm spot (i.e. excitation power density around 8 kW/cm2 at the impact point). 

Figure 4.14(f) shows the evolution of the emission from E3889G and E3857 over a period of 300 

seconds. In contrast to refs. 262,263, we did not observe any degradation of the CL emission. The stability 

of the samples is probably due to the relatively thick AlN shell that embeds the QDs and renders them 

insensitive to recombination at the NW surface. 

 

4.7. Towards shorter wavelengths: AlxGa1-xN/AlN 
In order to shift the peak emission wavelength towards the spectral region efficient for disinfection 

(around 260-270 nm), we have first explored the effect of reducing the size of the GaN dots in the 

heterostructure from 1.5 nm to 0.65 nm, while keeping the same number of periods and total thickness 

of the heterostructure. Note that 0.65 nm is approximately 2.5 monolayers.  

4.7.1. Structural properties 
We have performed an analysis of the structural properties at the nanometre scale with the results 

illustrated in Figure 4.15. A typical top-view SEM image of an as-grown sample of GaN NWs containing 

an AlxGa1-xN/AlN SL where the image corresponds to a sample with 88 periods of Al0.1Ga0.9N / AlN 

(sample E3863) displayed in Figure 4.15(a). The NWs are detached from each other, but highly packed. 

Top view images point to a NW density of 6-8×109 cm-3. The NW diameter is in the range of 30-50 nm 

at the base, increasing to 50-70 nm in the top region due to the enhancement of lateral growth when 

depositing AlN 246,264. An SEM image of E3865 displayed in Figure 4.15(b), does not show significant 

differences in shape or density with respect to the GaN/AlN samples [see Figure 4.7(a)]. Figures 4.15(c-

e) present HAADF-STEM images of the complete heterostructure and zoomed images of the last and 

first AlGaN/AlN periods, respectively. Bright contrast corresponds to Ga-rich areas and darker contrast 

represents Al-rich areas. If we focus on the initial stage of the growth of the heterostructure, illustrated 

in Figure 4.15(e), the strain-driven diffusion of Ga from the stem into the superlattice is also visible in 

this case and it extends around 1.5 periods. The thickness of the dots and barriers is homogeneous 

along the NW (0.7-1 nm dots and 3.5-3.7 nm barriers). The image contrast points to a slight increase 



 

of the Ga content in the dots along the growth axis but this might be partially due to the increasing 

thickness of the AlN shell when moving from the top of the wire to the GaN stem, or to a slight bending 

of the NW crystal resulting in the heterostructure being better oriented with respect to the electron 

beam in the top part of the wire. 

 

Figure 4.15: (a) Top-view SEM image of a sample containing GaN NWs with a SL consisting of 
88 periods of Al0.1Ga0.9N / AlN (sample E3863). (b) SEM image of as-grown sample E3865. (c-e) 
HAADF-STEM views of a NW, where dark/bright contrast corresponds to Al-rich/Ga-rich areas: 
(c) general view of the heterostructure, (d) zoomed image of the topmost periods of the 
heterostructure, and (e) the lowermost periods of the heterostructure. 
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The as-grown Al0.1Ga0.9N/AlN QD SL ensemble was characterized using XRD in order to validate 

the periodicity of the structure, with the results illustrated in Figure 4.16. These measurements provide 

average information over a surface of several millimeters squared, and are hence sensitive to the 

dispersion of tilts and twists in the NW ensemble. Several satellites of the (0002) reflection of the SL 

are resolved, which confirms the thickness uniformity along the growth axis and the reproducibility of 

the period length from sample to sample (period = 4.3±0.2 nm). The period measured by XRD for all 

the samples under study is listed in Table 4.1. It should be noticed that the (0002) reflection of GaN 

originated by the NW base is not located at the angular position of relaxed GaN (2θ= 34.57°), but at 

slightly larger angles, due to the uniaxial compressive strain induced by the AlN shell.  

 

Figure 4.16: XRD θ-2θ scans of the (0002) reflection of GaN NWs containing an 88-period 

Al0.1Ga0.9N/AlN QD SL. The diffractograms are vertically shifted for clarity. 

 

4.7.2. Optical properties 
The normalized room-temperature PL emission from the GaN/AlN NW samples (E3898, E3861, E3862 

and E3918) is displayed in Figure 4.17 (green spectra), and the peak emission wavelength is 

summarized in Table 4.1. The emission shifts from 340-336 nm (samples E3857-E3898) to 265-277 nm 

(samples E3918-E3864). However, the blue shift comes with a monotonous decrease of the IQE at 

room temperature measured in the low-injection regime, which evolves from 63% to ≈ 30%, as 

illustrated in the inset of Figure 4.17. 

The incorporation of aluminium in the dots allows for an additional blue shift of the emission, as 

depicted in Figure 4.17 (pink spectra). For 10% of Al in the dots, the room temperature emission is still 

dominated by a single spectral line that can be tuned from 331 nm (E3858, 1.5 nm well thickness) to 

258 nm (E3865, 0.65 nm well thickness). Like in the case of GaN dots a decrease of the IQE and an 

increase of the relative linewidth is observed as the emission shifts to shorter wavelengths (see Table 



 

4.1). However, if we compare samples with GaN and Al0.1Ga0.9N dots emitting at the same wavelength, 

the IQE is roughly the same (see inset of Figure 4.17). Therefore, we conclude that the presence of Al 

in the dots does not introduce any additional degradation of the optical properties. 

 

Figure 4.17: Room-temperature emission from the samples under study normalized to their 
maxima. The thickness of the AlGaN wells is indicated in the figure. The spectra are vertically 
shifted for clarity. The spectra from samples with 0.65 nm wells were measured by CL. The rest 
of the spectra were obtained from PL measurements. Inset: Variation of the IQE as a function of 
the peak emission wavelength. Different colours represent different content of Al in the wells. 
The dashed line is a guide for the eye. 

 

As we have done for AlN/ GaN NWs, we have studied the variation of the CL spectra as a function 

of VA, as shown in Figure 4.18. If the emission spectra are normalized to their maximum, the emission 

from the GaN base becomes visible only for VA > 5 kV. This implies that the NW ensemble is compact 

enough to prevent important deviations of their behavior with respect to planar structures.   

 

Figure 4.18: Normalized CL spectra of the E3863 structure as a function of the accelerating 
voltage. The emission from the GaN stem of the NWs is only resolved for VA > 5 kV. 
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Finally, we have assessed the IQE of the samples by analyzing the variation of their emission, either 

photoluminescence (PL) or CL, as a function of temperature. As an example, Figure 4.19(a) displays the 

evolution of the PL spectrum as a function of temperature for a sample containing an Al0.1Ga0.9N/AlN 

(0.75 nm / 3.75 nm) SL (sample E3863). Figure 4.19(b) depicts the integrated luminescence intensity 

from E3863 as a function of the inverse temperature measured both by PL and CL, showing that there 

is no significant difference between the two measuring techniques. From Figure 4.19(b) we can extract 

an IQE  44% for sample E3863, emitting at 286 nm. This value decreases to  22% for E3865, emitting 

at 258 nm. The results for sample E3859, presented in the inset of Figure 4.19(b), show that the NW 

samples are stable enough to stand pulsed operation at high power densities up to around 50 kW/cm2 

without degradation of the IQE. 

 

Figure 4.19: (a) Variation of the PL spectra as a function of temperature (sample E3863: 0.75 nm 
Al0.1Ga0.9N / 3.75 nm AlN). (b) Variation of the integrated PL intensity of E3863, and the 
integrated CL intensity of E3863 as a function of the inverse temperature, normalized to their 
value at low temperature. The solid lines are fits to 1/[1 + A exp(-Ea/(kT))], where Ea is a thermal 
activation energy, kT is the thermal energy, and A is a fitting constant (Ea = 48±4 meV and 
A = 7±2). Inset: Variation of the IQE as a function of the excitation power density, measured with 
a pulsed laser for sample E3859. 

 

4.8. External quantum effienciency 
In a further study, the efficiency of some of the NW samples in Table 4.1 was evaluated in terms of 

EQE. For this purpose, we used a pulsed Nd-YAG laser (λ = 266 nm, 2 ns pulses, repetition rate of 8 kHz) 

with two different values of pumping power, namely 100 µW and 50 µW. The optically pumped sample 

was placed in an IE385836A-4 Thorlabs 2” integrating sphere, as described in Figure 4.20. The emitted 

light is collected by an SM05P Thorlabs UV photodetector. The signal obtained by exciting the sample 

was compared to the measurement of the obtained by replacing the samle with a reflector. 



 

Measurements were performed on samples E3857, E3859, E3858, E3862, E3863, E3881i, E3899ii, 

E3901iii, and E3911iv, obtaining an average EQE = 3.42±0.55%, independent of the pumping power.  

 

Figure 4.20: External Quantum efficiency measurement System. 

 

4.9. Conclusion 
In summary, we have presented a feasibility study of NW arrays as active media for electron-pumped 

UV emitters. The nanostructures under study consist of 400-nm-long AlxGa1−xN/AlN (0 ≤ x ≤ 0.1) QD 

superlattices grown on self-assembled GaN NWs by PAMBE on n-type Si(111) wafers. By growing the 

AlxGa1−xN sections under N-rich conditions and the AlN sections under stoichiometric conditions, we 

obtain QDs with highly homogeneous dimensions along the whole superlattice. When compared with 

the emission of planar samples with the same periodicity and thickness, GaN/AlN NW structures are 

less sensitive to nonradiative recombination, attaining IQE higher than 60% at room temperature, even 

under low injection conditions. Using pulsed optical excitation we demonstrate that the IQE remains 

stable for excitation power densities up to 50 kW/cm2. Experiments under electron pumping show that 

the NW superlattice is long enough to collect the electron-hole pairs generated by an electron beam 

with an acceleration voltage VA = 5 kV. By varying the dot/barrier thickness ratio and the Al content in 

the dots, we demonstrate the adjustment of the NW peak emission in the range from 340 to 258 nm. 

This work describes the first assessment of NWs for application in electron-pumped UV sources 

and our results confirm the feasibility of the approach. Electron channelling effects can be 

compensated by an increase of the active region length by  60% in comparison to planar layers. Using 

QD superlattices as active media, it is possible to keep the homogeneity of the dot geometry all along 

 

i  Repetition of E3857, undoped 
ii  Repetition of E3857, undoped 
iii  Repetition of E3857, slightly Mg doped 
iv  Repetition of E3861 
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the active region in order to obtain NW ensembles providing a single emission line in the deep UV 

range. Furthermore, we have demonstrated the stability of the NWs under electron pumping. Next 

validation steps should include an evaluation of the external quantum efficiency under electron 

pumping, lifetime in operation conditions, and x-ray emission. The results reported here are very 

promising for the fabrication of electron-pumped UV lamps which could find application in the domains 

of disinfection and water purification. An electron-pumped device can be scaled down to millimetre 

size, so that it can compete with LEDs in domains where efficiency and total output power are relevant. 

The implantation of such a technology would depend mostly on the cost per milliwatt of optical power, 

which could become competitive with LEDs thanks to the simpler material growth and processing. 

Keeping the acceleration voltage at 5 kV, the x-ray emission should be low enough for domestic use. 

In industrial applications where x-ray irradiation is not a problem, VA could be increased and, in such a 

case, the feasibility of longer active regions should be further assessed.  

 

  



 



95 

Chapter 5:  Correlative-microscopy investigation 

of InGaN/GaN QDs 

 

InGaN/GaN nanostructures form the active region of III-nitride emitters (light emitting diodes, laser 
diodes, single photon emitters) in the visible spectral range. In order to understand the optical 
performance of these nanostructures it is necessary to obtain a direct correlation of alloy 
distribution and optical features. With this purpose in mind, La-APT is a unique tool to visualize the 
three-dimensional distribution of chemical species at the nanometer scale. Recent advances in this 
technique also offer the possibility of recording simultaneously the photoluminescence spectrum 
of the specimen under investigation. Here, we report the results of a correlative study of a stack 
of InGaN/GaN QDs, combining high-resolution chemical and optical characterization by La-APT and 
in-situ micro-photoluminescence, compared to ex-situ cathodoluminescence. We demonstrate 
that the structural information extracted from these techniques allows the precise modelling of 
these nanostructures, obtaining excellent agreement with the optical measurements. During the 
La-APT experiment, it was possible to resolve the emission of single QDs located in the 9 QD layers 
closer to the substrate. Single QD lines display a spectral shift during the experiment which is 
assigned to the relaxation of elastic strain due to material evaporation. Our study conveys an image 
of the Stranski-Krastanov InGaN/GaN QDs that is very different from the GaN/AlN systems. The 
thickness of the InGaN wetting layer is thicker than the part of the dots that protrudes above the 
layer, and the indium mole fraction in the wetting layer is lower than that in the dots. This 
perturbed Stranski-Krastanov growth is explained by the surfactant effect of indium, which favors 
planar growth. 

For this study, HAADF- and BF-STEM analysis was performed by Dr. E. Di Russo, Dr. D. Cooper and 
Dr. A. Grenier. I was assisted by Dr. E. Bellet-Amalric with XRD. The complete study was accepted 
for publication as “InGaN Quantum Dots Studied by Correlative Microscopy Techniques for 
Enhanced Light-Emitting Diodes”, Dimkou I. et al., ACS Appl. Nano Mater. 2020, 3, 10, 10133–
10143265. 

 

5.1. Motivation 
III-nitride semiconductors (AlN, GaN and InN) with wurtzite crystalline structure are the keystone of 

blue and green optoelectronics. In particular, few-nanometer-thick InGaN/GaN QWs and QDs form the 

active region of III-nitride emitters (light emitting diodes, laser diodes, single photon emitters).266–269 

The localization of carriers in intentional grown (QDs) or unintentional formed [alloy fluctuations at the 

scale of the exciton Bohr radius ( 2.8 nm in GaN)] quantum confined systems may play a crucial role 

in their optical properties, having an impact on emission energies, oscillator strengths, and eventually 

on the recombination efficiency of the system.270,271 Even in the case of QWs, structural factors like 

alloy fluctuations, extended defects or strain inhomogeneities can induce a weak 3D confinement of 

carriers at the nanometer scale,67 which reduces the radiative lifetime, but also broadens the emission 

spectra and possibly enhances Auger recombination,272,273 contributing to the efficiency droop in light 

emitting diodes.274 Although the effect of indium fluctuations on the luminescence properties has been 

extensively discussed, a key challenge has been to correlate optical and structural properties to reach 



 

a full understanding of these 3D phenomena. 

A similar situation occurs in the case of intentionally created QD structures,35 whose optical 

signature can only be predicted by getting access to the 3D structure and chemical distribution with a 

resolution close to the atomic scale.36,37 In the case of QDs synthesized following the Stranski–

Krastanov growth method, most studies correlate typical optical properties with typical structural 

properties, since the dispersion of size, shape and composition in the QD ensemble sets a limit to 

precise modeling. The analysis is easier in the case of the GaN/AlN system68 since interdiffusion is 

negligible and the QD facets and wetting layer thickness are well defined.275 In contrast, the study of 

Stranski–Krastanov InGaN/GaN QDs35,151,276–278 presents a major challenge, since little is known about 

their shape, the thickness of their wetting layer and the distribution of indium in the QD+wetting layer 

ensemble.  

For the study of InGaN nanostructures, TEM based techniques were called into question since the 

exposure to the imaging electron beam can induce alloy clustering and this is the case mostly for strong 

e--beams in high doses.279 In this direction, La-APT is a valuable alternative providing 3D chemical 

information.48,49 Furthermore, the possibility of analyzing the luminescence in situ during the La-APT 

measurement (the so-called photonic atom probe60 or PAP technique) allows linking the emission lines 

to the atomic layers that are evaporated.61 However, quantitative La-APT of III-nitrides faces some 

particular challenges since the result depends on experimental parameters such as the electric field at 

the sample surface, the laser pulse energy and the sample temperature.62  

Here, we investigate the correlation of the spectral emission properties of Stranski-Krastanov 

InGaN/GaN QDs with their structural and chemical features, even at the level of a single QD. The 

structure of the QDs is defined in detail by combining the chemical information extracted by La-APT, 

the distribution of QD size and shape measured by TEM and AFM, and the superlattice period extracted 

from XRD measurements. The model of the QD structure is validated by the measured optical lines and 

those predicted by theoretical calculations. The study also reveals that the emission linewidth of the 

QD ensemble is mostly due to in-plane fluctuations of the indium content in the QDs and the dispersion 

of the QD diameter.  

 

5.2. Characterization of the as-grown specimen 
Self-assembled InGaN islands were grown by molecular-beam epitaxy on GaN-on-sapphire, following 

a Stranski–Krastanow growth mode. AFM, XRD and TEM studies were performed in order to provide 

structural information on the bulk sample. Strong blue photoluminescence of the dots is observed by 

CL measurements and the temperature dependence of the luminescence is exhaustively analyzed. 
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5.2.1. Growth procedure 
We have grown three samples (E3868, E3869 and E3870) consisting of 40 periods of InGaN/GaN QDs 

deposited on commercial 3.5-𝜇m-thick GaN-on-sapphire templates by PAMBE. The nominal QD height 

was 2.0±0.2 nm and the nominal barrier thickness was  10 nm. The growth process was monitored by 

Reflection high-energy electron diffraction (RHEED). With the aim of incorporating different indium 

content in the InGaN QDs, the substrate temperatures were fixed at 409°C, 597°C and 587°C  for the 

samples E3868, E3869 and E3870 respectively (calibrated by measuring the In desorption time, as 

described by S. Valdueza-Felip et al.150).  

The RHEED image of the samples E3868 and E3869 captured at the end of the growth is illustrated 

in Figure 5.1 where we can see the (10–10) and (−1010) streaks in the ⟨11–20⟩ azimuth. With the 

mixture of streak and spot patterns presented more clear in Figure 5.1(b), RHEED seems very sharp 

indicating that the surface is not flat and contains 3D islands confirming the formation of quantum 

dots. 

 

Figure 5.1: RHEED pattern of the samples (a) E3868 and (b) E3869. 

 

5.2.2. Structural characterization 
Figure 5.2 (a), (b) and (c) presents a 0.7×0.7 µm2 AFM scan of the topmost uncapped InGaN QDs (QDs) 

layer of the samples E3868, E3869 and E3870 respectively. It shows a high density (mid‐1011 cm‐2) of 

QDs with a height = 1.5 ±0.2 nm, = 0.9±0.2 nm,  for the samples E3868, E3869 respectively. Note that 

this value corresponds to the QD height above the wetting layer. For the sample E3870, the substrate 

was cooled down some minutes after the deposition of the last QD layer, so it is not comparable to the 

others, since QDs had the time to evolve in vacuum (ripening effect280). We also observed that the 

sample E3869 is the only sample with lower density of V‐pits (defect which appears  at the dislocation 

surface termination during the growth of InGaN/GaN superlattices), so we decided to study extensively 

this sample.  



 

 

Figure 5.2: AFM scan of the InGaN/GaN QD sample under study. All scale bars are 150 nm. 

From AFM measurements, it is difficult to extract reliable measurements of the QD base diameter 

since the expected value (10‐20 nm152,281) is comparable to the dimension of the AFM tip (see Figure 

3.26 and associated discussion in the subchapter 3.5). Using Equation ( 3.5 ) for the sample E3869 with 

the typical radius of TESPA‐V2 tips (7 nm) and knowing that the commonly observed faceting of III‐

nitride QDs is {10‐13}, forming an angle 𝛼  30° with the growing surface, the expected error would be 

∆𝑙= 3.8 nm.  Also, using Equation ( 3.6 ) with a tip radius R = 7 nm and QDs with 𝛼  30°, the expected 

error In the measurements of QD height is ∆ℎ = −1.1 nm. 

Looking back at Figure 5.2, the QD ensemble is dense, which makes it difficult to identify if the 

configuration is closer to Figure 3.26(a) or 3.26(b) without supporting information from another 

characterization technique. Analyzing height profiles of Figure 5.2, the distance between QDs is in the 

range of 20‐40 nm. However, TEM images of the sample (shown below) suggest a QD diameter in the 

range of 12‐17 nm, and a typical in‐plane diameter of 15.4±1.4 nm is extracted from APT 

measurements, as described later in this chapter. Therefore, comparing these results, we conclude that 

the QDs are far enough to obtain a reliable measurement of the height by AFM, with an overestimation 

of the QD base diameter. 

The BF‐STEM image of the E3869 heterostructure in Figure 5.3(a) shows the 40 periods of 

InGaN/GaN QDs. HAADF‐ and high‐resolution BF‐STEM images of the specimen observed along [11−20] 

zone axis with higher magnification are presented in Figure 5.3(b)‐(d). The wetting layer is not well 

defined due to the high density of dots with a diameter smaller than the thickness of the lamella 

specimen, 70±10 nm, which results in more than one dot being projected in the images. It is 

nevertheless possible to measure with atomic precision the height of the QD layer (including WL), 

which is 8±1  ML, i.e. 2.0±0.3 nm. The diameter of the QDs, estimated from the variations of contrast 

in the images, would be in the range of 12‐17 nm.  
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Figure 5.3: (a) BF-STEM image of the E3869 heterostructure showing the 40 periods of InGaN  
QDs. Cross-section (b,c) HAADF and (d,e) BF-STEM images of the InGaN/GaN QD superlattice 
viewed along the <11-20> zone axis. 

Comparing the results of AFM and TEM, we can extract an estimation of the thickness of the WL 

( 1.1 nm). This value should be taken cautiously, since the AFM analysis is performed in an uncapped 

QD layer, and the capping process can lead to morphological changes in the QD structures. In the case 

of GaN/AlN QDs grown by MBE, the geometry remains undisturbed during capping for growth 

temperatures below 730°C. At higher temperatures, we observed a reduction of thickness that was 

more severe in the case of plastic relaxation during the growth of the QD layer, i.e. QDs containing 

misfit dislocations.282 In the case of InGaN/GaN grown by MBE, Figge et al. reported the complete 

dissolution of their InGaN QD structures when overgrown at 510°C.283 However, their uncapped QDs 

contained around 80% of In and there was evidence of plastic relaxation. Other groups have reported 

stable QD luminescence for InGaN QDs grown by MBE and capped at significantly higher temperatures 

(550-640°C),152,284,285 and no effect of capping was observed in the case of InGaN/GaN QDs grown by 

metalorganic vapor phase epitaxy when the GaN barriers are grown at the same temperature as the 

QDs.286 In our case, TEM images show that the relaxation process is purely elastic and the GaN barriers 



 

were grown at the same temperature as the InGaN QDs. Therefore, in a first approximation, we have 

considered that the QD height measured by AFM is also valid for capped QDs. The validity of this 

statement will be further discussed later.  

 

Figure 5.4: (a) Reciprocal space map around the (10–15) x-ray reflection of the GaN/InGaN QD 
SL grown on GaN. The dashed line outlines the shape of the tip specimen that is analyzed APT. 
(b) XRD θ-2θ scan (light blue) recorded around the (0002) reflection of GaN. Labels indicate the 
(0002) reflection of GaN, and the (0002) reflection of the QD superlattice, with several satellites. 
The experimental result is compared with a theoretical calculation (dark blue). 

 

To get access to the average superlattice period and strain state, we performed an XRD study. The 

reciprocal space map around the (10–15) x‐ray reflection of the GaN/InGaN QD superlattice is reported 

in Figure 5.4(a). The peak corresponding to the GaN substrate is located at the reciprocal lattice point 

𝑄𝑥 = −2/(𝑎√3) = –3.625 nm−1 and 𝑄𝑧 = 1/(5𝑐) = 9.625 nm−1, where a and c are the in‐plane and 

out‐of‐plane lattice parameters. The multiple peaks corresponding to the periodic heterostructure are 

aligned along Qx = –3.625 nm−1, which demonstrates a pseudomorphic structure on GaN. Precise values 
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of the superlattice period and lattice parameters were extracted from the θ‐2θ x‐ray diffractogram 

recorded around the (0002) reflection of GaN, depicted in Figure 5.4(b). The experimental result is 

compared with a theoretical calculation using the Rigaku GobalFit software. The best fit is obtained 

assuming an average period of 12.6±0.1 nm, and modeling the QDs as an InGaN layer with a thickness 

of 1.6 nm and an average indium composition around 10%. However, the values of InGaN layer 

thickness and alloy composition must be taken cautiously. The model assumes a pseudomorphic 

structure on GaN, with biaxial strain in the InGaN layers. In this situation, the out-of-plane strain is 

given by the expression 휀𝑧𝑧 = −(2𝑐13/𝑐33)휀𝑥𝑥, where 휀𝑥𝑥 is the in-plane strain and 𝑐13 and 𝑐33 are 

elastic constants (we use here 𝑐13 = 106 GPa and 𝑐33 = 398 GPa for GaN,81 and 𝑐13 = 92 GPa and 

𝑐33 = 224 GPa for InN,79 with a linear interpolation for the ternary alloy). This approximation is not 

valid in the case of QDs.287–289 Therefore, the fit in Figure 5.4(b) tells us only that the QDs can be 

approximated by layers with a thickness of 1.6 nm and an average out-of-plane lattice parameter 

equivalent to that of In0.1Ga0.9N fully strained on GaN, without any conclusion about the indium mole 

fraction in the QDs.  

5.2.3. Optical spectroscopy 
The three as-grown samples were characterized by PL measurements at room temperature, as 

illustrated in Figure 5.5. The peak emission wavelength is around 408 nm for the E3868, and shifts to 

430 nm and 440 nm for E3869 and E3870 respectively, i.e. lower growth temperature results in higher 

indium incorporation and red shifted luminescence. This means that the samples were grown in a 

regime where the indium incorporation is controlled by the substrate temperature.  

 

Figure 5.5: PL measurements for the three samples. 

The E3869 sample was characterized by temperature-dependent CL, as illustrated in Figure 
5.6(a). The peak emission wavelength is around 413 nm at 5 K, and shifts to 422 nm at 300 K. 
The evolution of the CL integrated intensity normalized to its low temperature value as a 
function of the inverse temperature is displayed in Figure 5.6(b). 



 

 

Figure 5.6: (a) CL spectra of the as-grown sample recorded at different temperatures. (b) 
Normalized CL intensity as a function of the inverse temperature. The dashed line is a fit that 
assumes dominance of a monoexponential nonradiative process. 

 

The slight increase of the luminescence from 5 K to 50 K can be explained by the improved transfer 

of carriers from the barriers to the dots when increasing the temperature. The integrated intensity 

remains constant in the range of 50 to 100 K and drops sharply for higher temperature due to the 

activation of nonradiative recombination paths.290 The dashed line is a fit that assumes dominance of 

a monoexponential nonradiative process, so that the variation of the normalized intensity is described 

by 

 
𝐼(𝑇)

𝐼0
=

1

1+𝐴 𝑒𝑥𝑝(−𝐸𝑎/𝑘𝑇)
 ( 5.1 ) 

where 𝐼0 is the integrated intensity at low temperature, A is a fitting parameter, Ea is the activation 

energy of the nonradiative process, and kT is the thermal energy. In the figure, A = 11±3 and 

Ea = 67±5 meV, which is comparable to the values reported in the literature.151,152 The ratio of the room‐

temperature and low‐temperature CL integrated intensities, which is generally considered as an 

estimation of the internal quantum efficiency, is 52%. The stability of the luminescence with 

temperature supports our assumption that the QDs were not dissolved during the QD process (see 

comparison of InGaN/GaN QD and QW luminescence in Gačević, et al.152). 
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Figure 5.7: (a) Cross-section CL mapping of the as-grown structure, measured at 8 K. The area 
where the GaN emission (line at 355 nm) is dominant appears in green, and the area where the 
InGaN QD emission is dominant (417-419 nm) appears in red. (b) CL spectra measured at 
extracted at points of (a), moving from the GaN/InGaN interface (1) to the surface (6).  

 

To gain further insight on the origin of the CL linewidth, we have performed cross-section CL 

mapping of a cleaved edge of the sample, with the result displayed in Figure 5.7 which presents (a) a 

hyperspectral cross-section CL image of a cleaved edge of the as-grown sample, and (b) CL spectra 

extracted at various points of (a), moving from the interface between the GaN and the InGaN QD 

superlattice (1) to the surface of the sample (6). The spectra recorded close to the interface presents 

a narrow emission line at 355 nm, characteristic of GaN, and a broad emission that peaks at 317-

319 nm, which is assigned to the QDs. In (a), the area where the GaN line is dominant is colored green 

and the area dominated by the QD emission is colored red. Analyzing the CL spectra at different points 

along the growth axis and focusing on the emission from the InGaN QDs, we observe that the linewidth 

is rather constant along the structure (with full width at half-maximum FWHM  20 nm), and 

comparable to that obtained in the top-view configuration. There is a slight shift of the peak emission 

along the growth axis, but its value ( 2 nm) is of the order of the spectral resolution of the 

spectrometer (±0.8 nm) and significantly smaller than the linewidth. Therefore, the spectral broadness 

of emission is due to in-plane QD inhomogeneties, rather than to a drift of the growth conditions. 

At this point, we face some limitations hampering a proper correlation of optical and structural 

properties, and thus the achievement of a complete understanding of these 3D objects. AFM and TEM 

provide information on the QD height and density. In addition, XRD gives precise information on the 

periodicity of the structure. However, we only have a rough estimate of the lateral dimensions of the 

dots, and no reliable information on the indium distribution in the structure. 

 



 

5.3. Characterization of the APT specimen 
 

In order to analyze the InGaN/GaN QDs using La-APT, field emission tip specimens were fabricated by 

dual SEM/FIB. It is hence important to be rigorous in the characterization of the specimens before their 

introduction in the APT system, if results are to be extrapolated to the as-grown material. Several APT 

tips were analyzed using in-situ µPL measurements performed during the La-APT evaporation under 

different analysis conditions. FlexTAP APT system has been also used to extract precise chemical 

analysis. 

 

5.3.1. Structural and ex-situ optical characterization 
 

Aiming to analyze the InGaN/GaN QDs using La‐APT, field emission tip specimens were fabricated by 

standard FIB based lift out followed by annular milling procedures. Further details on the specimen 

preparation are described in the Chapter 3. The FIB process can cause several kinds of damage:291 

amorphization of the surface due to Ga implantation172 and redeposition of milled material, and 

formation of voids and bubbles at the surface, which further agglomerate into metallic nano‐blitters.292 

In the case of InGaN, indium redistribution and evaporation is also possible.293  

 

Figure 5.8: (a) TEM image of the tip after FIB preparation. (b) Panchromatic CL map of the 
needle-shaped specimen in (a). (c) CL spectrum at room temperature, where labels indicate the 
emission bands associated to the GaN substrate and to the QD superlattice.  

FIB prepared tips were first observed in TEM, as illustrated in Figure 5.8(a). The optical activity of 

the needle-like samples was then measured in the CL system. Figure 5.8(b) is a panchromatic CL map 

of the tip in (a), suggesting that the entire superlattice is optically active. Figure 5.8(c) displays the 

integrated CL spectrum at room temperature, which presents an emission line at 364 nm that 

originates from the GaN substrate, and a large band peaked at 422 nm that is assigned to 
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recombination in the QDs.  

Figure 5.9 displays a hyperspectral CL map of an APT specimen at 5 K. The regions where the GaN 

and InGaN QD emission are dominant appear in red in Figure 5.9(a) and Figure 5.9(b), respectively. 

Figure 5.9(c) presents the CL spectrum of the whole tip and red is the selected area that originates 

from the GaN substrate and corresponds to the red region presented in Figure 5.9(a). Figure 5.9(d) 

presents the CL spectrum of the whole tip and red is the selected area that is assigned to recombination 

in the QDs, corresponding to the red region presented in Figure 5.9(b). 

 

Figure 5.9: CL mapping of the APT specimen, measured at 5 K. (a) Area where the GaN emission 
originates; resulting from selecting the spectral region marked in red in the CL spectra in (c). (b) 
Area where the InGaN QD emission originates; resulting from selecting the spectral region 
marked in red in the CL spectra in (d).  

 

The evolution of the emission spectrum along the tip is shown in Figure 5.10 where (a) is a 

hyperspectral CL mapping showing the emission from GaN and from the QD region, and (b) presents 

CL spectra extracted by integrating slices of (a) moving from the interface between the GaN and the 

InGaN QD superlattice (7) to the specimen apex (1). In Figure 5.10(a), the area where the GaN line is 

dominant is colored green and the area dominated by the QD emission is colored red. Looking at (b), 

the spectra recorded close to the interface present a narrow emission line at 355 nm, characteristic of 

GaN, and a broad emission that peaks at 417-419 nm, which is assigned to the QDs. The peak 

wavelength and linewidth remain approximately constant along the tip (spectral shift smaller than 

2 nm and the emission linewidth  20 nm).  



 

 

Figure 5.10: (a) CL map of the APT specimen, measured at 8 K. The area where the GaN emission 
(line at 355 nm) is dominant appears in green, and the area where the InGaN QD emission is 
dominant (417-419 nm) appears in red. (b) CL spectra measured at extracted from different 
areas of (a), moving from the GaN/InGaN interface (7) to the apex (1).  

 

The variation of the CL integrated intensity as a function of temperature is described in Figure 

5.11(a). The dashed line is a fit to Equation ( 5.1 ) where A = 33±12 and Ea = 38±10 meV, and the room-

temperature to high-temperature integrated intensity rate is around 11%. The energy of the QD 

emission of the tip shape sample remained the same as the as-grown sample, which confirms that the 

FIB protocol did not introduce significant loss or rearrangement of indium in the specimen. However, 

the reduced activation energy and increased prefactor A points to a moderate enhancement of 

nonradiative recombination, due to the higher surface-to-volume ratio.  

 

Figure 5.11: (a) Normalized CL intensity of the specimen as a function of temperature. The 
dashed line is a fit that assumes dominance of a monoexponential nonradiative process. (b) The 
temperature dependence of the CL peak position for GaN in purple and InGaN/GaN QDs in blue. 
The evolution of the GaN band gap calculated using Varshni’s equation (parameters taken from 
152,294) is represented in black dashed line. 
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Figure 5.11(b) presents the evolution of the CL peak energy as a function of temperature for GaN 

and InGaN/GaN QDs measured on a tip studied. The evolution of the CL peak energy from GaN follows 

Varshni’s equation: EG(T) = EG(T = 0 K) – αT2/(T + β), with α = 0.59 meV/K and β = 600 K for GaN152 and 

E(0)=3.48 eV294. Regarding the emission from the QDs, the trend is similar, but more noisy, due to the 

broadness of the line, which involves transitions from multiple QDs. A slight deviation from Varshni’s 

equation could be understood as due to the different efficiency of the multiple QDs involved in the 

transition. On the contrary, intra-dot localization in alloy fluctuations would lead to a major deviation 

from Varshni’equation, with the emission describing a spectral S-shaped evolution as a function of 

temperature152. This is clearly not the case in our experiment. 

5.3.2. Photonic atom probe analysis 
Here, we present the La-APT experiments. First the tips were introduced in a photonic atom probe 

(PAP) system that enables in-situ μPL spectroscopy measurements during the La-APT process, as 

described in the Chapter 3. In-situ µPL measurements were performed during the La-APT evaporation 

after determining the best conditions carrying out prelimenary measurements adjusting the laser 

pumping power. 

In order to determine the best experimental conditions to perform simultaneous µPL and APT 

characterization, we have first measured in-situ µPL as a function of the laser pumping power, as show 

in in Figure 5.12(a). During these preliminary measurements, we used a repetition rate of 3.8 MHz, 

adjusting the laser power in the range of 25 to 700 μW. In these spectra, it is possible to identify the 

narrow emission of the GaN substrate at 358 nm and a broad band peaked around 411 nm, which is 

assigned to the InGaN QDs. Plotting their intensity as a function of the laser power [Figure 5.12(b)], 

the luminescence from GaN scales linearly. On the contrary, the intensity of the QD emission saturates 

for laser power higher than 300 μW. Figure 5.12(c) shows the evolution of peak wavelength of the 

luminescence from GaN and InGaN QDs as a function of the laser power. The FWHM of the emission 

is indicated as an error bar. The GaN line presents a red shift starting at 300 µW, with an increase of 

the FWHM. The behavior at high pumping power points to a local increase of the tip temperature, 

whose effect is dominant over a potential band-filling phenomenon. The spectral shift of the QD band 

is not so obvious due to the broad emission, but the FWHM increases clearly for laser power higher 

than 300 µW.  



 

 

Figure 5.12: µPL measurements performed before the La-APT evaporation of InGaN/GaN QDs 
with different laser power. The experiment was performed at 80 K and the frequency and 
wavelength of laser were 300 kHz and 260 nm, respectively. (b) Intensity of the GaN and QD PL 
lines as a function of the laser power, extracted from (a). (c) Peak wavelength of the GaN and 
QD PL lines as a function of the laser power. The FWHM is indicated as an error bar.  

 

In view of the preliminary results described in the previous paragraph, we decided to perform the 

APT experiment with a laser energy corresponding to the 300 µW experiment, which is the point where 

the tip starts warming up due to pumping. However, during the APT experiments coupled with μPL the 

laser frequency was reduced to 340 kHz to allow a time delay between pulses longer than the expected 

time of flight of the ions from the specimen during the APT process.295 

The in-situ µPL emission during the PAP analysis of the last 15 InGaN/GaN QD layers is displayed 

in Figure 5.13. Figure 5.13(a) shows µPL spectra recorded in-situ during the La-APT characterization of 

InGaN/GaN QDs at 80 K. Tip contained 15 QDs layers and we selected spectra that were recorded 

during the evaporation of each GaN barrier. As described for the preliminary experiments in Figure 

5.12, the peak at 358 nm is related to the carrier recombination in the GaN buffer, whereas the broad 

band at around 415 nm is assigned to carrier recombination in the InGaN QDs. Figure 5.13(b) displays 

the APT reconstruction of the APT specimen obtained simultaneously with the µPL measurements. 
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Figure 5.13: (a) Evolution of the µPL spectrum during the evaporation of the APT specimen. The 
spectra represented in the figure were recorded during the evaporation of each barrier. (b) 3D 
reconstruction of the In atom distribution in the analysed sample. The APT experiment was 
performed simultaneously with the µPL measurements. Ga atoms are represented in blue and 
In atoms are represented in magenta. 

 

Figure 5.14(a) shows a zoomed view of the emission of the QDs acquired at different stages of the 

tip evaporation. The legend indicates the number of QD layers that were left in the tip when the PL 

spectra were recorded. Figure 5.14(b) shows the 3D APT reconstruction of the indium signal when only 

5, 3 and 2 layers remain in the specimen, as an example. In Figure 5.14(a), the initial luminescence 

peak of the whole tip appears broad, as it results from the overlap of the emission of multiple QDs. 

The spectra do not display major variations during the evaporation of the 5 topmost QD layers (shown 

in Figure 5.13). However, during the evaporation of the last 10 layers, the total emission intensity 

decreases, as expected from the reduction of the tip volume containing multiple QDs. As only a few 

dots remain in the tip, the spectra present a multi-peak structure due to fluctuations of the size and 

the indium content of the QDs.37 When only 5-2 layers are left, we can identify the signature of single 

InGaN QDs. The QD signal disappears when there is still one InGaN layer, which means that most 

probably that first InGaN layer does not contain any dot. Dashed lines in Figure 5.14(a) are Lorentzian 

fits that identify the QDs contained in layer 2: a first line (QD1) is located at 422.7 nm with 

FWHM = 1.2 nm, and a second emission line (QD2) peaks at 417.36 nm with FWHM = 0.87 nm. A third 

peak (QD3) that disappeared after evaporation of layer 3 was located at 413.2 nm with 

FWHM = 1.3 nm.  



 

 

Figure 5.14: (a) In-situ µPL measurements performed during the La-APT evaporation of 
InGaN/GaN QDs. The experiment was performed at 80 K. The legend indicates the number of 
layers that remain in the specimen when recording the PL data. Dashed lines are Lorentzian fits 
that identify the QDs contained in layer 2. Their evolution of the emission of these two QDs is 
marked with arrows. (b) Indium 3D APT reconstruction of the last 2, 3 and 5 layers of QDs 
detected during analysis. (c) μPL peak wavelength of three QDs (the signals of QD1 and QD2 
disappeared after evaporation of layer 2, as shown in (b), and QD3 had disappeared after 
evaporation of layer 3). The FWHM is indicated as an error bar. (d) μPL peak wavelength of the 
GaN emission vs. number of layers remaining on the specimen during evaporation. The evolution 
of the FWHM is indicated with open symbols (right axis).  

 

The evolution of peak wavelength and FWHM of these QD lines (QD1, QD2, QD3) during the 

evaporation of the tip is described in the Figure 5.14(c), and Figure 5.14(d) shows the evolution of the 

μPL line assigned to the GaN buffer (at 358 nm, shown in Figure 5.13). The QD emission lines present 

a red shift of around 2 nm during the APT process of the last 9 QD layers.296 In contrast, the GaN line 

presents only a slight red shift of around 0.55 nm. The different behavior of QDs and GaN points out 
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that the shift is not thermally induced but rather strain related. Strain is the result of mechanical stress, 

and it leads to a change of the semiconductor band gap (which can be estimated using the band 

deformation potentials) and the generation of piezoelectric polarization. During the experiment, two 

sources of mechanical stress act on the QDs, namely the stress resulting from the lattice mismatch 

between GaN and InGaN and the stress induced by the electric field during the APT measurement. It is 

hence important to assess the magnitude of both sources of stress to know if the spectral shift is 

associated to the material properties or to the experimental conditions. 

Therefore, in order to understand the evolution of the emission of QDs and GaN during the APT 

experiment, we have calculated the strain distribution in the QDs. The stress associated with the lattice 

mismatch between GaN and InGaN results in a deformation of the lattice to minimize the elastic energy 

accumulated during the growth of the sample, as illustrated in Figure 5.15.  

 

Figure 5.15: Calculation of the strain distribution in the QDs: (a) in-plane strain (xx) and (b) out 

of plane strain (zz). 

Figure 5.15 shows the distribution of the (a) in-plane (xx) and (b) out-of-plane (zz) strain in two 

InGaN QDs in the center of the QD stack. The simulation process is described in Chapter 3. The 

geometry and indium distribution in the simulated structure corresponds to the nominal values, 

illustrated in Figure 5.15(a). The wetting layer is defined separately from the QDs having homogeneous 

concetration different from the QD whose alloy doesn’t present any gradient. The morphology of 

InGaN QD is defined as a regular hexagonal prism following the form of GaN QDs knowing that the In 

incorporation in the dot is low and will not drastically affect its form.  

As expected, the in-plane lattice is compressed, and the out-of-plane lattice is expanded. 

However, the out of plane deformation is significantly smaller than expected in the case of biaxial 

strain. This is clearly visible in the image, where the value of zz inside the QDs is significantly smaller 

(yellow-orange) than its value in the wetting layer (red), in spite of the higher indium content in the 

dots (13%) with respect to the wetting layer (6%). The difference is due to the presence of GaN in 

contact with the QD side facets, which imposes in a uniaxial compressive stress on the dots. 

In the case of the InGaN QDs, there is an in‐plane compressive stress due to the growth of InGaN 

on top of GaN, and a uniaxial compressive stress along the c crystal axis (growth direction) due to the 



 

GaN that is in contact with the QD side facets. The stress along the c axis in the QDs can be calculated 

as 

 𝜎𝑧𝑧 = 2𝑐13휀𝑥𝑥 + 𝑐33휀𝑧𝑧 ( 5.2 ) 

where 𝑐𝑖𝑗  are elastic constants and 휀𝑥𝑥 and 휀𝑧𝑧 are the in‐plane and out‐of‐plane strain. With the values 

of strain in Figure 5.15 (휀𝑥𝑥 = −1.15% and 휀𝑧𝑧 = 0.33%), the stress is estimated at 𝜎𝑧𝑧 = −1,16 GPa. 

Note the negative sign, which indicates that the stress is compressive along c. In this strain 

configuration, using the deformation potentials from Vurgaftman and Meyer,73 the InGaN band gap 

increases by  106 meV with respect to the relaxed value. When evaporating the layers on top of a 

certain QD, the uniaxial stress imposed by the material surrounding the dot decreases, but the in‐plane 

stress due to the GaN underlayer remains. Therefore, evaporation should lead to an expansion of the 

lattice along c (higher 휀𝑧𝑧). Keeping 휀𝑥𝑥 = −1.15% and releasing the uniaxial stress (𝜎𝑧𝑧 = 0) would 

lead to 휀𝑧𝑧 = 0.64%, resulting in an increase of the band gap by only  74 meV with respect to the 

relaxed value. In addition to this modification of the band gap, the increase of 휀𝑧𝑧 induces an 

enhancement of the piezoelectric polarization. These two phenomena explain a red shift during the 

APT process of the order of magnitude observed in Figure 5.14(c). 

The GaN PL signal in Figure 5.14(d) stems from the GaN layer below the QD superlattice. The 

topmost nanometers of this layer are strained by the presence of the InGaN QDs on top. Our Nextnano 

calculations point out strain that can reach 휀𝑥𝑥 = 0.15% and 휀𝑧𝑧 = −0.26% (𝜎𝑧𝑧 = −0.71 GPa) right 

below an InGaN QD. Using again the deformation potentials in ref. 73, the strain increases the GaN band 

gap by  7.6 meV. This strain is fully relaxed when the InGaN material is evaporated, which should lead 

to a slight red shift of the PL signal, as experimentally observed. 

On the other hand, during the APT experiment, a high positive voltage in the range of VDC = 5-

10 kV is applied to the InGaN/GaN tip, which results in an electric field F at the tip that can be estimated 

by297 

 𝐹 =
𝑉𝐷𝐶

𝑘𝑅
 ( 5.3 ) 

where k  7 is a geometrical factor and R is the curvature radius of the tip apex. Free carriers generated 

by laser illumination drift due to the electric field and holes accumulate at the needle apex screening 

the electric field inside the semiconductor material. However, the field induces a mechanical stress 

along the tip, which is given by 

 𝜎𝐹 =
1

2
휀0𝐹

2 ( 5.4 ) 

where 휀0 is the vacuum permittivity. As we evaporate the sample, VDC increases and the radius of the 

tip, R, increases. Tracing those values, the average electric field when the apex evolves along the 9 

deepest QD layers can be estimated to be in the range 8‐10 MV/cm, corresponding to a field‐induced 

stress in the range 𝜎𝐹 ≈ 0.25 GPa to 𝜎𝐹 ≈ 0.42 GPa. As the electric field points towards the detector, 

the stress is uniaxial, tensile, along the c axis of the semiconductor crystal. The field‐related stress 𝜎𝐹 

has the opposite direction of 𝜎𝑧𝑧; however, both 𝜎𝐹 and 𝜎𝑧𝑧 increase during the experiment (𝜎𝑧𝑧 
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becomes less negative and 𝜎𝐹 becomes more positive). However, it should be kept in mind that 𝜎𝐹 is at 

least 4 times smaller than 𝜎𝑧𝑧 in the QDs, and about half the value of 𝜎𝑧𝑧 in the GaN material right 

below the superlattice. Furthermore, 𝜎𝐹 is expected to increase only by 10% for an increase of the tip 

curvature radius of 5%. Therefore, we can conclude that it is the variation of the stress induced by the 

lattice mismatch that dominates the spectral shift of the PL during the APT measurement. This is further 

supported by the fact that, at the beginning of the experiment, there is no major difference in the PL 

peak energy with and without electric field. 

5.3.3. Chemical analysis by atom probe tomography 
Here, it should be mentioned that the PAP requires the use of a fast APT detection system, at the 

expense of a lower detection efficiency and accuracy in assessing composition. Therefore, in order to 

quantify the alloy composition within InGaN layers, La‐APT measurements were performed using a 

CAMECA FlexTAP system, equipped with an aDLD.177 Figure 5.16(a) shows the indium site fraction map 

obtained through the analysis of 18 InGaN QD layers present in a 3D APT reconstruction. The InGaN 

layers contain In‐rich regions with a typical in‐plane diameter of 15.4±1.4 nm and typical In‐site fraction 

 13%, connected by the wetting layer, a thinner InGaN layer with an In‐site fraction  6%. The shape 

and size of these In‐rich regions correspond to InGaN QDs rather than to random alloy fluctuations.298 

This picture is confirmed by the complementary isosurface analysis of one of the QD layers [marked 

with a square in Figure 5.16(a)], which is reported in Figures 5.16(b) and 5.16(c). Figure 5.16(b) displays 

the isosurface corresponding to an In‐site fraction of 14% (in red), representing a single QD. The 

diameter of the QD is 15.0±0.5 nm, with a height of 2.0±0.1 nm. On the other hand, the isosurface 

corresponding to an In site fraction of 6% [displayed in Figure 5.16(c)] shows a layer connecting 

neighboring QDs, consistent with the wetting layer. The combination of both isosurfaces provides a 

consistent representation of composition and morphology of both wetting layer and QD.  



 

 

Figure 5.16: (a) Indium site fraction map calculated from an APT 3D reconstructed volume. In 
this two-dimensional representation, the composition is integrated over 10 nm in the direction 
perpendicular to the page. (b-c) In red, isosurfaces enclosing (b) the QD region (indium fraction 
≥ 14%), and (c) the wetting layer (In fraction ≥ 6%), extracted for the layer indicated in Figure 
5.16(a). 

 

5.3.4. Modeling the quantum dot structure 
At this point, combining the result of STEM, XRD, AFM and La‐APT, we have a complete description of 

the QD structure, including the period of the superlattice (12.6 nm, from XRD), the height of the QDs 

(2.0 nm, from STEM), the QD height above the wetting layer (0.9 nm from AFM), and the In content of 

the QDs and of the wetting layer (13% and 6%, respectively, from APT). To validate these results, we 

have compared the optical emission with theoretical calculations of the electronic structure using the 

geometrical and chemical parameters listed above. A schematic description of the simulated structure 

is presented in Figure 5.17(a), and a complete description of the modelled cell and conditions are 

described in the previous paragraphs in this chapter. In a first stage of the 3D simulations, we obtain 

the strain distribution in the structure. The in‐plane and out‐of‐plane components of the strain are 

presented in Figure 5.15. In the center of the dot, the 휀 zz/ 휀 xx ratio is –0.284, which confirms a 

significant deviation from the biaxial strain configuration, where 휀𝑧𝑧/휀𝑥𝑥 = −(2𝑐13/𝑐33) = −0.556.  
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Figure 5.17: (a) Schematic description of the QDs with composition and dimensions extracted 
by combination of XRD, AFM, TEM and APT measurements. (b) From 3D Schrödinger-Poisson 
calculations at room temperature, band profile along [0001] crossing the center of the QDs, with 
the (c) electron and (d) hole probability distribution obtained by projecting their squared 
wavefunctions. (e-h) Calculation of the emission wavelength at room temperature as a function 
of the (e) QD base diameter, (f) indium content in the WL, (g) indium content in the QD, and (h) 
QD height. In (e-h), red circles outline the result of the simulation with the input parameters 
described in (a). 

 

Taking into account the In content and the calculation of the elastic strain, the results are 

consistent with XRD measurements: Assuming that the structure is well described by Figure 5.17(a) 

and with an In0.06Ga0.94N wetting layer that is biaxially strained and In0.13Ga0.87N QDs with 휀𝑧𝑧/휀𝑥𝑥 =

−0.284, the average lattice parameter in a period of the superlattice is approximately the same as in 

an InGaN/GaN QW superlattice with the same thickness and pseudomorphic, 1.6-nm-thick In0.1Ga0.9N 

QWs, i.e. the structure used for the XRD calculation presented in Figure 5.4(b). The consistency of the 



 

results with the structural characterization data supports our initial assumption that the fact of capping 

the QDs with GaN does not introduce a significant perturbation of their morphology.   

Taking the strain distribution into account, the band diagram of the 3D structure was calculated. 

The band profile along [0001] axis crossing the center of the QDs is displayed in Figures 5.17(b). The 

electron and hole quantum confined levels are calculated in a QD in the center of the stack. The 

electron–hole transition at room temperature is predicted to occur at 426 nm, in agreement with the 

experimental CL peak wavelength. Figure 5.17(c) and (d) show the electron and hole probability 

distribution, respectively. The polarization‐induced internal electric field in the dots shifts the electron 

wavefunction towards the QD apex, whereas the hole wavefunction is located deep into the base of 

the hexagonal truncated pyramid. However, the separation of electron and hole along the growth axis 

remains relatively small due to the small QD height. 

For the purpose of gainning some insight into the variation of the emission wavelength from one 

dot to another, we performed calculations changing the QD diameter, In content in the wetting layer, 

In content in the QD, and the QD height [Figures 5.17(e), (f), (g), and (h), respectively] in ranges that 

reflect the experimentally revealed structural/chemical fluctuations. Red circles in these figures outline 

the result of the simulation with the nominal input parameters described in Figure 5.17(a). The 

emission wavelength is particularly sensitive to fluctuations of the indium content in the dot: adjusting 

the In content from 12% to 14%, the emission shifts from 419 to 434 nm [Figure 5.17(g)]. There is also 

a high sensitivity to the QD base diameter, with the emission shifting from 423 to 430 nm when the 

base diameter increases from 14.0 to 16.8 nm [Figure 5.17(e)]. Note that this shift is larger than that 

obtained by changing the QD height by ±1 ML (approximately ±0.25 nm), in Figure 5.17(h). Keeping in 

mind that the PL emission of the QDs have a FWHM around 22 nm at room temperature [from Figure 

5.6(a)], the linewidth seems mostly due to in‐plane fluctuations of the In content in the QDs and the 

QD diameter. 

 

5.3.5. Sample uniformity and reproducibility of the results 

The correlation of PAP and of the structural parameters issued by TEM has also been performed at the 

level of a second tip as described in Figure 5.18 and confirming the reproducibility of the results and 

the homogeneity of the sample. PL and CL measurements were performed in several points of the as‐

grown sample (10×10 mm2) and we did not observe significant variations in terms of intensity or 

spectral location of the emission. Then, as a whole, we fabricated with FIB preparation 27 tips, coming 

from different parts of the sample. The TEM images in Figure 5.3 were taken from a 70‐nm‐thick lamella 

specimen processed by FIB. However, it was verified that the results were consistent with TEM images 

of 11 tips. Eight tips were characterized using ex-situ CL. The emission from the dots was systematically 

observed and its spectral location was consistent with the PL and CL results in the as‐grown sample, 

and with µPL measurements in 3 other tips. Two tips were examined coupling µPL in‐situ with La‐APT, 

allowing the identification of the signature of single QDs in the first layers of the stack. Figure 5.14(a) 
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displays the results from one of the tips, and those of the second tip are shown in Figure 5.18. Precise 

chemical mapping using La‐APT [Figure 5.16(a)] was performed on one tip. 

The reproducibility of the measurements and the consistency of the various measurements and 

calculations confirms the reliability of obtained results and the homogeneity of the sample. 

 

Figure 5.18: (a) Evolution of the µPL spectrum during the evaporation of the second APT 
specimen. The spectra represented in the figure were recorded during the evaporation of each 
barrier. The legend indicates the number of QD layers that were left in the tip. The dashed-line 
peaks are a Lorentzian fit of the emission lines that appear in the spectrum labelled “5 layers”. 
(b) 3D reconstruction of the In atom distribution in the analysed sample. The APT experiment 
was performed simultaneously with the µPL measurements. Ga atoms are represented in blue 
and In atoms are represented in magenta. (c) BF-STEM image of the same tip before being 
introduced into the APT equipment. (d) μPL peak wavelength of two QDs (the signals of QD1 
and QD2 disappeared after evaporation of layer 5, as shown in (a)). The FWHM is indicated as 
an error bar. Note that these emissions red shifted during the evaporation of the tip, as observed 
for the emission lines from the first specimen [see Figures 5.14(a) and 5.14(c)]. 

 

In summary, the excellent agreement between the theoretical calculations and the experimental 

optical features show that the model extracted from structural and chemical characterization provides 



 

a good description of this InGaN/GaN QD system. This model conveys an image of the InGaN/GaN QDs 

that is very different from the Stranski‐Krastanov growth in the InGaAs/GaAs or GaN/AlN systems, 

where the dots and wetting layer can be distinctly and separately visualized. On the contrary, in the 

structure under study, the thickness of the wetting layer is thicker than the part of the QDs that 

protrudes above the layer. The dots look rather the coexistence of a thickness undulation and a local 

increase of the In mole fraction. This perturbed Stranski‐Krastanov growth is caused by the presence 

of indium at the growth front, with a surfactant effect that favors planar growth.125,299 However, these 

nanostructures behave optically as QDs, with an enhanced stability of the luminescence at high 

temperature thanks to their capability to confine free carriers a three‐dimensional volume with a size 

comparable that of the exciton in InGaN. 

 

5.4. Conclusions and prospects 

To conclude, we have performed a correlative microscopy study of a stack of self-assembled 

InGaN/GaN (2 nm / 10 nm) QDs embedded in a needle-shaped atom probe specimen fabricated by FIB. 

Comparative optical characterization of the as-grown sample and the atom probe specimen shows that 

there was no loss or rearrangement of indium during the FIB process. This allows the extrapolation of 

the characterization results to the as-grown sample. We have performed spectroscopic (in-situ micro-

photoluminescence and ex-situ cathodoluminescence) and structural (XRD, AFM, STEM and APT) 

measurements, to get a full view of the sample at the nanometer scale. During APT measurement of 

the 9 QD layers closer to the substrate, it was possible to resolve single QD emission lines. The spectral 

red shift observed in these single QD lines during the APT process was assigned to the relaxation of 

elastic strain due to the material evaporation. Theoretical modeling of the QDs considering the 

experimental values of their size and indium distribution predicts room temperature 

photoluminescence at 426 nm, in excellent agreement with the measured spectra. Furthermore, the 

spectral linewidth of the as-grown sample is explained as due to in-plane fluctuations of the QD In 

content and diameter. These results confirm the relevance of PAP studies to provide a complete view 

of the InGaN QDs, and shows the potential of this technique for the analysis of nanostructured 

materials. 

In terms of nanomaterials, a conclusion of this study is that Stranski-Krastranov InGaN/GaN QDs 

look like a thickness undulation and a local increase of the In mole fraction. The thickness of the wetting 

layer is comparable to the QD height, and the indium content in the wetting layer is significantly lower 

than the indium content in the QDs. The nanostructures behave optically as QDs, but these structural 

parameters can have an important impact on the design of the active region of a light emitting device, 

since they affect the band diagram and carrier transport properties. 

In particular, we have shown that PAP can be used in samples containing a large set of nanoscale 

emitters in order to isolate the optical emission of few of them by a controlled reduction of the optically 

active volume induced by field evaporation. Furthermore, the technique allows the correlation of the 
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3D image of the chemical composition of a few light emitters contained in a nanoscale object with their 

spectral signature. This opens perspectives for the application of this technique to super-resolution 

studies, to discriminate the optical emission of neighboring QDs, or to strictly correlative studies, in 

which the 3D chemical map of a single QD is correlated with its optical signature. 
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Chapter 6:  Effect of structural and point defects 

on InGaN/GaN QDs 

 

In order to study the effect of structural defects on the luminescence of InGaN QDs, we have 
performed a correlative microscopy study of three stacks of InGaN/GaN QDs grown at different 
substrate temperatures, each stack consisting of 3 layers of QDs. Decreasing the substrate 
temperature along the growth axis leads to an increased density of structural defects. However, 
the first QD layers behave as traps for non-radiative point defects, so that the luminescence 
intensity increases towards the surface, in spite of the higher density of threading dislocations. 
During APT experiments combined with in-situ micro-photoluminescence, it was possible to isolate 
the optical emission of a single QD located in the topmost QD stack, closer to the sample surface. 
The single QD line displayed a spectral shift during the experiment confirming the relaxation of 
elastic strain due to material evaporation.  

In this work, the HAADF-STEM analysis of the as-grown material was performed by Dr. E. Di Russo, 
Dr. D. Cooper and Dr. A. Grenier. The entire study has been submitted for publication and it is 
currently available online as as “A Photonic Atom Probe Analysis of the Effect of Extended and 
Point Defects on the Luminescence of InGaN/GaN Quantum Dots”, Dimkou I. et al., 
arXiv:2106.03649, 2021300. 

 

6.1. Introduction 

III-Nitride LEDs have reached their maturity and are now a standard commercial product that finds 

wide application, for example in lighting and signalling. However, some unsolved problems remain. 

The efficiency droop that appears associated with Auger phenomena sets a performance limit 301,302, 

which is currently circumvented through electronics and increasing the number of LED chips needed 

to maintain the high efficiency. The indium distribution in the active QWs plays a relevant role on the 

Auger recombination rate. The use of self-assembled QDs as active media has been proposed as an 

approach to attenuate the droop 303,304. On the other hand, the wall-plug efficiency is maximum for 

devices that emit in the blue range, but it decreases markedly for green LEDs, with a higher In content 

in the active region, therefore higher alloy inhomogeneities and higher density of misfit-related 

defects. These problems become even more acute in III-nitride based red LEDs, still in development 
305. It is hence important to perform correlated optical/structural studies at the nanoscale, to 

understand the role of defects on the performance of light emitters. The correlation of TEM and La-

APT provides visualization of chemical inhomogeneities at the nanometer scale, and sheds some light 

on their correlation with the device optical performance. This method has been first used for 

InGaN/GaN QWs by Bennet et al. 306. The first systematic study by Riley et al. 307 compared the 

correlated scanning transmission microscopy (STEM) and APT data obtained on different sets of 

InGaN/GaN QWs in NW LEDs with the spatially resolved cathodoluminescence (CL) spectra collected 

on other wires from the same sample. We have recently demonstrate the application of this technique 



 

to the study of the indium distribution in Stranski-Krastanov InGaN/GaN QD layers 265, attaining 

excellent correlation between the structural/chemical study, optical measurements and 3D theoretical 

calculations of the electronic structure of the QDs. 

In this work, we analyse the optical performance of 3 stacks of InGaN/GaN QDs grown at different 

substrate temperature, each stack consisting of 3 layers of InGaN QDs. Lowering the substrate 

temperature leads to an increased density of structural defects. However, the luminescence efficiency 

of the sample does not correlate with the structural quality. On the contrary, higher emission intensity 

is observed in more defective low-temperature layers. This result reveals the predominant role of point 

defects in the luminescence properties of InGaN nanostructures, and highlights the relevance of 

inserting InGaN underlayers to bury non-radiative point defects. Thus, in the topmost, more defective 

layer of QDs, the signature of single QD emission is observed in APT specimens. 

 

6.2. Description of the as-grown sample and properties 

The test structure was synthesized by PAMBE, and the growth process was monitored by RHEED. In 

order to explore the role of the growth temperature and material quality on the optical properties of 

InGaN QDs, we designed sample containing 3 stacks of 3 layers of self-assembled InxGa1–xN/GaN 

(2 nm/12 nm) QDs, separated by 70 nm of GaN [see schematic description in Figure 6.1(a)]. This 

structure was deposited on a GaN-on-sapphire template and capped with 500 nm of GaN. At the 

beginning of each QD stack, we changed the growth temperature and adjusted the indium flow to 

compensate for the change in the indium desorption rate. The substrate temperature was calibrated 

by measuring the In desorption time, as described elsewhere 150. It decreased monotonically during 

the growth, fixed at 615°C, 580°C and 550°C for the first, second and third QD stack, respectively. The 

precise regime is described in Chapter 3.  

Figure 6.1(b) presents a HAADF-STEM image of the heterostructure. STEM studies were 

performed in an aberration-corrected FEI Titan 80-300 microscope operated at 200 kV, using HAADF 

and BF) detectors. In the  where the Figure 6.1(b), three InGaN/GaN QDs stacks can be identified: 

InGaN is located in discontinuous horizontal lines with clear contrast, whereas GaN has darker contrast 

due to the difference in atomic number. Figure 6.2 displays a HAADF-STEM zoomed image of the three 

stacks in the centre of the superlattice showed in the Figure 6.1(b). Figure 6.2(b) depicts the integrated 

intensity of the HAADF-STEM image in Figure 6.2(a) analysed along the red rectangle outlined in the 

figure. The contrast fluctuations in the InGaN layers confirm the presence of InGaN QDs. In Figure 

6.1(b), threading dislocations (white vertical lines) propagating from the underlying GaN substrate are 

outlined with yellow arrows. In the proximity of these initial defects, additional 

threading dislocations appear at the GaN/InGaN interface (see also Figure 6.2). This points to the 

generation of interfacial misfit dislocations, which thread upward 308, a well-known phenomenon in In-

rich InGaN/GaN heterostructures. The local strain in In-rich areas may cause the decomposition of 

(a+c)-type threading dislocations to produce an a-type and a c-type dislocation threading towards to 
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the surface. The a-type component of the dislocation bends to an interfacial direction giving rise to a 

misfit dislocation with Burgers vector b= 
𝟏

𝟑
<11-20> in the {0001} slip plane. When the misfit dislocation 

attains an In-poor area, the local change in strain provides the driving force for the dislocation to climb 

band to the [0001] direction. The decrease of temperature during the growth is an important factor 

promoting the generation of misfit dislocations and the general decline of material quality 309–311, in 

agreement with our STEM observations. Moreover, it is known that In can incorporate along the 

defects, forming In nanoparticle arrays extending along the growth direction 312.  

 

 

Figure 6.1: (a) Schematic of the InGaN/GaN QD structure. (b) HAADF-STEM image of the sample 
observed along the [10-10] zone axis (lamella specimen thickness 100-120 nm). Yellow arrows 
indicate threading dislocations propagating from the substrate. (c) SIMS depth profile for 
indium. 

 

To confirm the presence of In in the ultrathin InGaN QD layers, and assess the defect-promoted 

diffusion of In along the growth axis, we have used secondary ion mass spectroscopy (SIMS), as it is 

shown in Figure 6.1(c). SIMS investigations were performed in a SIMS magnetic selector instrument 

from CAMECA 313, using 133Cs+ as primary beam, accelerated at 2.0 kV, and analysing a 175×175μm 

spot. All the QD layers are well identified in the profile, and the three bottommost and the three 

topmost layers seem to have roughly the same amount of In. On the contrary, the 3 layers in the middle 

present a slightly higher total amount of In. The measurement of the In concentration in the QD layers 

is only qualitative, since the small size of the nanostructures and their three-dimensional nature does 

not allow quantitative analysis. In the GaN material within the QD layers, the In concentration goes 

down below the detection limit of the system ( 4 × 1017 cm-3). 

https://www.synonyms.com/synonym/bottommost


 

 

Figure 6.2: (a) HAADF-STEM zoomed image in the centre of the heterostructure showed in Figure 
6.1(b). (b) Integrated intensity of the HAADF-STEM image analysed along the red rectangle 
outlined in (a). 

Figure 6.3(a) presents a low-temperature (T = 5 K) CL map (wavelength window = 395-420 nm) of 

the STEM lamella specimen (thickness of 100-120 nm), compared with a section of the HAADF-STEM 

image, in Figure 6.3(b), to visualize the location of the QD stacks. In Figure 6.3(a), most of the CL 

intensity originates in the two topmost QD stacks, being significantly higher in the topmost stack, 

grown at the lowest substrate temperature. This trend was confirmed at several points of the 

specimen. Figure 6.3(c) presents the CL spectra extracted from slices of Figure 6.3(a), moving from the 

GaN substrate (1), crossing the 3 InGaN/GaN QD stacks (2-6), to the middle of the GaN cap layer (7,8). 

All the spectra show a narrow emission line at 357 nm, characteristic of GaN. The spectra recorded 

along the QD region display also a broad emission that peaks at 387-402 nm, which is assigned to 

recombination in the QDs. Along the growth axis, the peak emission wavelength shifts only by 15 nm, 

which is smaller than the emission linewidth (spectra 3, 4 and 5 show QD emission linewidths of 29 

nm, 33, nm and 17 nm, respectively). If we keep in mind that the CL measurements were performed 

on a lamella specimen, which means that the electron beam can only excite a few dots, the spectral 

shift and variation of the emission are explained by the expected dot-to-dot variations of morphology 

and indium composition.  



125 

 

Figure 6.3: (a) Low temperature (5 K) CL mapping (spectral window = 395-420 nm) of the STEM 
lamella imaged in Figure 6.1, containing the 3 stacks of InGaN/GaN QDs, compared with (b) a 
section of the HAADF-STEM image of the same specimen. (c) CL spectra extracted from different 
areas of (b), moving from the GaN substrate and through InGaN QDs towards the surface (#1 

→ #8). 

 

6.3. Characterization of the field emission tip 

In order to investigate the luminescence coming from InGaN/GaN QD layers, we used La-APT after 

having prepared APT tips by using FIB procedure. Several APT tips were analyzed using in-situ µPL 

measurements performed before or during the La-APT evaporation under different analysis conditions. 

Laser-assisted wide-angle tomographic atom probe (LaWaTAP) system has been also used to extract 

supplementary chemical analysis confirming the accuracy of the exctracted indium content values. 

 

6.3.1. Photonic atom probe analysis 

With the intention to analyse the indium distribution in the InGaN/GaN QDs and the luminescence at 

the scale of a single emitter, field-emission tip specimens were fabricated and characterized by La-APT. 

FIB prepared tips were first observed in TEM, as illustrated in Figure 6.4(a). The tips were then 

introduced in the PAP system. To determine the best experimental conditions to perform simultaneous 

µPL and APT characterization, we first measured in-situ µPL as a function of the laser pumping power 

at 28 K, as shown in Figure 6.4(b). During these preliminary measurements, we used a repetition rate 

of 3.8 MHz, adjusting the laser power in the range of 25 to 600 μW. In these spectra, it is possible to 

identify the emission of GaN at 356 nm and a narrow line around 390 nm, which is assigned to InGaN 

QDs. As previously observed 265, the luminescence from GaN increases monotonously with the 

pumping power, but the QD emission intensity saturates [see Figure 6.4(c)]. More importantly, the full 

width at half maximum (FWHM) of the main QD line shows a drastic increase for excitation power 

higher than 200 µW [see Figure 6.4(d)], which could point to an increase of the temperature. 



 

Considering this observation, we decided to perform the La-APT experiment with a laser pulse energy 

corresponding to 140 µW, to prevent thermal effects or artefacts associated with many-body 

phenomena.  

 

Figure 6.4: (a) TEM image of the tip after FIB preparation. (b) Micro-PL spectra before La-APT 
evaporation of a tip specimen containing InGaN/GaN QDs. Spectra recorded after excitation 
with different levels of laser power were normalized to the maximum of the QD emission and 
vertically shifted for clarity. The experiment was performed at 28 K and the pulse rate and 
wavelength of laser were 300 kHz and 260 nm, respectively. Variation of (c) the peak PL intensity 
and (d) FWHM of the lines assigned to the QDs and to GaN, as a function of the laser power. 

During the APT measurements coupled with μPL, the laser frequency was reduced to 340 kHz for the 

reasons that are well explained in 295. The tip was kept at 40 K. In the experiment described in Figure 

6.5, the tip contained originally the three InGaN/GaN QDs stacks. Figure 6.5(a) presents PL spectra 

recorded at various moments of the evaporation process, and Figure 6.5(b) shows 3D APT 

reconstructions of the indium signal where we can clearly identify the QD layers. The three images in 

(b) illustrate what was left on the specimen when the spectra #4, #5 and #6 in (a) were recorded. The 

spectra did not display major variations during the evaporation of the two topmost QD layers of the 
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first QD stack (spectra #1 → #5). As explained before, the peak at 356 nm is related to the carrier 

recombination in GaN, and the narrow line at 398 nm is assigned to the carrier recombination in the 

InGaN QDs. The FWHM, around 1.5 nm confirms that this peak comes from a single dot, comparing to 

the literature 314–316. During the evaporation of the third QD layer (spectrum #6), the QD emission 

disappeared. This result confirms that the emitting single dot was located in the third top most QD 

layer. Note that the QD signal disappeared even if there were still InGaN layers, which means that 

either the other InGaN layers below do not contain any dot or non-radiative recombination processes 

dominate.  

 

Figure 6.5: (a) In-situ µPL measurements performed during the La-APT evaporation of 
InGaN/GaN QDs. Evaporation takes place from 1 to 6. The experiment was performed at 40 K. 
(b) Quantitative indium-site 3D APT reconstruction of the tip. The images describe what was left 
of the specimen when recording the spectra 4, 5 and 6 in (a). (c) μPL peak wavelength of the QD 
signal in the spectra presented in (a). The FWHM is indicated as error bars.  

 

The evolution of the peak wavelength and FWHM of the QD line during the evaporation of the tip 

is described in the Figure 6.5(c). The QD emission line presents a red shift of around 2 nm during the 

APT process of the first 3 topmost QD layers. This shift is mostly explained by the relaxation of the 

misfit strain during the evaporation 265, since the possible contribution of the stress induced by the 

external electric field when the dot approaches the surface of the tip 317 is very small in this system 265. 



 

Note that the difference of the voltage applied to the InGaN/GaN tip from the beginning to the end of 

the experiment (spectra #1 → #5) is in the range of ΔVDC = 1 kV (VDC = 4.5-5.5 kV), which is not enough 

to justify such spectral shift. The FWHM of the emission, indicated as an error bar, does not present a 

clear trend.  

6.3.2. Chemical analysis by atom probe tomography 

Figure 6.6(a) shows the indium site fraction map obtained through the analysis of the whole tip. The 

InGaN layers contain In-rich regions with a typical in-plane diameter of around 15 nm and typical In-

site fraction  10%, on a thin, discontinuous wetting layer, with an In-site fraction  2.5%. The shape 

and size of these In-rich regions correspond to InGaN QDs rather than to random alloy fluctuations 
265,298.  

The distribution of electric field in the tip can cause artifacts in the measurement of alloy 

composition. To assess the relevance of these effects, Figure 6.6(b) illustrates the spatial distribution 

of the Ga2+/Ga+ charge state ratio. This map allows the correlation between surface electric field and 

measured composition visualized at a microscopic scale. The effective electric field can be estimated 

by the ratios of different charge states of given species through Kingham’s post-ionization model 318. 

The intense electric field is responsible for the evaporation of single charged ions from the tip surface. 

However, post-ionization 318 can occur close to the tip surface. When an ion reaches a critical distance 

from the tip surface (several angstroms), additional electrons can be transferred from the ion to the 

tip surface by quantum tunnelling effects 319.  Comparing the Figures 6.6(a) and (b), we can suggest 

that there is a certain correlation between the composition and the surface field. The high field region 

(up to 0.015) is associated with an In III-site fraction about 10%. Comparing our values with those from 

literature 62,173,320–322, the highest field recorded here seems to be sufficiently low to ensure accuracy 

of the measured composition. 

Plane-views of the indium composition of the second topmost (outlined with a blue rectangle in 

Figure 6.6(a)) and the first bottommost InGaN QD layer (outlined with an orange rectangle in Figure 

6.6(a)) are presented in Figures 6.6(c-d) and (e-f), respectively. Note that the scales of Figures 6.6(c) 

and (e) are the same, pointing to relatively similar indium distribution and QD diameter, in the range 

of 10-20 nm. Moreover, the spatial distribution of the Ga2+/Ga+ charge state ratio in Figures 6.6(d) and 

(f) are also similar. From this chemical analysis, the 3 stacks of QD layers are quite similar in terms of 

size and composition, which does not justify major changes in the radiative properties. 

Note that Figures 6.6(a), (c) and (e) are slices of the tip reconstruction with a thickness of 10 nm 

in the direction perpendicular to the page. The indium concentration is calculated by integrating the 

In and Ga atoms in the depth of the slice. As the base diameter of the QDs is in the range of 10-20 nm 

and the height is in the range of 2 nm, the In content in the dots in the plane-views (Figures 6.6(c) and 

(e)) is strongly underestimated due to the surrounding GaN. This is the reason why the In-site fraction 

for the in-plane is only  5%, compared to 10% in Figure 6.6(a). 
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Figure 6.6: (a) Indium-site map calculated from the APT 3D reconstructed volume illustrated in 
Figure 6.5(b). (b) Ga charge-state ratio (Ga++/Ga+) revealing the field distribution. The results 
are shown for a side view (perpendicular to the c axis). (c) Top view map (along the c axis) of the 
indium content and (d) Ga charge-state ratio (Ga++/Ga+) in the second topmost InGaN QD layer, 
outlined with a blue rectangle in (a). (e) Top view map (along the c axis) of the indium content 
and (f) Ga charge-state ratio (Ga++/Ga+), outlined with an orange rectangle in (a). Note that 
the color scales in (c) and (e) are the same, and those in (d) and (f) are also the same. The indium 
content shown in (a), (c) and (e) are relative to a 10 nm thick slice in the direction perpendicular 
to the page. 

 

Complementary APT analyses were conducted by a LaWaTAP operated with femtosecond laser 

pulses (350 fs) at a wavelength of  λ = 515 nm (green). The pulse repetition frequency was 100 kHz. 

The laser pulse energy Elas was 3 nJ. The detection system used was a custom-designed MCP/aDLD with 

an MCP detection efficiency ηMCP ≈ 0.6, with diameter D = 7.6 cm. Such a system is improved for the 

multihit detection. The analysis conditions changed during the experiment, the field became weaker 

along the experiment, which leads to an increase in the relative quantity of Ga+ and greater loss of 

nitrogen. The La-APT analysis was performed between detection rates 1.10-3 to 4.10-3 at/ pulse. Under 



 

these conditions, the entire tip was evaporated in about 2 days. The specimen base temperature (Tbase) 

was maintained at 80 K. Figure 6.7(a) shows the 3D reconstruction of the whole tip and (b-c) illustrate 

its indium site fraction map and the spatial distribution of the Ga2+/Ga+ charge state ratio, respectively. 

The indium site fraction obtained in these measurements confirm the reproducibility of the results and 

the accuracy of the value of the indium content in the sample. 

 

Figure 6.7: (a) 3D reconstruction of the In and Ga atom distribution in the analysed sample using 
LawaTap. (b) Indium-site fraction map calculated from the APT 3D reconstructed volume 
showed in (a). (c) Ga charge-state ratio (Ga++/Ga+) revealing the field distribution. In this two-
dimensional representation, the composition and the distribution are integrated over 10 nm in 
the direction perpendicular to the page. 

 

For a tip which presents a multi-peak structure emission, we have studied the spectral lines 

emitted by QDs with the purpose of checking if they are consistent with the indium contem measured 

by APT.  Figure 6.8 shows in-situ µPL spectra recorded as a function of the laser pumping power. In 

these spectra, it is possible to identify the narrow emission of the GaN substrate at 358 nm and a multi-

peak structure where we can identify 3 main lines at 386 nm, 391 nm and 398 nm, which are assigned 

to the InGaN QDs. In the Table 6.1 we summarize the result of 1D calculations that were performed 

changing the In content in the QD layer compared with the experimentally revealed values (APT). We 

have adjusted the In content from 8% to 11%, the emission shifts from 384 to 400 nm. Good agreement 

between the theoretical calculations and the experimental optical results show that the values 

exctracted from APT provide a precise description of this InGaN/GaN QD heterostructure. 
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Figure 6.8:  µPL measurements performed before the La-APT evaporation of InGaN/GaN QDs 
with different laser power. The experiment was performed at 25 K and the frequency and 
wavelength of laser were 300 kHz and 260 nm, respectively.  

 

In content in the QD layer 
(calculated transition wavelength) 

Experimental peak emission 
wavelength 

8%  (384 nm) 386 nm 

9%  (389 nm) 391 nm 

11%  (400 nm) 398 nm 

Table 6.1: Calculation of the emission wavelength at 25 K as a function of the indium content in 
the QD layer. 

 

6.4. Discussion: effect of extended and point defects 

Coming back to the structural properties of the sample, there is an important degradation of the 

structural quality along the growth axis due to the progressive reduction of substrate temperature 

during the growth. These results, illustrated in Figure 6.1(b), seem to be in contradiction with the 

systematic enhancement of the luminescence intensity along the growth axis. It is known that the 

potential fluctuations generated by inhomogeneities in the In content can reduce non-radiative 

recombination in InGaN layers 270,323, to the point of suppressing the non-radiative effects associated 

to dislocations 324. However, the effect of carrier localization in In-rich areas should be visible from the 

first QD layer. Therefore, enhancement of the luminescence along the growth axis points to the fact 

that non-radiative processes in the layers close to the substrate are dominated by point defects. This 

is consistent with recent reports of points defects as a main source of degradation of the luminescence 



 

of InGaN/GaN QW structures 325–327. Several groups have demonstrated that such defects can be buried 

by depositing InGaN layers before the growth of the active region 325,326,328. In our case, the first QD 

layers in the structure play the role of InGaN underlayers trapping non-radiative point defects. The 

filtering efficiency of such layers is high enough to resolve single QD luminescence in the topmost stack, 

in spite of the high density of threading dislocations. 

 

6.5. Conclusions 

In summary, we have performed a correlative microscopy study of 3 stacks of 3 layers of self-assembled 

InxGa1–xN/GaN (2 nm/12 nm) QDs, separated by 70 nm of GaN, and each of the three stacks grown at 

different substrate temperature. Although lowering the substrate temperature leads to an increased 

density of structural defects, we observed higher emission intensity in the topmost layers, grown at 

lower temperature. This result highlights the relevance of inserting InGaN underlayers to bury non-

radiative point defects. During APT measurement of the topmost QD layers, it was possible to resolve 

one single QD emission line. The single QD line displayed a spectral shift during the experiment 

confirming the relaxation of elastic strain due to material evaporation.  
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Chapter 7:  Conclusions and perspectives 

This final chapter is divided in two main subchapters. First, I present the conclusions and perspectives 

of my work on AlGaN/AlN QDs inserted in NWs (chapter 4), and then I focused on the results of my 

studies of InGaN QDs (chapters 5 and 6). 

7.1. AlGaN/AlN quantum dots in nanowires 

A feasibility study of NW arrays as active media for electron-pumped UV emitters was presented. The 

NWs consisted of a GaN stem with a 400-nm-thick  AlxGa1−xN/AlN multi-quantum dot heterostructure. 

Structural and opical studies demonstrated that the QD dimensions were highly homogeneous along 

the whole superlattice. Comparing with the emission of planar samples with the same periodicity and 

thickness, NW structures are less sensitive to non-radiative recombination, attaining IQE higher than 

60% at room temperature, even under low injection conditions. Under pulsed optical excitation the 

IQE remains stable for excitation power densities up to 50 kW/cm2. Experiments under electron 

pumping show that the NW superlattice is long enough to collect the electron-hole pairs generated by 

an electron beam with an acceleration voltage VA = 5 kV. By varying the dot/barrier thickness ratio and 

the Al content in the dots the NW peak emission is adjusted in the range from 340 to 258 nm. 

This work describes the first assessment of NWs for application in electron-pumped UV sources 

and our results confirm the feasibility of the approach. Electron channelling effects can be 

compensated by an increase of the active region length by  60% in comparison to planar layers. Using 

QD superlattices in NWs as active media, it is possible to keep the homogeneity of the dot geometry 

all along the active region in order to obtain NW ensembles providing a single emission line in the deep 

UV range. Furthermore, we have demonstrated the stability of the NWs under electron pumping. The 

external quantum efficiency was measured for some samples, with promising results (3.42±0.55%). 

Further improvement could be achieved by removing the silicon substrate and transferring the 

ensemble to a UV reflecting material. Also, growth efforts should be made to reduce the length of the 

GaN stem, or replace it by AlGaN. In the path towards an operating prototype, the 

cathodoluminescence efficiency should be quantified and the lifetime under electron excitation should 

be evaluated (we have already confirmed stability in the scale of 5 min, but long term studies should 

still be performed). 

The data reported here are very promising for a lot of applications of NWs in flexible electronics, 

high efficient optoelectronic devices, implantable devices. The demonstrated study opens prospects 

for novel miniature ultrasensitive photodetectors or for building blocks in LEDs, as the NWs present 

high crystalline quality, enhanced light extraction efficiency, and facilitate the film separation and 

transfer. In the early future is expected to see several novel approaches taking advantage of 

NW diameter size and doping concentration to be able to determine the operation modes for specific 

applications including intersubband (ISB) ultrafast devices (electro-optical modulators, power 

switching devices) and horizontal NW transistors or vertical NW FETs. Going further, advanced 



 

manipulation techniques for single nano-objects can be developed, and this will help in processing and 

building newer and better devices.  

To further understand and improve such devices, it would be very interesting to adapt the 

correlative microscopy method developed in this work to the characterization of NWs. Studies on 

doping or alloy distribution would provide essential information for a transition towards the fabrication 

of nanowire devices. This requires the determination of a reproducible process to isolate and mount 

single nanowires on the APT holder. Efforts are currently being made in this direction, and results are 

expected in the next months. 

 

7.2. InGaN/GaN Stranski-Krastanov QDs 

We have performed correlative microscopy studies of self-assembled InGaN/GaN QDs. Comparative 

optical characterization of as-grown samples and atom probe specimens shows that there was no loss 

or rearrangement of indium during the FIB process. This allows the extrapolation of the 

characterization results to the as-grown samples. We have performed spectroscopic (in-situ micro-

photoluminescence and ex-situ cathodoluminescence) and structural (XRD, AFM, STEM and APT) 

measurements, to get a full view of these nanostructures.  

A conclusion of this study is that Stranski-Krastranov InGaN/GaN QDs look like a thickness 

undulation and a local increase of the In mole fraction. The thickness of the wetting layer is comparable 

to the QD height, and the indium content in the wetting layer is significantly lower than the indium 

content in the QDs. The nanostructures behave optically as QDs, but these structural parameters can 

have an important impact on the design of the active region of a light emitting device, since they affect 

the band diagram and carrier transport properties. 

It was possible to resolve single QD emission lines in µPL measurements performed in situ during 

APT evaporation. The spectral red shift observed in these single QD lines during the APT process was 

assigned to the relaxation of elastic strain due to the material evaporation. Theoretical modeling of 

the QDs considering the experimental values of their size and indium distribution predicts room 

temperature photoluminescence in excellent agreement with the measured spectra. Furthermore, the 

spectral linewidth is explained as due to in-plane fluctuations of the QD In content and diameter.  

We have also studied the effect of extended and point defects on the luminescence of such QD 

structures. We observed that emission intensity is higher in the upper QD layers (closer to the surface) 

and it is not correlated with the dislocation density. This result highlights the relevance of inserting 

InGaN underlayers to bury non-radiative point defects.  

Our results confirm the relevance of PAP studies to provide a complete view of the InGaN QDs, 

and shows the potential of this technique for the analysis of nanostructured materials.The PAP can be 

used in samples containing a large set of nanoscale emitters in order to isolate the optical emission of 

few of them by a controlled reduction of the optically active volume induced by field evaporation. 



135 

Furthermore, the technique allows the correlation of the 3D image of the chemical composition of a 

few light emitters contained in a nanoscale object with their spectral signature. This opens perspectives 

for the application of this technique to super-resolution studies, to discriminate the optical emission 

of neighboring QDs, or to strictly correlative studies, in which the 3D chemical map of a single QD is 

correlated with its optical signature. 
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 Glossary 

 

Abbreviation Definition 

a lattice constant, deformation pontential (2.3) 

a_c1, a_c2 Conduction band deformation potentials  

A oscillation amplitude 

A_i Luttinger parameters  

ARPES angle-resolved photoemission spectroscopy 

Å Ångström 

aDLD advanced Delay Line Detector 

a_i base vectors 

AFM atom force microscopy 

AlN aluminium nitride 

APT atom probe tomography 

a_s lattice parameter of the substrate 

B detection bamdwidth 

C carbon 

c lattice constant 

c_0 lattice constant with zero strain 

c_ij elastic constants 

C_(i,j,k,l) stiffness constants 

CB conduction band 

CBM conduction-band maximum 

CCD charge coupled device 

CH crystal-field split-off valence subband 

CL cathodoluminescence 

cps counts per second 

c_s lattice parameter of the substrate 

cw continuous wavelength 

C_9H_17Pt (methylcyclopentadienyl)trimethyl platinum  

D_1, D_2 conduction band deformation potentials  

D_3, D_4, D_5 uniaxial valance band deformation potentials  

DLD delay line detector 

d_z thickness of the well 

E electric field 

E_a acceptor band 

E_d donor band 

E_G band gap energy 

E_t non-radiative recombination to mid-gap levels 

e_ij piezoelectric constants 

EPUV electron-pumped ultraviolet 

EQE external quantum effieciency 



 

f frequency 

F electrostatic force 

FEG field emission electron gun  

FIB focused ion beam 

FlexTAP flexible tomographic atom probe 

FWHM full width at half maximum 

G magnification 

g(E)  density of states 

GaAs gallium arsenide 

GaN gallium nitride 

GIS gas injection system 

HAADF high-angle annular dark-field 

HCP hexagonal closed-packed 

HH heavy hole 

h,k,l Miller-Bravais 

HR-XRD high resolution x-ray diffraction 

HVPE hydride vapour phase epitaxy 

I_1 energy of the first ionization 

InN indium nitride 

InP indium phosphide 

IQE internal quantum effieciency 

IR infrared 

ISB intersubband 

k_α1  x-ray emission line 

k_B Boltzmann constant 

k_i Ewald sphere radius 

k_x,y,z wavevector 

L_0 flight path of the ions 

La-APT laser-assisted atom probe tomography 

LaWaTAP laser-assisted wide-angle tomographic atom probe  

LED light emitting diodes 

LH light hole 

LO longitudinal optical  

Lx, Ly, Lz dimensions along x, y and z  

m mass 

m+1 compression factor 

m/n mass over charge 

m_e0, m_h0 free electron and hole mass 

m*, m*_e, m*_h effective mass, effective mass of electron and hole 

MBE molecular-beam epitaxy 

MCP microchannel plates 

ML monolayer 

MOCVD metalorganic chemical vapour deposition 

MOVPE metalorganic vapour-phase epitaxy 

MQW multi-quantum well 

n_x,y,z integer quantum number of each energy state 
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NW nanowire 

PAMBE plasma-assisted molecular-beam epitaxy 

PAP photonic atom probe 

PECS precision etching and coating system  

PFNC nanocharacterisation platform  

PL photoluminescence 

P_MQW multi-quantum well period 

P_PE piezoelectric polarization 

PSD position sensitive detector 

P_SP spontaneous polarization 

Pt platinum 

p_x,y,z atomic orbital along x, y , z -axis 

Q detection efficiency (3.7), quality factor of resonance (3.5) 

Q_a activation energy 

QCSE quantum confined Stark effect 

QD quantum dot 

QW quantum well 

R curvature radius 

RHEED reflection high-energy electron diffraction 

ROI region of interest 

S, s detector and analysis surface 

SAG selective area growth 

Sb antimony 

SEM scanning electron microscopy 

SF stacking fault 

Si silicon 

SiC silicon carbite 

SIMS secondary ion mass spectroscopy 

S-K Stranski-Krastanov 

SL superlattice 

STEM scanning transmission electron microscopy 

T absolute temperature 

T_base base temperature 

T_crit critical temperature 

TE transverse-electric 

TEM transmission electron microscopy 

THz terahertz 

TM transverse-magnetic 

TOF time of flight 

u latice parameter equals to b/c, where b is the bond-length in the c-direction 

U_a, U_i potential energy of a neutral and an ion 

UHV ultra-high vacuum 

UV ultraviolet 

v evaporation rate (Chapter 3) 

V, V_0 volume at atmospheric pressure (Chapter 2) 

v_0 vibration frequency (Chapter 3) 



 

V_at atomic volume of the charges 

VB valence band 

VBM valence-band maximum 

V_DC electric voltage 

v_G growth rate 

V(x,y,z) pontential 

W tungsten or wolfram 

W(CO)_6 tungsten hexacarbonyl 

WL wetting layer 

WPE wall-plug efficiency 

wz wurtzite 

x mole fraction 

X,Y and x,y impact on the detector and initial position on the tip of ions   

XRD x-ray diffraction 

z height along the z-axis 

α, β Varshni parameter 

β factor depending on the shape of the tip  

Δ width of the activation energy (Chapter 3) 

ΔE variation of the bandgap (2.3) 

ΔE_CB conduction-band offset 

∆h QD height 

Δz depth 

ε_(k,l) strain 

ε_ij deformation tensor 

η strain of nanoscale field ion emitters 
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The aim of this thesis was to develop a methodology for the characterization of III-nitride nanostructures by 
correlative microscopy, correlating their structural and chemical features with their optical performance. As a 
first experiment, we describe the growth by plasma-assisted molecular beam epitaxy of AlGaN/AlN quantum dot 
(QD) superlattices inserted in self-assembled GaN nanowires (NWs) for application in electron-pumped 
ultraviolet sources. The optical performance of superlattices on NWs is compared with the emission of multi-
quantum wells. The NW ensembles attain internal quantum efficiency (IQE) in excess of 60% at room 
temperature. The IQE remains stable for high excitation power densities, up to 50 kW/cm2. We demonstrate that 
the NW superlattice is long enough to collect the electron-hole pairs generated by an electron beam with an 
acceleration voltage VA = 5 kV. These results are interesting for the application of such nanostructures to 
fabricate ultraviolet lamps. However, in view of difficulties associated to the sample preparation, we have 
decided to focus our correlative microscopy efforts on InGaN/GaN Stransky-Krastanov QDs. In this case, 
microscopy specimens can be prepared by focused ion beam, and they present higher emission efficiency than 
AlGaN/AlN NWs when optically pumped in situ in an atom probe tomography (APT) system. 

Our correlative microscopy study of QDs combined high-resolution chemical and optical characterization by 
APT, in-situ microphotoluminescence, and ex-situ cathodoluminescence. We demonstrate that the information 
extracted by these techniques allows the precise modelling of the nanostructures, obtaining excellent agreement 
with the optical measurements. During the APT experiment, it was possible to resolve single-QD emission lines, 
which display a spectral shift assigned to the relaxation of elastic strain due to material evaporation. We have 
also studied the effect of extended and point defects on the luminescence of such QD structures. We observed 
that emission intensity is higher in the upper QD layers (closer to the surface) and it is not correlated with the 
dislocation density. This result highlights the relevance of inserting InGaN underlayers to bury non-radiative point 
defects.  

Keywords: GaN, AlN, nanowire, ultraviolet, InGaN, quantum dots, correlative microscopy, luminescence, atom 
probe tomography, cathodoluminescence and photoluminescence. 

 

L'objectif de cette thèse était de développer une méthodologie pour l’étude des nanostructures de semi-
counducteurs nitrures par microscopie corrélative, en corrélant leurs caractéristiques structurales et chimiques 
avec leurs performances optiques. Comme première expérience, nous décrivons la croissance par épitaxie par 
faisceau moléculaire assistée par plasma de super-réseaux de boîtes quantiques (QD) AlGaN/AlN insérés dans 
des nanofils (NW) de GaN auto-assemblés pour une application dans des sources ultraviolettes pompées par 
électrons. Les performances optiques des super-réseaux sur les NW sont comparées à l'émission de puits multi-
quantiques. Les ensembles NW atteignent une efficacité quantique interne (IQE) supérieure à 60% à température 
ambiante. L'IQE reste stable pour des densités de puissance d'excitation élevées, jusqu'à 50 kW/cm2. Nous 
démontrons que le super-réseau est suffisamment long pour collecter les paires électron-trou générées par un 
faisceau d'électrons avec une tension d'accélération VA = 5 kV. Ces résultats sont intéressants pour l'application 
de telles nanostructures à la fabrication de lampes ultraviolettes. Cependant, compte tenu des difficultés liées à 
la préparation des échantillons, nous avons décidé de concentrer nos efforts de microscopie corrélative sur les 
QDs InGaN/GaN Stransky-Krastanov. Dans ce cas, les échantillons de microscopie peuvent être préparés par 
faisceau d'ions focalisé, et ils présentent une efficacité d'émission plus élevée que les NWs AlGaN/AlN lorsqu'ils 
sont injectés optiquement in situ dans un système de tomographie par sonde atomique (APT). 

Notre étude en microscopie corrélative des boites quantiques (QDs) a combiné la caractérisation chimique et 
optique à haute résolution par APT, la micro-photoluminescence in-situ et la cathodoluminescence ex-situ. Nous 
démontrons que les informations extraites par ces techniques permettent la modélisation précise des 
nanostructures, obtenant un excellent accord avec les mesures optiques. Au cours de l'expérience APT, il a été 
possible de résoudre des raies d'émission des QDs uniques, qui présentent un décalage spectral attribué à la 
relaxation de la déformation élastique due à l'évaporation du matériau. Nous avons également étudié l'effet des 
défauts étendus et ponctuels sur la luminescence de telles structures QD. Nous avons observé que l'intensité 
d'émission est plus élevée dans les couches QD supérieures (plus proches de la surface) et qu'elle n'est pas 
corrélée à la densité de dislocation. Ce résultat met en évidence la pertinence d'insérer des sous-couches d'InGaN 
pour enterrer les défauts ponctuels non radiatifs. 

Mots clés : GaN, AlN, nanofil, ultraviolet, InGaN, boites quantiques, microscopie corrélative, luminescence, 
tomographie par sonde atomique, cathodoluminescence et photoluminescence.  


