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Résumé substantiel (Extended abstract in French)

Ce manuscrit de thése concerne 1’¢laboration des nanostructures (boites quantiques (BQs)) a
base de matériaux semi-conducteurs (Al,Ga)N pour développer des sources de lumicre (ex: les
diodes ¢électroluminescentes (DELs)) qui émettent dans 1’ultraviolet (UV). L’objectif est
d’étudier les mécanismes de croissance, par épitaxie par jets moléculaires ainsi que les propriétés
structurales et optiques des BQs AlyGai.yN dans une matrice AlxGaixN (0001) (avec x > y).
Cette ¢tude a été réalisée dans le but de développer un procédé de croissance et d’étudier le
potentiel des BQs AlyGaiyN en tant que nouvelle voie pour la réalisation d’émetteurs UV plus
efficaces, et plus spécifiquement pour les DELs UV. Ces travaux s’inscrivent dans le cadre du
projet ANR NANOGANUYV (N° ANR-14-CE26-0025-01).

L’émission de la lumieére a connu une révolution au début des années 1990 avec
I’introduction de matériaux semi-conducteurs a base de nitrure. Les nitrures d’¢léments III,
appelé composés III-N, (GaN, AIN, InN et leurs alliages) sont des semi-conducteurs a bande
interdite directe présents sous de multiples formes dans la vie de tous les jours dans des
applications optoélectroniques et électroniques modernes (ex : DEL, laser, transistor etc..). Grace
a leur large bande interdite qui varie entre 0,69 eV pour InN et 6,1 eV pour ’AIN, ils sont
devenus les matériaux de choix pour couvrir une grande partie du spectre ¢lectromagnétique en
partant du proche infrarouge et en couvrant le visible, en utilisant les alliages (In,Ga)N, jusqu’a

atteindre la gamme ultraviolette, en utilisant les alliages (Al,Ga)N.

La recherche sur les III-N a progressé¢ rapidement apres la premiere démonstration de DELs
bleues a haute puissance en 1994 [1], une invention qui a conduit a 1’attribution du prix Nobel de
physique en 2014 [2]. Ces dispositifs ont réussi a atteindre des rendements quantiques externes
trés ¢levés, dépassant 80 % [3]. Apres I’introduction réussie de ces matériaux pour les émetteurs
visibles, les DELs UV ont commencé a attirer 1’attention et sont a présent considérées comme la
prochaine technologie pour remplacer les lampes a vapeur de mercure. Aujourd’hui, 1’utilisation
du mercure est devenue une préoccupation majeure due a sa toxicité qui pose des probléemes de
santé¢ publique et environnementaux (recyclage). De plus, les lampes a mercure souffrent de
plusieurs limitations techniques telles que leur grande taille, leur courte durée de vie, et une
gamme de longueurs d’onde discréte. En conséquence, le réle des DELs UV devient de plus en

plus important avec un taux de croissance du marché de 34 % par an [4].
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Les alliages (Al,Ga)N permettent de couvrir une grande partie de la gamme UV, en ajustant
I’émission de bande interdite de 3,4 eV (soit 365 nm, en utilisant le GaN) a 6,1 eV (soit 203 nm,
en utilisant I’AIN).

Le développement des DELs UV est motivé par 1’étendue des applications industrielles

possibles dans les différentes gammes UV telles que :

» La polymérisation et I’impression 3D dans la gamme UVA (400 - 320 nm).
» La croissance des plantes et la photothérapie dans la gamme UVB (320 - 280 nm).
» La purification de ’eau et de I’air dans la gamme UVC (< 280 nm).

Cependant, ’efficacité des DELs UV diminue fortement vers les courtes longueurs d’onde
(elle est typiquement inférieure a 10 % dans I’'UVC) [5]. Cette chute est due en partie a la faible
qualité structurale de la région active avec des densités de dislocations supérieures a 10? cm™ et
qui agissent comme des centres de recombinaison non-radiatifs. Notre approche pour s’affranchir
de ’effet de la qualité cristalline médiocre sur I’efficacité des DELs UV est d’utiliser des boites
quantiques (c.a.d des ilots tridimensionnelles (3D) de taille nanométrique) comme région active a
la place des puits quantiques actuellement utilisés. Grace a cette approche, les excitons sont
confinés a I’intérieur des BQs (selon les trois directions de I’espace) et donc leur probabilité de

se recombiner non-radiativement avec les dislocations est minimisée.

Ce manuscrit est composé de cinq chapitres. Le chapitre I introduit les propriétés de base
des matériaux d’¢éléments trois a base de nitrure. En particulier, leurs propriétés cristallines et
¢lastiques ainsi que leurs structures de bande sont présentées. Ensuite, 1’effet du champ
¢lectrique interne (Fint) dans ces matériaux est discuté. Dans une seconde partie, 1’état de 1’art des
émetteurs UV est décrit avec les différents défis techniques et les différentes approches
proposées pour améliorer leur efficacité. La derniére partie du chapitre consiste a introduire le
concept de croissance épitaxiale en utilisant la technique de croissance par épitaxie sous jets
moléculaires (EJM ou MBE pour Molecular Beam Epitaxy) pour les matériaux nitrures et en

mettant I’accent sur les BQs.

Le chapitre II se focalise sur les propriétés des BQs GaN fabriquées par épitaxie par jets
moléculaires en utilisant une source plasma (N2, appelée PAMBE) ou ammoniac (NH3s, appelée
NH3-MBE) comme source d’azote. Le rdle de la contrainte épitaxiale et de 1’énergie de surface
sur la formation et les propriétés optiques des BQs ont été étudiés. Le travail a été réalisé dans le
but d’étudier ’effet de la localisation des porteurs dans les BQs sur les efficacités radiatives et de
choisir la meilleure approche de croissance pour I’émission dans I’UV. Dans un premier temps,
I’influence de la contrainte épitaxiale sur la formation et les morphologies (taille, densité) des

BQs a été étudiée en fabriquant des BQs GaN sur différentes couches tremplins d’AlxGaixN
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AGaN —AAlxGaq—xN

. . \ A .
(avec 0,5 < x < 0,7; soit un désaccord de parametre de maille (?a = ) compris

AAlxGag—xN

entre 1,2 % < Aa/a < 1,7 %). Dans cette étude, nous avons montré qu’en augmentant le désaccord
de parametre de maille (Aa/a), entre le plan des BQs et la couche tremplin d’AlkGa;xN, on
favorise la formation de BQs plus petites avec une densité plus €levée (jusqu’a dix fois plus
grande) et des distributions en taille plus homogenes. Cependant, les mesures de
photoluminescence (PL) ont montré une modification de la réponse optique des BQs a cause du
champ ¢lectrique interne (Fin) qui induit un fort décalage vers les plus grandes longueurs d’onde
(décalage vers le rouge) lorsque la concentration en Al de la matrice AlxGai;xN augmente (un
décalage de 3,22 eV 4 2,95 eV pour les BQs GaN crues par PAMBE et de 3,36 a 2,97 eV pour
les BQs GaN développées par NH3-MBE, en augmentant la composition xar du tremplin
d’AlxGaixN de 0,5 a 0,7). En effet, nous avons montré que la discontinuité du champ électrique
interne augmente alors de 3 a 5,3 MV / cm en augmentant xa; de 0,5 a 0,7. De plus, les mesures
de PL en fonction de la puissance d’excitation du laser nous ont permis de conclure que plus les
BQs sont petites moins leurs propriétés optiques sont modifiées par Fiy, c.a.d que Fin a moins
d’influence sur leurs structures de bande. D’autre part, une comparaison de la formation de BQs
GaN en utilisant la croissance par PAMBE ou NH3-MBE a permis d’étudié 1’influence du
procédé¢ de croissance sur la contribution du cofit en énergie de surface (Ay), qui est fortement
modifié¢ en utilisant des sources N> ou NHs. Il a ét¢ montré que le processus de croissance est
mieux contrdlé en utilisant la croissance par PAMBE, conduisant a la formation de BQs GaN
avec des densités plus importantes et une meilleure uniformité de taille qu’en utilisant NH3s-
MBE. En termes de propriétés optiques, les BQs GaN formées par PAMBE ont montré des
intensités de PL jusqu’a trois fois plus élevées et une largeur a mi-hauteur plus petite que les
BQs GaN formées par NH3-MBE. Enfin, les mesures de photoluminescence résolue en temps
(TRPL) combinées aux mesures de PL en fonction de la température nous ont permis de
déterminer les efficacités quantiques internes (IQE) des BQs GaN / AliGaixN (0001). Des
valeurs d’IQE d’environ 50 % ont été obtenues a basse température avec la possibilité d’atteindre
un rapport d’intensité intégré de PL entre 300 K et 9 K allant jusqu’a 75 %. Ces résultats ont

confirmé le confinement efficace des porteurs dans les BQs GaN.

Le chapitre III est consacré a I’étude de la croissance et des propriétés optiques des BQs
Alo.1GagoN / AlosGaosN, en montrant les différents défis pour obtenir des BQs efficaces. Le
changement de la procédure de croissance, notamment 1’étape de recuit post-croissance, a montré
une modification de la forme des BQs. Plus précisément, on obtient des BQs de forme allongée
avec un recuit a 740°C et des BQs symétriques avec un recuit & une température proche ou
supérieure a 800°C. La variation de la quantité¢ déposée d’Alo,1GaooN de 10,5 MC a 6 MC ( 1

MC ~ 0,26 nm) a montré la capacité de couvrir la gamme de I’'UVA profond, en passant de 340
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nm (3,65 eV) a 324 nm (3,83 eV). En plus, une bande supplémentaire qui émet vers des
longueurs d’onde plus grandes (énergies plus basses) a €galement été observée pour les BQs
formées avec un recuit a 740°C. En combinant les caractérisations morphologiques et optiques,
cette bande a été attribuée a une fluctuation de composition des BQs dans la région active,
induisant la formation d’une famille additionnelle de BQs avec une composition en Al inférieure
a la composition nominale de 10 %: plus précisément la composition a été estimée a une valeur
proche de I’alliage GaN. Egalement, des hauteurs plus grandes pour cette seconde famille de
BQs a été observée par rapport a la famille principale de BQs Alo1GaooN (dont la composition
est estimée a une valeur égale ou légérement supérieure a la concentration nominale). De plus,
un champ électrique interne d’environ 2 MV / cm a été estimé pour le systeme des BQs
Alp1GagoN / AlosGaosN. Enfin, il a ét¢ démontré qu’en faisant un recuit a plus haute
température (> 800°C) I’émission de PL de cette famille supplémentaire de BQs (BQs riche en
Ga ou (Al)GaN) diminue tres fortement. De plus, cette étape de recuit a fortement impacté la

forme des BQs et conduit a une amélioration de leur efficacité radiative d’un facteur 3.

Apres avoir défini les conditions de croissance optimisées pour les nanostructures
Alp,1GaooN / Alp,sGaosN (0001), le chapitre IV a été centré sur les BQs AlyGai.yN (0 <y <0,4)
formées sur des matrices AlxGaixN (0001) (0,5 < x < 0,7), dans le but d’aller plus loin dans
I’UV. En faisant varier les conditions de croissance des BQs AlyGaj.yN, on a étudié¢ la gamme
accessible d’émission en longueurs d’onde. L’influence de la variation de la composition en Al
dans la matrice AlxGaixN sur la formation de BQs Alp,1GaooN a aussi été étudiée. On a montré
qu’en augmentant la composition xa1 de la couche tremplin AlxGaixN (conduisent a augmenter
aussi Fin), I’émission de PL ne se décale pas vers le rouge (contrairement aux BQs GaN). Au
contraire, un léger décalage vers le bleu (UV) a été observé et attribué a la formation de BQs
avec des hauteurs légérement plus petites lorsque xai augmente. Ce résultat montre que
I’émission d’énergie de PL des BQs Alo,1GaooN est presque insensible a Fin; en raison de leur
faible hauteur (h < 2,5 nm). Les mesures de PL en fonction de la température nous ont aussi
permis de conclure qu’une taille modérée de BQs AlyGaiyN insérées dans une barriere AlxGaj.
xN avec un contraste chimique modéré (Ax.y) est nécessaire pour améliorer 1’efficacité radiative
avec des rapports [(300K) / I(9K) atteignant 46 % dans le cas des BQs Alo,1GaooN / AlosGaosN
(0001). Ensuite, la variation de la composition dans les BQs AlyGaj.yN ainsi que la quantité de
matiere déposée nous ont permis d’obtenir une large gamme de longueurs d’onde d’émission
accessibles. En ajustant ces conditions de croissance, 1’émission de la longueur d’onde des BQs a
été déplacée de I’'UVA vers 'UVC, atteignant des longueurs d’onde minimales autour de 270 -
275 nm (pour les applications de purification de 1’eau et de 1’air) avec un rendement radiatif de
30 % contre 0,5 % dans une structure similaire a base de puits quantiques. Les différentes

dynamiques de recombinaison ont également été étudiées en utilisant des mesures de
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photoluminescence résolues en temps (TRPL). En allant des BQs GaN a des BQs AlyGaiyN, le
temps de déclin radiatif diminue fortement, de ’ordre de la us (pour GaN) jusqu’a la ns (pour
Alp4GageN). L’IQE a basse température a également €té¢ estimée, en utilisant les mesures de
TRPL, atteignant des valeurs comprises entre 50 % et 66 %.

Dans le dernier chapitre, nous avons montré la possibilité de fabriquer des dispositifs DELs
a base de BQs AlyGai.yN injectées ¢électriquement couvrant une émission du bleu-violet jusqu’a
I’UVB (de 415 nm a 305 nm). Les caractéristiques d’¢lectroluminescence (EL) des BQs GaN /
AlpsGaosN ont montré une émission dans la gamme bleu-UVA (de 450 nm a 360 nm). La
difficulté¢ d’obtenir une émission a plus courte longueur d’onde, en utilisant des BQs GaN
(0001), est principalement liée a I’'influence du champ ¢lectrique interne et a la hauteur des BQs
qui est limitée par la quantité minimale déposée (~ 6 MCs) pour les fabriquer. Dans un second
temps, des DELs UV a base de BQs Alp1GaooN et Alp2GaosN ont été fabriquées pour la
premiere fois, montrant la possibilité d’aller jusque dans la gamme UVB. Pour les DELs a base
de BQs Alp,1GaooN, une émission dans la gamme UVA (entre 325 nm et 335 nm) a été montrée,
tandis que pour les DELs a base de BQs Alo>GaogN, une émission jusqu’a la gamme UVB (entre
305 nm et 320 nm) a été observée. Les caractéristiques électriques des différentes DELs AlyGai-
yN ont aussi été étudiées. A ce stade, les performances de ces DELs sont encore modestes mais le
résultat important est que ces dispositifs montrent la possibilité d’utiliser les BQs en tant que
région active pour la réalisation de dispositifs injectés €lectriquement émettant dans la gamme
UV.
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Introduction

Introduction

Light emission faced a revolution in the early 1990s with the introduction of III-V
semiconductor materials based on nitride. III-nitride materials (GaN, AIN, InN and their alloys)
are direct band gap semiconductors very suitable for modern optoelectronics and electronics
applications (e.g.: light emitting diode (LED), laser etc ...) thanks to their remarkable properties.
The most important one is undoubtedly their large band gap which varies from 0.69 eV for InN
to 3.4 eV for GaN till reaching 6.1 eV for AIN (Figure 1). Thanks to the band gap engineering
concept, developed on traditional III-V semiconductors (arsenides, phosphides), they became a
promising material to cover a large part of the spectral range, starting from the near infrared and

visible range, using InxGaixN alloys, and ending in the ultraviolet range, using AlxGa«xN alloys.
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Figure 1. Band gap energies versus in-plane lattice constants of wurtzite AIN, GaN and InN semiconductors
at room temperature.

In the late 1960s, the first report on single crystalline GaN was published by Maruska and
Tietjen [1]. However, at this stage, the low crystalline quality and the residual n-type doping
were an obstacle to the development of Ill-nitride devices. Later, the revolution (in the early
1990s) came thanks to the development of a growth process (metal organic vapor phase epitaxy
(MOVPE)) and achievements of high quality GaN materials and later on development of p-type
doping. These breakthroughs opened the path to the fabrication of (In,Ga)N blue light emitting
diodes (LEDs) which became the fundamental component at the origin of the fabrication of
white LEDs. Thanks to this invention, new generations of energy efficient, environmentally
friendly and bright light sources were created, which paved the way for multiple applications.
This technology was pioneered by Isamu Akasaki, Hiroshi Amano and Shuji Nakamura who
received the Nobel Prize in Physics in 2014 [2] for their contributions [3, 4, 5].
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[MI-nitride research then progressed rapidly: after the first demonstration of high power blue
LEDs in 1994 [6], very high external quantum efficiencies exceeding 80 % were reached fifteen
years later [7]. Besides LEDs, Ill-nitride materials also attracted the attention for number of other
optoelectronic and electronic devices, such as laser diodes [8], ultraviolet photodetectors [9] and
high electron mobility transistors (HEMT) [10]. This last one also opened the way for different
high power and RF applications. Today, III-nitride materials are present in many sectors of the
semiconductor industry driven by different applications such as lighting, RF, power, laser, data
storage etc .... According to Yole development, III-nitride market reached around $ 16 billion in
2016 and will reach $ 20 billion by 2020 [11].

After the successful introduction of III-nitride semiconductors for visible emitters, ultraviolet
(UV) LEDs started to attract a lot of attentions and are considered as the next technology to
replace mercury vapor lamps. The use of mercury is a main concern as it is a toxic material
which brings environmental problems. Moreover, mercury lamps suffer from several technical
limitations such as short lifetime, large sizes and fixed wavelengths [12]. As a consequence, the
role of UV LEDs became more and more important with an actual market growth rate of 34 %

per year [13].

(Al,Ga)N alloys are the materials of choice for the fabrication of UV LEDs as they can cover
a large part of the UV range by tuning the band gap emission from 3.4 eV (i.e. 365 nm), using
GaN, to 6.1 eV (i.e. 203 nm), using AIN.

UV LEDs are motivated by a wide range of industrial applications, in the different UV

regions, such as:

» UV curing and 3D printing in the UVA range (400 - 320 nm)
» Plant growth and phototherapy UVB range (320 - 280 nm)
» Water and air purifications in the UVC range ( < 280 nm)

Contrary to (In,Ga)N blue LEDs which already showed very high external quantum
efficiencies (EQE), UV LEDs suffer from a significant decrease of the EQE while going towards
shorter wavelengths, typically below 10 % in the UVB and UVC ranges [14]. This is mainly due
to the poor electrical characteristics (due to the low p-doping efficiencies for (Al,Ga)N layers)
and the low structural quality of (Al,Ga)N materials due to the high density of dislocations which
act as non radiative recombination centers. Our approach to overcome the effect of the reduced
crystalline quality on the UV LED efficiency, i.e. on the radiative efficiency, is to use three
dimensional (3D) quantum dots (QDs) (which are nanometer-sized islands) as the active region

of LEDs instead of 2D quantum wells (QWs). Using this approach, the carriers are trapped inside
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the QDs along the three spatial directions and thus the probability to recombine non-radiatively

with surrounding defects is reduced.

The main target of this thesis was to develop a fabrication process for QDs by studying the

epitaxial growth, the structural and optical properties of (ALLGa)N QDs and investigating their

potential as a novel route to fabricate efficient UV emitters (emitting between 270 nm and 400

nm).

This thesis is divided into five chapters and is structured as follows:

Chapter I will introduce the basic properties of Ill-nitride materials underlying this
work. In particular, their crystal and elastic properties as well as the band structures will
be presented. Afterwards, the effect of the electric field in those materials will be
discussed. In a second part, the state of the art of Ill-nitride ultraviolet emitters will be
presented along with the different technical issues and the different approaches proposed
to improve their efficiencies will be reviewed. The chapter ends by introducing the
concept of epitaxial growth as well as the molecular beam epitaxy (MBE) growth
technique specificities for nitride materials and with a particular focus on quantum dots
(QDs).

Chapter II will focus on GaN QDs properties grown by plasma MBE (PAMBE) and
ammonia MBE (NH3-MBE). The role of the epitaxial strain and the surface energy on the
QD growth and optical properties will be studied. This work has been carried out with the
aim to study the carrier localization inside the QDs on the radiative efficiency and choose
the best approach for UV emission.

Chapter III will be dedicated to study the growth and the optical properties of
Alp.1GaooN QDs. This chapter will discuss the different growth challenges and the
influence of growth conditions on the QDs shape and optical properties, in particular the
wavelength range and the radiative efficiency.

Chapter IV will be dedicated to the study of AlyGaiyN QDs (0 <y < 0.4) with the aim to
go deeper in the UV range. By varying the AlyGa;yN QDs growth conditions, the range
of accessible wavelengths emission will be investigated. As a result, the possibility to
tune the emission wavelength from the blue down to the UVC range will be presented
with the ability to reach high radiative efficiencies compared to quantum wells.

Chapter V will present the demonstration of electrically injected AlyGai.,N QD-based
UV LED prototypes, and discuss their main electro-optical properties. We will show the
possibility to fabricate QD-based LEDs emitting in the whole UV A range, using GaN and
Alp.1GagoN QDs, and down to 305 nm in the UVB range with Alp2GaosN QDs active

regions.

[3]
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Finally, a general conclusion and perspectives of this work will be presented.
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Chapter 1. Overview on nitrides for ultraviolet emission

| Overview on nitrides for ultraviolet emission

This first chapter will introduce the basic properties of Ill-nitride materials which are
necessary to understand the nature of these materials and will give important fundamentals to
introduce the subject of my PhD thesis. In the first part, a background on Ill-nitride materials
properties will be presented by giving some notions on the crystal and elastic properties as well
as the band structures. We will then investigate the effect of the electric field in those materials.
In the second part, the state of the art of llI-nitride ultraviolet emitters will be presented with the
different technical issues and the proposed approaches to improve their efficiencies. In the third
part, the concept of epitaxial growth will be presented as well as the growth technique using

molecular beam epitaxy for nitride materials and more specifically for quantum dots.

I.1 Background on III-nitride properties

I.1.1 Crystal properties

The Ill-nitride materials (AIN, GaN, InN) can be crystallized in three distinct phases:
wurtzite, zinc blende and rock salt. However for epitaxial growth, only the first two phases can
be grown, as the rock salt phase needs very high pressures (> 12 GPa) [1] to be induced.
Concerning the first two phases, the wurtzite phase is known to be the most stable
thermodynamically and has usually a better structural quality compared to the zinc blende which

is a metastable phase.

In this work, only the wurtzite crystal structure is used. It has a hexagonal unit cell and

belongs to the P6smc space group which corresponds to two compact hexagonal sublattices
shifted by u = %C for the ideal structure (with c the lattice parameter along the (0001) axis (cf.

Figure I-1(b)), whereas the zinc blende structure belongs to the F 4 3m space group and consists

of two face-centered cubic sublattices formed respectively of metal and nitrogen atoms,

separated from each other’s by %5 , with a the lattice parameter (cf. Figure I-1(a)).

2]
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Figure I-1. Atomic structure of Ill-nitride a) zinc blende and b) wurtzite crystal phases [2]. The red and blue
spheres indicate the metal and N atoms respectively. c) Representation of the crystallographic axes of the wurtzite
structure.

For the wurtzite and zinc blende structures, each group III atom is surrounded by four
nitrogen atoms. The two structures can be constructed by a particular stacking sequence of
diatomic planes. As we can see on Figure [-2(a), the wurtzite structure has an oriented sequence
of AB-AB along the [0001] axis. On the other hand, the zinc blende structure is presented by an
ABC-ABC sequence along the [111] axis (cf. Figure 1-2(b)).

(a) (b)

L

— . - ‘k- e A *‘“’“‘-x_./' ""-.h__'
[0001] A T C\T |_H|j
-\-H-""\- S r-l H- S e S
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¢ o & e o« '/ “'“‘“-/ “'“‘ir
Figure I-2. Stacking sequence of a) wurtzite (0001) structure (seen along the [11-20] azimuth), and b) zinc
blende (111) structure (seen along the [1-10] azimuth).
For hexagonal structures, the lattice points are usually indexed by a set of four integers
denoted by (h k i 1) known as the Miller-Bravais indices and are related to the vectors ay, a,, az
and C, respectively. The first three vectors are rotated by 120° to each other and their sum must

be equal to zero (i.e. i = - (h + k)). The fourth one is perpendicular to the hexagonal base and
represents the [0001] axis (cf. Figure I-1(c)).

The lattice parameters that define the wurtzite structures are mainly c, a and u parameters
which are representing the edge and the height of the hexagonal cell and the bond length
respectively (Figure I-1(b)). The different parameters for GaN and AIN are summarized in table

[3]
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I-1. We can note the differences between the lattice parameters as well as the c/a and u/c ratios
for the different nitride materials. For an ideal wurtzite structure, u/c and a/c ratios are 0.375 and
1.633 respectively, which means that GaN ratios are closer to those of an ideal wurtzite structure
than AIN ones. This structural nuance between nitride materials induce significant differences in

the spontaneous polarization, as it will be discussed in the next part.

Table I-1: Lattice parameters for GaN and AIN at 300K [3, 4].

Thermal expansion
c(A) a(A) c/a u/e coefficients (10° K1)
GaN 5.185 3.189 1.626 | 0.377 0c=3.17 / 0a=5.59
AIN 4982 | 3.112 1.600 [ 0.382 =53/ 0.=4.2

The lattice parameters also depend on the material temperature, so they can evolve as a
function of the temperature which will add thermal stresses in the case of heteroepitaxy. The
thermal expansion coefficients are also summarized in table I-1. The effect of these stresses
appears mainly while cooling the sample after growth, which can create some cracks especially
during the growth of AIN or AlxGaixN with high Al composition on GaN. These cracks can be
limited by adding an intercalated AIN layer [5, 6, 7].

The lattice parameters in the case of ternary alloys, such as AlxGaixN alloys, can be calculated

by linear interpolation assuming Vegard’s law [8&]:
a(Al,Ga;_4N) = x.a(AIN) + (1 — x).a(GaN) (I-1)
c(AlyGa;_4N) = x.c(AIN) + (1 — x).c(GaN) (I1-2)

In epitaxy, one of the main reasons impacting the crystalline quality of the grown layers is
the host substrate. As the target of this thesis is to grow AlxGaixN nanostructures with high Al
content, AIN substrates would be the more adapted choice, especially for ultraviolet applications
due to its transparency in this emission range. Although AIN substrates are available in the
market, the price and crystalline quality are not yet good enough to compete with other
substrates. For the choice of the substrates, different parameters should be taken into account
such as the lattice parameter, defect density, thermal expansion coefficient, the orientation etc...
The most commonly used substrates for the fabrication of optoelectronic devices are sapphire,
SiC and Si (111). The lattice parameters as well as the thermal coefficients are summarized in
table I-2.

SiC substrate appears as the most suitable substrate for nitride materials as the lattice
mismatch with GaN and AIN is smaller compared to sapphire and Si. Moreover, its thermal and

electrical conductivities are very good. The most important drawback is the high price.

[4]
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Si (111) substrate is an interesting choice because of its low cost and availability in large
diameter plates (up to 12"). However, the important problems related to the epitaxy of IIl-nitride
on Si (111) are the large lattice mismatch, which degrades the III-N materials quality, and the
strong thermal expansion coefficients mismatch which leads to strongly stressed layers and the

appearance of cracks.

Today, the most commonly used substrate is sapphire (0001). It remains the substrate of
choice due to its availability, low cost and the high thermal stability. Furthermore, it is
transparent in the visible and ultraviolet ranges. Also, efficient blue LEDs are successfully
produced using this substrate. However, this substrate suffers from different problems as the
poor thermal conductivity and the strong lattice mismatch with GaN and AIN, which induce a
high defect density (> 105cm™).

Table I-2 : Lattice parameters and thermal expansion coefficients for different substrates (41203, SiC and
Si)[13].

AL2Os3 (0001) 6H-SiC (0001) Si(111)
47589 _ ] NG
Lattice parameter a (A) A 30800 SMx5=
3.84
In-plane lattice mismatch with 13 1 -18.9
AIN
(aAIN- asub) / asub (%)
In-plane lattice mismatch with 16 3.5 -17
GaN (compressive) (compressive) (Tensile)
(aGaN- asub) / Qsub (%)
Thermal expansion coefficient a 7.3 4.46 3.59
(106K 1)

Different crystal planes can be used for the growth of the materials and the epitaxial layers
are generally named according to the crystal plane. The majority of III-N hetero-structures are
grown on sapphire (0001) c-plane which is known as the “polar plane”. Other growth planes are
also possible and referred as “nonpolar” or “semipolar”. For non polar growth planes, the
direction is perpendicular to the c-plane. Among them, the (1-100) and (11-20) planes which are
named m-plane and a-plane, respectively. The semipolar planes are at an intermediate angle
different than 90° and 0° with the c-axis, e.g. the (20-21) plane. Figure I-3 presents some

examples of the different growth orientations.

Most of Ill-nitride heterostructures are grown along the [0001] polar orientation. However,
one of the aspects of this orientation is the presence of strong electric fields induced by
polarization discontinuities at interfaces (cf. part 1.1.2.2) which can strongly impact the

optoelectronic properties (inducing a red shift of the wavelength emission). For semipolar and

[5]
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nonpolar orientations, the influence of the polarization field is reduced, which is good for

ultraviolet applications. However, the most important drawback is the small substrate size.

polar (c-plane) semipolar  nonpolar (m-plane)
(a) (0001) (b) (2021) () (1010)

\
4

Figure I-3. Examples of different crystal plane orientations: (a) polar, (b) semipolar (20-21) and (c)
nonpolar (10-10) planes [9].

The [0001] and [0001] directions are different from each others. The [0001] direction is
designated as positive direction with the vector pointing from a metal atom (i.e. Al, Ga) to a
nitrogen atom (N). This direction is referred as metal polarity. For the opposite direction [0001],
the vector points towards the metal atom and the direction is referred as nitrogen polarity (Figure
I-4). In general, the polarity affects the surface properties as well as the optical properties. The
quality of N-polar layers are generally lower compared to metal polar ones, in particular

regarding the surface roughness and the impurities concentration [10, 11, 12].

Ga-face N-face

[0001]

Substrate Substrate

Figure I-4. Schematics illustrating the polarity in a GaN wurtzite structure: a) metal-polar and b) N-polar

[13].
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I.1.2 Elastic properties

I.1.2.1 Strain and stress

III nitride materials are obtained mainly by hetero-epitaxy. As mentioned before, they are
grown generally on a host substrate which presents different lattice and thermal expansion
parameters, in most of the cases on a sapphire substrate. Moreover, the III-N elements have also
very different lattice parameters compared to each others. These make the epitaxial layers
undergo considerable stresses and deformations. In general, it leads to a biaxial stress in the
growth plane. This generated stress can be either compressive or tensile. For example, in the case
of growing (AL,Ga)N on AIN, (i.e. aaiGa)Ny > aaiN), the (Al,Ga)N layer will be lattice-strained on
the AIN layer and an elastic energy will be generated and stored in the (Al,Ga)N epilayer due to
the compressive stress (Figure 1-5(b)). After a certain thickness, called critical thickness, this
stored energy can be relaxed by forming dislocations (plastic relaxation, cf. Figure I-5(c)) or
through a shape transition and the formation of a 3D layer (elastic relaxation). In the framework
of the linear elasticity theory, the critical thickness for both the plastic and elastic relaxation is

inversely proportional to the square value of the lattice mismatch.

Partially relaxed

Fully relaxed Under compression a,
ay a <2 ] G

R c

v S

—— +—
(Al,Ga)N (Al,Ga)N
a
AIN AIN
(a) (b) (c)

Figure I-5. Schematic diagram for different epilayer growth situations in the case of an (Al,Ga)N layer
grown on AIN: a) fully relaxed (Al,Ga)N layer (before growth), b) compressively strained, and c ) partially
relaxed by plastic relaxation and the formation of dislocations (T).

In a wurtzite hetero-epitaxial growth, due to the induced stress, the in-plane lattice parameter
(a) of the epilayer is adapted with that of the substrate parameter at the initial stage of growth. As
a consequence, the out of plane parameter (c) changes depending on the a-parameter. In a linear
elasticity regime, the a and c parameters relation as well as the stress-strain relation are related

together by Hooke’s law:

Qu
Il

D
oy

(1-3)

[7]
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Where ¢ and € are the stress and strain tensors and C is the fourth-order elastic coefficient

tensor. By using Voigt notation [14] for hexagonal system, this tensor can be written in the form

of'a 6 x 6 matrix (eq. [-4).

To simplify the notation and eq. I-4, we replaced the indices {xx, yy, zz, yz, Xz, xy} by {1, 2,

3,4, 5, 6} respectively. In the following, the components of the deformation tensor will be as

followed:

e Stress tensor along the main axes

e Shear stress

e Strain tensor along the main axes

e Shear strain

tensors

0, c11 Ciz
0 Ciz 1y
03 €1z Ci3
o, |~ 0 0
o5 0 0
O¢ 0 0

01 = Oxy,
Oy = O-yz;
€1 = Exxs
&4 = 2.8y,

0 0

0 0

0 0
Cyy O

0  Cyy

0 0

2

0'2 = O-yy;
05 = Oxz;
Ey = Syy;
€5 = 2. &5}
0
0 .
0 5
&3
0 &4
0 &g
C11-C12 g

03 = Ozz
O = Oyxy
€3 = &z
€6 = 2.&xy

(I-4)

A couple of theoretical and experimental values of the elastic coefficients are given in Table

I-3. According to the literature, there is a fairly high dispersion of these values.

Table I-3 : Experimental and theoretical elastic constant values for AIN and GaN in GPa, with “th” the
notation for the theoretical data.

References Ciu [Ciz2 |Ci3 |C33 |Cua
Wright (th) [15] | 396 | 137 |[108 |[373 [116
AIN Kim(th)[16] 398 [ 140 | 127 |382 |96
Deger [17] 410 [ 140 [100 |390 | 120
Mec Neil [18] 411 [ 149 |99 389 | 125
Wright (th) [15] | 367 | 135 | 103 [405 |95
GaN Kim (th) [16] 396 | 144 | 100 |392 |91
Deger [17] 370 | 145 | 110 | 390 |90
Polian [19] 390 145 | 106 |398 | 105

During the epitaxy along the polar axis [0001] (i.e. z axis), the epilayer undergoes a uniform

stress only along the two perpendicular directions of the in plane (i.e. X and Y axis), which is

called the biaxial stress state, and no stress is exerted along the c-axis (03=0) nor shear stress

(04, 05, 5 = 0). Due to this uniform biaxial stress, the in-plane stress components are equal (g, =

0y =0).

[8]



Chapter 1. Overview on nitrides for ultraviolet emission

In the following, the hook’s law can be simplified to be:

o Ci1 Gz Ci3\ /&1
<0> =|Cz (11 Ci3 || &2 (I-5)
0 Ci3 Cy3 Cs3/ \&3

And the lattice constants can be expressed in terms of the strain tensors as:
€1= & = Exx = (Gsup — Aepi) / Aepi (I-6)
€3 = €55 = (Csub — Cepi) / Cepi (I-7)
with asuy and csub the lattice parameters of the substrate (or of a thick relaxed buffer epilayer in

our heterostructures as described in chapter II) and aepi and cepi the relaxed lattice parameters of

the epilayer grown above (i.e. the strained epilayer).

Finally, due to the in-plane biaxial strain, an out of plane strain (&3) is also induced. An out-of-

plane and in-plane strain relation can also be given thanks to Hook’s law as followed:
03 = Cl3' ( &1 + 82) + 633.83 =0 (I-g)

Or g, = &, = &, Which simplifies the equation to:

o = ey = =2 (5 oy = T (19)

C33 Cepi

1.1.2.2 Polarization and Stark effect

Most of the wurtzite III-nitride heterostructures are grown in the polar orientation. One of the
specific aspects of this phase is the presence of a strong electric fields induced by polarization
discontinuities at hetero-interfaces, which can strongly impact the optoelectronic properties of
the devices. In wurtzite structures, polarization is intrinsic (spontaneous polarization) and strain

induced (piezoelectric polarization).

Spontaneous polarization

The symmetry of the crystal structure of a material has important consequences on its
polarization properties. For IlI-nitride elements, the crystal polarity (introduced in part I.1.1) and
the deformation of the electron cloud, due to the electo-negativity difference between the metal-
atom and the N-atom, creates electron dipoles. In other words, due to the electro-negativity of
nitrogen compared to other III element atoms, negative charges are then present at the (0001)
surface and positive charges on the (0001) surface. A set of dipoles is then induced, which

creates a macroscopic spontaneous polarization (Ps,) pointing from the (0001) surface (i.e. metal

polar surface) towards the (0001) axis (i.e. N polar surface), as presented on Figure 1-6, which

[9]
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creates a negative spontaneous polarization value. This value was calculated by Zoroddu et al.
for Ill-nitride materials, obtaining Fy,= - 0.034 and - 0.090 C / m? for GaN and AIN, respectively
[20]. For AlxGaixN alloys, the spontaneous polarization can also be calculated as follows [21,
22]:

Py, (Al Gay_xN) = x. Py, (AIN) + (1 — x). Py (GaN) + b.x(1 — x) (I-10)

with b the bowing parameter for the spontaneous polarization in (Al,Ga)N equals to 0.019 C / m?
[22].

Piezoelectric polarization

The piezoelectric polarization (P,,) is an external type of polarization. It is due to the lattice
mismatch between two given materials during the heteroepitaxial growth which induces a crystal
deformation. In fact, under stress condition, the tetrahedrons of the wurtzite structure are
deformed, inducing a displacement of the positive and negative charges barycenters from their
usual location. This displacement changes the polarization. Moreover, the direction of this

polarization depends on the type of strain. For compressive strain, the F,, points along the [0001]

direction and for tensile strain, B,, points along the [0001] direction (cf. Figure 1-6).

The piezoelectric polarization can finally be expressed as a function of the strain tensor (g):

P

Dz = eij. € (I-ll)

where ej are the piezoelectric coefficients [23, 24] and can be expressed as follows:
0 0 0 0 e5 O
&ij= ( 0 0 0 e5 O 0> (I1-12)
e3;1 e3; e33 0 0 O

The calculated piezoelectric coefficient values are given in Table 1-4.

Table I-4 : Piezoelectric coefficients for GaN and AIN [23, 24]

e15 (C/m?) | e (C/m?) |es3(C/m?)
AIN -0.48 - 0.60 - 1.46
GaN -0.30 -0.49 -0.73

The B,, can then be expressed by the following equation for biaxial [0001] strain:

[10]
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sz = €335, + €31 (Exx + eyy) (I-13)
Finally, by combining equations (I-9) and (I-13), the B,,can be expressed as follows:
c
sz = 2. &xx(e31 — €33 C_:z (I-14)

Spontaneous polarization

Piezoelectric polarization, Ga face

Piezoelectric polarization, N face

Ga face N face compressive tensile compressive tensile

-O—0—n (a0 &3 Hh & B EB—E—ih
Pspl T‘ljsp PSPT lfﬁsp Pp,T lrgpz szl T«L‘,,Z szl T‘Epz szT l*ﬁpz
BTt Rt Rl H e e @ e —— e e

Substrate Substrate Substrate Substrate Substrate Substrate

or or or or or or
buffer layer buffer layer buffer layer buffer layer buffer layer buffer layer

e.g. GaInN on GaN AlGaN on GaN GalnN on GaN  AlGaN on GaN

Figure I-6. Schematic representation of the polarization (P) and electric field (E) for spontaneous and
piezoelectric polarizations for Ga- and N-face Ill-nitride materials [25].

Quantum confined Stark effect

In a wurtzite structure, the total polarization can finally be expressed as the sum of the

spontaneous and piezoelectric polarizations:

P=PB,+B, (I-15)

In the case of heterostructures, taking the example of GaN / (Al,Ga)N, the different total
polarization in the two layers induces polarization discontinuities. This difference in polarization
between the materials will be translated by the formation of charge densities (-6 and +c) at each
interface, which in turn generates an internal electric field in the heterostructure. This surface

charge density (o) at the interface between the two materials is:

o= (I3 (AI,Ga)N'ﬁ GaN). Tl (I-16)

where 71 is the unit vector normal to the heterointerface plane and 13(A1,G3)N, Pcan are the
polarizations at both sides of the interface. This leads to the creation of an internal electric field

created by the surface charge density:

o
Faigay = ————
AlGaN 2€0€(ALGa)N
; (1-17)
F, = —
GaN 280€GanN

where & is the vacuum dielectric permittivity and &gqy, €car,ca)n are the GaN and (Al,Ga)N

relative permittivity respectively.

[11]
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Inside the heterostructure the electric displacement vector (5 =& € F+ ?) is conserved for

each interface, between the GaN quantum well and (Al,Ga)N barrier, which makes it possible to
write:
Dgan = D(Al,Ga)N (I-18)
and give rise to the following equation:
€o€ganFean + Pean = €o€aLcanFarcan + Paican (I-19)
By assuming that barriers and QD planes have a similar static dielectric constant (€¢4;,6a)n =
Ecan = €), the internal electric field discontinuity (AF) in the GaN layer equals to:

AF = Pcal,GayN—Pgan _ 9 (1-20)

&p€ &p€

GaN AIO.SGaO.SN

Energy (eV)
N

-2
Y e Fne= 3 MV/cm
4F

1 1 1 1 1 1
-40 -20 0 20 040 60 80
Thickness(A)

Figure I-7. Example of the band structure and the electron and hole wave functions overlap in GaN /
Alo.sGao.sN system with Fiue=3 MV / cm.

The generated internal electric field (Fint) tends to bend the band structure of the hetero-
junction (Figure I-7) which induces a spatial separation of the electrons and holes wave functions
and hence reduces the transition energy and the radiative recombination probability [23, 26].
This is known as the quantum confined Stark effect (QCSE).

The fundamental transition energy in the GaN quantum well (QW) can finally be calculated

as a function of the internal electric field and the quantum well thickness (hqw):

Eei—hn1 = EgQW + e+ hyg — Egy — eFinthQW (I-21)

[12]
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where ngrefers to the band gap energy of the QW, e;; and hy; are the quantum
confinement energies of electrons and holes respectively, Eg, is the Rydberg energy which

corresponds to the excitonic binding energy and e is the electron charge.

1.1.3 Band structure

Like most conventional III-V elements (GaAs, InP,...), IlI-nitride materials are direct band
gap semiconductors, with the maximum and minimum of the valence band and conduction band
located at the I" point, k = 0. Figure 1-8 shows the band structures of GaN and AIN. Due to the
asymmetry of the wurtzite structure and the spin-orbit coupling, the valence band is splitted into
three energy subbands levels (I'7, ['9). Three transitions are then possible from the valence bands

to the conduction band.

Mic i Fac i
Conduction Band : »~ 4 : [ A
| 1 /" ! AL B cy
' : (/77) (1)
B
o |~
Valence Band / r}
H W
Msy \
M '\
a) : Crystal Field :‘ ;v  Spin-orbitinteraction
M M M7
Conduction Band "~ 4 ; Py
1 1 Ay Bl Co
: (1) (//)
o |
Ty /
Valence Band } r.
X 9w
Few \ /
b) : lev :‘\
{ Crystal Field i Iy, Spin-orbitinteraction

Figure I-8. Schematics presenting the band structure for a) GaN and b) AIN. The blue arrows represent the
different optical transitions. The indication // and L correspond to the light polarization E parallel and
perpendicular to the c-axis [27, 28].

The transitions give rise to an exciton with an energy slightly lower than that of the crystal
band gap. More precisely, it is equal to the band gap energy minus the exciton binding energy

(i.e. excitonic Rydberg). Depending from which valence band the hole originates, the associated

[13]
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exciton is called A, B or C. The excitonic transition energies are also shown to be very sensitive

to the strain in the layers [29].

For GaN, the crystal field term (Acr) 1s weakly superior to 0 (Aer = 10 meV [30]), resulting in
the splitting of the subbands as presented in Figure I-8 (a), with the symmetry of the holes in the
ground state I'9. For AIN, A is strongly negative (A = -169 meV [29]), which makes the
symmetry of the holes in the base state I'; (Figure 1-8(b)). Both compounds share a common
anion (N) and have a similar weak value of the spin-orbit coupling term. In GaN, the three

valence bands are very near in energy.

The band gap energy of nitride alloys (Al,Ga,In)N covers a wide range of energies, ranging
from 0.69 eV for InN, to 6.1 eV for AIN at low temperature (cf. table I-5). An approximated way
to calculate the band gap energy of the alloys can be found using equation I-22, while taking into
account a corrective term (bowing parameter “b”) for the deviation from a linear interpolation
between two binary compounds. For AlxGaixN alloys, the bowing parameter was estimated at
around 0.9 eV, typically for xa1 < 0.3 [31]. We recall that the upper valence band state in GaN
has I'o symmetry while for AIN it has I'7 symmetry. This means that in AlxGai«xN alloys a change
of the hole ground state from I'¢ to I'7 occur while increasing xai1 inducing a change of the
symmetry of the top of the valence band. Indeed it was shown in previous study, that at low xai,
both photoluminescence and reflectivity results can be described with a 0.9 eV bowing

parameter, however for x > 0.3, the PL energies strongly deviate [31].

E;lxcal_xN _ xE;lN +(1- x)EgaN —x(1—x)b (I-22)

Different parameters can also impact the band gap energy. One of them is the temperature
due to the electron-lattice interaction and the lattice expansion. The variation of the band gap
energy is well described by the empirical equation of Varshni [32]:

aT?

Eg(T) = Eg(o) - B+T

(1-23)

where E,(0) is the band gap energy at T= 0 K and o and p are fitting parameters.

Table I-5: Band gap parameters of InN, GaN and AIN at low and room temperatures.

igv 2;t 0K igv z;t 300 K @ (meV/K) | B(K) References
InN | 0.69 0.642 0.414 454 [33]
3.47 3.411 0.59 600 34
GaN' | 5 497 3.426 0.531 432 {35}
N | 612 6.026 1.799 1462 [36]
6.242 6.16 0.72 500 [37]

[14]
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1.2 State of the art of III-nitride ultraviolet emitters

After the successful introduction of Ill-nitride semiconductors for visible emitters, LEDs
started to attract a lot of attention as UV sources. Currently, the main UV emitters are mercury
(Hg) vapour lamps, which have an emission spectrum composed of different emission energy
lines, covering from deep UV to infrared regions. The energy conversion efficiency of those
lamps is between 10 % and 40 % [38, 39, 40], but they suffer from different technical limitations
as their large sizes and short lifetimes [41]. Moreover, the use of mercury is a main concern as it
is a toxic material which induces environmental problems. As a consequence, the use of Hg is
starting to be limited for the past years which makes the role of UV LEDs more important with
an actual market growth rate of 34 % per year [42]. (Al,Ga)N alloys are promising materials for
such replacement as they can cover a large part of the UV range by tuning the band gap emission
from 3.4 eV (for GaN) to 6.1 eV (for AIN).

UV LEDs are motivated by a wide range of industrial applications, in the different UV

ranges, such as:

» UV curing and 3D printing in the UVA range (400-320 nm)
» Phototherapy and plant growth in the UVB range (320-280 nm)
» Water and air purifications in the UVC range ( < 280 nm)

Contrary to (In,Ga)N blue LEDs which already showed very high external quantum
efficiencies (EQE) up to 84 % [43], UV LEDs suffer from a significant decrease of the EQE
while going towards shorter wavelengths, typically below 10 % for wavelengths under 380 nm.
Figure I-9 represents the state of the art of EQE for UV LEDs.

Three main terms are impacting the EQE:

1) The internal quantum efficiency (IQE) which is defined as: the ratio between the
number of emitted photons in the active region and the number of generated electron-
hole pairs in the active region.

2) The injection efficiency (IE) which is defined as: the ratio between the number of
generated electron-hole pairs in the active region and the number of total injected
carriers in the device.

3) The light extraction efficiency (LEE) which is defined as: the ratio between the
number of extracted photons from the semiconductor and the number of emitted

photons in the active region.

[15]
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Figure I-9. State of the art of external quantum efficiencies for ultraviolet LEDs [44].

The EQE can then be expressed as the product of these three terms:

Poptg
hy "I

EQE = IQE.IE.LEE =
with Pop 1s the optical output power, q the elementary charge, h Planck constant, y the generated
photons frequency and I the current.

Finally, the LED wall plug efficiency (WPE) or the power conversion efficiency can be

calculated by the ratio of Poprand the injected electric power (Pinj):

WPE=POpt =Popt= hy .

EQE

The decrease of the EQE values, while going towards shorter wavelengths, is due in part to
the intrinsic material properties of (Al,Ga)N. Figure I-10 describes a schematic of a typical
(ALGa)N based LED structure. Each epilayer in the structure can induce different technical
issues which impact the different efficiency terms. In the following, we will introduce the main
challenges impacting each of the three efficiency terms with the different proposed solutions in

the literature.

[16]
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Figure I-10. Schematic of a conventional UV LED with the different remaining challenges and their
influence on the different efficiency terms.

I.2.1 Internal quantum efficiency (IQE)

Improving the IQE is one of the main issues in UV LEDs, on which more and more groups
are working, including us, and made a lot of progress in the last years. It mainly depends on the
structural defects density found in (Al,Ga)N materials, as dislocations and point defects. Those
defects act as non radiative recombination centers. Dislocations are mainly threading dislocations
(TDs), originating from the heteroepitaxial growth, and the large lattice mismatch between the
epilayers and the substrate. Also for (Al,Ga)N alloys, the low Al mobility, on the growth surface,
results in a reduction of lateral mass transport and the formation of high density of small-area
islands. TDs have been shown to originate at the coalescence interfaces of these islands [45].
Due to the reduction of the Al mobility as a function of the Al concentration (for identical
growth conditions), TDs density also increases (typically in the 10'°-10!'! cm™ range compared to
10% - 10° cm™ in GaN epilayers) inducing a decrease of the radiative efficiency (i.e. IQE). This
was also confirmed by the calculation of the IQE as a function of the dislocation density in the
case of an (Al,Ga)N quantum well based LED emitting at 280 nm (Figure I-11(a)) [46]. The
second problem for the IQE reduction is the high internal electric field discontinuities in
(Al,Ga)N structures (up to 9 - 10 MV / cm for the GaN / AIN system [47]) which can induce a
significant separation of the electron and hole wavefunctions and a decrease of the radiative

transition rate.

[17]
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Solutions

Different approaches have been proposed to increase the IQE by improving the crystalline
quality of (ALLGa)N materials. At first, the AIN buffer layer growth on sapphire by migration
enhanced epitaxy (MEE) using molecular beam epitaxy (MBE) [48, 49] or Metal Organic
Chemical Vapor Deposition (MOCVD ) [50] growth was shown to decrease the defect density
and improve the surface morphology of (Al,Ga)N epilayers. The MEE technique consists in
alternating the supply of the Al and N fluxes during the growth of AIN buffer layer [49]. Another
way to fabricate low TD density AIN buffer is by growing AIN multilayers using a pulsed flow
growth technique [51]. This technique consists in applying a continuous aluminum (TMAL) flow
and NH3 pulse flow sequence, which showed to be effective for obtaining high quality AIN.
Another approach has also been studied to reduce the defect densities by doing a post-growth
annealing of AIN layers at high temperature (1550°C) [52]. Further improvement can also be
made by growing the LED structure on AIN substrates [53]. However, such substrates are very
expensive and only available in small sizes. Another approach was also introduced by inserting
an (ALGa)N / AIN superlattice before growing the n-doped (Al,Ga)N layer [54, 55]. This
supperlattice was found to be an efficient way to filter dislocations, manage the strain and avoid
the cracks formation as well. The growth of (ALGa)N QWs using plasma assisted MBE
(PAMBE) under metal rich conditions (III/V >> 1) was also shown to increase the IQE up to 32
% at 275 nm [56]. This was attributed to the formation of strong potential fluctuations which

induce excitons localization.

On the other hand, minimizing the negative influence of defects is also possible by growing
three dimensional quantum dots (QDs) instead of a 2D quantum well (QW) as active region.
Thanks to this, the carriers are trapped inside the QDs and thus the probability to recombine non
radiatively with TDs is reduced (cf. part 1.3.4). Two types of QDs have been investigated:
(AL,Ga)N QDs [57, 58] and recently ultra thin GaN QDs (0.6 - 2 MLs), which showed the ability
to emit in deep UV [59, 60]. Figure I-11(b) shows the state of the art of the IQE values obtained
for UV emitters using all these different approaches. The IQE values are estimated from
temperature dependent PL measurements to fairly compare the results from the different groups

working on UV emitters.

In this thesis, we will mainly focus on the study of (Al,Ga)N QDs and their ability to enhance the

IQE for ultraviolet emitters.

[18]
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Figure I-11. a) Simulated IQE as a function of the dislocation density for a UV LED emitting at 280 nm [46].
b) State of the art of IQE values for UV sources. The IQE values are estimated from temperature dependent PL
measurements to fairly compare the results from the different groups.

I.2.2 Injection efficiency (IE)

Poor injection efficiencies are mainly due to the low p-doping (using Mg) efficiencies for
high Al concentrations due to the high acceptor ionization energy (= 160 meV and 630 meV for
GaN: Mg and AIN:Mg, respectively) [61]. As a consequence, a high resistivity for the p-type
layers is found. The high ohmic contact resistivity for Ni/Au contacts (generally used for blue
LEDs) on (Al,Ga)N alloys is another problem.

Solutions

The main solution used is by adding a GaN:Mg contact layer on the top of the structure
(Figure I-10) to enhance the hole injection. However, GaN is not adapted for UV technology as it
absorbs a large part of the emitted light, which impacts the LEE. Other groups prefer to use
transparent (Al,Ga)N:Mg layers, to minimize the absorption of GaN, combined with a rhodium
(Rh) mirror electrode [62] in order to enhance the LEE. However, in this case, the IE is reduced
compared to GaN:Mg. Another novel approach is by using Mg doped AIN nanowires which

3

showed high hole concentrations, up to 6 x 10'7cm™ versus = 10! cm™ for a typical AIN:Mg

epilayer [63].

[19]
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Other ideas have also been proposed, as adding a 1 nm thin AIN interlayer between the active
region and the electron blocking layer (EBL) in order to suppress the carrier overflow [64]. Also,
replacing the usual single EBL by a multiquantum barrier (MQB) EBL showed an improvement
of the IE, due to the suppression of electron leakage, which is blocked by the enhanced
“effective” barrier height when using a MQB [65].

Finally, new ohmic contacts were also proposed to reduce the contact resistivity on n-doped
Al rich (ALGa)N as vanadium alloys and Ti/Al based metals which showed contact resistivity
down to 10° Q.cm? and 107 Q.cm?, respectively [66, 67]. Concerning the p-type contacts, other
materials such as indium-tin-oxide (ITO), Ni/Al electrode and graphene have also been proposed
[64, 68, 69].

1.2.3 Light extraction efficiency (LEE)

The low LEE is mainly due to the p-GaN contact layer usually used on top of the epitaxial
layers to improve the injection efficiency. A solution to this problem is to replace it by a
transparent p-(Al,Ga)N layer, which will impact and degrade the IE. Also, different packaging
materials suitable for UV photons are under investigation as the use of photonic crystals, shaping
of LED dies, patterned sapphire substrates, encapsulation using sapphire lenses and suitable
resins for UV [70, 71, 72].

An additional complication impacting the LEE is the change in the symmetry of the valence
band structure for (Al,Ga)N alloys with high Al concentrations, which favours light emission
perpendicular to the c-axis (edge emission), i.e. lowers the escape cone for [0001] grown LEDs
[73].

Now by looking at the different research works on UV LEDs, we can see that improving the
IQE is primordial and different approaches are being investigated as discussed before.
Concerning the IE and LEE, different compromises are used. Some groups favour the
enhancement of the IE by using a p-GaN contact layer (which impacts and degrades the LEE)
while others prefer to enhance the LEE by using a transparent p-(Al,Ga)N contact layer (which
then impacts and degrades the IE). Indeed, enhancing the LEE by using an (Al,Ga)N contact
layer, Rh mirror electrodes, patterned sapphire substrates and encapsulating resins was shown to
improve the EQE up to 20 % at 275 nm [62]. However, the WPE is two times lower (= 10 %).
Otherwise, in the literature, typical values of EQE for UVC LEDs are found to be below 5 %
(Figure 1-9).

Another approach recently used, which shows promises for a good compromise between the

IE and the LEE is by using a tunnel junction [74]. Using this technique, an n-AlGaN layer is
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added on the top of a thin p-AlGaN layer which enables n-type contacts for both bottom and top
contact layers of the LED and thus reduces both the absorption and the electrical losses. Using
this approach, holes can be introduced through non-equilibrium injection across the tunnel
junction. Finally, the replacement of electrical injection by electron-beam pumping has also been
investigated showing the ability to reach a high power of 100 - 230 mW for an emission in the
UVC range [75, 76].

1.3 Epitaxial growth

In the following subsections, we will introduce the different epitaxial growth modes and
techniques. We will describe more specifically the molecular beam epitaxy growth technique via
ammonia and plasma nitrogen sources. Then, we will introduce the growth procedure used for

our samples and more specifically the growth mode of quantum dots.

I.3.1 General introduction on epitaxy

Epitaxy is a technique of material growth by depositing a given material on a crystalline
substrate. We can find two types of epitaxy, the first is “homoepitaxy” for which the grown
crystal film and the substrate have identical chemical nature (i.e. same material). The second is
called “heteroepitaxy” for which the film and the substrate are of different chemical

nature/crystal structure or lattice parameter.

The main techniques used for the growth of Ill-nitride materials are hybride vapor phase
epitaxy (HVPE), metal organic chemical vapor deposition (MOCVD) and molecular beam
epitaxy (MBE).

Thanks to the very high achievable growth rates (10 - 100 pm / h), HVPE is mainly used for the
production of thick nitride layers (i.e. pseudo substrates). Today, MOCVD is the technique of
choice in the industry as it can produce epitaxial layers having good crystalline quality with an
acceptable growth rate (0.2 - 5 um / h). MBE can also produce good crystalline quality of
materials, especially for homo-epitaxial growth. Compared to the previous techniques, its main
advantages are the in-situ surface characterization techniques (which are powerful tools in
particular to study and better understand the formation mechanisms of the nanostructures) and

the ability to work with low growth rate (< Angstrom / s) and lower growth temperature.

1.3.2 Molecular beam epitaxy

Molecular beam epitaxy is a thin film deposition technique carried out in an ultra-high
vacuum reactor (typically 107'° Torr for the residual pressure). The different III elements are

contained in effusion cells in the form of solid sources of high chemical purity. These cells are
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then heated and the elements are transferred in form of fluxes of atoms or molecules towards the
surface of a substrate, heated at a certain temperature. Thanks to the ultrahigh vacuum, the
atomic species can reach the substrate without interactions with other molecules. In other words,
the mean free path of atoms is longer than the distance between the effusion cells and the
substrate (few meters versus 30 cm). The substrate is fixed on a rotating molybdenum support
equipped with a furnace, whose temperature is controlled by both a thermocouple and a
pyrometer. The rotation is used to obtain a homogeneous layer deposition. The adatom kinetics,
which is mainly affected by the substrate surface temperature and the growth rate, is very
important for the growth process. A too low temperature limits the diffusion length of the atoms
on the surface and a very high temperature favours the desorption of the atoms. Therefore,
choosing the growth temperature is very important and is different from one material to another.
Also, the growth rate has a strong influence on the growth kinetics, as it limits the diffusion

length (i.e. it fixes the diffusion time as the one needed to grow a monolayer).
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Figure I-12. Schematic presenting the different adatoms possible behaviours during the growth process [77].
During the growth of thin layers by MBE, several processes of physicochemical nature take
place as illustrated in Figure I-12. First of all, the atoms begin to adsorb on the surface. Then,
they start to diffuse on the surface until finding a site of lower energy where they can interact by

nucleating with other atoms forming small islands and/or by incorporating on the surface steps.
Atoms can also be desorbed after the diffusion on the surface.

The growth process in MBE is occurring outside thermodynamic equilibrium and so adatom

kinetics play an important role, which mainly depends on the substrate temperature, the growth
rate and the diffusion length.
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One of the main advantages of MBE is that it can provide in-situ information on the surface
morphology in real time by using reflection high energy electron diffraction (RHEED). Using
this technique, we have access to different informations such as the variation of the in-plane
lattice parameter, the growth rate and the surface reconstruction. This technique can only be used
under vacuum to avoid any interactions between the electron beam and the molecules in the

chamber.

[.3.2.1 Ammonia and plasma assisted molecular beam epitaxy for III-

nitrides

In the case of nitrides, the active species of elements III (Ga, Al, and In) and doping elements
(Si, Mg) are provided by sublimation of solid sources from the effusion cells. As for nitrogen, N»
molecules have a high dissociation energy and cannot be thermally dissociated at the growth

temperature.

Two methods are generally used to make possible the use of nitrogen atoms for the growth of
nitrides. The first is a radio frequency plasma source in order to dissociate the N2 molecule by
breaking the bonds between the atoms of the molecule [78, 79, 80]. Such system is called plasma
assisted MBE (PAMBE). The second method is by using ammonia (NH3) as a precursor (i.e.
NH3-MBE) [81, 82, 83]. In this case, the bounds of nitrogen atoms with hydrogen are weaker
and N species are obtained by the pyrolytic decomposition of the NH3 molecule on the surface.
Taking the example of GaN, Ga adatoms react with NH3 through a surface decomposition to
form GaN (equation [-24).

NH; + Ga = GaN +>H, (1-24).

The different characteristics of the layers are comparable for both growth methods and
nitrogen sources, but the growth conditions such as the V/III ratio and the temperature vary
widely. For NH3-MBE, the presence of NH3 on the surface can prevent GaN from dissociating or

evaporating. For this reason, in NH3-MBE, GaN can be grown at higher temperatures compared
to PAMBE (= 800°C versus 700°C).

In previous studies of NH3-MBE, it has been shown that the decomposition of NH3 on the
surface is very low (around 4 % at 800°C and much lower, << 1 %, below 450°C) [84].
Therefore, to have a suitable growth rate and quality, a high flux of NHj, typically 50 sccm, is
injected. It was also shown that for nitride materials (e.g.: GaN), the crystalline quality is better
for high V/III ratios [85]. For such a high gas flow, a liquid nitrogen cold panel is used to trap
residual ammonia, and also a turbo-molecular pump is needed in order to maintain a sufficient

vacuum in the chamber.
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For PAMBE, it was shown that metal-rich conditions are needed to have a 2D growth [86,
87]. The growth under N-rich conditions leads to a rough and faceted surface. This is due to the
low temperature of growth and also because the nitrogen activated species are highly reactive
[88].

1.3.2.2 Reflection high energy electron diffraction (RHEED)

The RHEED is a very important in-situ characterization method which allows controlling the
surface of the material during growth.
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Figure I-13. 3D Schematic description representing the RHEED technique and the intersection of the Ewald
sphere with the reciprocal space of the surface, made of reciprocal rods [89].

The principle of RHEED consists in sending electrons (via an electron gun) with an energy
between 10 KeV and 30 KeV on the surface of the substrate at a grazing incidence angle (0 < 0 <
2°). In this configuration, the interaction of the electrons with the surface limits the penetration
of the beam into the layer at a few atomic planes. Then, the diffracted and reflected beams from
the surface are observed on a fluorescent screen and generate the interference pattern that
corresponds to the reciprocal space view of the surface. A schematic description of the principle

of the RHEED technique is presented in Figure I-13.

The accelerated electrons arriving on the surface can be assimilated to monochromatic plane
waves, which will be diffracted from the surface. The diffraction of electrons by the atomic array
will induce the formation of constructive interferences. These interferences will result in the

visualization of the reciprocal space of the surface, made of reciprocal rods perpendicular to the
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surface. The Ewald sphere is a geometrical construction used in the theoretical description of the
diffraction by a solid, by constructing a sphere around a point in reciprocal space. In reciprocal
space, and by using the Ewald sphere, an explanation of the diffraction pattern can be provided.
In fact, every time a reciprocal lattice point (3D) or rod (2D) coincides with the sphere surface, a

reflection pattern appears on the fluorescent screen.

In the case of a perfectly smooth surface (2D growth mode), the figure of diffraction is a
series of parallel diffraction lines, called a ‘’streaky pattern’’. However, for a rough surface (3D
growth mode), the figure of diffraction on the screen will consist of points, called a “’spotty
pattern’’ (Figure I-14). The in-plane lattice constant (a) can finally be determined:

a="= (1-25)

t

where L is the distance from the normal surface to the RHEED screen, t is the distance

between two arrays of spots (two lines of the RHEED patterns) and A is the electron wavelength.

)

Figure I-14. Reflection high energy electron diffraction for a) 2D and b) 3D surface morphologies.

On the other hand, the growth rate can also be determined using RHEED. While growing a
2D layer, the surface changes periodically by the subsequent filling of the atomic monolayers
(MLs, 1 ML corresponding to half the c lattice parameter). During growth, a change in the
intensity of the reflected beam due to the variation of the roughness of the surface is taking place.
The reflected intensity is directly related to the density of atomic steps on the surface. As
presented in Figure I-15, this difference in roughness happens when going from a 2D layer, for
which there is a full atomic coverage of the surface with a low roughness, to a state where there

is the growth of a second atomic layer (high roughness). For a 2D surface, the RHEED intensity

is maximum (6 = 0 ML) and decreases progressively till reaching a minimum level at 6 = 0.5

ML (maximum roughness). The growth rate can then be determined from the coverage of one

monolayer divided by the interval time spent between 6 = 0 ML and 6 = 1 ML.
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Figure I-15. Schematic description of the process to determine the growth rate using the variation of the
RHEED intensity.

1.3.3 Growth modes

In crystal growth, three main growth modes exist (cf. Figure I-16):

1) Frank-Van der Merwe (FM) mode, which corresponds to a layer by layer growth (2D
growth),

2) Volmer-Weber (VW) mode, which corresponds to a 3D growth of islands,

3) Stranski-Krastanov (SK), which starts with a 2D layer by layer growth, then after a
critical deposited thickness continues with the formation of 3D islands (referred as a 2D-

3D transition).

The key parameters impacting the growth mode are the surface energies of the different
layers, known as Ysub, Yfilm, Vinterface COrresponding to the surface energy of the substrate, the film
and the interface between the substrate and the film respectively. Finally, the surface energy cost

(Ay) between a 2D film (y?P = Yinterface + Vrim) and a 3D morphology covering half of the
substrate (y*” = 1/2(Vfium + Vsub + Vinterface) can be written as:

1
Ay = VBD - YZD =3 (Vsub — Yritm — Vinterface) (I-26)
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It is therefore the difference Ysyup — Vriim — Vinterface Which will condition the growth mode

at the initial nucleation stage (cf. Figure I-16).

For Frank-van der Merwe growth mode (2D): The substrate surface energy should be

more important than both the film and the interface surface energies (i.e Vsup > Veim +
yinterface or A)/ > O)-

For Volmer-Weber growth mode (3D): The substrate surface energy should be weaker than

both the film and the interface surface energies (i.€: Vsyp < Yritm + Vinterface O Ay < 0).

a) Volmer-Weber  b) Frank-van der Merwe c) Stranski-Krastanov

+6MLs % &%

3.6 MLs B8R oo PRI,

Figure I-16. The different growth modes: a) the 3D growth mode (Volmer-Weber), b) the layer by layer 2D
growth mode (Frank-van der Merwe), and c) the 2D-3D growth mode (Stranski-Krastanov) [90].

In the absence of lattice mismatch (Aa/a = 0) between the layer and its substrate
(homoepitaxy), the 2D or 3D coherent growth modes describe the only two morphologies that
can be adopted at the initial growth of the epitaxial layer. However, in most cases, there is a

lattice mismatch.

The growth of a stressed layer leads to an accumulation of energy, called elastic energy, in
the layer. This energy increases as the thickness of the epitaxial film increases, which makes the
system unstable. After a certain so-called critical thickness, the elastic stress becomes too high to
be accommodated by the layer and must be relaxed. The layer can then be relaxed either
plastically by forming dislocations (2D-MD) or elastically by forming 3D islands at the surface
leading to a (Stranski-Krastanov growth mode). After a certain deposited thickness during the
3D growth, an SK-growth mode with misfit dislocations can also occurs (SK-MD). The different

growth modes are presented in Figure I-17.

The free energies per unit area of a film can be written as a function of its height (with h > 1

monolayer) for the different growth modes [91, 92]:
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Eyp(h) = M (%“)2 R+ Yrim (1-27)
B () = (1= M ()" b+ yyum + by (1:28)
Esp-np(h,d) = (1 - %)2 M (%“)2 ht 2208 gy (1-29)

Esi-mp(h,d) = (1 —a) (1 - %)2 M (%“)2 2220 4y, + Ay (1-30)

with M the film biaxial modulus (rigidity of the layer), yfi,, the surface energy of the
epitaxial film, %a the lattice mismatch between the epilayer and the substrate, a the fraction of

the elastic energy gain through the formation of partly relaxed SK islands, Ay the additional
surface energy cost to form additional surfaces (i.e. island facets), d the average distance
between dislocations at the film-substrate interface, do the distance between dislocations for a

fully relaxed epilayer, and Emp the energy cost per unit length to form the dislocations.

2D (FM) '
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- h = M
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Figure I-17. Schematic illustrating the different growth modes: 2D, 2D with plastic relaxation (2D-MD), SK
and SK-MD [93]. h. is the critical thickness from which the accumulated elastic stress in the 2D layer is relaxed,
h3X is the critical thickness from which a 3D growth mode is favourable, and hMPis the critical thickness where

the layer is plastically relaxed with the formation of misfit dislocations.

The choice of the growth mode between SK or FM can be expressed by the energy balance
(AE) between the additional surface energy cost (AEsur =y 3P — y?P= Ay) to form islands and

the elastic energy gain (AEciasic = Esk - Eop) from the relaxation of a part of the epitaxial stress.

AE = AEelastic + AEsurf (1'3 1)
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Where AEeasiic is the elastic energy gain and AEqur (= A y) is the surface energy cost to form

the islands.

As long as AE is positive, the 2D-3D transition is unfavourable. This is the case at the
beginning of the growth, when the quantity of deposited material is small (i.e. large surface to
volume ratio) while the accumulated elastic energy (Eeciasic), which is proportional to the
deposited thickness h, is not high enough to trigger the 2D-3D transition.

As soon as AE becomes negative, the Stranski-Krastanov transition becomes possible. In this

case, moving from a 2D stressed layer to a 3D partially relaxed surface decreases the total energy

2
of the layer. In other words, using equation (I-28), the elastic energy aM (%a) h has to be

greater than the additional surface energy cost (Ay = AEsurt) to observe a 2D-3D transition, which

also means:
|AEelastic| > |Ay| (I-32)
It is thus possible to deduce the critical thickness (h3X) from which a 3D growth mode

becomes more favourable than a 2D growth mode:

h$K = —L 1-33
T (@ (1-33)

a

In the case of a truncated pyramidal island (cf. Figure 1-18), Ay can be expressed as a
function of yg;, and Ysqcer (representing the facets’ surface energy) [94]:

By = A, (Mot _ Litm) (1-34)

sin@ tanf

Where A is a coefficient, depending on both the 3D islands density and the 3D islands sizes and
0 is the angle between the facets and the (0001) plane.
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Figure I-18. A schematic showing the different surface energies and parameters in the case of a regular 2D
film and a truncated pyramid [93].
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We can also deduce the critical thickness hMP from which the 2D-MD growth mode (using

equation 1-29) becomes more favourable than the 2D coherent mode, i.e. the plastically relaxed

2
elastic energy, (2 %)M (%a) h, becomes greater than the energy cost (2 EM%(h)) to create a

network of dislocations at the interface:

MD
pip = Eupe ) (I-35)
doM ()
We can also predict which growth mode will occur first by considering the ratio n between
the two critical thicknesses (equation I-36), as presented in Figure I-19.

_

= 75% (I-36)

As shown on this figure, we can see that if n < 1 (i.e. AMP < h3X) the system favours plastic
relaxation. However, if the surface energy cost (Ay) can be decreased, hi¥ will also be lowered
and thus n can be greater than 1 which can induce a SK transition before the plastic one. This
transition to a 3D mode instead of a 2D mode by changing the surface energy is presented by the

red path in Figure I-19.
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Figure I-19. Schematic diagram illustrating the different growth modes as a function of the deposited
thickness (h) and the two critical thicknesses ratio () [92].

The formation of 3D islands, i.e. quantum dots, were studied for different materials: it was
shown in the case of InAs / GaAs system that the large lattice mismatch (Aa/a = 7 %) induces the
SK transition [95] and the formation of QDs. However, in other systems such as the II-VI
semiconductors CdTe / CdSe, although a large lattice mismatch (Aa/a = 6 %), no SK transition
was observed. For the GaN / (Al,Ga)N system, the lattice mismatch is much lower and the 2D-
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3D transition was observed. Thus, it is obvious that the growth mode depends also on the

surface energy and not only on the lattice mismatch, as discussed before.

1.3.4 Nitride quantum dots growth

As described in part 1.2, UV LEDs suffer from a drop in the EQE efficiency while reaching
shorter wavelengths. Part of this drop is due to the low structural quality of AlxGa;xN materials
with high dislocation densities (typically > 10° cm™). These dislocations act as non radiative
centers and induce a decrease of the IQE (Figure I-11). Quantum dots are 3D structures, by using
these nanostructures as the active region of LEDs instead of 2D quantum wells (QWs), the
excitons are confined in all three spatial directions (i.e. inside the QDs) and thus the probability

to recombine non radiatively with surrounding TDs can be reduced (Figure 1-20).

a) b)

Dislocations
I <~ Q> <« Iél —

Figure I-20. Schematics presenting the excitons (blue circles) confinement in a) a quantum well and b)
quantum dots.

As described in part 1.3.3, the surface energy play an important role to obtain a 2D-3D
transition (SK growth mode leading to the formation of QDs). The formation of QDs can be
triggered by an increase of the (0001) film surface energy (ysim; cf. Figure 1-18) to favour the
minimization of Ay and the stress relaxation by forming QDs with facets (which are parallel to
{10-13} planes in the case of GaN-based QDs). Those facets will have a surface energy Yfacet (as
described in part 1.3.3). In equation 1-34, the relation between yim (i.€. Y0001), Yfacet (1.€. Y10-13) and
Ay was described. yfim can be increased by adjusting the growth conditions whereas Yfacet remains
constant or less affected. By enhancing yfm, the surface energy cost (Ay) will decrease until
reaching a level where it will be lower than the elastic energy gain (AEeciasic). In other words, the
ratio Yfim / Yfacet have to be enhanced untill Ay will be lower than AEepsic. In this case, the
condition of equation I-32 (|AEeiasic|] > |Ay|) will be respected and the formation of QDs will

ocCcur.

For (AL,Ga)N QDs, two ways are possible in order to enhance the (0001) film surface energy
(vfim): growing under N-rich conditions or doing a growth interruption under vacuum. Indeed
theoretical calculations have shown that the GaN (0001) surface energy (yooo1) increases for N

rich conditions [96]. Also, it was suggested that making a growth interruption under vacuum
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increases the (0001) surface energy [92, 99]. Growing (Al,Ga)N QDs can be made using either
an NHj3 source or an N> plasma source. However, the growth of QDs occurs in a different way
using each source, as it will be described in the following. For example, when growing under N-

rich conditions the 2D-3D transition does not occur when using NHs.
Quantum dots using ammonia source

Ammonia is historically used as the nitrogen source in CRHEA. Using NH3, a 2D growth
mode is obtained under N-rich conditions with typically a V/III ratio of 4 in the case of GaN
[97]. However, the growth under NH3 flux has some consequences on the growth process of
nitride QDs. Taking the example of GaN grown on AIN (0001), no 2D-3D transition is observed
during growth contrary to the case of GaN / AIN using a nitrogen plasma source. In fact, the
presence of ammonia prevents the SK transition, whatever the deposited GaN layer thickness. It
was shown that for GaN QDs formation, performing a growth interruption of the GaN layer
under vacuum by switching off the NH3 flux is required [83]. This means that during growth, the
condition of equation I-32 is not respected and that the elastic energy gain is lower than the
surface energy cost for island formation (|AEeciasic| < |Ay|), which prevents the formation of QDs.
Then, with a growth interruption, the surface energy cost is reduced under vacuum and the
energy balance is in favour of a (0001) surface covered by elastically relaxed faceted islands
(Figure I-21). This means that under vacuum ¥y, s higher and/or Ysqcer 18 lower (i€. Yrim/
Yfacet increases under vaccum), and the condition |AEeiastic| > [Ay/| is respected to have the 2D-3D
transition. Indeed, calculations indicate that under NH3z flux, the GaN (0001) surfaces with
NH>+NH3 or NH +NH» chemisorbed species are the most stable [98]. Also, it was shown that
hydrogenated surfaces with a large number of N-H bonds have significantly lower ysm energies,
and consequently higher surface energy cost for the formation of 3D islands (JAy|), than bare
surfaces (without H). Then, when going from N-rich (under NH3) to vacuum conditions, the
(0001) surface energy (yrim) increases [99], which induces a decrease of the surface energy cost
(|Ay|) leading to |AEecsic] > |Ay| and the formation of QDs through a 2D-3D transition.
Calculations also showed that the surface energy cost decreases from 17 meV / A2 under H-rich
conditions (NH3) to 4 meV / A% under vacuum [92].

To summarize, using an NH3 source has an important impact for the growth of nitrides QDs,
due to the influence of the hydrogenated surfaces which decrease ysim (i.e. the {0001} surface
energy) and consequently increase the surface energy cost associated to 3D island formation
(|Ay|). As a consequence, under NH3 flux, no 2D-3D transition is taking place as |Ay| is higher

than |AEeiasic|. Then, under vacuum, Ay is decreased and becomes lower than AEciasic, allowing

[32]



Chapter 1. Overview on nitrides for ultraviolet emission

the 2D-3D transition of the GaN layer. As will be seen in the case of QDs grown using an N
source (no hydrogen), AEelastic is predominant and the 2D-3D transition is taking place directly.

The second important condition to fulfil for a 2D-3D transition is that the deposited amount
has to be higher than the SK critical thickness (e.g. 3 MLs for the GaN / AIN system [99]). This
2D-3D transition can be monitored in-situ using the RHEED intensity monitoring during the
change of the diffraction pattern from a streaky pattern (2D surface) to Bragg spots (3D surface)
as presented in Figure I-21. We can also observe the QD facets which are forming an angle of

30° on the (0001) surface.
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Figure I-21. a) Variation of the RHEED pattern intensity pattern recorded during the formation of GaN QDs
using an ammonia source. The inset presents the RHEED figures for a 2D GaN layer and 3D GaN QDs with the
red square presenting the postion where the intensity is measured. Schematics presenting the corresponding
growth steps: a) deposition of a 2D GaN layer, b) QDs formation under vacuum.

Quantum dots using a plasma source

Growing GaN QDs using a plasma N> source can be achieved in a classical SK growth mode.
This is possible by adjusting the growth conditions and more specifically when the growth is
made under N-rich conditions (III/V < 1). As discussed before, N-rich conditions increase the
(0001) surface energy (yfim)[96], then the growth favours the formation of 3D faceted structures.
This surface energy increase is then associated to a decrease of the surface energy cost (JAy|)
which is then lower than the elastic energy gain (|Ay| < |AEeisic|) leading to a 2D-3D growth
mode transition. This is different than NH3 growth (performed under N-rich conditions) which
requires a growth interruption to sufficiently decrease the surface energy cost. As discussed

before, the presence of hydrogen, in the case of NH3-QDs, has an important impact on the
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surface energy and impact the 2D-3D transition [99]. Also as will be shown in chapter II,
growing GaN QDs using an N> source results on the formation of higher QD densities compared
to QDs grown using an NH3 source, which is probably related to surface diffusion and the effect
of hydrogen on the surface energy (as will discussed in chapter II). These results confirm that

kinetics has an important role on the QD formation.

To summarize, when using a plasma N; source for GaN QDs, the 2D-3D transition process
starts during growth in a classical Stranski-Krastanov mode contrary to the case of an NHj3
source where the transition happens during a growth interruption under vacuum after the 2D
layer-by-layer deposition. This difference has been related to the surface energy contribution
which strongly differs by using NH3 or N> gas sources to fabricate the QDs. In the case of NHj3
growth, the 2D-3D transition has been associated with the desorption of NHy species during the

growth interruption and the vacuum annealing step [99].
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II. GaN quantum dots

In this chapter, GaN quantum dots (QDs) grown using plasma N> and ammonia (NH3)
sources will be presented. The difference between the two growth techniques will be discussed.
The role of the epitaxial strain in the QD self-assembling process will also be studied by
fabricating GaN QD planes on different Al:GajxN templates with 0.5 < x < 0.7.
Photoluminescence (PL) measurements performed on the samples account for the main influence
of the internal electric field (Fin) on the QD optical response. Time resolved photoluminescence
measurements combined with temperature dependent PL measurements enabled the estimation
of the QD internal quantum efficiencies at low and room temperatures. In addition, a PL
integrated intensity ratio up to 75 % is shown between 9 K and 300 K.

I1.1 Introduction and samples structure

As described in chapter I, an intense research activity is currently dedicated to the
improvement of UV emitters efficiency. For blue (In,Ga)N / GaN LEDs, carrier localization in
(In,Ga)N was shown to be one of the main mechanism to reach high efficiencies, (i.e. with
external quantum efficiency (EQE) values up to 84 % [1]), although the presence of high defect
densities in the active region, with dislocation densities (DDs) in the 107 — 10° cm™ range [2]. For
UV emitters, (Al,Ga)N materials are used, for which the crystalline quality is found to be
plagued with a significant increase of the dislocation densities compared to GaN, with DDs in
the 10° - 10'' cm™ ranges [3]. Therefore, the use of QDs is an attractive solution to improve the
carrier localization and thus increase the internal quantum efficiency in (Al,Ga)N based
heterostructures since they can provide a confinement of carriers along the three dimensions and,
as a consequence, forbid their diffusion towards surrounding defects, which act as non radiative

recombination centers.

The samples studied in this thesis were grown in a Riber 32P MBE reactor. Solid sources
were used for the IlI-elements (Al, Ga) and two different sources were used for nitrogen, either
ammonia (NH3) or nitrogen (N2) gas. In fact, NH3 was mainly used for the growth of the
heterostructures, except for the fabrication of QDs for which either NH3 or N> were used.

For GaN QD active layers, NH3 or N> sources can be used and the fundamental difference
between the growth using both techniques was presented in chapter 1.3.4. In this chapter, two

series of GaN QDs grown using either an N> or an NH3 source will be presented. The main
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characteristics of the QD growth while using each technique will be presented in part 1I-2 and
part II-3, respectively.

The basic sample structure and the growth procedure are presented on Figure II-1. All the
samples were grown on sapphire substrates oriented along the c-axis, as followed:

1) First of all, a nitridation step of the sapphire substrate is performed under ammonia flux at
high temperature (~ 900 - 950°C) in order to form ~ 1 MLs of AIN. This step was shown to
improve the morphological and optical properties of the heterostructures [4].

2) A GaN buffer layer of 30 nm is then grown at low temperature (~ 450°C) [5], followed by

3) a 120 nm thick AIN layer, grown at around 900 - 950°C. The role of this layer is to exert a
compressive strain on the above AlxGai«xN layer and hence avoid the formation of cracks [6].

4) Then, an AlxGa;xN layer (= 1 um), used as a template, is grown at a temperature range
between 850 - 880°C (depending on the xa1 composition of the layer, with higher temperatures
used for higher xa; compositions).

5) On such an AlxGaixN template, a GaN QD plane is grown, using either an N> plasma
source or an NH3 source. This procedure is then followed by an annealing step under vacuum,
which duration corresponds to the maximum intensity of Bragg spots observed by RHEED
during the QD formation [7].

6) A cap of 30 nm of AlxGaixN barrier is then grown on top of the QD plane at the same
temperature as the template.

7) Finally, an uncapped QD plane on the surface is also grown to study the morphological
properties of the QDs, using atomic force microscopy (AFM) and scanning electron microscopy

(SEM).

O'T a)
= Nitridation ~ 900-950°C AIN b)
: ~
ad === - Al,Ga; N
m 1 900-950 °C 1 1 GaN QDS
e 1 1 1 1
2 /i i i i
I I NH; 3 Al
& I I *I NH; 1
() 1 1\ =450°C 1 1
b= I I BL GaN I I
R L
I INH; I I
: : : : > Sapphire-c
Time
Figure II-1. Schematics presenting a) the growth procedure and b) the final structure designed to investigate
the QD properties.
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These two different growth techniques used for the fabrication of GaN QDs will be presented
with the twofold aim to: 1) study the impact of carrier localization inside the QDs on the

radiative efficiency, and 2) choose the best approach for UV emission.

Aa AGaN—AAlyGaq_xN

The lattice mismatch ( —=

) is one of the main parameters at the origin of a
AAlxGag—xN

change in the epitaxial layer morphology and can lead to the formation of QDs (as described in
chapter I) as deeply investigated in the arsenides, phosphides, selenides [8] or SiGe [9] material
systems. It is also at stake in the case of nitride QDs. An important difference with the previously
quoted material systems comes from the strong values of the polarization induced electric field in
nitride heterostructures (cf. chapter 1.1.2.2), in particular for those oriented along the c axis of the
wurtzite structure. This leads to the presence of an internal electric field discontinuity (AF) at

interfaces equal to (as discussed in chapter 1.1.2.2 equation 1-20):

AF == (1I-1)

&€&

where o is the interfacial charge density (¢ = AP) and gy is the vacuum dielectric

permittivity. It is assumed that barriers and QD planes have a similar static dielectric constant €.

In parts 11.2 and II.3, both the influence of the epitaxial strain (determined by the lattice
mismatch between the GaN QD layer and the AliGaixN matrix), and the influence of the
polarization discontinuities at the GaN QD / AlxGaixN interfaces (which lead to the quantum
confined Stark effect (QCSE) [10]) will be studied. Also, the influence of kinetics, which plays
an important role in the formation of QDs, will be studied by comparing the properties of GaN
QDs grown using 1) an N> plasma source, i.e. by so-called plasma assisted MBE (PAMBE), and
i1) an NHj3 source, i.e. using ammonia MBE (NH3-MBE) in part I1.4.

I1.2 Growth of GaN QDs using an N: source (PAMBE)

In this part, a series of three GaN QD / AlxGaixN (0001) (0.5 < x < 0.7) samples were first
designed to study the influence of the lattice and polarization mismatches by varying the Al
concentration of the AlxGaixN layers. This sample structure enabled us to modify the QD size
and density as a function of the lattice-mismatch and to vary the strength of the Stark effect on

the QD optical properties.

This series consists of three GaN QD samples grown on different AlxGa;xN matrices: GaN /
AlpsGaosN, GaN / AlosGaosN, and GaN / Alp7GaosN QDs labeled sample A, B and C, and
corresponding to lattice mismatch values (Aa/a) of 1.19 + 0.06 %, 1.43 = 0.06 % and 1.67 + 0.06
% respectively. The Al concentration in the matrices (xai) is a nominal concentration determined,

on 2D layers, by energy dispersive X-ray (EDX) spectroscopy with a typical error margin of +
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2.5 %. The lattice mismatch uncertainty is determined from the Al composition variation of the
AlxGa;xN templates. GaN QDs were grown, in this part, using an N> source (i.e. by PAMBE).
When using a plasma N> source, the 2D-3D transition process starts during growth in a classical
Stranski-Krastanov mode [11], as described in chapter 1.3.4. The growth conditions for QDs
were held as much as possible the same, with a deposited amount of 6 + 0.5 MLs, a III/V flux
ratio of 0.7 and a growth temperature of 765°C 4+ 10°C. Figure 1I-2 shows an example of the
RHEED intensity variation during the growth of GaN QDs. When using an N> plasma source,
the 2D-3D transition process starts during growth in a classical Stranski-Krastanov mode.
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Figure II-2. Variation of the RHEED intensity during the growth of GaN quantum dots with an Nz plasma
source. The insets show RHEED images for 2D and 3D GaN surface morphologies.

I1.2.1 Morphological properties

As a first step, the morphological properties of the three samples were studied by atomic
force microscopy (AFM). Figure II-3 shows the impact of increasing the xa; content in the
AlxGaixN matrix on the formation of GaN QDs. We can clearly see that while increasing the Al
concentration (from 0.5 to 0.7), and hence the lattice mismatch value (Aa/a varying from 1.19 %
to 1.67 %), higher QD densities (increasing from 2 x 10'° to 3 x 10'! cm™) and smaller QD
dimensions (the average height (hqp) decreasing from 5 nm to 3.5 nm and the average diameter

(dop) from 45 nm to 23 nm) are obtained, as shown in Table II-1.
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100nm : f "" LT 0.00 nm

Figure 1I-3. AFM images of GaN QDs grown, using an N2 plasma source, on Al:Gai-xN (0001) with x equals
to a) 0.5 (sample A), b) 0.6 (sample B) and c) 0.7 (sample C).

Scanning electron microscopy (SEM) complementary measurements (Figure II-4) were
performed to have a more precise measure of the QD diameter. Average diameters were found to
be (31 £ 9) nm, (20 & 3) nm and (11 £ 1.5) nm for x = 0.5, 0.6 and 0.7. These lower lateral
dimensions, compared with the AFM values, are attributed to the convolution effect between the
AFM tip and the QDs. The QD density values are found to be close to the AFM ones with values
varying between 2 x 10'° cm™ for sample A, 1 x 10'! cm™ for sample B and 5.5 x 10'! cm™ for
sample C (see Table II-1).

Figure II-4. SEM images of GaN QDs grown on AlxGaixN (0001) with x equals to a) 0.5 (sample A), b) 0.6
(sample B) and c) 0.7 (sample C).

Finally, the morphological properties of the QDs were completed by cross sectional high-
angle annular dark-field imaging in scanning transmission electron microscopy mode (HAADF -
STEM). Figure II-5 shows the QD planes of sample B. The buried QDs have a pyramidal shape
with a truncated top, and present an average height and diameter of (4.6 + 0.8) nm and (22.6 +
7.4) nm respectively. These values are in good agreement with the average height determined by
AFM on surface QDs, and the average diameter determined by SEM. We can also observe the
presence of a 2D GaN wetting layer (WL) connecting the QDs, with a thickness of 0.7 nm to 1
nm (3 MLs to 4 MLs), in agreement with previous studies [12, 13]. From these results, it appears
that the average height of the buried QDs (measured by TEM), including the WL thickness, can
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fairly be estimated from the average height of the QDs on surface measured by AFM (without
taking the WL thickness into account).

Figure II-5. Cross-sectional HAADF - STEM image of the GaN QD / Alp.cGao.4N (0001) structure (sample
B), consisting of a buried QD plane and a QD plane at the surface.

I1.2.2 Optical properties

In a first stage, we studied the continuous wave photoluminescence (PL) characteristics of
the samples at 9 K (Figure I1-6) using a frequency-doubled argon (Ar) laser with an excitation
wavelength of 244 nm (i.e. 5.08 eV), a laser spot diameter around 120 pm and an excitation
power of 30 mW (corresponding to 2.6 x 10 2 photons / sec.cm?). Different transitions are
observed: a high energy band varying from 4.43 eV (for x = 0.5) to 4.73 eV (for x = 0.7), which
comes from the luminescence of the AlxGaixN barriers; a band around 4 eV observed in Figure
II-6 (a) and (b) which is attributed to the GaN wetting layer [14] and finally, a dominant band
found between 3.22 eV and 2.95 eV (depending on the xai matrice composition), which
originates from the QD emission. Noteworthy, the PL emission from the QDs is found at a lower
energy than the energy of the GaN strained band gap (~ 3.5 eV for bulk GaN) [15]. This is
related to the quantum confined Stark effect (QCSE) due to the large internal electric field (of the
order of a few MV / cm) inside the heterostructures [10, 16].

Yet, since the quantum confinement is enhanced for smaller QDs, a shift toward shorter
wavelengths could be expected [13] when going from GaN QDs grown on lower to higher Al
content in AlxGaixN layers, i.e. from sample A to sample C. Indeed, the PL properties of QDs
can be deduced from the QD height as a first approximation since the QD base to height ratio is
around or larger than 4. Indeed, due to the high effective mass in nitrides, lateral confinement
effects are then minimized compared to confinement effects along the growth direction [17].
However, the PL measurements (Figure II-6) show a red shift, from 385 nm to 420 nm (i.e. 3.22
eV to 2.95 eV), when x4 in the matrix increases. Figure II-7(a) also shows the PL red shift for
the three samples at 300 K. This shift is due to the increase of the polarization induced electric
field Fin inside the QDs with xai, leading to a stronger bending of the band structure (resulting
from the QCSE) and consequently red-shifting the PL emission, which will be presented in
further details in the next paragraph.
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Figure I1-6. Low temperature and room temperature PL spectra of a) GaN / Alo.sGaosN (sample A), b) GaN /
Alo.6Gao.aN (sample B), and c) GaN / Alo.7Gao.sN (sample C). The peak at 488 nm is the excitation laser
Jfundamental transition.

In order to further study the influence of Fin, power dependent PL measurements have been
performed. A blue shift of the QD PL energy is observed while increasing the injected power.
The origin of this shift is well-known as the result of the gradual screening of the Stark effect by
the carriers injected in the QDs [17, 18]. Figure II-7(b) shows the energy shift for the three
samples, for an excitation power varying between 9.5 uW and 30 mW. We can see an energy
shift of 330 meV for sample A, i.e. with an average QD height (hop) of 5 nm, and a smaller shift
of 250 meV for sample C, i.e. with a smaller average hqop of 3.5 nm, the shift value for sample B
falling in between these two extrema (320 meV). These characteristics are in good agreement
with the previous studies in the GaN / Alp.sGao.sN (0001) QD system [16, 19].
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Figure II-7. a) PL spectra at room temperature and b) power dependence PL energy, at 9 K, for GaN /
Al:GaixN (0001) ODs with x4 equals to 0.5 (sample A), 0.6 (sample B) and 0.7 (sample C).
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Recalling that we assimilate our disk-shaped QDs to QWs (i.e. we neglect lateral
confinement effects), the fundamental transition energy of a dot is:

Epr-nn1 = Eqp + EZ” — Egy — eFinchop (1I-2)

where Eqp refers to the quantum confinement energy in the QD conduction and valence
bands obtained by using the envelop function formalism, EgQD is the band gap energy of the dot

material (strained GaN in this case), the Rydberg energy (Ery) corresponds to the excitonic
binding energy, Fix is the electric field inside the dot and hqp is the mean QD height. In order to
verify the increase of Fin with increasing xai in the matrix, Fiy and the total electric field
discontinuity AF were estimated for the three samples using equation (II-2). We assume a near
unity quantum efficiency at low temperature, as the spectrally integrated intensity is constant for
T < 80 K, and use the mean QD height in each sample, as given in Table II-1. The PL energies

under low excitation (i.e. with an almost unscreened electric field) are considered.

Figure II-8 compares our estimated values of the field discontinuity for the three samples
(varying between 3, 3.8 and 5.3 MV / cm for sample A, B and C respectively) with that in other
GaN / AlxGaixN (0001) heterostructures as a function of xai. The data presented for x < 0.3
correspond to GaN / AlxGaixN QWs [20, 21, 22], and for x > 0.3 to GaN / AlxGaixN QDs [16,
17, 23].

There is a fair agreement with the expected variation with the barrier composition of AF, for
structures grown on relaxed barriers, which is our case. Note that in view of the crudeness of the
approximations made, we do not claim to give precise values of AF, but that the red shift
observed for the PL of samples A to C is consistent with reasonable values of AF. Finally, it is
clear that the photoluminescence optical properties of GaN / AlxGa;xN (0001) QDs are mainly
determined by the Stark effect in this Al concentration range and for QD heights typically above

3 nm.

To complete the optical characterizations, low temperature PL. measurements were compared
to room temperature (T) ones (Figure II-6). The room T to low T intensity ratios obtained for
samples A, B and C, are 61 %, 75 % and 57 %, respectively (see Table II-1). The radiative
efficiency differences among the structures will be discussed in more details in the next
paragraph. We can also see on Figure II-6 that the intensity of the barriers and the wetting layers
luminescence at 9 K are at least one order of magnitude lower than the QD emission peak
intensity, testifying of efficient capture of carriers by the dots. In addition, the PL peaks of the
barriers and the wetting layers, which are 2D layers, are either unobservable or extremely weak
at 300 K. These results clearly show the interest of using QDs (3D) instead of QWs (2D) to
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confine the excitons and prevent them from recombining non radiatively with surrounding
defects.

i % - d % % -7 - F 7 F * % " 3
1.2x10 Al Ga, N/GaN heterojunctions

1.0x10* | on GaN

8.0x10° | L
6.0x10° - on (Al,Ga)N
4.0x10° | ; .

2.0x10° | .

Electric field discontinuity (kV/cm)

0.0 ot U] (RPN I R [N R (AT T TS ST S R TR |
00 01 02 03 04 05 06 07 08 09 1.0
X

Figure I1-8. Estimated electric field discontinuity for sample A, B, and C (bold blue dots), and comparison
with values reported in the literature for GaN / AlxGai1xN QDs [16], (Al,Ga)N quantum wells [20, 21, 22], GaN /
AIN QDs [17], and GaN / AIN superlattices [23].

To go a step further in the understanding of the origin of the better radiative properties of
sample B, XRD measurements were performed. As given in Table II-1, the w-scan full width at
half maximum (FWHM) values of symmetric and asymmetric diffractions are minimum for
sample B, accounting for a structural improvement of the AliGai;xN layer, in particular a
reduction of the threading dislocation density [24]. Dislocations being non radiative
recombination centers, a decrease of non-radiative processes in sample B could be expected,
either for directly injected carriers in the barriers and / or wetting layer or those thermally
activated from the QDs to the barriers and wetting layer. However, the assumption of the non
radiative recombination due to thermally activated QDs is not straightforward as it is difficult to
have a precise information of the localization of the non radiative centers (dislocations,
Shockley—Read—Hall centers, points defects), near the QDs or inside them. In fact, while
increasing the temperature, several mechanisms can be at stake: the spreading of the electron and
hole wavefunctions increases, which could lead to a delocalization of the carriers (excitons), or
to the filling of excited states whose spatial extension also increases, enhancing the probability to
encounter and recombine with non radiative centers. Consequently, such mechanisms imply that
the barrier structural quality could potentially impact on the radiative efficiency of the QD
layers. However, this influence is not always straightforward, and at least not the main parameter

as will be discussed in part 11.4.
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Table II-1: Summary of the main structural and optical properties of GaN (6 MLs) QDs grown, using N:
plasma source, on different Al.GaixN (0001) templates.

Samples QD height QD diameter X-Ray QDs density PL energy 1(300K)/
(nm) (nm) FWHM (°) (em™) at9 K/ 1(9K)
(AFM) (SEM) 0002/30-32 300 K (%)
(V)
GaN(QDs)/ 0
(AFM) /
AlysGay N SE1 3149 04073  2x10 ) 3.22/3.19 61
(Sample A) 2x 10 (SEM)
GaN(QDs)/  45+08/4.6 203+3 /22.§ + 9x 10" (AFM) /
Al Ga,N  +08(TEM 7.4 (TEMburied  0.34/0.73 0 3.11/3.08 75
. 1x10 (SEM)
(Sample B) buried plane) plane)
GaN(QDs)/ 1L (AFM) /
Al ,Ga ;N 3.5+0.6 =15 0.35/0.93 3x10 2.95/2.93 57

'(SEM
(Sample C) 55x10 ( )

I1.3 Growth of GaN QDs using an ammonia source

In this part, GaN QDs were grown using an ammonia source (NH3-MBE). The deposited
amounts were held the same as for QDs grown using an N> source (PAMBE), with a deposited
amount of 6 + 0.5 MLs, a growth temperature of 805°C + 15°C and a III/V ratio around 0.1.

A series of three GaN QD / AlxGaixN (0001) (0.5 < x <0.7) samples were grown in order to
compare them with the QDs series grown using PAMBE. Those samples are GaN / Alo.sGaosN,
GaN / Alp.sGagsN and GaN / Alp.7Gao3N QDs, labeled as sample D, E and F in the following.

The use of ammonia has important consequences on the GaN QDs growth (cf. chapter I).
This is observed experimentally as the 2D-3D transition is not a standard Stranski-Krastanov
growth mode as observed while using an N> plasma source. A different growth procedure is
required. In fact, no 2D-3D transition is happening during growth (i.e. during the deposition of
Ga and NH3). As presented on Figure II-9, the 2D GaN layer by layer is first deposited then a
growth interruption under vacuum is required to trigger the 2D-3D transition [25].

This growth procedure difference, compared to PAMBE, is mainly due to the presence of
NHx species while using an ammonia source. Indeed, these species were shown to reduce the
(0001) GaN surface energy and thus to increase the surface energy cost Ay when going from a
2D to a 3D morphology, inhibiting the 2D-3D transition [7]. Along this view, the 2D growth of
GaN observed under NH3 rich conditions, whereas the triggering of a 2D-3D transition by
switching off the NH3 flux (i.e. by performing a growth interruption as shown in figure II-9), is
due to a strong decrease of the surface energy cost (Ay) under vacuum compared to the surface
energy cost under NHs. Actually, the surface energy cost has been estimated to decrease from 17

meV / A% under H-rich conditions (Ayu3)) to 4 meV / A% under vacuum (Ay vacuum)) [26].
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Figure I1-9. Variation of the RHEED intensity during the growth of GaN QDs by NH3-MBE. The inset
shows a schematics of the 2D-3D morphology of GaN and RHEED images for 2D and 3D GaN surface
morphologies.

I1.3.1 Morphological properties

The three samples were first characterized by AFM (Figure II-10). As we can see, by
increasing xai in the AlxGaixN template from 0.5 to 0.7, and hence the lattice mismatch, the QD
density increases, from 2.7 x 10'® cm™ up to 1.2 x 10'! cm™, and their height decreases from 4.6
nm to 3.4 nm. This is in agreement with QDs grown by PAMBE which also showed an increase
of the QD density and a decrease of their size while increasing xai. However, the main difference
while using NH3-MBE is the clear tendency of QDs to nucleate on the steps of the AlosGaosN
surface. We can also see a modulation of the surface topography at a large scale on the AFM
images. This specific feature originates from the growth of AlxGaixN mounds (cf. Figure 1I-11).
Those mounds are typically observed for GaN based layers grown by MBE using an NH3 source,
and it was shown that their formation is due to kinetic roughening [27]. A comparison between

the QD properties resulting from both growth techniques will be presented in part 11.4.
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Figure II-10. AFM images of GaN QDs grown using an ammonia source on AlxGaix N (0001) with x equals
to a) 0.5 (sample D), b) 0.6 (sample E) and c) 0.7 (sample F).
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Figure II-11. AFM image of an Alo.;Gao.3N (0001) template grown using an ammonia source.

Cross-sectional HAADF-STEM characterization was also performed on sample E (GaN QDs
/ AlosGaosN). A pyramidal shape with a truncated top was observed for buried QDs. The
average QD height and diameter were determined to be (2.95 £ 0.4) nm and (21 £+ 3.8) nm.
Surprisingly, compared to results obtained for sample B (cf. paragraph 11.2.1), the QD average
height is much smaller than what was measured by AFM ((4.4 £ 0.7) nm). This is not in
agreement with the case of GaN QDs grown by PAMBE (sample B), for which the average
height of the buried plane (measured by TEM and including a wetting layer (WL)), was found to
be equal to the average height of the QDs plane on the surface (measured by AFM; without
taking into account the WL). In addition, on Figure II-12, no WL was observed whereas PL
measurements show an emission around 4.1 eV (as will be shown in the next part), which is
attributed to a WL. Obviously, the smaller QD sizes and the absence of the WL points out a
difference in the growth conditions between the sample specimen investigated by AFM and PL
and the sample specimen analyzed by TEM: most probably, in this latter case, the observed QDs
were unintentionally grown at a higher temperature. Indeed, during the formation of the QDs

under vacuum, some evaporation of GaN also takes place, which depends exponentially on the

[53]



Chapter I1. GaN quantum dots

growth temperature [29]. It was then shown that this evaporation, when increasing its time
beyond the maximum RHEED intensity variation increase observed during the 2D — 3D growth
mode transition (stage 2 in Figure II-13), can lead to the evaporation of the WL and the
formation of isolated QDs (stage 3 in Figure II-13) [13], and eventually, to a complete
evaporation of the GaN QDs (stage 4 in Figure II-13). Therefore, the QD morphological
properties result in a balance between diffusion and evaporation processes: enhanced evaporation
processes (due to a higher temperature) will then eventually lead to the formation of QDs

without a WL as observed in the TEM sample specimen studied here.

3D QDs

— 3D-diffraction intensity
— 2D-diffraction intensity

Normalized RHEED intensity

1 100 t 200 t 300 400 t 4 time, sec

~
(=]

Growth interruption

Figure II-13. Variation of the RHEED pattern intensity recorded on two zones during the formation /
evaporation of GaN QDs grown using an ammonia source. The two squares are presenting the positions where
the intensity is measured during the formation of QDs. The dashed lines indicate four main stages of the QDs
evolution during the growth interruption. Stage 1: QD formation, stage 2: equilibrium QD formation /
evaporation (constant RHEED intensity), stage 3: wetting layer and QD evaporation, 4) complete evaporation of
the QDs [28].

[54]



Chapter I1. GaN quantum dots

Table II-2: Summary of the main structural and optical properties of GaN (6 MLs) QDs grown, using an
ammonia source, on different AlxGai«N (0001) templates.

Samples QD Height (nm) QD diameter (nm) X-Ray QDs PL I 300K)
(AFM) (SEM) FWHM (°) density Energy / 1(9K)
0002/30-32 (ecm?) (eV)IK/ (%)
300 K
GaN(QDs)/
Al Gay N 46+1.3 1945 03909  27x10°  3.36/3.28 76
(Sample D)

GaN(QDs)/ 444+0.7/295+04 15+£5/20.5+4

Al, Ga, N (TEM buried plane; 10
,<Ga, , (TEM buried plancs 1o/ o taney 035086 25x10" 323321 38

(Sample E) without WL)

GaN(QDs)/

Al,.Ga, N 34407 12+4 0.35/1 12x10" 29728 30

(Sample F)

I1.3.2 Optical properties

The optical properties of the three samples were then studied at 9 K and 300 K (Figure 11-14).
As a general trend, by increasing xa1 in the AlxGa;xN matrix (from 0.5 to 0.7), a red shift of the
PL energy emission (from 369 nm to 417 nm, i.e. from 3.36 eV to 2.97 eV, at 9 K) was
observed. This shift is due to the increase of the polarization induced electric field (Fin) inside
the QDs with increasing xai, although the formation of smaller QDs, as discussed in part 11.2.2.
An emission at 4.13 eV is also observed for sample E, this emission is due to the WL and is in

close agreement to the WL emission observed from sample A and B (~ 4 eV).
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Figure I1-14. Low and room temperatures PL spectra of: a) GaN QDs / Alo.sGao.sN (sample D), b) GaN QDs /
Alv.sGaosN (sample E), and c) GaN QDs / Alp.;Gao.sN (sample F), grown using ammonia source.

The PL intensity ratios of the room temperature over low temperature [(300K) / I(9K) were
measured through our series of samples in order to estimate the radiative efficiency (i.e.
proportional to the IQE). Ratios of 76 %, 38 % and 30 % were obtained for sample D, E and F,
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respectively (cf. Table I1-2). We remark that [((300K) / I(9K) ratios decrease while increasing xai.
This result is seen as a direct manifestation of the increase of the internal electric field while
increasing xa1 (cf. Figure II-8). Indeed, the increase of Fiy (While increasing xai) induces a
decrease of the electron and hole wavefunction overlap and thus an increase of the radiative

recombination time which leads to a reduction of the radiative efficiency.

I1.4 Comparison between the two growth processes (NH:—MBE and
PAMBE)

In this part, the morphological and optical properties of GaN QDs grown using either
ammonia (NH3-MBE) or plasma (PAMBE) source will be compared.

Based on the previous sections, our experimental results on the QD growth processes show
that the main parameters controlling the 2D-3D transition are the lattice mismatch (i.e. the elastic
strain) and the surface energy. Concerning the lattice mismatch, increasing Aa/a (i.e. increasing
the xa1 AlxGaixN template composition) induces a decrease of the QD size and an increase of
their density, for both NH3-MBE and PAMBE. In the following study, a constant Aa/a was
chosen, i.e. a constant xa; concentration was used to fabricate the different GaN / AliGa;xN
heterostructures, in order to investigate the influence of the nitrogen source on the QD formation.

From the previous results, it was shown that the QD formation mechanism is highly
dependent on the nitrogen source used: when using a plasma N> source, the 2D-3D transition
process starts during growth (in a classical Stranski-Krastanov growth mode) contrary to the case
of an NHs source for which the 2D-3D transition only happens during a growth interruption

under vacuum (the GaN growth following a layer by layer (2D) deposition).

Figure 1I-15 shows the AFM images for samples F and C (GaN QDs / Alo7Gao3N (0001)
grown using NH3—MBE and PAMBE, respectively). For those two samples, the lattice mismatch
is identical and only the nitrogen source was changed. While using an NH3 source, we clearly see
the tendency of the QDs to nucleate on the edges of the Alp7Gao3sN mounds. On the other hand,
while using an N; source, we can see a more homogenous distribution of the QDs on the
Alo7Gao 3N surface with a higher density (i.e. a density of 3 x 10'! cm™ versus 1.2 x 10'! cm™ for
sample C and F, respectively). Figure II-16 summarizes the variation of the QD density as a
function of the lattice mismatch for the QDs grown by NH3—~MBE or PAMBE: as a general

trend, an increase of the QD density is observed when the lattice mismatch increases.

From AFM images, the QDs average size was found to be roughly constant or slightly
decreasing (cf. Table II-1 and Table II-2) while using NH3-MBE. It is also important to note that

the GaN deposited amount is identical for the different samples. A rough comparison of the
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volume of the QDs over the GaN deposited amount (6 MLs) indicates that the amount of GaN in
the QDs is larger for the samples grown by PAMBE. More precisely, the ratios are estimated at
around (85 = 5) % and (75 + 5) % for PAMBE and NH3-MBE grown QDs, respectively. This
result implies that some evaporation process of GaN is taking place during the fabrication of the
QDs, with a larger evaporation amount in the case of NH3-MBE. In fact, QDs were grown at a
higher temperature by NH3-MBE compared to PAMBE (805°C versus 765°C). Since at higher
temperature the GaN evaporation rate becomes more important following an Arrhenius law, with
an activation energy of 3.6 eV for the thermal evaporation process [29], it can explain the lower
conserved amount for NH3-MBE fabrication process (with all other growth parameters being

identical).

8nm

0.00 nm

Figure II-15. AFM images of GaN QDs / Alp.7GaosN (0001) grown by: a) NH3;-MBE (sample F) and b)

PAMBE (sample C).
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Figure II-16. QDs density as a function of the lattice mismatch between the GaN QDs layer and the Al Gai-
«IV (0001) template for NH3-MBE and PAMBE fabrication processes.
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In order to study the role of evaporation process on the QD fabrication, two samples, labeled
sample F2 and C2, made of GaN (6 MLs) / Alo7Gap3N (0001) were grown at the same
temperature (~ 730°C) using either NH;—~MBE or PAMBE respectively. This growth temperature
was chosen to be lower than the ones used for the previous samples in order to minimize the
evaporation effects during the QD formation under vacuum (i.e. in particular for NH3-MBE).
Figure II-17 presents the AFM images for both samples. We can see that the QD density
increases (from 1.2 x 10" cm™ up to 3.1 x 10'! cm™) and their diameter decreases from (28 £ 5)
nm down to (21 £ 4) nm while using an NH3 source. Also, the QD average height was found to
be almost constant or slightly smaller for NH3-MBE grown QDs ((3.7 £ 0.9) nm and (3.8 £ 0.7)
nm for NH3-MBE and PAMBE, respectively). Finally, in this case, the volume of the QDs over
the GaN deposited amount, calculated for both samples, were found to be roughly constant
(values of (86 = 4) % and (85 + 5) % were found for samples C2 and F2, respectively).

Figure II-17. AFM images for GaN QDs /Alo.;GaosN (0001) grown using: a) NH3;-MBE (sample F2) and b)
PAMBE (sample C2).

To summarize the main differences in the QD formation for both sources, the 2D-3D
transition is attributed to the minimization of the total energy AE (AE = Ay + AEelasic) between
the surface energy variation (Ay), and the elastic energy variation (AEeasiic which is originating
from the lattice mismatch) between the 2D and the 3D layer morphology. Since in the case of
samples C and F (and C2 and F2), the elastic energy is identical (with a lattice mismatch of 1.67
%), the morphological change is then directly related to the change of the surface energy,
directly depending on the nitrogen source. Indeed, it was shown in a previous study [26], and in
part II-3, that the presence of hydrogen, while using an ammonia source, induces an increase of
the surface energy cost (Ay) which prevents the QD formation. Therefore, a growth interruption
under vacuum (i.e. without NH3) is needed in order to reduce Ay. This means that under H-rich
conditions, |Ay| is always higher than |Agmpstic| for the GaN / AlxGa1xN system, which forbids the
formation of QDs under NHs. In the case of PAMBE, no hydrogen is present, leading to a
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reduction of |Ay| and favouring the formation of QDs during growth (and with a higher surface
density compared to NH3-MBE grown QDs).

The PL properties of NH3-MBE and PAMBE grown QDs were also compared. As a general
trend, the PL intensity was found to be 2 to 3 times higher for QDs grown using an N> source
(Figure II-18). This could be, partly, related to the higher QD density that was found for PAMBE
grown QDs, which was also found to be 2 to 3 times higher for samples B and C compared to
samples E and F. However, the QD density was found to be slightly higher for sample D (NHs-
MBE grown GaN QDs / AlosGaosN) than for sample A (PAMBE grown GaN QDs /
AlpsGap.sN), although a lower PL intensity, which contradicts a direct relation between the QD
density and the PL intensity. We can also point out from the PL spectrums that for NH3-MBE
grown QDs, the PL full width at half maximum (with values of 240 meV and 388 meV for
samples E and F, respectively) is larger compared to PAMBE grown QDs (with values of 227
meV and 267 meV for samples B and C, respectively), indicating a better height homogeneity
for PAMBE grown QDs.

By comparing the PL integrated intensity ratios between 300 K and 9 K, we can note that the
radiative efficiency variation for PAMBE grown QD samples is more stable (ranging between 57
% and 75 %) than the one for NH3-MBE grown QD samples which show a higher variation
(ranging between 30 % and 76 %). Also, we can note that the best radiative efficiency using both
techniques is obtained for sample B and D (with quasi-identical values of 75 % and 76 %). As
presented in part I1.2.2, the improvement of the crystalline quality of the AlyGaixN template
could be (in part) responsible for this improvement, accounting in a reduction of the threading
dislocation density. However, this interpretation does not hold in the case for NH3-MBE grown
QDs, since roughly similar XRD results have been found for the whole sample series whereas
one sample (D) shows significantly improved PL characteristics. Therefore, another significant
parameter could be the size of the QDs. Indeed, by decreasing the QD height, an increase of the
radiative efficiency could be expected due to an increase in the electron and hole wavefunction
overlap. However, for the extreme case of very small QD heights (typically below 1.5 nm [13,
30]), a spreading of the wavefunctions takes place in the (defective) barriers, which can
negatively impact on the radiative efficiency [13, 30]. To conclude, it is worth noting that we are
dealing with samples presenting inhomogeneous distribution of defects and QDs, and different
parameters can impact the QD radiative efficiency, requiring for a trade-off to be found in order
to design the GaN / AlxGaixN QD region.
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Figure II-18. PL comparison, at low temperature, between PAMBE grown GaN QDs and NH;-MBE grown
GaN QDs in a) Alo.c Gao.aN (0001) and b) Alo.7 GaosN (0001) matrices.

To summarize, using an N> plasma source, QDs are grown in a classical SK growth mode
and higher QD densities are observed than in the case of using an NH3 source. In this latter case,
a tendency to nucleate on the edges of the AlxGa;xN mounds is observed. In terms of optical
properties, we saw that PAMBE-QDs have up to three times higher PL intensities and smaller
full width at half maximum compared to NH3-QDs. Also, we saw that more stable radiative
efficiencies (from 9 K to 300 K) are obtained while using an N> plasma source, with values
above 50 % (compared to 30 % in the case of NH3-MBE grown QDs) and reaching 75 %.
Finally, we can say that the growth process is better controlled using an N> plasma source
compared to an NH3 source. These differences between NH3 and N> grown GaN QDs have been
related to the surface energy contribution which strongly differs between the two growth

processes.

I1.5 Time resolved photoluminescence

Time resolved photoluminescence (TRPL) measurements were also performed at low
temperature on GaN QDs grown on different AlxGaixN templates (0.5 < x < 0.7) in order to
study the PL kinetic processes and to investigate the different recombination processes dynamics
of the samples. The third harmonic of a mode-locked titanium-sapphire (Ti:Al>O3) laser was
used, with a wavelength of 266 nm, a pulse width of 100 fs and a repetition rate which can vary
between 80 KHz (12 ps) and 82 MHz (12 ns). The choice of the repetition rate is mainly
depending on the decay time of the sample, in the case of GaN QDs a repetition rate of 80 KHz
(12 ps) is used. In fact, it is important to reduce the repetition rate (i.e. increase the repetition
time) in the case of a slow decay time (e.g. GaN QDs), to ensure a complete decay of the PL and
avoid the accumulation of electron-hole pairs from one pulse to another. On the other hand, a

very long repetition time can lead to a red shift of the PL energy peaks.
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In this part, the influence of the internal electric field (by changing the Al composition of the
AlxGaixN template) on the decay times will be discussed. Also, the IQE at low temperature will

be estimated for the different samples using a model developed by Iwata et al [31].

Those experiments were performed by T. H. NGO and B. GIL (for whom the credit should be
given) at Charles Coulomb laboratory (Montpellier University).

The optical properties using TRPL spectroscopy measurements were performed on GaN QDs
samples grown on different AlxGaixN templates, either grown by NH3- or PAMBE. The main

characteristics of the different samples are summarized in Table II-3.

The PL transients of all the samples are ruled by a double exponential decay, a fast decay
component and a slower one. As we can see on Figure II-19 the spectrally integrated temporal

intensity can be fitted with a double exponential using the following equation:

t

1(t) = Agqse€Xp (— ) + Agow€Xp (— ) (11-3)

Tfast Tslow

where Tsow and trs refer to the slow and fast decays and Asiow and Argst represent the

coefficients of slow and fast recombination processes, respectively.

The origin of this bi-exponential behaviour was studied by Iwata et al. [31] on (ALGa)N /
AIN (0001) quantum wells. They developed a model which considers that the samples are
composed of purely radiative regions while other regions are plagued by non radiative
recombination centers. In this picture, Tsiow corresponds to the radiative lifetime, while Trast

contains both radiative and non radiative components.
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Figure I1-19. Time resolved photoluminescence spectra at low temperature (18 K) for GaN QD / AlxGai-xN
(0001) structures grown by a) PAMBE and b) NH3-MBE with x41= 0.5, 0.6 and 0.7.
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In general, it is supposed that at low temperature only radiative recombinations exist and that
the internal quantum efficiency is 100 %. Using this assumption, the total PL intensity obtained

by considering only the radiative contribution of both populations is:

t

Liga(t) = Afastexp (_ ) + Asiow€Xp <_ ) (1I-4)

Tslow Tslow

Based on Iwata’s model, radiative and non-radiative channels are taken into account at low
temperature. The IQE at low temperature (IQELT) can then be defined (eq. II-5) as the ratio of the
experimental decay curve fitted using equation II-3 and the time integrated intensity
corresponding to pure radiative recombinations (eq. 11-4):

00 t t
A exp| —— |+4 ex (——)]
fo [ fast p( Tfast) slow€Xp Tstow/| _ AfastTrasttAslowTslow

[QE,r = = -5
Q o f;o[AfaSteXp<_m>+ASloweXp(_rslow)] (Arastt+Asiow)Tslow ( )
Finally, Trst can also be expressed as:
1 1 1
Tfast  Tstow + ; (11-6)

Table II-3: Summary of the main morphological and optical properties (energy emission, decay times and
IQEs) of GaN QDs grown on different AlxGai-xN templates with (0.5 <x < 0.7), using PAMBE and NH;-MBE.

samples PLenergyat LT  Thst (NS)  Tsiow (NS)  Afast/ Asiow  1QEr  Irtflr  1QErT

(eV) (18K) (18K) (18K) (%) (%) (%)

GaN (QDs) /Al, ;Gag sN 3.22 65 231 2.18 51 61 31

N, GaN (QDs) /Al (Gag ;N 3.02 231 1156 1.7 49 75 37
GaN (QDs) /Al, ,Gag ;N 2.88 149 643 2.88 43 57 25

GaN (QDs) /Al ;Gag N 3.35 5 20 2.7 45 76 34

NH, GaN (QDs) /Al sGag 5N 3.14 98 564 5.44 30 45 14
GaN (QDs) /Al, (Ga, ;N 3.06 126 694 2.75 40 37 15

GaN (QDs) /Al, ,Gag N 2.95 214 906 2.1 48 29 14

The slow and fast lifetime values for NH3—MBE and PAMBE grown GaN QDs are
summarized in Figure II-20. As a general trend, we can see that while going towards the UV
range (i.e. by decreasing xar in the AlxGa;xN matrix as seen in the previous sections), the
radiative decay time (Tsiow) decreases. This behaviour is due to the decrease of Fin, as a lower
value leads to an increase of the electron and hole wavefunctions overlap, inducing a decrease of

the radiative decay time.

However, a more detailed analysis of Table II-3 and Figure III-19 shows that the slow and

fast lifetime values for the specific case of PAMBE grown GaN QDs do not vary monotonously
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when going from GaN QDs grown on AlosGaosN (0001) to GaN QDs grown on Alo7GaosN
(0001) (1.e. while increasing the composition xaj in the AlxGa;xN matrix from samples A to C).
At the same time, the observed monotonous redshift of the PL emission should lead to a
monotonous decrease of the radiative lifetime, in correlation with the electric field values
estimated in section 11.2.2 (cf. Figure II-8). Yet, the estimation of Fiy was relying on the
assumption of unity for the IQE at low temperature. This contradiction clearly indicates that we
are dealing with samples presenting inhomogeneous distributions of defects and QDs (at the
scale of the laser spot). The situation is then similar to the analogous of the situation in the
samples described by Iwata et al.: at low temperature, the laser spot (with a total surface A)
shines two regions of the sample which are named Afst and Asiow. In the first region with fast
recombination processes (Amst), 1.. with high densities of non-radiative centers, the
recombination dynamics is ruled by a typical decay time trs; while in the second region of
crystalline quality weakly affected or almost non-affected by such defects and corresponding to
the surface region with slow recombination processes Asiow, the recombination dynamics is ruled
by a decay time Tsiow. The resulting PL decay is ruled by two-component kinetics with
proportions Afst and its complementary Asiow. Changing the laser spot position, these proportions
change while the values of T and ts0ware not significantly modified. Iwata et al. suggested then
to identify 0w as the value of the radiative decay time (or to a close representative of its value),
while both radiative and non-radiative recombinations contribute to trst. This model is valid
when clear and unambiguous fitting of the decay time is achievable, that is to say, in defective
enough samples so that A is substantial enough, but not for too defective ones for which Agiow
would be vanishingly decreasing. This is our case here, since the values of IQEs framed by this
determination match very well with the time-integrated PL features. However, the major
drawback of the model is its limitation to the low temperature range so that cross talking between
both regions is not active, or the slow and fast decays are spatially isolated [31, 32]. Therefore,
we cannot use it without including complementary interactions for the high temperature range, as
presented in Table II-3. Finally, from the slow and fast lifetime values for NH3—MBE and
PAMBE grown GaN QDs, the IQEs obtained from equation II-5 for the different samples are
summarized in Table II-3: they are around 50 % for PAMBE grown GaN QDs, whereas for
NH3;-MBE grown GaN QDs, lower IQELr varying between 30 % and 45 % are obtained.
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Figure I1I-20. Fast and slow decay times at low temperature as a function of the GaN QD emission energy. A
blue (UV) shift is induced for lower xaiin the Al:Gai-xN matrix.

I1.6 Conclusion

In this chapter, the morphological and optical properties of GaN quantum dots grown using
either an N> or an NH3 source, i.e. using plasma assisted molecular beam epitaxy (PAMBE) or

ammonia assisted molecular beam epitaxy (NH3-MBE), have been investigated and discussed.

By fabricating GaN QDs on different AlxGaixN surfaces (with 0.5 < x < 0.7), the influence
of the epitaxial strain (with 1.2 % < Aa/a < 1.7 %) on the QD self-assembling process and
morphologies (size, density) was first studied. In this study, we showed that QDs with higher
densities (increased by more than one decade) and smaller size are promoted by using a larger
lattice-mismatch. However, photoluminescence (PL) measurements indicated a modification of
the QD optical response by the internal electric field which induces a strong redshift in the
emission energy as the Al content of the AlxGa;xN matrix increases: from 3.22 eV to 2.95 eV for
PAMBE grown GaN QDs and from 3.36 eV to 2.97 eV for NH3—MBE grown GaN QDs. This
property results from the increase with xai of the total polarization differences between GaN and
the surrounding AlxGaixN matrix (varying between 3 and 5.3 MV / cm for xa= 0.5 and 0.7
respectively), leading to a larger value of Fiy. In addition, power dependent PL measurements
showed a correlation between the emission energy shift, which is due to the screening of Fin by
the injected carriers in the QDs, and the height of the QDs. It was found that Fiy has less
influence on the optical properties of smaller QDs, implying a reduced shift in the PL energy
compared to larger QDs.
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The formation of GaN QDs using PAMBE or NH3-MBE was also compared: using a plasma
N2 source, the 2D-3D transition process starts during growth in a classical Stranski-Krastanov
mode while in the case of an NH3 source, it happens during a growth interruption under vacuum
after a 2D layer-by-layer deposition. This property was shown to be related to the surface energy
cost contribution (Ay) which strongly differs by using N> or NH3. Also, it was shown that the
growth process is better controlled using PAMBE, leading to the growth of GaN QDs with
higher densities and a better size uniformity. NH3-MBE grown GaN QDs show a tendency to
nucleate on the edges of the Alp.7Gao3N surface mounds. In terms of optical properties, PAMBE
grown GaN QDs have up to three times higher PL intensities and smaller full width at half
maximum compared to NH3-MBE grown GaN QDs.

Finally, time resolved PL combined with temperature dependent PL. measurements enabled
us to determine the internal quantum efficiencies (IQE) of GaN QD / AliGaixN (0001) and
values around 50 % were found at low temperature. Combined with the ability to reach a PL
integrated intensity ratio up to 75 % between 300 K and 9 K, these results have confirmed the

efficient carrier confinement in the GaN QDs.
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II. Alp1GagsN quantum dots

This chapter will be dedicated to study the growth and the optical properties of Alo.1Gao.oN
quantum dots (QDs). At the beginning, a brief introduction will be given. Then, different QD
layer designs will be introduced. The growth challenges of Alo.1GaooN QDs will be discussed
regarding the influence of growth conditions on the QD shapes and the ability to grow elongated
or symmetric dots. The optical properties of the QDs will then be presented, showing in
particular the ability to cover a large part of the UVA range. Finally, the influence of the QD

design on the optical properties will be discussed.

I11.1 Introduction

As discussed before, (Al,Ga)N alloys suffer from high defect densities, typically threading
dislocations (TDs), in the 10° - 10'° cm™ ranges. This dislocation density was found to increase
as a function of the Al concentration due to a large lattice mismatch with the host substrate (i.e.
generally sapphire) and the low surface mobility of Al adatoms resulting in a reduction of the
lateral mass transport and the formation of a high density of nanometer-sized islands whose
coalescence is responsible for the formation of TDs [1, 2]. TDs are structural defects that act as
non-radiative recombination centers. Due to these high TD densities, an important droop in the
efficiency is observed while going towards shorter wavelengths (i.e. using (Al,Ga)N alloys with
higher Al concentrations). Using GaN quantum dots, instead of quantum wells (QWs) in an
(AL,Ga)N matrix, was shown to improve the photoluminescence efficiencies in the near UVA-
blue range by trapping the carriers inside the QDs and thus decreasing the probability to
recombine non radiatively with TDs (chapter II, [3]). (Al,Ga)N QDs were also successfully
grown on AIN [4, 5] thanks to the high compressive strain induced by the large lattice mismatch
(Aa/a = 2.3 %) between both layers. However, the use of AIN matrices for the fabrication of
LED devices is a huge challenge because of the difficulty to p-dope AIN, due to the very high
acceptor activation energy (= 0.6 eV) [6].

We would like to underline that in (Al,Ga)N alloys, a composition modulation and phase
separation could also be expected. Indeed, it was shown in previous studies [7, 8, 9] that
(Al,Ga)N epilayers present pronounced phase separation mechanisms for low Al concentrations
(<0.5). As we are dealing with AlyGa;.y N QDs with Al nominal concentrations (n.c.) below 0.5,
a composition fluctuation inside the QDs and / or the formation of different QD families with

concentrations different than the nominal one may be expected.

[70]



Chapter I11. Aly.1Gao.9N quantum dots

In this chapter, we will show the possibility to grow Alo.1GaooN QDs on AlosGaosN
templates. The main interest of using AlosGao.sN templates is the possibility to get n and p type
layers and thus to be able to fabricate LED structures [10, 11, 12, 13].

The samples structure studied have a similar design than the structures presented in chapter
II.1, except for the active layer design. In this chapter, Alo.1GaooN / AlpsGaosN QD layers with
different deposited amounts of Alp.1Gao9N (n.c.), varying between 6 and 10.5 monolayers (MLs,
1 ML corresponding to half the ¢ lattice parameter), are investigated. The 2D-3D morphological
transition was followed in-situ using RHEED, through the change of the diffraction pattern from
streaky lines to Bragg spots. A two-step process was used for the QD growth:

1) The growth of the Alp.1GaooN (n.c.) layer with a specific deposited amount.

2) A growth interruption and an annealing step under vacuum, typically of 6 minutes.

We have investigated the QD morphological and optical properties while varying: 1) their
height, i.e. by changing the Alo.1GaooN deposited amount, and ii) their shape (elongated versus
symmetric QDs), by changing the annealing conditions during their formation. All the QD planes
were grown using an N> plasma source under N-rich conditions with a III/V flux ratio of 0.7 and
a growth rate around 0.3 + 0.05 ML/ s.

II1.2 Elongated quantum dots (1** generation)

II1.2.1 Active layer design and morphological properties

A series of four samples with different Alo.1GaooN (n.c.) deposited amounts was first
designed: 6, 7.5, 9.5, 10.5 MLs were deposited at 740°C, followed by an annealing step of 6
minutes at the same temperature. These samples will be referred in the following as A6, A7, A9,
A10.

As a first step, the formation of the QDs was followed in-situ by RHEED. The modification
of the QD morphology is characterized by an increase of the diffraction line intensity. Figure
II1-1 illustrates the change of the RHEED pattern from a streaky pattern to a slightly spotty one.
The increase of a spot intensity was recorded in-situ as a function of time. The 2D-3D transition
was observed during growth after depositing 5 £ 1 MLs. During the annealing step, the RHEED
pattern is unchanged and the intensity remains constant.
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Figure III-1. Reflection high—energy electron diffraction patterns along the <11-20> azimuth of a) an
Alp.sGao.sN (0001) template before the QD growth, b) after the formation of Alo.1Gao.sN QDs with a deposited
amount of 7.5 MLs (sample A7). ¢) RHEED intensity recorded during the formation of elongated Alp.1Gao.sN

ODs.

Figure I11-2. AFM images of Alo.1Gao.sN nanostructures with a deposited thickness of a) 7.5 MLs and b)
10.5 MLs. ¢) and d) are zooms of images a) and b) respectively.
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The samples were then characterized by AFM to study their morphological properties. At
first, we observe a modulation of the surface topography at a large scale on the AFM images
[Figure III-2(a) and (b)]: this specific feature originates from the growth of Alo.sGao.sN mounds.
Those mounds are typically observed for GaN layers grown by MBE using NH3, and it was
found that their formation is due to kinetic roughening [14]. We can also note the successful
growth of QDs on an AlpsGagsN (0001) template with a low lattice mismatch of 1 % between
the two layers.

These QD dimensions are also found smaller and with higher densities compared to GaN
QDs / Alp5sGagsN (0001) (studied in chapter II) although a higher lattice mismatch in the latter
case (i.e. Aa/a = 1.2 % compared to Aa/a = 1 %). This may be due to the lower Al adatoms
mobility compared to the Ga ones, inducing an increase of the QD nucleation centers and thus

leading to higher QD densities with smaller dimensions compared to GaN QDs.
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Figure III-3. a) Nanostructures average height and density variation as a function of the deposited amount.
b) Height distribution of Alo.1Gao.sN nanostructures determined by AFM (sample A7), and fitting with two
Gaussian functions.

The nanostructure height distribution was also measured on the different samples, using
WSxM program [15], showing an asymmetric distribution, i.e. the nanostructure height
distribution can be defined with two main components. As an example, a histogram of the
nanostructure heights distribution is presented in the case of sample A7 (Figure I1I-3(b)). The
histogram can be well fitted by two Gaussians, accounting for the presence of an asymmetric
distribution of heights. Two average height values, corresponding to the center value of each
Gaussian, were then determined with h* = 0.9 nm and h** = 1.5 nm. The asymmetrical height
distribution is then attributed to two QD distributions (centered at h* and h**), as discussed in
the following. For the whole sample series, a roughly constant difference value between the

centers of both Gaussians is found (= 0.6 nm).
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Figure II1-4. Scanning electron microscopy images of sample a) A10 and b) A9. The red arrows point out
examples of elongated and symmetric QDs.

SEM measurements were also performed (Figure III-4) on the different samples in order to
extract more precise QD diameter values. We can also observe on the different AFM and SEM
measurements the presence of different nanostructure shapes: either elongated QDs (with a
lateral size reaching 60 nm) and/or symmetric QDs with an average diameter around 10 nm.
Elongated QDs have also been observed in the GaN / AlpsGaosN (0001) system, and can even
lead to the formation of self-assembled GaN quantum dashes (QDashes) [16]. It was shown that
the ammonia pressure has an effective impact on the shape of GaN QDs and the fabrication of
QDashes as well as QDs is possible. In fact, as the AlpsGaosN barriers are grown with an NH3
source, some residual NH3 could be present in the growth chamber while growing the QD plane.
This residual NH3 can induce some changes in the surface energy and thus impacts the QD
shape, favouring the formation of elongated QDs (i.e. with a lower surface/volume (S/V) ratio
compared to QDs). In the case of GaN QDashes, it was shown that they are preferentially
nucleating along the Alo.sGao.sN steps. However, in the case of AlyGaiyN QDs, it is difficult to

confirm if they are preferentially nucleating along steps due to their very high densities.

I11.2.2 Optical properties

Effect of the QD thickness

To assess the QD optical properties, photoluminescence (PL) measurements were done at 9
K using a frequency-doubled argon (Ar) laser with an excitation power of 30 mW. By looking at
Figure III-5 and Figure III-7, different transitions are observed. A high energy band around 4.55
eV comes from the luminescence of the AlosGaosN barrier, in close agreement with previous
studies [17, 18]. A dominant band found between 3.65 eV and 3.83 eV is originating from the
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QD emission and finally an additional broad band emission at lower energy, between 3.2 eV and
3.5 eV, is also observed (whose origin will be discussed in the following).

As a first step, we will focus on the main PL emission peak. By looking at the A sample
series spectrums, it is noted that decreasing the Alo.1GaooN deposited amount from 10.5 MLs
down to 6 MLs leads to a UV shift from 340 nm (3.65 eV) to 324 nm (3.83 eV) due to the
decrease of the QDs height, as presented in Figure III-3(a). Therefore, the deep UVA range can
be covered.
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Figure III-5. PL spectra at 9 K of Alo.1Gao.sN ODs / Alo.sGao.sN (0001) as a function of the deposited amount.
Internal electric field estimation

The experimental PL energy values of the different samples were then compared to the
calculated fundamental energy transition (E,;_pp1), using equation III-1, for different internal
electric field values (Fint) and QD heights. In fact, due to the large effective mass values and
since the QD base to height ratio is larger than 4, the lateral confinement can be neglected, and
we can consider the confinement to be principally along the QD height [19]. On the other hand,
as mentioned before, the exact height (h) values of the QDs are hard to extract from the AFM
images. For this reason, an average height value H; was directly deduced from the Alo.1GagoN
deposited amount following two principal results: 1) cross-sectional TEM measurements have
shown that the average height of Alp.1GaooN QDs fairly corresponds to the Alo.1GaooN deposited
amount [20, 21] (in agreement with TEM results presented in part II1.4); 2) Also, AFM

measurements show that the relative average QD heights variation between the samples is
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identical to the relative variation of Alo.1GaooN deposited amounts. Finally, the fundamental

transition energy can be calculated as follows:
Ee1-nn1 = Eqp + Eg” — Egy — eFich (ITI-1)

Where Eqp refers to the quantum confinement energy in the QD conduction and valence
bands obtained by using the envelop function formalism, E;D is the strained Alo.1GaooN band

gap energy, and Egry is the Rydberg energy which corresponds to the excitonic binding energy.

The Alo.1GaooN strained band gap (E, g D) can be calculated as follows:
EJ’ =E;—a.eyy (111-2)

with Eg the relaxed Alo.1GaooN band gap, a the biaxial deformation potential (estimated at -
8.5 eV as for GaN) [22], and &, the in-plane strain tensor (presented in paragraph 1.1.2.1).

The results of the calculated energy transition were then compared to the experimental PL
peak energies as a function of the QD height and for different Fin values. As presented in Figure
I11-6, the best fit with the experimental points is obtained for Fine = 2 £ 0.5 MV / cm. This value
is lower than the one estimated for GaN / AlpsGaosN (0001) system (= 3 MV / cm as shown in
chapter II), as expected. Also, if we compare this value with the value obtained in the GaN /
Alp4GageN system (i.e. for a similar chemical contrast as for the Alo.1GaooN / AlosGaosN
system), an electric field between 2 and 2.5 MV / cm was determined [23], which is very similar
to the results obtained here. We can also see that the PL emission energies from the smallest QD
layers (A6 and A7 samples) are found slightly above the estimated strained band gap energy of
Alo.1GagoN, which indicates a minimized influence of Fiy: on the PL energy emission for QD
heights below 2 nm. Indeed, the internal electric field induces a red shift (i.e. an emission at
energies below the strained band gap), as discussed in chapter 1.1.2.2. The large error bars in the
field estimation in Figure I1I-6 is related to the full width at half maximum (FWHM) of the QD
PL peaks together with the QD height distribution which give uncertainties in the field

calculations.
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Figure II1I-6. Calculated transition energies at 9 K as a function of the Alo.1Gao.sN QD height for different
values of Fin. The empty circles represent the main experimental PL energies for the four samples series.

The origin of the additional band emission at lower energy

In addition to the main PL peak, we can observe a broad band emission at lower energies, i.e.
between 3.2 eV and 3.5 eV (Figure III-7). As will be discussed in the following, this band at

lower energy can be the consequence of three features:

= the presence of deep levels emitting in the near UV-blue range in the AlosGaosN
(0001) template;
= the asymmetric height distribution of the QDs (Figure II1-3(b));

= a fluctuation of the QD Al concentration (yai).

As a first step in order to verify if this emission band at lower energy comes from deep levels
in the AlosGaosN matrix, the PL spectra of the Alo1GaooN QDs were compared to the spectrum
of a typical Alp.sGaosN template grown on sapphire (Figure I1I-7). As we can see, there is almost
no emission coming from the AlpsGaosN template in the energy range between 2.84 ¢V and 3.4
eV, which indicates that this additional band at lower energy originates from the QD layers and
not from deep levels in the template. Concerning the second point, as shown on the histogram
(Figure III-3(b)), the asymmetric height distribution can also be one of the explanations of this
additional band, with higher nanostructures corresponding to the low energy band emission;
however this result alone cannot explain the measured PL characteristics, as it will be discussed

in the following.
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Figure III-7. PL spectra in semi-log scale of Alo.1Gao.9N (n.c.) QDs for different deposited amounts of
Alo.1GaosN at 9 K and comparison with an Alo.sGaoesN (0001) template (green dashed line).

In order to further analyze the QD PL spectra and more specifically the origin of this
additional emission band at lower energies, we deconvoluted the two PL peak components by
fitting each spectrum of the sample series with two Gaussians, at 9 K and 300 K (Figure I1I-8), to
analyze the behaviour of each band separately. By taking the centered energy values obtained
from the Gaussian fits for the complete sample series, a similar behaviour is observed with a blue
(UV) shift (i.e. towards higher energies) as the Alo1GaooN deposited amount decreases (Figure
111-9(a)).
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Figure III-8. PL spectrum of Alo.1GaosN (n.c.) QDs with a deposited amount of 6 MLs (sample A6) at a) 9 K
and b) 300 K. Two fitting Gaussian curves have been defined to fit each PL spectrum.

Using equation III-1, the calculated energy transitions were compared with the two peak
emissions for the whole sample series (Figure I11-9(a)). For the second QD family (supposed to

be responsible for the low energy PL band, as discussed before), an average height value H, was
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estimated to be equal to the sum of H; (average height of the main QD family corresponding to
the deposited amount) plus the relative height difference (Ah = h** - h*) between the average
heights of the two QD distributions determined from Gaussian fits of the AFM height histograms
of the samples (Figure III-3(b)). Ah was deduced from the histogram fitting curves and was
found to be roughly constant and equal to 0.6 nm for the four samples. This behaviour implies
that in average the nanostructure height decreases when the deposited amount decreases as
shown in Figure III-9(a).

As discussed before, the main PL peaks can be fitted with Fine= 2 + 0.5 MV / cm. For the
additional band emission at lower energy, we can clearly see that it cannot be fitted with the
same Fiy value. A larger Fiy estimated at 3 MV / cm is needed to fit the experimental emission of
these additional bands. Such a large value would imply a modification of the QD composition.
Consequently, we tried to fit the experimental values of this additional band using different
active region compositions (with an Al composition ranging from 0 < ya1< 0.1). The best fit was
obtained for a value of Fint = 3 £ 0.5 MV / cm using GaN as an active region (Figure I11-9(a)).
This seems to indicate the presence of a composition fluctuation in the AlyGa;yN QD layers:
more precisely, a decrease of the Al composition for this second AlyGaiyN QD family,
compared to the nominal composition of Alp.1Gao9N corresponding to the first (main) QD
family, leading to an emission at lower energies.
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Figure II1-9. Calculated transition energies as a function of the QD heights at 9 K, using different electric
field values (Finy) for: a) Alo.1Gao.sN QD / Alo.sGaosN (0001) (full lines) and GaN QD / Alp.sGao.sN (0001) (broken
lines) and for b) Alo.1Gao.sN QD / Alp.sGao.sN (0001) (broken blue lines) and Alop.1Gao.sN QD / Alp.+Gao.sN (0001)
(full red lines), and compared to the PL peak energies found for the whole sample series (empty and full dots).

Another possibility is to have an Al fluctuation in the composition of the AlxGaixN barrier
and not in the dots. To evaluate such hypothesis, the same calculations were performed by

maintaining constant the QD composition (yar = 0.1) while changing the barrier composition
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between 0.4 < xa1 < 0.6 (Figure II1-9(b)). Different interpretations can be discussed from these

results:

To

As a first case, if we suppose that the xai in the matrix decreases (e.g: Alo4GaosN) a
value of Fint = 3 MV / cm will be needed to fit the experimental data (red lines Figure
I11-9(b)). This value is obviously too large as the value of Fiy should decrease while
decreasing the Al composition of the matrix (xar), which is not the case here, as we
already determined a value of Fiy = 2 MV / cm for the Alp.1GaooN / AlosGaosN (0001)
system.

Now, if we calculate the transitions in the case of an increase of xajin the matrix, i.e. with
the case of AlosGao4N system, the experimental results can be -very roughly- fitted with
Fint = 4 £ 0.5 MV / cm (blue dashed lines, Figure I1I-9(b)). This is indeed a reasonable
value, however, as it will be discussed in the following points, it is not in agreement with
our experimental results. Also, by comparing those fits with the fits presented for the
GaN QDs / AlosGaosN (0001) system (dashed lines in Figure II1-9(a)), better fits are
observed for the last case.

If we suppose that the additional band emission at lower energy is due to an increase of
the Al concentration in the template (i.e. corresponding to the Alo.1GaooN / Alo.sGaogsN
system), it would imply that: 1) the main peak emission at higher energy is due to
Alp.1GaooN QDs / AlpsGao.sN matrix and that 2) the additional band emission at lower
energy is the consequence of: 1) a local increase of Fiy by an increasing xaj concentration
in localized regions in the matrix, which induces an emission at lower energy, and ii)
associated with an increase of the QD height. However, as presented in chapter II, an
increase of xai concentration in the AlxGa;xN template (i.e. leading to a lattice mismatch
increase with the QD layer) typically induces the formation of QDs with smaller size,
which is not in agreement with the measured height histograms from the AFM
measurements (Figure I11-3(a)).

In addition, as it will be presented in chapter IV, growing Alo.1Gao9oN QDs on different
AlxGaixN (0001) templates (with x > 0.5) induces a PL energy shift toward higher
energies, when the Al composition in the matrix increases, and not towards lower energy,

as for the additional band emission observed here.

summarize this part, if we suppose a fluctuation of the Al composition in the AlxGa;xN

templates, a formation of smaller dots would be expected, leading to a weaker influence of Fin

and an

emission towards higher energies. This feature could not explain the PL band emission

observed at lower energy, and therefore supports the hypothesis that this band emission is due to

a fluctuation in the Al composition (i.e. a reduction of yai) in the QD layer.
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Figure I1I-10. a) Calculated transition energies variation as a function of y, for different QD heights. A
linear variation of Fin, between 2 MV / cm for Alo.1Gao.9sN and 3 MV / cm for GaN was considered for active
regions with y varying between 0 and 0.1. The solid arrows show the trends in the transition energy differences
between different points. b) Same figure with different solid arrows.

To continue the above discussion, Figure I1I-10 presents the calculated energy transitions as a
function of the QD composition (yai) and height (h). From these calculations, we can notice two
important features on the fundamental transition energy within the QD height variation observed

experimentally (i.e. from 1.5 nm to 3.5 nm):

1) A shift towards higher energies as the yar concentration in the AlyGaiyN QDs
increases. This shift is observed to increase as the QD height increases. Typically, for
a constant QD height of 1.5 nm, an energy shift of 170 meV (i.e. from 3.74 eV to 3.91
eV) is obtained and for a height of 3.5 nm, a stronger energy shift of 360 meV (i.e. from
3.14 eV to 3.5 eV) is observed (while increasing yai from 0 to 10 %). This result shows
the stronger influence of Fiy for higher QDs height.

2) Itis also noted that a larger energy shift as a function of the AlyGaiyN QD height is
observed while decreasing yai (i.e. 416 meV for Alp.1GaooN QDs, while going from 1.5
nm to 3.5 nm, versus 605 meV for GaN, while going from 1.5 nm to 3.5 nm).

Therefore, from the calculations, we can conclude that an enhancement of the shift in the
AlyGaiyN QD fundamental energy transition is observed while combining a decrease of the yai
concentration with an increase of the QD height: in other words, an enhancement of the shift
from 330 meV (for 1.5 nm Alo1GaosN to 2 nm GaN QDs) to 410 meV (for 2.5 nm
Alo.1GaosN to 3 nm GaN) is calculated, as presented by the arrows in Figure III-10(b). These
results show that fluctuations of the QD height and/or composition have a strong impact on the
PL emission energy. Finally, this leads us to attribute this PL band at lower energy, which

corresponds to an energy shift between 320 meV and 430 meV compared to the PL emission at
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high energy, to a variation of the AlyGai.yN QD composition (lower yar) and height distribution
(higher height) in the structures.

To further analyse the QD properties, power dependent P measurements were performed
(between 30 mW and 9.5 pW) at 9 K to search for any screening effects on both PL bands
(Figure III-11). An example for sample A7 is shown in Figure III-11. We can see that for a
similar excitation power variation, over more than 3 decades, no PL energy shift is observed for
the QD family emitting at higher energy (above 3.6 eV), however a shift is observed for QDs
emitting at lower energy. These results agree with the presence of an asymmetric distribution of
QDs with the smaller Alp.1GaooN QDs being insensitive to the injected carrier density, whereas
the higher AlyGa;yN QDs with a reduced yai concentration show a shift of more than 180 meV
due to the partial screening of Fin by the injected carriers [24]. Also, by comparing the full
samples series, this shift tends to increase as the deposited amount used to fabricate the QDs
increases (Table III-1).

It is also important to say that fitting such a large band, composed of multi peak emissions, is
difficult, and complicates the estimation of the exact energy position. For this reason, important
error bars are added. Also, we could think that the variation of the relative intensities of peak 1
and peak 2 (Figure III-11(a)) can mislead our interpretation. To analyze this, on Figure III-11(b),
we are showing a zoom on the low energy band for two different excitation powers (30 mW and
0.3 mW). We have multiplied the spectra measured at an excitation power of 0.3 mW by 100 to
clarify the presence of an energy shift for the low energy band. As shown by the dashed lines on
a specific single peak in this band, a shift towards higher energies is observed while increasing
the excitation power. However, it would be very difficult to make an interpretation of each single
peak in the band at lower energy, due to the presence of interference fringes: therefore, we have
averaged the spectra by only two fitting Gaussians. Once again, the fitting shows only an
estimation of the low energy peak position.

Table ITI-1: Summary of the main optical properties of the asymmetric A sample series.

Alo1GaooN PL emission at 9 K Energy shift between 9.5 Integrated intensity ratio between 300 K and 9 K
QDs pW and 30 mW (meV)
High energy Low energy L K High energy peak (%) Low energy peak (%)
Samples peak (eV) peak (eV) (Low energy peak)
A (6 MLs) 3.83 3.49 200 + 40 2 15
B (7.5 MLs) 3.78 3.46 180 + 40 2 14
C (9.5 MLs) 3.68 3.28 250 +50 3 28
D (10.5 MLs) 3.65 3.22 260 + 50 1 11
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Figure III-11. Low temperature power dependent PL spectra, for Alo.1Gao.sN (n.c.) QDs with 7.5 MLs
(sample A7): a) between 30 mW and 9.5 uW, and b) by zooming on the additional low energy band emission for
excitation powers of 30 mW and 0.3 mW. The inset in Figure III-11(a) shows the variation of the PL energy as

function of the incident power.

To have a step forward into the optical properties of these samples, room temperature
measurements were compared to low temperature ones to estimate their radiative efficiency. An
example for samples A6 and A7 are presented on Figure III-8 and Figure III-12 respectively. By

studying the two QD emission peaks, two different quenching behaviours were observed:

e For the peaks at higher energy, an important PL integrated intensity reduction was
observed with an intensity ratio, between 300 K and 9 K [I(300K) / I(9K)], around 1
% to 3 %.

e For the energy bands at lower energy, better I(300K) / I(9K) ratios are observed,
varying between 11 % and 30 %.

These characteristics indicate a stronger carrier confinement in higher QDs, as previously
observed [20]. Also, the weak radiative recombination efficiency values can be correlated with
the QDs morphology observed on the AFM and SEM images (Figure III-2 and Figure I11-4), due
to the presence of elongated QDs. Indeed, as elongated QDs present a larger surface area
compared to isotropic QDs (three times higher surface area), carriers are less confined (i.e.
localized), and the probability to have non radiative recombinations on surrounding defects (or
within them) is higher; i.e. in particular the presence of a threading dislocation propagating
through an elongated QD. It is worth noting that the radiative efficiency was also compared
between QDashes and QDs in the GaN / AlpsGaosN (0001) system and a lower radiative
efficiency was observed for QDashes [25]. It was also shown that the ammonia pressure has an

effective impact on the shape of GaN nanostructures and the fabrication of QDashes or QDs. In
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fact, as the AlosGaosN layers are grown with an NH;s source, residual NH3 could be present in
the growth chamber while growing the QD plane. As discussed in chapter II, the presence of
NHj3 induces some changes in the surface energy and thus impacts the QD shape, favouring the

growth of elongated QDs [16].
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Figure III-12. PL spectrum of Alop.1Gao.sN (n.c.) QDs grown on Alp.sGaosN (0001) with 7.5 MLs (sample A7)
at 9 K and 300 K.

I11.3 Symmetric QDs (2" generation) versus elongated QDs

In this part, we have modified the QD growth conditions to better control their shape. From
the last part, we observed the formation of elongated QDs which has an important impact on the
optical properties. This elongated QD shape is seen as the consequence of two mechanisms: 1)
the presence of residual ammonia in the chamber while growing the QDs planes, which plays a
role on the surface energy and the 2D-3D growth mode transition [16] and 2) the limited adatom
mobility (at 740°C) which favours the creation of a high density of nucleation centers which can
then coalesce to form larger and elongated QDs. Different growth conditions were studied to
better control and optimize the QD shape and the optical properties. In this part, an Alp.1GagoN /
AlpsGaosN (0001) QD sample was grown with 7.5 MLs of Alo.1GaooN deposited amount
(similar to sample A7 studied in the last part) which will be referred to as B7. After the growth of
the Alo.sGao.sN template, the QDs were grown using the following procedure:

1) A growth interruption under vacuum, before the growth of the QD layer, is performed to

decrease residual ammonia in the chamber.

2) The deposition of Alp.1GagoN QDs was then realized around 740°C.
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3) An annealing under vacuum for 6 min, associated to an increase of the temperature up to
830°C £ 10°C (Figure I11-13(c))[26].

II1.3.1 Morphological properties

The 2D/3D transition was also followed and recorded in-situ using the RHEED diagram. As
we can see on Figure I11I-13(c), after the 2D-3D transition, the RHEED intensity remains constant
at low annealing temperature (= 740°C). Then, an increase of the Bragg spot intensity is
observed while annealing at higher temperature (= 800°C). Indeed, at higher temperature, the
adatom mobility is enhanced which induces a QD rearrangement and explains the increase of the
Bragg spot intensity. At higher temperature, QDs growth was also shown to be kinetically
favoured [27]. Also, by looking at the RHEED images of the QDs (Figure III-13(a) and (b)), we
can see that the Bragg spots are better defined for sample B7 (Figure III-13(b) compared to
sample A7 (Figure III-13(a)). This could also be verified by comparing the RHEED intensity
relative variation between the minimum and maximum intensities (Alrueep/Irueep) for samples
B7 and A7 (Figure III-13(c). We can see that this relative variation is two times higher for
sample B7.

As we can see on the SEM and AFM images (Figure III-14 (a) and (b)), a significant
improvement in the QD shape uniformity is found. More precisely, a symmetric shape is
observed for sample B7 compared to the elongated QDs studied in the previous part. Indeed,
QDs morphological changes (i.e. size, shape and density) could be expected under vacuum, due
to the thermal enhancement of the adatoms mobility, as a function of time and temperature. Also,
a change of the surface energy cost could be induced (as presented in chapter II). Finally, this
modification during the annealing step at higher temperature could be the consequence of
different mechanisms: i) a higher adatom mobility and ii) evaporation processes, since it has
already been shown that GaN evaporate under vacuum with a significant evaporation rates at

temperatures higher than 780°C, which will be further discussed in section I11-4.

[85]



Chapter I11. Aly.1Gao.9N quantum dots

N
(o]
o

=== Symmetric QDs (B7) T>800°C
- Elongated QDs (A7) ] ¢ >

240 i Aly 1Gag oN

growth

RHEED intensity (arb. units) &

200 ‘;“ et >
1 Annealing at T = 740°C
1 60 i \ZD/3D transition
b) 0 100 200 300 400

Time (s)

Figure III-13. Reflection high — energy electron diffraction patterns along the <11-20> azimuth for
Alo.1GaosN QDs using two different annealing temperatures: a) sample A7 (annealing at 740°C), b) sample B7
(annealing > 800°C). ¢) RHEED intensity recorded during the formation of Alo.1Gae.sN QDs for samples B7 and
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Figure III-14. Sample B7 (symmetric QDs): a) scanning electron microscopy image, b) atomic force

microscopy image and c) height distribution histogram determined by AFM, and fitting with one Gaussian
function.
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By looking at the height distribution of sample B7 (Figure III-14 (c)), we can clearly see that
the histogram can be well fitted using a single Gaussian, contrary to the case of sample A7
(Figure I1I-3(b)). The fact that adding an annealing step at higher temperature changes the shape
of the height distribution (i.e. from asymmetric to symmetric) agrees well with the hypothesis
that the second QD family present in the A sample series is due to the formation of Ga-rich
AlyGaiyN QDs with a composition approaching to GaN (i.e. a low ya (<< 0.1) concentration
leading to (Al)GaN QDs). Indeed, the annealing procedure (above 800°C) could lead to a
redistribution and/or evaporation of GaN, whereas AIN bonds remains stable at these
temperatures. We can also note that the QD density is around 1.5 x 10'! cm™ with an average QD
height around 0.9 nm. Finally, an average QD diameter of 8 + 3 nm was determined from the

SEM characterization.

II1.3.2 Comparison of the optical properties between

symmetric and elongated QDs

Concerning the PL properties, different behaviours were observed for sample B7 (symmetric
QDs) compared to the A sample series (elongated QDs). The PL emission energy is found
around 3.73 eV, at 300 K, which is in good agreement with the PL energy found for sample A7
(3.7 eV). The additional PL band at lower energy, observed for the A sample series, is found to
have a much weaker intensity (the PL integrated intensity of the emission between 2.8 eV and
3.4 eV is found to be 7 to 10 times weaker) for sample B7 (Figure III-15(a)).

Temperature dependent PL measurements were also performed for sample B7 and compared
with sample A7 in Figure III-15(b). It is worth noting that the PL spectrally integrated intensity
ratio between 300 K and 9 K is around 10 % for symmetric QDs (B7) which is more than three
times higher compared to elongated QDs (< 3 %). GaN / Alp.sGao.sN (0001) QDashes integrated
intensity ratios were also compared with QDs and about three times lower ratio values were also
obtained for QDashes [25]. This better PL efficiency for symmetric QDs compared to elongated
QDs is attributed to the reduction of their lateral size and thus a lower probability to recombine

non radiatively on surrounding defects.

In stationary conditions (continuous excitation of the sample), the variation of the PL
integrated intensity as a function of temperature can be described by:

Io
1+A.ex (_—Ea)
eXP,T

I(T) = (I11-3)

[87]



Chapter I11. Aly.1Gao.9N quantum dots

where Ip is the intensity at low temperature, E, is the needed activation energy for a non

radiative process and A is a coefficient related to the radiative (t;) and non-radiative (Tnr)

lifetimes [i.¢. Tor = To exp(%) and A = ][28].
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Figure III-15. a) PL spectrum of samples B7 (symmetric QDs) and A7 (elongated QDs) at 300 K. b)
Temperature dependence of the integrated PL intensity for samples B7 and A7. The solid lines represent the
fitting curves.

On Figure III-15(b), the experimental values were fitted using equation III-3 for samples B7
and A7. The values of E. and A are summarized in Table III-2. We can note that E. increases
from 76 meV (for elongated QDs) to 140 meV (for symmetric QDs). This activation energy can
be related to the potential barrier that the carriers have to overcome to reach non radiative
recombination centers. E, was also found to increase while going from QW to QDs (i.e. from 41
meV to 126 meV for GaN QW and QDs respectively [29]), thanks to the 3D carrier confinement.
In our case, we found that E, also increases while going from elongated (A7) to symmetric (B7)

QDs which also confirms the better spatial confinement for symmetric QDs.

Table II1-2. Summary of the main PL properties for sample B7 and A7.

PL Energy emission 1(300K) / I(9K) E.
(eV) X A
at 9 K /300 K (%) (meV)
Symmetric QDs
(B7) 3.8/3.73 10 140 2000
Elongated QDs (A7) 3.78/3.71 2 76 980
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I11.4 Study of the annealing effect by TEM

To get more insight on the annealing effect, at different temperatures, on the QD formation
and heights, a sample dedicated to transmission electron microscopy (TEM) was grown with two
planes of Alo.1GaooN QDs (10 MLs) grown on an Alo7Gao3N (0001) template. The first plane of
QDs, annealed at 740°C, and the second one, annealed above 800°C, are labelled LA-plane
and HA-plane respectively, in the following. Cross-sectional high-angle annular dark-field
imaging in scanning transmission electron microscopy mode (HAADF -STEM) was realized
using a JEOL 2010F (200 KV) microscope. For the high atomic resolution characterization
(Figure I1I-19), a TITAN ULTIMATE 300 KV (MINATEC) microscope was used. Figure I1I-16
shows the HAADF-STEM images taken along the [14-50] zone axis for the LA-plane (Figure
ITI-16(a)) and the HA-plane (Figure III-16 (b) and (c)). In general, Alo.1GaooN QDs composed of
heavier material appear brighter than the Aly7Gao3N matrix. We can also note that for the LA-
plane a continuous 2D layer is observed (Figure I1I-16(a)), contrary to the HA-plane for which
QDs with a truncated pyramidal shape (Figure I1I-16(b) and(c)) are observed. As seen before, on
the AFM and SEM images, elongated QDs are formed when annealed at 740°C (A sample
series; cf. Figure III-2 and Figure I1I-4) while symmetric ones are formed when annealed above
800°C (sample B7; cf. Figure III-14). Noteworthy, in cross section, TEM images of QDs can
originate from the projection and the superposition of several QDs along the thickness of the
TEM sample specimen due to the nm-size lateral dimensions of the QDs. This feature
complicates the observation of a precise QD shape, and thus the exact determination of the QD
dimensions. As the surface area of elongated QDs is three times higher than that of symmetric
ones, the probability of projection and superposition of several QDs along the thickness of the
sample is higher. Consequently, the observation of high density nm-sized elongated QDs on
cross sectional TEM images are even more difficult than in the case of symmetric ones.
Nevertheless, the average height of the QDs can still be estimated. For LA-plane, a height
varying between 3.3 nm and 4.5 nm, giving an average height of 3.9 + 0.5 nm was determined.
For HA-plane, a smaller average QD height of 2.8 nm + 0.4 nm was measured. This last value
for HA-plane is in close agreement with the deposited amount of 10 MLs (~ 2.6 nm), as
introduced in part II1.2.2. It is important to remember that the QD samples with annealing at
740°C showed an asymmetric height distribution with a QD family having higher heights (cf.
Figure III-17). The presence of QDs with higher heights could impact on the average estimation
of the height from the STEM images obtained for LA-plane, which could clarify the higher
average QD height measured in this case compared to HA-plane. As discussed before, those
QDs with higher heights are presumably AlyGaiyN QDs with yai concentration close to 0
(as discussed in part I11.2.2) and which will be labelled Ga-rich QDs in the following, for

[89]



Chapter I11. Aly.1Gao.9N quantum dots

simplicity. Therefore, the QD height reduction for HA-plane is attributed to the evaporation of
these Ga-rich QDs, with higher heights, by annealing at higher temperature. Actually, this
hypothesis is confirmed by comparing the QD height histograms for samples A7 and B7 (QDs
annealed at low and high temperature, respectively). We can clearly see that the height
distribution is modified from an asymmetric to a symmetric distribution and the QD family at
higher heights (Ga-rich QDs) is suppressed (Figure III-17(a)). Also, the main QD family is found
to be at the same average height for sample B7 and A7, around 0.9 nm (AFM height estimation).
It is important to note that this height value (0.9 nm) is not an accurate estimation for the average
QD heights. As discussed before, in the case of Alo.1GaooN QDs, the height estimation from
AFM measurements is not precise due to their small size and very high densities. Also, on AFM
images the wetting layer cannot be measured. Therefore, the AFM histograms underline the
modification of the height distribution when going from asymmetric to symmetric QDs, which is
in agreement with the suppression of the QD family with higher heights (Ga-rich), by GaN
evaporation while the main Alp.1GaooN (n.c.) QD family is found to be at the same average
height, which is equal to the Alo.1Gao 9N deposited amount of 10 MLs (~ 2.6 nm).

Figure III-16. Cross — section high angle annular dark-field imaging in scanning transmission electron
microscopy mode (HAADF-STEM) of Alo.iGao.sN QODs with a) an annealing at low temperature (740°C), and b)
an annealing at high temperature (above 800°C). ¢c) High magnification of image b).

We would like to underline that the formation of Ga-rich QDs, while depositing the
Alp.1GaooN (n.c.) layers, together with the growth of the main Alp.1GaooN (n.c.) QDs family
(with hop equals to the Alp.1GaooN deposited amount), may lead to a composition fluctuation
inside the Alp.1GaooN (n.c.) QDs and / or the presence of another QD family with Al
concentrations higher than the nominal one (named Alo.1GaooN (n.c.) QDs with an Al-rich top)
(cf. Figure III-18).
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Figure I1I-17. a) Height distribution of Alo.1Gas.9sN QDs determined by AFM for symmetric QDs (annealed
above 800°C (HA-plane) and presented by red and white bars) and elongated QDs (annealed at 740°C (LT-plane)
and presented by black and white bars). Elongated QDs were fitted using two Gaussians curves and symm etric
ODs were fitted using one Gaussian curve. b) PL spectrum for symmetric and elongated QDs samples at 300 K.
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Figure I11-18. Schematics presenting the different steps of Alo.1Gao.sN QDs (10 MLs) growth with the
different annealing processes: a) initial growth of an Alo.1Gao.9N 2D layer (before the 2D-3D transition); b) QDs
formed at low annealing (LA) temperature (<= 740°C); c) ODs formed at high annealing (HA) temperatures (>
800°C).

Also, from PL measurements in part I11.2.2, the additional band emission at lower energy
was estimated to be due to Ga-rich (Al,Ga)N QDs with higher heights. Yet, by annealing above
800°C, the relative intensity of this band emission is found to be importantly decreasing (Figure
IT1-17 (b)). In fact, the evaporation rate of GaN is strongly enhanced above 800°C [30]. Clearly,

the annealing steps under vacuum induce some evaporation of GaN [31], i.e. the Ga-rich
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(ALLGa)N QDs emitting at lower energy. Along this view, a fluctuation of the composition of the
main QD family (with an Alo.1GaooN (n.c.) composition) is also expected, i.e. with a higher Al
concentration compared to the nominal value of 0.1. However, since the main PL peaks are
found at a similar energy for samples A7 and B7 (Figure I1I-17 (b)), the average QD composition
is not expected to be strongly modified compared to the nominal value. A tentative explanation
for the preservation of the Alo.1GaooN QDs height and composition integrity during the
annealing procedure at high temperature is attributed to the formation of a thin AIN shell
surrounding the QDs during the initial stage of the annealing process related to growth
mechanisms associated to the modification of the QD morphology by adatom diffusion and GaN
evaporation. Such an AIN layer would then prevent the Alo.1GaooN QDs “core” from any
possible evaporation mechanism during the final annealing steps at higher temperature, keeping
the same QD nominal composition before and after the annealing step. However, at this stage the

presence of such an AIN layer remains to be clarified.

In order to confirm the possible presence of such an AIN layer and get more insight on the
evaporation process under vacuum for (AlL,Ga)N alloys, a sample was grown with three
AlosGaosN (0001) layers of 10 nm (i.e. 39 MLs). After the growth of each layer, an annealing
step under vacuum at 800°C was performed. Different annealing times were applied for the three
layers: 28 min, 5 min and 30 sec for layer #1, #2 and #3 respectively. 8 MLs of GaN were
deposited between the different AlosGaosN layers in order to separate them. This sample was
then characterized by HAADF-STEM in cross section (Figure III-19(a)). After analysing
different images, we can see that the AlosGaosN thickness measured after annealing is
independent of the annealing time within a one ML uncertainty (Table III-3). A thickness around
36 MLs is measured for the three different layers. This means that at a very early stage of
annealing (i.e. within the first 30 seconds at a temperature ~ 800°C) only the composition of the
first 3 to 4 MLs from the surface is modified. In other words, the evaporation process is taking
place only in the first 3 to 4 MLs. This is the result of the formation of an AIN layer which acts
as a protecting layer from any further evaporation process in the under-layers. This AIN layer
can be clearly seen in Figure I1I-19(a) and (c¢) (presented by the red arrows) and its thickness was
estimated to be around 3 + 1 MLs.

Table I11-3. Summary of the measured thickness, using TEM, of a stacking of three Alp.sGao.sN / GaN layers
after different annealing times: 28 min, 5 min and 30 sec performed on the AlysGaosN layers #1, #2 and #3,
respectively. The Alo.sGaosN deposited amount is identical for the three layers and corresponds to 10 nm (39
MLs).

Layer #1 Layer #2 Layer #3
(Annealing 28 min) | (Annealing 5 min) (Annealing 30 sec)
Layer thickness (MLs) 35+ IMLs 36+ IMLs 36 + 1MLs
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Figure I1I-19. a) High resolution HAADF-TEM image along the [11-20] zone axis for a sample grown with
a stacking of three Alp.sGao.sN / GaN layers having a thickness of (10 nm /2 nm) . The three Alp.sGao.sN layers
were annealed at 800°C using different annealing times: 28 min, 5 min and 30 sec for layer #1, #2 and #3,
respectively. The Alo.s Gao.s N layers are separated by 2 nm (8 MLs) of GaN used as a marker layers. b) A profile
of figure (a) along the growth direction. ¢c) High magnification of image a), showing the AIN layer pointed out by
the red arrows.

In the following, we proposed a model in order to further explain the formation of the AIN
layer and how the evaporation process is taking place. Figure III-20 presents a schematic model
of the possible evaporation process steps for the AlosGaosN layer. At the first moments of the
annealing, the (Al,Ga)N surface contains 50 % of Ga atoms and 50 % of Al atoms (cf. Figure
I11-20(a)). Since the GaN chemical bond energy is lower than that of AIN, the Ga evaporates
more rapidly. The evaporated GaN reveals the underlying layers of AlosGaosN, allowing them to
also evaporate (Figure I1I-20(b)). The GaN evaporation from the different under-layers leads to
the gradual formation of an AIN layer on the surface. Once a monolayer of AIN is formed (cf.
Figure III-20(c), green circles), it prevents further evaporation of GaN and stabilizes the

AlpsGaosN surface. In addition, even low, Al adatoms mobility should allow to recover a flat

surface.

a) b) <)
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Figure ITI-20. A possible atomic structure of an Aly.sGao.sN layer at different annealing stages: a) initial
layer, b) first evaporation steps and c) stabilization of the surface due to the formation of an AIN layer. Green
and red circles represent AIN and GaN, respectively.
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In Alo.1GapoN QDs, the evaporation process is probably not following the exact same
scheme, but the formation of a thin AIN shell surrounding the QDs for an annealing at 800°C or
(above) may also be expected. The presence of such a layer would then prevent the Alo.1GagoN
QDs “core” from any evaporation effect that would induce a fluctuation of the nominal
Alo.1GaooN concentration. This is also confirmed by the PL characterization which showed the
same PL energy emission for both low temperature and high temperature annealing (Figure
1I-15 (a)).

The presence of a thin AIN layer is clearly observed on the AlosGaosN layer, however for

Alp.1GaooN QDs the presence of such a layer remains a hypothesis.

Figure III-21. Cross —section HAADF-STEM images of Alo.1Gao.sN QDs with an annealing at a) 740°C, b)
800°C, ¢) 820°C, and d) 840°C.

Finally, TEM characterizations were also performed on different Alo.1GaooN QD (10 MLs)
layers grown at 740°C and annealed at different temperatures: 740°C, 800°C, 820°C and 840°C.

Figure III-21 presents the different QD planes. As discussed before, a clear difference is

observed while annealing at low temperature (~ 740°C) and at higher temperature (> 800°C).
Going from an annealing at 740°C to 800°C, the average QD height is observed to decrease,
from 3.9 nm £ 0.5 nm down to 2.9 nm £ 0.4 nm, due to the evaporation of the second QD family
with higher heights ((Ga-rich QDs), as explained before). For annealing temperatures above
800°C (i.e. 820°C and 840°C), the evaporation rate of the higher Ga-rich QDs is enhanced which
permit to only observe the “main” Alp.1GaooN (n.c.) QDs family with an average QDs height
around 2.6 nm £ 0.2 nm (equal to the deposited amount ~ 2.6 nm). Also, while annealing at
820°C and 840°C the QDs average height seems to be unchanged confirming that no evaporation
process is taking place, inside the QDs, while increasing the annealing temperature. This result
confirms that a mechanism protecting the Alo.iGaosN QDs “core” from any possible
evaporation mechanism is present. This mechanism is tentatively attributed to the formation of
an AIN layer protecting the Alo.1Gao9N QDs as explained before.
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II1.5 Discussion on the different growth procedures

As discussed in this chapter, the shape of the QDs has a drastic impact on the QD optical
properties. It was shown that by performing a growth interruption under vacuum before growing
the QDs, together with the use of an annealing step at high temperature (> 800°C), symmetric
QDs are formed. Importantly, this growth process leads to the suppression of an additional
emission band at low energy. Such a feature involves a redistribution of the surface atomic
arrangement including adatom diffusion and evaporation mechanisms which modify the QD
shape. By in-situ RHEED measurements, it is found to be triggered at around 800°C, as followed
by the increase in the RHEED intensity related to the QD. Importantly, it has been shown that
the evaporation rate of GaN becomes significant in this temperature range. This indicates that
such an annealing step under vacuum also induces some evaporation of GaN. To verify this
point, we have calculated the average volume of a QD and multiplied it by the QD density. This
value was then roughly compared to the Alp.1GaooN deposited amounts. Such a rough
comparison shows that the deposited amount is not strictly conserved and that some evaporation
takes place. However, it is important to note, that due to the very small dimensions of
Alp.1GaooN QDs and the difficulties to determine their precise dimensions, it is quite complicated
to have a high precision in the calculation. Yet, in average, the estimated QD volume was found
to decrease by a factor 2 or 3 from comparing different samples with QDs annealing at low or
high temperature, respectively. This feature could also mean that a fluctuation of the main QD
family with an Alp.1Gao 9N (n.c.) composition could occur. However, since the main PL peaks are
found at a similar energy for samples A7 (elongated QDs) and B7 (symmetric QDs), annealed at
low and high temperatures, respectively, the average QD nominal composition is not expected to
be strongly modified between the two different growth procedures. In fact, as pointed out from
the TEM study (cf. part 111.4), a thin AIN layer could be possibly formed, surrounding the QDs,
which acts as a protecting layer preventing any further evaporation process in the Alo.1GaooN
QDs.

Along this view, the additional PL band emission observed on the A sample series is almost
suppressed by using an annealing step at higher temperature. This additional band emission was
found to be due to fluctuations in the composition and height of the AlyGa;.,N QDs plane,
implying the formation of a second QD family (together with the formation of a main QD family
with a near nominal Alo1GaooN composition). This second QD family is characterized by a
reduction of the yai composition (AlyGai-yN QDs with a composition approaching to GaN “Ga-
rich QDs”) and an increase of the QD height. Also, it is found from the different morphological
characterizations that a high temperature annealing (above 800°C) leads to the formation of a

symmetric QD height distribution together with a symmetric shape (sample B7).
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Putting all these arguments together, we can conclude that by performing an annealing step at
higher temperatures, the QDs with a lower Al concentration (Ga-rich QDs) have a tendency to be
dissolved by the evaporation of GaN. Also thanks to the symmetric QD shape leading to a

reduction of their lateral dimensions, an improvement of the radiative efficiency is also observed.

I11.6 Conclusion

The growth of Alp.1GagoN QDs on (0001) oriented AlosGaosN templates, with a lattice
mismatch of 1 %, has been studied. Changing the growth procedure, especially the annealing
step, has shown to modify the QD shape from elongated QDs, formed with an annealing at
740°C, to symmetric QDs, formed with an annealing at a temperature around or above 800°C.
The variation of the QD deposited amounts from 10.5 MLs down to 6 MLs showed the ability to
cover the deep UV A range, by going from 340 nm (i.e. 3.65 eV) down to 324 nm (i.e. 3.83 eV).
An additional band emission at lower energies was also observed for the whole sample series
grown with a lower annealing temperature of 740°C. By combining morphological and optical
characterizations, this band was attributed to a composition fluctuation in the QD active region
inducing the formation of QDs with a reduced Al composition (less than 10 %), estimated to be
close to “pure” GaN QDs. These QDs were also found to have higher heights compared to the
main Alo.1GaooN QDs family. The formation of different QD characteristics within a QD active
layer was also confirmed by power dependent PL results, showing a blue shift of the PL
emission of more than 180 meV with increasing the excitation power for the QDs emitting at low
energy, whereas no PL energy shift for the emission of the Alp.1GaooN QDs emitting at higher
energy was observed. Calculations of the ground state transition energies as a function of the QD
height and composition were compared to the experimental PL emission energies of the two
peaks. The main peak emissions coming from the Alo.1GaooN QDs were fitted with Fine=2 MV /
cm and the additional low energy emissions were fitted with Fine=~3 MV / cm.

Finally, the influence of the annealing step performed at higher temperature on the additional
low energy PL band (assumed to correspond to Ga-rich (Al)GaN QDs) has been shown, with a
strong decrease (by about a factor 10) of their PL intensity. This feature is attributed to an
adatom rearrangement process including some evaporation of GaN material, leading to the
formation of an array of symmetric QDs with a nominal composition of Alp.1GaooN. Also, the
influence of the QD shape on the radiative efficiency showed an improvement of the
confinement for symmetric QDs, characterized by a three times increase of the radiative

efficiency.
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IV. AlyGaiyN quantum dots (0 <y < 0.4) on AliGa;«N

(0001) (0.5<x <0.7)

After studying and optimizing the growth conditions of Alo.1GaooN / AlosGaosN (0001)
nanostructures in chapter 111, this chapter will be dedicated to the study of Al,Ga; ;N ODs (0 <y
<0.4) grown on ALGa;.xN (0001) (0.5 <x < 0.7) templates with the aim to go deeper in the UV
range. In a first part, the impact of changing x4 (i.e. the epitaxial strain and the electric field) on
the formation of Alp.1Gao.oN ODs will be studied. Then, Al,Ga;.,N ODs composition as well as
the deposited amount will be varied in order to study the range of accessible wavelengths
emission. As a result, the possibility to tune the emission wavelength from the blue down to the
UVC range will be presented. Finally, time resolved photoluminescence measurements were also
performed to investigate the different recombination processes dynamics in AL,Ga; ;N QD

samples and to estimate the internal quantum efficiency at low temperature.

IV.1 Alo.1GaosN QD properties grown on different AlxGaixN (0001)

templates

In chapter III, Alp.1GaooN QDs (nominal concentration (n.c.)) grown on AlosGaosN (0001)
templates were presented. The growth conditions for the QDs were studied showing in particular
an important impact of the QD annealing process on the morphological and optical properties. In
this part, the influence of the AlxGa;.xN template Al concentration on the formation and physical
properties of Alo.1GaooN QDs will be studied as a first step. For this purpose, Alo.1Gao9N QDs,
with 10 MLs deposited amount, were grown, using the optimized growth conditions (presented
in chapter III), on AlxGa;xN (0001) templates with an Al composition varying between 0.5 < x <
0.7. The Alo.1GaooN QDs were grown at 720°C followed by an annealing step at higher
temperature (> 800°C). All the QD planes were grown under N-rich conditions with a III/V flux
ratio of 0.7 and a growth rate around (0.3 + 0.05) ML /s.

As a first step, the QD formation was studied by using RHEED measurements. Figure IV-1,
shows a comparison of the 2D-3D transition of Alp.1GaooN (n.c.) QDs grown on AlxGaixN
(0001) templates with xa1= 0.5 and 0.7. As we can see, by increasing xai, the RHEED intensity
starts to increase, and oscillations disappear, after a shorter deposition time. The critical
thickness for the 2D-3D transition (h2°~3P) can then be deduced showing a decrease of h2P~3P
from (5 £ 0.5) MLs down to (3 £ 0.5) MLs while going from xa1= 0.5 to 0.7. Indeed, the lattice
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mismatch between the QD layer (Alo.1GaooN) and the template (AlxGaixN) increases from Aa/a
=1%to 1.5 % for xa1 = 0.5 and 0.7, respectively.

| h2P3P~ (340.5MLs)

-
[=2]
o
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Figure IV-1. Reflection high-energy electron diffraction intensity recorded during the formation of
Alo.1GaosN QDs grown on Alo.sGao.sN (0001) and Alo.7GaosN (0001) templates.

AFM characterizations were then performed for different samples grown on AlosGaosN and
Alp7Gag3N templates. The observation of small (Al,Ga)N QDs (with lateral dimensions below
10 nm and heights below 2.5 nm) is at the resolution limit of our AFM equipment, and the
determination of their precise morphology is difficult. However, after characterizing different
samples, we found that, as a general trend, by increasing xai in the template, the QD density
slightly increases from 3 x 10" cm™ up to 5 x 10! cm™ and the QD diameter decreases from (20
+ 4) nm to (14 £ 2) nm. Figure IV-2 shows an example of AFM images of Alp.1GaooN QDs
grown on AlxGaixN (0001) with x equals to 0.5 and 0.7.

0 nm

Figure IV-2. AFM images of (0001) Alp.1Gao.sN QDs grown on a) Alp.sGao.sN and b) Alo.,Gao.sN templates.
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Photoluminescence measurements were also performed at 9 K for three Alo.1GaooN (10 MLs)
/ AlxGaixN (0001) samples, with xai equal to 0.5, 0.6 and 0.7, in order to access the QD optical
properties and study the impact of increasing the Al concentration of the template. In chapter 11,
increasing x4 in the template was shown to have an important impact on the optical properties of
GaN QDs, showing a red shift towards lower energies for higher xai (although the formation of
QDs with smaller heights). This behaviour was shown to be due to the increase of the internal
electric field (Fin) in the structure for higher xa1 [1, 2]. For Alo.1GaooN (n.c.) QDs, a different
behaviour was observed. As shown in Figure IV-3, by increasing xaj from 0.5 to 0.7, no PL red
shift was observed. In the opposite, we can observe a blue (UV) shift of the QD PL emission
(from 3.66 eV to 3.76 eV at 9 K while going from xa1= 0.5 to xa1= 0.6). On the other hand, no
significant PL energy shift is observed while going from xa; equal to 0.6 to xai equal to 0.7.
Having a shift towards higher energies, by increasing xai, would be the consequence of the
formation of QDs with smaller heights. However, as it is hard to extract a precise QD height
estimation, it is thus hard to confirm experimentally such assumption (in addition that the
variation of the height would be very small as the PL shift is limited to several tens of meV
only). In order to confirm this point, the fundamental transition energies (E,i_pp1), Were
calculated for Alp.1GaooN (n.c.) QDs grown on AlxGaixN with xai equals to 0.5, 0.6 and 0.7
(similar to the calculation performed in chapter III), the internal electric field values used in the
calculation were estimated around 2, 3 and 3.5 MV / cm, respectively. These values were
estimated based on the values obtained for Alo.1GaooN QDs / AlosGaosN (cf. chapter III) and for
GaN QDs / AlpsGagsN and GaN QDs / AlosGaosN with the same chemical contrast as for
Alo.1GaooN / Alp.sGaosN and Alp.1GaooN / Alo7GaosN (cf. chapter II). If we consider a constant
QD height of 2.5 nm (~ 10 MLs), the calculations indicate an energy red shift of 90 meV, while
going from xa1 = 0.5 to 0.6 and a smaller shift of 20 meV, while going from xa = 0.6 to 0.7.
These calculations confirm that for a similar QD height (~ 2.5 nm) a red shift should be expected
while increasing xal,, however as shown on the PL results a blue shift is observed while
increasing x4, indicating the formation of QDs with smaller heights, for higher xai, and which
are less sensitive to Fin. To conclude, it is observed that no redshift is taking place while
increasing xai (i.e. while increasing the internal electric field). This characteristic is presumably
due to the small average height of the QDs. Indeed for such small dimensions, the PL properties
are less sensitive to the internal electric field since the quantum confined levels are not or at least
only weakly affected by Fin: typically, for QDs with a height equal to or below 2 nm, the
influence of Fin is negligible (cf. Figure IV-4). This feature is also correlated to the absence of a
PL shift in power dependent PL. measurements, which showed no PL energy shift for Alo.1GaooN
QDs (cf. chapter I11-2.2).
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Figure IV-3. a) PL spectrum at 9 K and b) temperature dependence of the integrated PL intensity for
Alo.1GaosN QDs (10MLs) grown on AlxGaixN (0001) (0.5 <x<0.7).

Temperature dependent PL measurements were also performed, for the three samples, to
have insights on the radiative efficiencies and thus on the internal quantum efficiency (IQE). As
shown in Figure IV-3, the PL intensity remains stable at low temperature (up to 120 K), then a
decrease is obtained while reaching higher temperatures. As discussed before, this decrease is
mainly attributed to the escape of excitons from the QDs through the wetting layer, which
increases the probability to recombine none radiatively with dislocations. However, different
behaviours are observed between 80 K and 160 K among the three samples. We can see that by
increasing the Al content in the template, the intensity, which remains constant at low
temperature, tends to slightly increase between 80 K and 160 K before decreasing again at higher
temperatures. This behaviour is similar to the one observed for GaN QDs on AlxGaixN (0001)
(0.5 <x<0.7). As discussed in the case of GaN / AlxGaixN QDs (cf. Appendix A), this could be
due to a crossover of the I'g - I'; valence band maxima in the hole ground state of Alp.1GaooN
QDs together with a redistribution of the carriers, leading to a redistribution of the emission
cones. This crossover is amplified while increasing the chemical contrast between Alo.1GagoN
QD layer and the AlxGaixN template due to the increase of the biaxial compressive strain and of
the internal electric field. Indeed, it was shown in a previous study on GaN / AlyGaixN QWs a
change of the hole ground state from I'g to I'7 by increasing the QW width (i.e. equivalent to the
QD height in our case) at different xa1 compositions [3]. It was also shown that the higher the
electric field value in the QW (i.e. higher xai in the barrier), the larger the I'7 domain (i.e. the hole
base state becomes I'7) [3].
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Figure IV-4. Band structures with the electron and hole wave functions and the first energy levels in
Alo.1GaosN OW / Alo.sGao.sN (0001) system with Fiu=2 MV / cm and QW height equal to a) 1.5 nm and b) 3.5
nm.

The integrated intensity ratios between 300 K and 9 K were measured: ratios of 10 %, 46 %
and 13 % were obtained for xai = 50 %, 60 % and 70 %, respectively. At this stage, an
improvement for QDs grown on Alop¢Gao4N compared with QDs grown on templates with xaj
equal to 50 % and 70 % is found, which origin is not clear. However, as will be discussed in the
following parts, we believe that there is a competition between two mechanisms leading to

opposite behaviours while increasing xai of the AlyGaixN template:

1) The increase of Fint while increasing xai, which causes a decrease of the electron and hole
wavefunctions overlap and thus an increase of the radiative lifetime and a decrease of the
radiative efficiency (for similar non radiative lifetimes).

2) The decrease of the QD size (their diameters and possibly their height as discussed
before and as shown for GaN QDs (cf. Chapter II)) while increasing xai, which
decreases the probability to have a dislocation inside the QD and also increase the electron
and hole wavefunctions overlap (for QDs with smaller heights). As a consequence, an

increase of the radiative efficiency can be expected. However, if the QD size becomes
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“ultra” small, large parts of the electron and hole wavefunctions spread in the barrier or any
wetting layer, which negatively impacts the radiative efficiency due to the very high

dislocation densities.

To summarize, based on AFM and PL measurements, we can determine that by increasing
xal from 50 % to 70 % in the AlxGa;xN template, the QD size (height and diameter) decreases,
which improves the radiative efficiency, and their density increases. However, the internal
electric field also becomes more important, which induces an electron-hole wavefunctions
separation and can favour a decrease of the radiative efficiency. Finally, a compromise between
the size of the QDs and Fiy is important to improve the radiative efficiency (i.e. the IQE). In
other words, moderated QD size embedded in a barrier with a moderated chemical
contrast is necessary to improve the IQE. In our case, this compromise is found to be in the
Alo.1Gap 9N / Alp.sGao4N system (i.e. a chemical contrast, between the QD layer and the barrier,
of 0.5), which showed a room temperature internal radiative efficiency of 46 %. This
assumption will be further discussed and confirmed in parts IV.2.1 and IV.2.2.

Finally, if we assume a near unity quantum efficiency at low temperature (as the PL intensity
remains stable at low temperature), the integrated intensity ratio between 300 K and 9 K can be

seen as a realistic approach for the estimation of the internal quantum efficiency (IQE) at 300 K.

IV.2 Wavelength tunability (from blue to UVC range)

IV.2.1 Impact of increasing yai in the QD composition (from
10 % to 20 %)

In this part, we will study the effect of the Al concentration in the AlyGaiyN QDs on their
morphological and optical properties. As a first step, AlyGaiyN QDs / Alp7GaosN (0001)

samples with 10 MLs deposited amount and yai of 0.1 and 0.2 (n.c.) were studied and compared.

Figure IV-5(a) and (b) present typical AFM images for Alo.1GaooN QDs and Alp2GaosN
QDs. By analyzing different samples, high QD densities are observed, between 2 x 10'! cm and
5 x 10" ¢cm™, with a tendency to get higher densities for Alp,GaosN QDs. Also, the QD
diameters were found to vary between 10 nm and 20 nm, and the QD heights between 1 nm and
2.5 nm with a tendency to get smaller QDs for Alo2GaosN composition. In fact, as the Al adatom
mobility is lower than the Ga one, we can expect that increasing the Al concentration leads to an
increase of the QD nucleation centers and therefore to a rise in their densities and a reduction of
their size. Indeed, it has been shown that kinetics play an important role in the formation

mechanisms of GaN QDs, strongly influenced by surface diffusion [4]. To have more insight on
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the QD height, HAADF - STEM characterizations were performed (Figure IV-5 (c and d)). As a
general trend, a variation of the QD height between 1.5 and 3 nm was determined with an
average QD height around (2.5 £+ 0.4) nm (close to the AlyGaiyN deposited amount of 10 MLs ~
2.6 nm). In the next part (part 1V.2.2.1), HAADF - STEM characterization for different QD

layers with yai varying between 0.1 and 0.4 will also be compared.

0nm
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Figure IV-5. AFM and cross sectional TEM images of Alo.1 Gao.s N QDs (a and c, respectively), and
Alo.2Gao.sN ODs (b and d, respectively).

PL measurements of the samples were first characterized at room temperature. Figure IV-6(a)
shows a shift from 3.72 eV (333 nm) to 3.95 eV (314 nm) while increasing the AlyGa;.yN QD Al
nominal concentration from 10 % to 20 %. Temperature dependent measurements also showed
an integrated intensity ratio between 300 K and 9 K of 12 % and 30 % for yai equal to 10 % and
20 %, respectively. This difference indicates a better confinement in Alp2GaosN QDs /
Alp7GaosN (0001) system, with lower chemical contrast between the two layers. As the chemical
contrast in Alp2GaosN / Alp7GaosN (0001) system is lower compared to the Alo.1GaooN QDs /
Alo7Gao3N one, a lower value of Fiy is also expected, which favours a better electron and hole
wavefunctions overlap (for similar QD heights). It is important to note that in part IV.1, the best
integrated intensity ratio was obtained in the case of Alo.1GaooN (n.c.) QDs / Alo.sGaosN (0001)
system (Figure IV-3 (b)), which contains a similar difference in the Al concentration as for

[106]



Chapter 1IV. Al,GaiyN quantum dots (0 <y < 0.4) on AlxGa;.xN (0001) (0.5 <x<0.7)

Alp2GapsN (n.c.) QDs / Alp7GapsN system (i.e. a similar chemical contrast in the Al
concentration difference and a lattice mismatch of 1.2 %). This confirms that a moderated

chemical contrast (i.e a moderated Fint) should be favoured to improve the radiative efficiency.
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Figure IV-6. a) Room temperature PL spectra and b) temperature dependence of the integrated PL intensity
Jfor Alp.1Gao.sN and Aly.2Gao.sN QDs grown on Alp.;GaosN (0001).

To conclude the last parts (IV.1 and 1V.2.1), it was shown that increasing the Al content in
the barrier induces a slight UV shift of the QD emission (attributed to the formation of smaller
QD heights). It was also shown that by increasing yai (n.c.) in the AlyGai;yN QD layer from 0.1
to 0.2, a blue (UV) shift (from 333 nm down to 314 nm) is obtained. Finally, I(300K) / I(9K)
ratios varying between 10 % and 46 % were found, with the higher values obtained in AlyGa;yN
/ AlxGaixN (0001) system with an Al concentration difference of 0.5 (i.e. Alo.1GaooN /
AlosGaosN (0001) and Alo2GaosN / Alp7GaosN (0001); corresponding to a lattice mismatch ~
1.2 %). These results point at a compromise between the size (height) of the QDs and the value

of the internal electric field that is necessary to improve the radiative efficiency.

IV.2.2 AlyGaiyN QDs with an Al composition variation from
10 % to 40 %

1V.2.2.1 Morphological properties

In this part, the AlyGai.yN QDs composition as well as the deposited amount will be varied in
order to assess the range of emission energies accessible, with the aim to go deeper in the UV
range. In order to compare the different QD samples, the mainly used AlxGaixN template
in this section will be Alo.7Gao3N (0001). The Al concentration of the template was chosen to

get a good compromise between a sufficient strain (to allow the 2D-3D transition; Aa/a > 0.7 %)
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and a minimized Al concentration (to allow efficient n-type doping in a complete LED

structure).

As a first step, the growth of AlyGai.yN QDs on Alo7Gao3N (0001) systems with yai (n.c.)
equals to 0.1, 0.2, 0.3 and 0.4 was studied in-situ using RHEED measurements. As we know,
increasing yar from 0.1 to 0.4 induces a decrease of the lattice mismatch (Aa/a) with the
Alp7GaopsN template, from Aa/a equals to 1.5 % down to 0.75 %. This change impacts the
formation of the QDs. For this reason, the critical thickness for the 2D-3D transition (h2P~3P)
was first studied for the four QD systems (Figure IV-7) showing an increase of h2~3P from (3 +
0.5) MLs to (4 = 0.5) MLs while going from Alo.1Gao 9N to Alo.4GaoeN (n.c.) QDs.

——Al,Ga, N QDs
——Al ,Ga N QDs
200 —a Ga, NaDs
—— Al ,Ga, )N QDs

W2~ 3406 MLs—

-

(=}

o
L]

2D-3D
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Figure IV-7. Reflection high-energy electron diffraction intensity recorded during the formation of Al,Gai.
yIN ODs with 0.1 <y < 0.4 on Alo.7Gao.3N, with an estimation of the critical thickness for the 2D-3D transition
(2)

AFM measurements were also performed on Alp3Gao7N QDs and Alo4GaosN QDs (Figure
IV-8). By analyzing different images, high QD densities are observed between 3 x 10'' cm? and
up to 9 x 10" cm™ with a slight tendency to get higher densities for AlpsGaosN QDs. It is
important to note that the QD density also increases as a function of the deposited amount (as
observed in chapter III). However, we can also note that by increasing yai, the observation and
the characterization of such small QDs with high densities become complicated as we get closer
to the limits of the AFM resolution. In fact, as the QDs density increases and their lateral
dimensions decreases (~ 10 nm which is comparable to the tip radius (~ 7nm)), it leads to

important convolution effects which affect the apparent shape of the QDs.
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Figure IV-8. AFM images of (0001) a) Alo.3Gao.;N QDs and b) Alo.4Gao.sN QDs.

To have more insight on the QD size for the different ya compositions, a sample dedicated to
TEM studies was grown. This sample contains four layers of AlyGaiyN QDs with yai equals to
0.1, 0.2, 0.3 and 0.4 for layer 1, 2, 3 and 4 respectively. The same deposited amount of 10 MLs
was used for the different layers. They were grown using the optimized growth conditions
presented in chapter I11.3.

Figure IV-9 presents a high-angle annular dark-field imaging in scanning transmission electron
microscopy mode (HAADF-STEM) for the four layers. From the different images, average QD
heights of (2.6 + 0.27) nm, (2.5 £ 0.24) nm, (2.44 + 0.23) nm and (2.4 + 0.4) nm for yai equals to
0.1, 0.2, 0.3 and 0.4 were extracted, respectively. From these QD height distributions, no
significant variation in the QD height is observed between the different layers. Therefore, we can
conclude that the average AlyGai;yN QD height is in close agreement with the AlyGa;.yN
deposited amount of 10 MLs (~ 2.5 nm).

Figure IV-9. HAADF-STEM images for a) Alo.iGaosN ODs (layer 1), b) Alo.2Gae.s N QDs (layer 2), c)
Alo3Gao.7N QDs (layer 3) and d) Alp.«Gao.sN QDs (layer 4), grown on Alo.;GaosN (0001).

1v.2.2.1 Optical properties

Different samples were then grown with different AlyGaiyN QD nominal deposited amounts
(from 5 MLs up to 12 MLs) and nominal Al compositions (yar ranging from 0.1 and up to 0.4) in

[109]



Chapter 1IV. Al,GaiyN quantum dots (0 <y < 0.4) on AlxGa;.xN (0001) (0.5 <x<0.7)

order to assess the range of emission energies accessible by AlyGaiyN QDs. Figure IV-10
summarizes the emission of the different samples at low temperature. We can see that by varying
the growth conditions (i.e. the QD composition and size), the wavelength emission can be tuned
from the UVA down to the UVC range (~ 270 - 280 nm). As expected, the wavelength emission
decreases as a function of yaj and while decreasing the QD deposited amount. We can also note
that the blue (UV) shift is enhanced as a function of the QD deposited amount for higher yai
concentrations (Figure IV-10). As we can see for Alo.1Gao9oN (n.c) QDs, a UV shift around 90
meV (i.e. from 332 nm down to 324 nm at 9 K) is observed while going from 8 MLs down to 6
MLs. On the other hand, for Alp.4GaosN (n.c.) QDs, a blue (UV) shift of 390 meV (from 294 nm
down to 269 nm at 9 K) is observed while going from 8 MLs down to 6 MLs. As the deposited
amount is nearly equal to the average QDs height (as observed from TEM images in the last
part), we would expect a smaller energy shift as a function of the QD height while increasing ya.
Indeed, as the lattice mismatch between the template and the QD layer is lower than for
Alp.1GagoN (n.c.) QDs (i.e. Fint is expected to be reduced in the AlosGaosN (n.c) QDs /
Alp7Gag3N system compared to the Alo.1GagoN (n.c) QDs / Alo7GaosN and Alo.1GaooN (n.c)
QDs / AlosGaosN systems) we could then expect a smaller energy shift, as a function of the QD
height, while increasing yar. However, as seen on Figure IV-10, the energy shift, as a function of
the deposited amount is enhanced while increasing yai. Interestingly, such a behaviour was also
observed in other studies on AlyGa;.yN QDs / AIN systems [5, 6]. The origin of this behaviour is
not clear yet. However one possible interpretation could be as follows: as the compressive strain
(i.e. the lattice mismatch), between the AlyGai.yN QD layer and the AlxGaxN matrix, decreases
while increasing the value of yai, the QD height could also be impacted and slightly vary,
implying that for AlyGa;yN QDs with higher Al concentration, the average height would be
lower than the deposited amount. However, based on the TEM images, this variation would be
very small (an average QD height difference of 0.2 nm between yai equals to 0.1 and 0.4 (cf.
Figure 1V-9)) and difficult to be confirmed due to the QD height distribution. Also, it is
important to note that different features can play a role on the PL energy emission as the value of
the internal electric field and possible enhancement of localization effects for QDs with higher
yai (Al-rich QDs).
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Figure IV-10. Variation of the emission wavelength (i.e. energy) as a function of the QD deposited amount
and composition. All the samples presented here were grown on Alo.7GaosN (0001) templates except Aly.1Gao.sN
ODs which were grown on both Aly.sGaosN and Alp.;GaesN (0001) templates.

To have more insights on the radiative efficiency and thus the internal quantum efficiency
(IQE) of AlyGaiyN QDs, room temperature PL measurements were compared to low temperature
ones, through our series of samples. The different values are summarized in table IV.1. We can
note that, for the same QD deposited amount, increasing yar induces an increase of I(300K) /
I(9K) ratio (i.e. going from yajequals to 0.1 to 0.2, with 10 MLs QD deposited amount, [(300K) /
I(9K) increases from 13 % to 30 %. Also, while going from yai equals to 0.3 to 0.4, with 6 MLs
deposited amount, [(300K) / I(9K) increases from 11 % to 30 %. The PL temperature dependent
spectrums for the last two samples are presented in Figure IV-11. This behaviour can be seen as
a direct manifestation of Fiy on the electron and hole wavefunctions overlap and thus the
radiative efficiency. Indeed, while increasing the value of yaj, the lattice mismatch between the
QD layer and the template decreases and thus Fiy¢ also decreases, which induces a better electron
and hole wavefunctions overlap and increases the radiative efficiency. However, at others
deposited amounts (while going from ya; equals 0.3 to yai equals 0.4, with 7 MLs and 8 MLs
deposited amount), an opposite behaviour can be observed indicating that the internal electric
field is not the only parameter which modifies the radiative efficiency. For instance, the
structural quality of the AliGaixN matrix could also play a role in the PL intensity ratio as

shown in the GaN / AlxGaixN system, grown using a plasma N> source (cf. chapter II).
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Figure IV-11. Temperature dependent PL spectrums between 9 K and 300 K for a) Alp.3Gao.;N QDs and b)
Alo.aGao.sN QDs grown in an Alo.;GaosN (0001) matrix. The PL emission at high energy (~ 4.9 eV) is originating
from the Aly.;Gao.sN barrier.

We can also note that for each Aly;GaiyN QD nominal composition, the [(300K) / I(9K) ratios
vary between ~ 10 % and 30 % as a function of the QD deposited amount (cf. Table IV-1). This
behaviour could be related to the impact of the QD size on the radiative efficiency. In fact,
decreasing the QD height increases the electron and hole wavefunctions overlap. However, if the
QDs are very thin and small, the overlap of the carrier wave functions with the surrounding
(defective) barrier layers could also increase. Therefore, a weaker confinement of the excitons
inside the QDs can be expected, similarly to the case of Alp.1GaooN QDs / AlosGaosN [7] and
thin and small (1122) oriented GaN QDs / AlosGaosN [8]. In agreement with what we observed
before, we can conclude that a compromise between the size of the QDs and the value of Fiy is
important to improve the radiative efficiency (i.e. IQE) of the samples. The maximum efficiency
of AlyGai.yN QDs was found to be for a deposited amount of 10 MLs, 7 MLs and 6 MLs for yai
(nominal concentration) equals 0.2, 0.3 and 0.4, respectively (c.f. Table IV-1). Figure 1V-12
summarizes the PL emission spectral range, at 300 K, for the different Al;GaiyN QD samples (0
<y < 0.4), showing the possibility to tune the wavelength emission from 423 nm (using GaN
QDs) down to 275 nm (using Alp.4GaoesN QDs).

Finally, Alo4GaosN QDs emitting at 275 nm, at 300 K, were compared to a sample with an
Alp4GaosN quantum well (QW) emitting at the same wavelength. We can clearly see on the
temperature dependent measurements (Figure IV-13), that using QDs improve the radiative
efficiency of UVC emitters, thanks to the 3D confinement of excitons, inside the QDs, with
I(300K) / I(9K) up to 30 % compared to 0.5 % for the QW.
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Table 1V-1: Description of the different Al,GaiyN QDs samples grown on Aly.;GaosN (0001) templates,
studied in this section including: lattice mismatch between the QD layer and the template, the AlyGai.yN deposited
amount, the emission wavelength at room temperature and the integrated PL intensity 1(300K) / I(9K) ratios.

QD samples Lattice mismatch Deposited amount Emission wavelength 1(300K) / 1(9K)
(%) (MLs) (nm) (%)
Al, ;Ga, ;N (QD-1) 1.5 10 333 13
Al, ,Ga, ;N (QD-2) 1.2 8 314 5
Al, ,Ga, ;N (QD-3) 1.2 10 314 30
Al, ,Ga, ;N (QD-4) 1.2 12 329 -
Al, ;Ga, ;N (QD-5) 1 5 293 17
Al, ,Ga, ;N (QD-6) 1 6 298 11
Al, ;Ga, ;N (QD-7) 1 7 301 26
Al, ,Ga, ;N (QD-8) 1 8 304 20
Al, ;Ga, ;N (QD-9) 1 12 328 -
Al, ,Ga, (N (QD-10) 0.75 6 275 30
Al, ,Ga, ;N (QD-11) 0.75 6.5 288
Al, ,Ga, (N (QD-12) 0.75 7 286
Al, ,Ga, (N (QD-13) 0.75 8 301 10
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Figure IV-12. Room temperature PL spectra for Aly,GaiyN QDs (with 0.1 <y < 0.4) and comparison with
GaN QODs (studied in chapter II). The samples with y. > 0 are grown on Alo.;Gao.s:N (0001) templates.
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Figure IV-13. Temperature dependence of the integrated PL intensity for Alp.«Gao.sN QDs versus an
Alo.sGao.sN QW emitting at 275 nm.
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Figure IV-14. Calculated transition energies at 9 K as a function of the Al,Gai.,N QD height using different
Fint values for: a) Alo.3Gao.;N / Alo.;GaosN (0001) and b) Alo.«Gao.sN / Alo.7Gao.sN (0001) systems. The full circles
represent the main experimental PL energies.

In order to get more insights on the internal electric field values in Alp4GaosN / Alp.7GaosN
and Alo3Gao7N / Alp7GaosN systems, the experimental PL energy values of the different
samples were then compared to the calculated fundamental energy transition (Egzq_ppq), for
different internal electric field values (Fint) and QD heights (similar to the calculation performed
in chapter III on the Alp.1GaooN (n.c.) QDs / AlosGaosN (0001) system). For Alp3Gao 7N (n.c.)
QDs / Alp.7Gao 3N, the best fit with the experimental points is obtained for Finy =2 + 0.5 MV / cm
(cf. Figure IV-14(a)). This value is similar to the value obtained for the Alp.1GaooN (n.c.) QDs /

AlpsGagsN system (studied in chapter III), with a similar chemical contrast between the QD
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layer and the matrix. We can also see that the PL emission energies for the different Alo.3Gao.7N
QD samples are found above the strained band gap energy of Alo3GaosN, which confirms that
for small QD heights (typically < 2nm), Fix has a minimized influence on the PL energy
emission, in agreement with our previous results in chapter III. On the other hand, surprisingly,
for the AlosGaosN (n.c.) QDs / Alo7GaosN system, we can see that the experimental points
cannot be well fitted with any Fin values (cf. Figure IV-14(b)), accounting for possible
fluctuation in the QD sizes and/or Al composition as a function of the AlyGaiyN deposited

amount.

IV.3 Study of the PL decay time and IQE estimation from time

resolved photoluminescence

Time resolved photoluminescence (TRPL) measurements were also performed at low
temperature on AlyGa;yN QD samples (0.1 <y < 0.4) in order to study the PL kinetic processes
and to reveal the different recombination processes dynamics of the samples as performed on
GaN QDs (cf. Chapter II). The third and fourth harmonic of a mode-locked titanium-sapphire
(Ti:AlxO3) laser were used, with a wavelength of 266 nm and 196 nm, respectively, a pulse width
of 100 fs and a repetition rate which can vary between 80 KHz (12 ps) and 82 MHz (12 ns). As
discussed in chapter II, GaN QDs showed slow decay times (~ us range), and for this reason a
weak repetition rate of 80 KHz (12 us) was used to ensure a complete decay of the PL and avoid
the accumulation of electron-hole pairs from one pulse to another. For AlyGaiyN QDs (y > 0),
the decay times are much slower (in the ns range, as will be shown in this part), so the repetition
rate was adjusted at higher frequencies (i.e. shorter repetition times) than the one used for GaN
QDs. In fact, a very long repetition time can lead to a red shift of the PL energy peaks. In this
part, the repetition rate is adjusted between 800 KHz (1.25 us) and 82 MHz (12 ns).

Here, we will indirectly study the influence of the internal electric field (by changing the
AlyGaiyN QDs composition) and the QD size (height) on the decay times. Also, the IQE at low

temperature will be estimated for the samples using a model developed by Iwata et al. [9].

The experiments were performed by T. H. NGO, T. Q. P. Vuong, P. Valvin and B. GIL (for

whom the credit should be given) at Charles Coulomb laboratory.

IV.3.1 AlyGaiyN QDs emitting in the blue-UVA range (0 <y <
0.2)

As a first step, TRPL measurements were performed using the third laser harmonic on
Alo.1GagoN and Alp2GaosN QDs grown on Alp7Gao3N (0001) template, with 10 MLs (= 2.6 nm)
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deposited amount, (sample A and B, respectively) and compared with GaN QDs / Alo.7Gao3N
(0001) (presented in chapter II). As we can see on Figure IV-15(a), the PL transients of the
samples are also ruled by a double exponential decay, a fast decay component and a longer one.
The spectrally integrated temporal intensity for the different samples was fitted with a double

exponential using equation [V-1:

t

) (IV-1)

Tslow

I(t) = Afastexp (_ ) + As1ow€XP (_

Tfast

where Tgow and Tms refer to the slow and fast decays and Asiow and Ams represent the

coefficients of slow and fast recombination processes, respectively.

As explained in chapter II, the origin of this bi-exponential behaviour was studied by Iwata et
al. [9] on (AL,Ga)N / AIN (0001) quantum wells. They developed a model which considers that
the samples are composed of purely radiative regions while other regions are plagued by non
radiative recombination centers. In this picture, tsow corresponds to the radiative lifetime, while

Trast contains both radiative and non radiative components. This last one can be expressed as:

1 1

+— (IV-2)

Tfast Tslow Tnr

Based on Iwata’s model, radiative and non-radiative channels are taken into account at low

temperature and the IQE at low temperature (LT) can then be calculated using:

]QE — AfastTrasttAslowTslow (IV-3)

(AfasttAsiow)Tslow

As presented in Figure IV-15(b), we can clearly see that going from GaN to AlyGaiyN QDs ,
the radiative decay time (1: = Tslow) 18 found to strongly decrease to the ns range compared to the
us range for GaN QDs (Figure IV-15(b)). This behaviour is mainly seen as the consequence of
the reduction of QD heights and of Fiy in the case of AlyGai.yN QDs compared to GaN QDs,
which induces a better wavefunction overlap. In the same way, the non radiative decay time
values (Tqr) are observed to decrease when going deeper in the UV range (i.e. going from GaN to
Alp2GaosN QDs and decreasing the QD height; with an average height around 3.5 nm for GaN
QDs and around 2.5 nm for Alo2GaosN QDs), which means that non radiative processes are
more significant in active regions with smaller QDs or higher Al concentration (AlyGai.yN with y
> 0). The IQE values at low temperature were also calculated and lower values were observed
for AlyGai.yN QDs (with y = 0.1 and 0.2), with IQE values around 30 %, compared to GaN QDs,
with IQE values around 50 %. These behaviours can be seen as a consequence of an increasing
overlap of the carrier wave functions with the surrounding defective barrier layers and therefore
a weaker confinement of the excitons inside the QDs. This was also observed in the case of small
(1122) oriented GaN QDs [8].
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Figure IV-15: TRPL spectra at low temperature for Alo.1GaosN and Alo.2Gao.sN QDs grown on Alo.7GaosN
(0001) template. b) Internal quantum efficiency (IQE) (deduced using eq. IV-3), radiative (equal to tsiow) and non
radiative (deduced using eq. IV-2) decay times for Al,Gai,N (0 <y < 0.2) QDs.

IV.3.2 AlyGaiyN QDs emitting in the UVB-UVC range (0.3 <y
<0.4)

In this part, three AlyGayN / Alo.7GaosN (0001) samples emitting in the UVB - UVC range
were studied. For this series of samples, the fourth harmonic of the Ti: Sapphire laser (196 nm)
was used in order to have a high enough excitation energy compared to the QD emission energy.
The three samples are: Alo4GaosN QDs with 8§ MLs (sample C) and 6 MLs (sample D)
deposited amount and Alp3GaosN QDs with 6 MLs (sample E). The impact of the heights of the
AlyGaiyN QDs at a given chemical contrast as well as the variation of the chemical contrast at
constant QD height on the decay times will be studied.

In Figure IV-16 are plotted the evolution of radiative and non-radiative decay times against
the average value of the PL energy at 8 K. The impact of the heights of the QDs at a given
chemical contrast between the QD layer and the Alo7Gao3N barrier is indicated by an oblique

arrow as well as the influence of the variation of the chemical contrast at constant QD height.

We can clearly see that decreasing the height of Alo4GaosN QDs (from 8§ MLs to 6 MLs)
induces a decrease of the decay times. Similarly, decreasing Fiy (i.e. going from yai equal to 0.3
to yal equal to 0.4 and so decreasing the chemical contrast (Axy) with the Alg7Gao3N (0001)
barrier) also leads to a reduction of the decay times. Obviously, the observed trend is the
signature of the Quantum Confined Stark Effect, inducing a better wavefunction overlap for

thinner QDs and smaller Fin:.
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We have to emphasize that at the repetition rate of the laser (82 MHz), the decay time of
sample C with 8 MLs of Alo4GaosN deposited amount is not accurately measured and that a
lower repetition rate could give slightly longer values. Unfortunately, pulse-peaking the 196 nm
radiation of the laser did not deliver high enough power to deal with a signal to noise ratio

adapted to the experimental measurement.
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Figure IV-16. Radiative and non radiative decay times at 8 K of different Al,Gai,N QD active regions as a
function of the emission energy.

Finally, in Figure IV-17 are reported the 2D representations of the temporal dependence of
the photoluminescence wavelength at low and room temperature for Alp4GaosN QDs (sample C)
and Alp3GaosN QDs (sample E). The upper (respectively lower) row corresponds to
measurements at 8 K (respectively 300 K) of the time-resolved photoluminescence intensity.
Note that decays at room temperature are plotted in the 0 to 5 ns range for 300 K and in the 0 to

10 ns range at low temperature.

From the left side to the right side figures, the decay time decreases as the average height of
the quantum dots decreases (cf. Figure IV-17 and Table IV-2). In Figure IV-17(c) and (d) are
reported the temporal dependence of the photoluminescence energy at room temperature.
Compared with the situation at low temperature, both the decay times decrease as well as the
intensities decrease when increasing the temperature as an evidence of the existence of non-

radiative recombination channels.
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Figure IV-17. 2D representations of the temporal dependence of the photoluminescence wavelength at 8 K
and 300 K for Alo.4Gao.sN (sample C) and Alp.3Gao.7N (sample E) QDs.

IQE values at low temperature were also calculated using equation 1V-3, and the different
values are summarized in Table IV-2. We remark that the higher IQE (66 %) is obtained by
using QDs embedded in a barrier with a moderate chemical contrast (6 MLs deposited
amount Alo.4GaosN QDs / Alo.7Gao.7N with Ax.y = 0.3). In that case, both the lattice mismatch
and the QD height are reduced which limits the impact of the Quantum Confined Stark Effect. It
appears that this is a text-book behaviour as increasing the alloy composition increases the
carrier localization that is to say the proportion of radiative recombination relatively to the non-
radiative recombination; but the departure of the IQE of our best sample from 100 % indicates
that optimization of the quality of these aluminium rich Alo7Gao3N barrier layers is still to be

reached.
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Table IV-2 : Summary of the main optical properties (energy emission, decay times and IQFEs) for Alo.4Gao.cN
ODs (8 MLs and 6 MLs) and Aly.3Gao.:N QDs (6 MLs) grown on Aly.;GaosN (0001).

Sample design PL energy | 1, Tar IQE I300K) /
at8K (eV) | at 8K (ns) | at 8K (ns) | at 8 K (%) | I(8K) (%)
8 MLs Alp4GagsN (Sample C) 4.18 4 1 52 10
6 MLs Alp.4GaosN (Sample D) 4.66 0.60 0.15 66 30
6 MLs Aly3GaosN (Sample E) 4.18 2.27 1.4 50 11

IV.4 Conclusion

This chapter was divided into three parts. In the first one, the influence of the Al composition,
in the AlxGaixN template, on the Alp.1GagoN QDs formation was studied. It was shown that by
increasing xai (i.e. increasing Fin), no red shift of the PL emission was observed (contrary to
GaN QDs, cf. chapter II). However, a slight blue (UV) shift is observed (attributed to the
formation of slightly smaller QDs). This result confirms that for small Alo.1Gao9oN QDs, the PL
energy emission is mainly insensitive to Fin. Temperature dependent PL measurements showed
that growing a moderated QD size (h ~ 2 - 2.5 nm) embedded in a barrier with a moderated
chemical contrast (Ax.y) is necessary to improve the radiative efficiency, with I(300K) / I(9K)
ratio reaching 46 % in the Alo.1GaooN / Alp.cGao.4N (0001) system.

In the second part, the AlyGa;.yN QD compositions as well as the deposited amount were
varied in order to assess the range of emission energies accessible, with the aim to go deeper in
the UV range. By tuning these growth conditions, the wavelength emission was shifted from the
UVA down to the UVC range, reaching the targeted wavelength emission of 270 - 275 nm with

a radiative efficiency of 30 % versus 0.5 % in a similar QW structure.

In the third part, the different recombination process dynamics were studied using time
resolved photoluminescence measurements (TRPL). The radiative decay time was found to
strongly decrease from the ps range down to the ns range while going from GaN to AlyGa;.yN
QDs in part as a consequence of the strong reduction of Fiy.. IQE values at low temperature were

also estimated, using TRPL measurements, reaching values between 50 % and 66 %.
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V. Prototype demonstration of AlyGa;yN quantum

dots based UV LEDs

In the last chapter, the performances of Al,Ga;.,N QDs to emit down to the UVC range with
better PL radiative efficiencies compared to QWs was shown. In this chapter, we will show the
ability to fabricate electrically injected Al,Ga;.,N QDs-based UV LEDs. First of all, the different
growth and fabrication steps for QDs-based LEDs will be presented. LEDs with GaN QDs (as
an active region) are first studied, showing an EL emission in the near blue-UVA range (from
415 nm down to 360 nm). In a second part, prototypes of Al,GaiyN (var = 0.1 and 0.2) ODs
based UV LEDs emitting down to the UVB range (~ from 335 nm down to 305 nm) will be
presented. The electrical and electro-optical characteristics for the different LEDs will be
shown, along with the electroluminescence characteristics and the light output variation as a
function of the current density, giving insights on the carrier injection and recombination

mechanisms in these LED:s.

V.1 Introduction

In the previous chapters, we have shown the interest of using AlyGai;.yN QDs in order to
improve the photoluminescence radiative efficiency in the UV range by minimizing the negative
influence of non-radiative defects. These results are promising for AlyGa;.yN QDs as potentially
good candidates for active regions of UV light emitting diodes (LEDs) in order to improve their
internal quantum efficiencies (IQE). However, for electrically pumped UV-LED devices,
additional limitations are present, as discussed in chapter 1.2. In particular, the poor injection
efficiency in AlxGai;xN:Mg layers and the low light extraction efficiency are detrimental for the
LED performances. This means that in order to reach an electroluminescent (EL) device with
high wall-plug efficiencies, different elements have to be combined and optimized: 1) the
epitaxial growth of (Al,Ga)N materials and specially the active region, 2) the control of efficient
n and p type AlxGai;xN doped layers and 3) the device fabrication process. All those factors
induce a limitation of the UV-LED performance (as presented in chapter 1.2). In the literature,
the external quantum efficiencies (EQE) of UV-LEDs is typically below 10 % (cf. Figure V-1).
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Figure V-1. State of the art of the external quantum efficiencies for ultraviolet LEDs [1].

Different approaches can be used to fabricate UV-LEDs, most of them being based on
quantum wells as the active region. Only a few publications concern (Al,Ga)N QD based UV
LEDs. Tanaka et al. have first demonstrated the fabrication of GaN QD based UV LEDs by
metal organic chemical vapour deposition (MOCVD) emitting in the UVA range (~ 360 nm).
GaN QDs were grown on an Alp.1GaooN (0001) surface using Si as an anti-surfactant [2]. Ultra-
thin GaN QDs based UV LEDs grown on AIN (0001) by molecular beam epitaxy (MBE) were
also demonstrated using tunnel assisted carrier injection. Electroluminescence emission peaks at
261 nm and 340 nm were found, those two peaks being attributed to the presence of two GaN
QDs families with height of 2 MLs and 4 MLs [3]. Recently, EL emission down to 234 nm was
shown using 1 to 3 MLs of GaN [4]. Also, electron-beam pumped UV sources based on quasi-
2D ultra-thin (~ 0.6 ML) GaN quantum structure has been investigated showing high output
power (~ 160 mW) [5]. In our group, GaN QD-based LEDs grown on AlpsGaosN (0001) and
(11-22) templates were demonstrated with an emission wavelength down to 360 nm and 320 nm
for the polar and semipolar orientations, respectively [6, 7, 8]. As we can see very few works
were performed to fabricate QD based UV LED and all of them use GaN QDs as emitters with a
typical emission in the UVA range. In this chapter, we will present the demonstration of Al,Gai-
yN QDs based UV LEDs with yai nominal concentration (n.c.) up to 20 %.

In a first part of this chapter, the general epitaxial growth and the LED fabrication process
will be presented. Then, the main optical and electrical properties of GaN QDs and AlyGa;.yN
QDs (with yai equal to 0.1 and 0.2 nominal concentration) based LEDs will be discussed.
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V.2 Epitaxial growth and LED fabrication procedure

The QD based LED structures were entirely grown by MBE on (0001) c-plane sapphire
substrates. The basic sample structure is presented on Figure V-2. The heterostructure growth
begins with a 30 nm GaN buffer layer on which 120 nm of AIN is grown, as described in details
in chapter II.1. Then, an n-doped AlxGaixN:Si layer is grown at around 850°C. The Si atoms

3. as determined by secondary ion mass

concentration is typically in the order of 10" cm
spectrometry (SIMS) on reference samples. The active region is composed of three AlyGaiyN
QD plane (0 < yai1 < 0.2) separated by 10 nm of n.i.d AlxGaixN barrier layers with xai equals to
0.5 or 0.6 (depending on the QD composition) for GaN and AlyGai.yN (ya1= 0.1 or 0.2) QDs,
respectively. The last QD plane is buried by 20 nm of AlxGa;xN. AlyGai;.yN QDs (with yaj n.c.
equals to 0.1 or 0.2) were grown, using the optimized growth conditions, as presented in chapter
II1.3. Next, the p-type region is grown. This region is composed of 10 nm Mg doped AlxGa;.
xN:Mg electron blocking layer (EBL) which serves to block the electrons in the active zone,
with x2 > x (typically a 15 % higher Al concentration). Then, 10 nm of AlxGai;xN:Mg layer is
grown at 820°C followed by a 30 nm GaN:Mg contact layer in order to improve the electrical
injection. The Mg doping concentration is typically around 1 - 5 x 10! atoms.cm™ in the AlxGa-
«N layers and [Mg] ~ 1 x 10** atoms.cm™ in the GaN layer, as determined by SIMS on reference

samples.

. (x3) Al,Ga;.,N QDs

n-contact /AL Ga,,N (10 nm)

Figure V-2. Schematics presenting the main structure of an (Al,Ga)N QD-based UV LED.
After the epitaxial growth, a device fabrication process is performed. The standard

technological processes used to fabricate the LED squared mesa patterns, defining variable LED
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surface areas ranging between (x 140) pm? and (x 460) um?, are made by photolithography,
metallization and reactive ion etching (RIE). First of all, a thin Ni (5 nm) / Au (5 nm) layer is
deposited (covering the mesas) which serves as a semi-transparent electrode and favours a
homogenous distribution of the current on the p-GaN layer surface. Ni (20 nm) / Au (200 nm) is
then deposited as a p-contact top electrode. The n-contact, deposited on the AlxGa;xN:Si layer,
consists of a stacking of Ti (30 nm) / Al (180 nm) / Ni (40 nm) / Au (200 nm).

V.3 GaN QD based LEDs

V.3.1 Introduction

In this part, GaN / AlxGai«N QD based LEDs were fabricated with xa; equals to 0.5. Three
structures were grown with GaN deposited amounts varying between 1.5 and 2 nm (i.e. 6 and 8
MLs). The LED characteristics were measured at room temperature by collecting the output light
using an optical fibre and then converted into an electrical signal by a CCD detector. The LEDs

mesa size characterized in this part have a surface area around 32000 pm?.

V.3.2 Electroluminescence and electrical properties

Figure V-3 shows the electroluminescence (EL) measurements performed at room
temperature for three devices with an injected current density ~ 30 A / cm?. As we can see, an EL
emission band is observed in the near UVA range. It is also observed that while decreasing the
QD deposited amounts from 8 MLs down to 6 MLs (i.e. going from higher to smaller QD
heights) the EL energy increases from 3.26 eV to 3.44 eV (i.e. blue shift is observed from 380
nm down to 360 nm). Those EL energies are in the same energy range as the photoluminescence
emission observed for GaN / AlosGaosN QDs (~ 3.3 eV; cf. chapter II). However, as discussed
in chapter II, the GaN QD emission energy strongly depends on the injected carrier density,

especially in the case of QDs with higher heights (above 2 nm).
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Figure V-3. Room temperature electroluminescence spectra for GaN / Alo.sGao.sN QD-based LEDs (for an
injection current density of ~ 30 A / cm?) for different QD active regions (with a deposited amount between 6 and
8 MLs): going from higher QD height (top spectrum) to smaller QD height (bottom spectrum)
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Figure V-4. (a) Variation of the electroluminescence energy of GaN / Alo.sGaosN (0001) QD-based UV
LEDs, with different QD height active regions, as a function of the current density. (b) Electroluminescence
spectra of a GaN / Alp.sGao.sN (0001) QD based LED with small QD heights for different current densities.

To investigate this property in the case of LEDs, the EL emission energy measured as a
function of the injected current density for two specific LEDs with different QD heights, referred
as high and small QDs as presented in Figure V-4(a). By increasing the injected current density,
a blue shift towards higher energies is observed for both devices. This shift is a result of the
gradual screening of the internal electric field (Fix) by the injected carriers in the QDs [9, 10].
Noteworthy, this effect is reduced for smaller QDs. We can clearly see that for a similar current
density range, a shift of 130 meV is observed (i.e. from 3.26 eV up to 3.39 eV) for small QDs,
whereas a larger shift of 240 meV (i.e. 3.02 eV up to 3.26 eV) is found for higher QDs. Indeed,
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for smaller QD height the influence of Fin on the QD fundamental energy transition is reduced.
This is in agreement with previous results [10] and similar to the case of GaN / (Al,Ga)N

quantum well structures [11].

J-V measurements were also performed. Figure V-5 presents an example of the typical J-V
characteristics observed for a GaN QDs based LED. A turn on voltage of 6 V is found for 20 mA
(~ 62 A / cm?) with a series resistance (Rs) around 40 Q. Those values are comparable with the
values reported for Alp.sGaosN based LEDs [12]. However, they are not as good as standard blue
InGaN / GaN LEDs. This is mainly due to the higher resistivity for (Al,Ga)N layers compared to
GaN layers (typically = 1 Q.cm for GaN:Mg and above 30 Q.cm for Alp.sGao.sN:Mg layers).
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Figure V-5. Current-Voltage characteristics for a typical GaN / Alp.sGao.sN (0001) QD-based LED. The inset
represents the characteristic on a semi-log scale.

To conclude this part, (0001) GaN QD-based LEDs were successfully grown. The EL
characteristics showed a strong dependence of the EL emission peak as a function of the injected
current density with an emission in the near blue-UVA range. Changing the GaN deposited
amount also showed the possibility to blue shift the wavelength emission from 380 nm down to

360 nm, using the same current injected density.

V.4 AlyGaiyN QD based UV LEDs

Using GaN QDs has resulted in the fabrication of (0001) LEDs emitting down to around 360
nm [6]. This minimum wavelength emission value is not strictly limited by the material intrinsic
properties (i.e. the GaN strained band gap) but also the consequence of the strong Fiy in polar
structures (cf. chapter II)[13, 14], which induces a red shift of the wavelength emission due to
the quantum confined Stark effect (QCSE). Indeed, semipolar GaN QDs (for which the influence
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of Fint is reduced) have also been grown showing an emission down to 325 nm [6]. As described
during this thesis, growing (0001) QDs with reduced heights (typically below 3 nm) can also
limit the influence of Fin and thus permit to reach shorter wavelengths. Also, increasing the band
gap energy, by increasing the value of yai, should push forward the emission into the UV range

for our structures. Interestingly, both ways can be obtained by using AlyGai.yN QDs (yai > 0).

For this reason, AlyGai.yN QD / Alo.cGaosN based LEDs were fabricated with a value of ya
(nominal concentration) equals to 0.1 and 0.2, and refereed as LED-A and LED-B, respectively,
in the following. Except for the QD Al concentration, the rest of the LED structures were

fabricated following identical growth conditions and structure design as described in part V.2 (cf.
Figure V-6 (a)).

It is worth noting that in order to follow the 2D — 3D growth mode transition, the rotation of
the samples was stopped during the growth of these layers. Therefore, the growth conditions
have been chosen to obtain QDs with an Al nominal concentration (n.c.) of 0.1 and 0.2 for the
QDs at the centre of the wafers. From the centre to the edge of the wafers, an Al variation of +
20 % 1s estimated based on energy dispersive X-ray spectroscopy measurements in a scanning
electron microscope performed on thick (0.5 um) AlxGaiN layers also fabricated without
rotation of the samples: this characteristic implies an estimated variation of the Al n.c. of the
QDs from 0.08 to 0.12 for LED-A, and from 0.16 to 0.24 for LED-B. The LEDs mesa size
characterized in this part are of (x 310) um?, corresponding to an area of ~ 96000 pm? for the

light emission.

V.4.1 Electrical properties

The electrical property of the LEDs was first evaluated by measuring the current density as a
function of the voltage (J-V) characteristic. No significant differences were observed between
the two LEDs (LED-A and LED-B). Figure V-6(b) presents a typical J-V curve obtained
between a reverse bias of 8 V and forward bias of 14.5 V.

The LEDs turn-on voltage is found around 7 (= 1) V and a value of 8.5(+ 1) V is measured at
20 mA (~ 23 A / cm?). The typical R values are around 150 (+ 50) Q. These values are higher
than the values obtained for GaN QDs / AlosGaosN based LEDs (~ 40 Q; cf. part V.3), mainly
due to the higher contact resistivity for AlxGaixN layers with higher Al concentration, as a
strong deepening of the acceptor and donor levels is observed, in particular in the case of p-type
AlxGaixN layers [15]. A high R value can lead to an important self-heating (Joule heating) and
thus a rapid degradation of the device performance. It can also induce an important increase of
the LED junction temperature and so a decrease of the AlyGai.yN band gap energy, as will be

discussed in the next part.
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The inset of Figure V-6(b) shows the Log (J -V), which allows to see much more details. In
particular, low levels of injection (V < turn on voltage (~ 7 V)) can be characterized and the
leakage current estimated, which is found in the 50 - 100 pA range at -4 V (i.e. 0.06 - 0.12 A/
cm?). We can also calculate the shunt resistance (R,) which is around 1 MQ. The significant
leakage current and the low shunt resistance values point out important leakage paths in the
devices. This leakage can be due to the high defects density in the epitaxial layers (TDs > 101°
cm?) [16].
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Figure V-6. a) Schematics presenting the main structure of an AlyGai,N / Alp.sGao.sN QD-based UV LED
(with y = 0.1 or 0.2). b) Current-Voltage characteristic of an Al,GaiyN / Alo.sGao.4N (0001)QD-based LED. The
inset represents the semi-log scale characteristic.

V.4.1 Electroluminescence properties

As already pointed out, the rotation of the samples was stopped during the growth of the
different QD planes, which induces a fluctuation of the QD Al nominal concentration. EL
measurements were performed at room temperature for different LEDs across the wafers. An
emission wavelength range in the 325 nm - 335 nm range (i.e. from 3.81 eV to 3.70 eV) and in
the 305 nm - 320 nm range (i.e. 4.06 eV to 3.88 eV) has been observed for LED-A and LED-B,
respectively. As expected a lower wavelength emission is observed for LED-B, i.e. with an
AlyGaiyN QD active region with higher yai. In the following, we present an in-depth
characterization of two typical LEDs made of Alp.1GaooN (n.c.) QDs and Alp2GaosN (n.c.) QDs,
referred as Al and B1. Figure V-7 shows the EL spectrum for the two LEDs, measured on a
spectral range between 200 nm and 600 nm, using an injected current density of 5.7 A / cm? (i.e.
5 mA). A main EL peak emission originating from the QD planes was observed at 326 nm (3.80
eV) and 305 nm (4.06 eV) for sample A1 and B1, respectively.
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As discussed in this manuscript, the presence of Fiy in the QD active region (around 2 - 3
MYV / cm) could induce a red shift of the EL emission (QCSE). This negative influence of Fin
could be reduced by growing QDs with small height (typically h <2 nm). A way to estimate the
influence of the QCSE on the QD emission is to compare the EL energy with the strained band

gap energy of AlyGaiyN (EgQD ) (for an Al concentration equals to 0.1 and 0.2). The Alo.1GaooN

strained band gap (EgQD) is estimated as follows:
D
E ; ~Ey—a. ey

with Eg is the relaxed AlyGaiyN band gap value (as determined in ref [17]), a the

deformation potential (estimated at -8.5 eV as for GaN)[18], and &, the in-plane strain tensor.

For the Alo.1GaooN and AlooGaosN strained band gaps, values of 3.72 eV and 3.89 eV are
estimated. As we can see, those values are lower than the emission energy for both types of QD
based LEDs (3.8 eV and 4.06 eV for Al and BI, respectively) indicating a minimized influence
of the QCSE in the band structure. This is contrary to the case of GaN QD-based LEDs where
the EL emission is found at lower energies compared to the strained GaN band gap energy (~
3.53 eV) (cf. Part V.3) [6, 7]. This difference is mainly due to the smaller height of AlyGa;.yN
QDs compared to GaN QDs, as discussed in chapter II1.2. The full width at half maximum
(FWHM) for both samples Al and B1 were measured with values of 190 meV (16 nm) and 280

meV (22 nm), respectively.
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Figure V-7. Electroluminescence spectra over a broad spectral range for a) Alo.iGao.9 N/ Alo.cGao.aN (A1)
and b) Aly.2Gao.sN / Alo.sGao.sN (B1) active regions of QD-based LEDs. An injection current of 5 mA (i.e. 5.7 A/
cm?) was used.

It is worth noting that going from Alo.1GaooN (n.c.) to Alp2GaosN (n.c.) QDs grown on a

similar Alo.cGao4N (0001) barrier should lead to a lower Fiy due to the lower chemical contrast
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between the layers and a decrease of the polarization discontinuities, and consequently a
reduction of the EL peak FWHM. However, as mentioned before, an opposite behaviour is
observed with an increase of the FWHM for Alp2GaosN QDs compared to Alo.1GaooN QDs,
indicating that Fiy is not the principal parameter accounting for the EL broadening. These
phenomena can be attributed to a higher dispersion of the QD height when increasing the Al
nominal concentration in the QDs. In addition, we can also observe an additional emission band
at higher wavelength between 350 nm and 420 nm (Figure V-7). This is similarly to what we
observed in photoluminescence measurements on Alp.1GaooN QDs samples grown with not fully
optimized growth conditions. As discussed in chapter III, this band was attributed to an
asymmetric distribution of QD heights and Al composition fluctuation in the QDs [19].
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Figure V-8. Electroluminescence spetra of AlyGaiyN / Alo.cGao.sN QD-based UV LEDs for an injection
current of 20 mA (i.e. 23 A/ cm?) with y.u equals to a) 0.1 (A1) and b) 0.2 (BI).

Figure V-8 presents the EL spectra of the two LEDs (A1l and B1) using a higher injected
current density (~ 23 A / cm?) compared to Figure V-7. Similar emission wavelengths were
found while increasing the injected current density, typically at 326 nm and 305 nm for Al and
B1, respectively. However, a clear increase in the FWHM is observed for higher injected current
density (Figure V-8) with values of 230 meV (20 nm) for Al and 425 meV (32 nm) for B1. This
increase of the FWHM while increasing the injected current density can be attributed to state
filling effects in the QDs and/or the QD height and composition dispersion. In particular, while
increasing the injected current a progressive increase of the injected carriers into the different
QD planes is also expected (in particular holes which are mainly injected into the plane next to
the p-type layers at low current density due to their low mobility and concentration); therefore,
the larger EL peak FWHM would then account for a broadening of the QD size distribution from

plane to plane. For instance, depending on the spacer layer thickness between the QD planes, a
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variation of the QD sizes has been already observed in other QD material systems, and should be

potentially optimized by adjusting the spacer layer thickness [20, 21].
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Figure V-9. Variation of the electroluminescence energy of Al,GaiyN / Alo.sGao.«N (0001) OD-based LEDs as
a function of the injected current density for a) Alo.1Gao.9N (A1) and b) Alo.2Gao.sN (B1) OD active regions.

To get more insight into the AlyGaiyN based QD-LED properties, the EL emission energy
was measured as a function of the injected current density for both LEDs (cf. Figure V-9(a) and
(b) for LED A1 and B1, respectively). As shown on both figures, three different regimes can be
distinguished: 1) at lower current densities (region I), a blueshift of the EL peak energy is
observed when the current density increases, with the emitted wavelength varying from 331 nm
to 325 nm for Al and from 314 nm to 305 nm for Bl. This shift corresponds to an energy
variation around 70 meV and 120 meV for Al and B1, respectively. This shift is attributed to a
partial screening of Fin¢ by the increase of the injected carrier density in the QDs, as for GaN QD-
based LEDs [7, 22]. 2) In region II (intermediate injected current densities), no wavelength shift
is observed. This is the consequence of two opposite behaviours which are counterbalancing
each other: a weak screening of Fin and a self-heating of the LED junction (Joule heating) by
increasing the injected current. 3) Finally, in region III (for a higher injected density) an opposite
behaviour is observed compared to region I, with a progressive red shift of the EL peak
wavelength from 325 nm to 330 nm and from 305 nm to 311 nm for Al and BI, respectively.
This effect is mainly due to the high series resistance value of the LEDs and the high resistivity
of the p-AlxGai«xN layers leading to an important increase of the LED junction temperature and

thus a decrease of the AlyGa;yN QD band gap energy (i.e. inducing a red shifted emission
energy).
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Figure V-10. Variation of the integrated electroluminescence intensity (i.e. output light) of Al,Gai,N /
Alp.sGaosN (0001) OD-based LEDs as a function of the injected current density for different LED designs: a) an
n-type contact surrounding the entire mesa and b) an isolated n-type contact at the right side of the mesa. The
insets represent pictures of the different LED designs.

The three regimes discussed before were further analyzed by plotting the light output (i.e. the
integrated intensity of the EL spectra between 280 nm and 400 nm) as a function of the injected
current density (L-J) (cf. Figure V-10). In fact, two different types of LED designs were
investigated with identical mesa area (~ 96000 pm?). The main difference is the design of the n-
contact. In the first case, the contact is surrounding the entire mesa (Figure V-10(a)) and for the
second case, the contact is isolated at one side of the LED (Figure V-10(b)). As we can see on
both figures, the output light varies as a function of the injected current density at a constant
power m. In other words, L is proportional to J™ with m ranging between 0.09 and 2.5 for
different injected current density ranges. In fact, this m parameter is related to the recombination
mechanisms that take place in the LEDs [23, 24]. As we can see on Figure V-10, for low
injection current density, typically between 1 - 10 A / cm?, a linear dependence (m > 1) of L is
observed, with a variation of the EL integrated intensity emission (L) proportional to the square
of J: such behaviour is characteristic of LEDs dominated by non-radiative mechanisms. This
behaviour was attributed either to tunnelling processes of carriers into defect states localized in
the cladding layers or band gap states in the QD active layers. For intermediate injected current
density between 10 - 40 A / cm?, different behaviours are observed depending on the LED
design. For the LED design presented in Figure V-10(a), a linear variation of L is found with m
equals to 1, however for the LED design presented on Figure V-10(b) a sublinear variation of L
is found with m below 1. The linear variation case, with m equals to 1, is obtained for the LED
design with n contact surrounding the entire mesa and implies that the deep-level states are
saturated with a constant LED internal quantum efficiency. On the other hand, when m is below

1, this means that the LED output power progressively starts to saturate with the injected current
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density. This means that for m values approaching zero, L is independent of the injected current
density and that the LEDs IQE is strongly decreasing. This behaviour is also observed at higher
injected currents (more than 40 A / cm?) for both types of LED designs. This regime coincides
with the red shifted wavelength emission presented in regime III (cf. Figure V-9), pointing out
that important thermal effects are at stake in the junction of the LED. As mentioned before, this
behaviour is related to the low injection efficiencies and the poor current spreading. Finally, we
can conclude that using an n-contact surrounding the entire mesa enables to improve the
injection efficiency and the current spreading with the ability to reach higher injected current
density and increase the output light of the LED, compared to the LED design with isolated n-
contact at one side of the LED mesa.

V.5 Conclusion

In this chapter, we have shown the possibility to fabricate (Al,Ga)N QD-based LED covering
from the blue down to the UVB range. In the first part, GaN / Alo.sGaosN QD-based LEDs were
grown. The EL characteristics showed a strong dependence of the EL emission peak (blue shift)
as a function of the injected current density with an emission in the near blue-UVA region (from
415 nm down to 360 nm). The difficulties to get an emission deeper in the UV range, while using
GaN (0001) QDs, is related to the influence of the internal electric field and the QD height which
is limited by the minimum deposited amount required (~ 6 MLs) to fabricate GaN QDs. Next,
Alp.1GapoN and Alo>GagsN QD-based UV LEDs were successfully fabricated for the first time,
showing the ability to go deeper in the UV range. For Alo.1Gao9oN QD-based LEDs, an emission
in the UV A range (between 325 nm and 335 nm) was shown, whereas for Alo>GaosN QD based
LEDs, a deeper UV emission down to the UVB range (between 305 nm and 320 nm) was shown.

The influence of the LED design on the output light was also studied. In general, the L-J
characteristics of the two LEDs design showed three distinct operating regimes. The
recombination mechanisms and thermal effects have been studied pointing out the importance of
the LED design on the injection efficiency and current spreading, which are seen as severe issues
in AlxGaixN based LEDs.

The electrical characteristics of the different AlyGa;.yN LEDs were also measured. At this
stage, the performance of these LEDs is still modest but the important result is that these devices
show the possibility to use QDs as an active region for electrically injected devices emitting in
the deep UV range. Therefore, these first results will serve as a solid base for further

development and optimization of electrically injected QD-based UV LEDs.
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General conclusions and perspectives

This PhD thesis was set out to investigate the growth mechanisms, the structural and optical
properties of AlyGaiyN QDs / AlxGaixN grown along the polar (0001) orientation. This study
was carried out with the aim to develop QD growth processes by molecular beam epitaxy (MBE)
and study the potential of (Al,Ga)N QDs as a novel route for efficient ultraviolet (UV) emitters,
and more specifically for UV light emitting diodes (LEDs).

The primary objective of this PhD was to grow efficient (Al,Ga)N QDs: in a first part, GaN
QDs were grown using either plasma MBE (PAMBE) or ammonia MBE (NH3-MBE) with the
aim to study the best nitrogen source approach for UV emission. First, the influence of the
epitaxial strain on the QD self-assembling process and morphologies (size, density) was studied
by fabricating GaN QDs on different AlxGa;xN surfaces (with 0.5 < x < 0.7; i.e. a lattice
mismatch 1.2 % < Aa/a < 1.7 %). In this study, we showed that smaller QDs with higher
densities (increased by more than one decade) and narrower size distributions are promoted by
using a larger lattice-mismatch. However, photoluminescence (PL) measurements indicated a
modification of the QD optical response by the internal electric field (Fin¢) which induces a strong
redshift in the emission energy as the Al content of the AlxGa1xN matrix increases (a shift from
3.22 eV to 2.95 eV for PAMBE grown GaN QDs and from 3.36 eV to 2.97 eV for NH;-MBE
grown GaN QDs while increasing xai from 0.5 to 0.7). Indeed, we showed that the total
polarization differences between GaN and the surrounding AlxGaixN matrix increases from 3 to
53 MV / cm while increasing xar from 0.5 to 0.7. In addition, power dependent PL
measurements showed that Fiy has less influence on the optical properties of smaller QDs,
implying a reduced shift in the PL energy compared to QDs with higher height. On the other
hand, the formation of GaN QDs using PAMBE or NH3-MBE was also compared showing an
influence of the growth method on the surface energy cost contribution (Ay) which strongly
differs by using N2 or NH3 sources. It was shown that the growth process is better controlled
using PAMBE, leading to the growth of GaN QDs with higher densities and a better size
uniformity. In terms of optical properties, PAMBE grown GaN QDs have up to three times
higher PL intensities and smaller full width at half maximum compared to NH3-MBE grown
GaN QDs. Finally, time resolved photoluminescence (TRPL) combined with temperature
dependent PL measurements enabled us to determine the internal quantum efficiencies (IQE) of
GaN QDs / AlxGaixN (0001) and values around 50 % were found at low temperature. Combined
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with the ability to reach a PL integrated intensity ratio up to 75 % between 300 K and 9 K,
these results have confirmed the efficient carrier confinement in GaN QDs.

Next, in-depth investigations of the growth conditions and optical properties of Alo.1GaooN
QDs / AlpsGaosN were presented showing the different challenges to grow efficient QDs.
Changing the growth procedure, especially the annealing step, has shown to modify the QD
shape from elongated QDs, formed with an annealing at 740°C, to symmetric QDs, formed with
an annealing at a temperature around or above 800°C. The variation of the QD deposited
amounts from 10.5 MLs down to 6 MLs showed the ability to cover the deep UVA range, by
going from 340 nm (i.e. 3.65 eV) down to 324 nm (i.e. 3.83 eV). An additional band emission at
lower energies was also observed for QDs grown with a lower annealing temperature of 740°C.
By combining morphological and optical characterizations, this band was attributed to a
composition fluctuation in the QD active region inducing the formation of QDs with a reduced
Al composition less than 10 %, estimated to be close to “pure” GaN QDs, and higher heights
compared to the nominal Alo.1Gao9oN QDs. Also, an internal electric field around 2 MV / cm was
estimated for Alp.1GaooN / AlopsGaosN system. Finally, the influence of the annealing step
performed at higher temperature has been shown to strongly decrease the PL emission
from this additional QD family (Ga-rich (Al)GaN QDs). In addition, this annealing step
strongly impacted the QD shape and lead to an improvement of the QD radiative efficiency

by a factor 3.

After defining the optimized growth conditions for Alo.1GaooN / AlopsGaosN (0001)
nanostructures, AlyGaiyN QDs (0 < y < 0.4) grown on AliGa;xN (0001) (0.5 < x < 0.7)
templates were studied with the aim to go deeper in the UV range. The influence of the Al
composition, in the AlxGaixN template, on the Alo.1GaooN QDs formation was studied. It was
shown that by increasing xai (i.e. increasing Fint), no red shift of the PL emission was observed
(contrary to GaN QDs). On the contrary, a slight blue (UV) shift is observed (attributed to the
formation of slightly lower QDs). This result shows that for small Alp.1GaooN QDs, the PL
energy emission is almost insensitive to Fin. Temperature dependent PL measurements showed
that a moderated QD size embedded in a barrier with a moderated chemical contrast (Ax.y) is
necessary to improve the radiative efficiency, with I(300K) / I(9K) ratios reaching 46 % in
Alp.1GaooN / Alo.sGaosN (0001) system. Then, the AlyGa;yN QD composition as well as the
deposited amount were varied in order to assess the range of emission energies accessible. By
tuning these growth conditions, the QD wavelength emission was shifted from the UVA down to
the UVC range, reaching the targeted wavelength emission of 270 - 275 nm ( for water and air
purification applications) with a radiative efficiency of 30 %, versus 0.5 % in a similar QW

structure. The different recombination process dynamics were also studied using time resolved
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photoluminescence measurements. The radiative decay time was found to strongly decrease from
the ps range down to the ns range while going from GaN to AlyGaiyN QDs with higher Al
concentrations. IQE values at low temperature were also estimated, using TRPL measurements,

reaching values between 50 % and 66 %.

In the last part of this work, we have shown the possibility to fabricate electrically injected
(Al,Ga)N QD-based LEDs covering the near blue down to the UVB range (from 415 nm down to
300 nm). The EL characteristics of GaN / Alp.sGaosN QDs showed an emission in the near blue-
UVA region (from 415 nm down to 360 nm). The difficulties to get an emission deeper in the
UV range, while using GaN (0001) QDs, was related to the influence of the internal electric field
and the QD height which is limited by the minimum deposited amount required (~ 6 MLs) to
fabricate GaN QDs. Next, Alo.1GaooN and Alo2GaosN QD-based UV LEDs were successfully
fabricated for the first time, showing the ability to go deeper in the UV range. For Alo.1GaooN
QD-based LEDs, an emission in the UVA range (between 325 nm and 335 nm) was shown,
whereas for Alp2GaosN QD based LEDs, a deeper UV emission, down to the UVB range
(between 305 nm and 320 nm) was shown. The electrical characteristics of the different AlyGa;-
yN LEDs were also studied. At this stage, the performance of these LEDs is still modest but the
important result is that these devices show the possibility to use QDs as an active region for
electrically injected devices emitting in the deep UV range. Therefore, those first results will
serve as a solid base for further developments and optimization of electrically injected QD-based
UV LEDs.

From a boarder perspective, we believe that further improvements of the growth conditions
for AlyGai.yN QDs can lead to even better radiative efficiencies, similarly to the one obtained for
GaN QDs. In addition, the samples studied in this work were grown using a low temperature
GaN buffer layer (BL ~ 30 nm). As GaN can absorb in the UV range, this BL can impact the
external quantum efficiency of UV LEDs. For the next structures, this layer should be replaced
by an AIN BL. During this thesis, we also optimized the growth conditions of the AIN BL and
the AlxGaixN templates grown above, which structural and optical properties were as good as
the ones obtained using GaN BL. The obtained results are not presented in the frame of this
manuscript (based on a self-limitation length restriction). Finally in order to improve the electro-
optical characteristics of the final QD-based UV LEDs, more work on the device fabrication
process will be necessary. Also, the design of LED structures for efficient p type AlxGaixN
doped layers remains to be done and investigated including tunnel junctions in the framework of
the ANR project DUVET.
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Polarization study and symmetry of valence band states in GaN QDs / AlxGai1xN

Figure 1 shows the PL integrated intensity temperature dependent measurements for the three
GaN/AliGaixN samples (referred as samples A, B and C in chapter II). As we can see, the PL
intensity remains roughly stable at low temperature then a decrease is obtained while reaching
higher temperatures due to the escape of excitons from the QDs through the wetting layer, which
increases the probability to recombine non radiatively with dislocations. However, another
behaviour is observed around 140-180 K: the PL intensity shows a significant increase. This
increase is found to be more important in the case of GaN / Alo7GaosN QD structure. Such
behaviour raised the question about its origin which could be related to a crossover of the ['o-I';
valence band maxima in the hole ground state of the GaN QD layer while increasing xai in the
AlxGaixN barrier (0.5 < x < 0.7) together with a redistribution of the carriers, leading to a

redistribution of the emission cones.
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Figure 1. Temperature dependence of the integrated PL intensity for GaN QDs / AlxGaix N (0001), with 0.5 <
x<0.7.

As described in chapter 1.1.3, the upper valence band state has a I'9 symmetry in GaN and a

['7 symmetry in AIN; this is due to the strong difference in the crystal field value, which is

slightly positive in GaN and strongly negative in AIN [1]. In previous studies, it was shown that

by increasing xa1 in AlxGaixN alloys, the hole base state becomes progressively I'7, which means

that photons polarized perpendicularly to the c-axis (i.e. the light emission is parallel to the c-

axis) become progressively forbidden [1, 2]. A previous study on GaN / AlxGaixN QWs showed
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that a change of the hole ground state from I'g to I'7 can occur by increasing the QW width (i.e.
equivalent to the QD height in our case) at different xa1 compositions. It was also shown that the
higher the electric field value in the QW (i.e. higher xaj in the barrier), the larger the I'; domain
[2]. This is due to the shift of hole wave functions towards the barriers. For QDs, we can expect
that this behaviour is stronger as the wave functions penetrate more in the barriers, compared to

QWs, due to the lateral confinement.

In order to verify if this increase of intensity is related to the crossover of the I'o-I'7 valence
band maxima in the AlxGa;xN barrier (which can induce a redistribution of the carriers and of
the emission cones), we started a study by investigating the linear polarization (using a polarizer
in front of the detector) of the QD PL emitted light under oblique observation (8 = 45°). This
means that the sample is excited and observed with an angle 6 = 45°. Under this configuration
we can have access to the light polarization parallel to the ¢ axes (emission originated from the
I'7 hole states). Figure 2 presents a schematic of the setup. The X, Y and Z axes are those of the
crystal, with Z // c. Using a holder with an angle of 45 © on which the samples are placed, the
luminescence is composed of a wave s, with E perpendicular to the incidence plane, and a
wave p, with E parallel to the incidence plane. We recall that the incidence plane is defined by
the normal to the surface and the direction of the ray we are studying (the PL emission). The
transitions involving the X and Z parts of the wave functions will be observed in p geometry, and
in s geometry for part Y (light polarization perpendicular to the incident plane). We recall that in

(0001) biaxially strained nitrides, X and Y top valence band states are degenerated.

0; is the incident angle (angle between the unextracted luminescence and the normal to the
sample surface (as presented on figure 2)) and is around 20°. This value was estimated using
Descartes law: n sin 0; = sin 45° = \2/ 2; where n is the Alo7GaosN refractive index (~ 2.05-
2.15).

Figure 4 shows the PL intensity as a function of the polarization angle (using a polarizer in
front of the detector) under oblique observation (60 = 45°) for sample C. This experiment was
made at different temperatures. We can see that by increasing the temperature from 11K (figure
4(a)) up to 140 K (figure 4(b)), the intensity diagram is inversed. Unfortunately, this study was
not finished and more experiments should be performed. However, the first results indicate that
probably an inversion of the cone emission intensity diagram is taking place between 11 K and
140 K.
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S Detector

Figure 2. Schematic presenting the photoluminescence with a setup under oblique observation (0 = 45°). The
X, Y, Z axes are those of the crystal with Z//c (i.e. the growth direction). The luminescence is composed of a wave

s (with E perpendicular to the incidence plane), and a wave p (with E parallel to the incidence plane). The
transitions involving the X and Z parts of the wave functions will be observed in p geometry and in s geometry for

part Y.
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Figure 3. Different schematic representation of the photoluminescence setup under oblique observation (0 =
45°).
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Figure 4. The PL intensity for GaN / Alo.7GaosN QDs (sample C in chapter I1) as a function of the polarizer
angle at: a) 11 K, 50 K, 140 K. The sample is observed under oblique observation (45°).
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Abstract

This PhD deals with the epitaxial growth, structural and optical properties of AlyGai.yN quantum dots (QDs) grown on AlxGaixN
(0001) by molecular beam epitaxy (MBE), with the aim to study their potential as a novel route for efficient ultraviolet (UV) emitters.

First, we have studied the growth of GaN QDs using either plasma MBE (PAMBE) or ammonia MBE (NH3-MBE) to find the most
adapted nitrogen source for the fabrication of UV emitting QDs. It was shown that the growth process is better controlled using PAMBE,
leading to the growth of GaN QDs with higher densities, better size uniformity and up to three times higher photoluminescence (PL)
intensities. Also, the influence of the epitaxial strain on the QD self-assembling process was studied by fabricating GaN QDs on different
AlxGaixN surfaces (with 0.5 < x < 0.7). We showed that QDs with higher densities and smaller sizes (heights) are formed by using a
larger lattice-mismatch (i.e. a higher xai composition). However, photoluminescence (PL) measurements indicated a strong redshift in the
emission energy as the Al content of the AlxGaixN template increases due to the increase of the internal electric field discontinuity from
3t05.3 MV/em.

Next, in-depth investigations of the growth conditions and optical properties of Alo.1GaosN QDs / AlosGaosN were done presenting
the different challenges to be solved to grow efficient QDs. Changing the growth procedure, especially the post-growth annealing step,
has shown a modification of the QD shape from elongated QDs, formed with an annealing at 740°C, to symmetric QDs, formed with an
annealing at a temperature around or above 800°C. An additional band emission at lower energies was also observed for QDs grown with
a lower annealing temperature (740°C). This additional band emission was attributed to the formation of QDs with higher heights and a
reduced Al composition less than the nominal one of 10 % (i.e. forming Ga-rich QDs). The influence of the annealing step performed at
higher temperature has been shown to strongly decrease the PL emission from this additional QD family. In addition, this annealing step
strongly impacted the QD shape and led to an improvement of the QD radiative efficiency by a factor 3. Then, the AlxGai«N barrier
composition (0.5 <x <0.7), the AlyGaiyN QD composition (0.1 <y < 0.4) as well as the deposited amount were varied in order to assess
the range of accessible emission energies. Also, the influence of varying the AlxGaixN barrier composition on the QD formation was
studied. By varying these growth conditions, the QD wavelength emission was shifted from the UVA down to the UVC range, reaching a
minimum wavelength emission of 270 - 275 nm (for water and air purification applications) with a high radiative efficiency. Time
resolved photoluminescence (TRPL) combined with temperature dependent PL measurements enabled us to determine the internal
quantum efficiencies (IQE) of AlyGaiyN QDs / AlxGaixN (0001). IQE values between 50 % and 66 % were found at low temperature,
combined with the ability to reach a PL integrated intensity ratio, between 300 K and 9 K, up to 75 % for GaN QDs and 46 % for AlyGai-
yN QDs (versus 0.5 % in a similar quantum well structure emitting in the UVC range).

Finally, the demonstration of AlyGaiyN QD-based light emitting diode prototypes, emitting in the whole UVA range, using GaN
and Alo.1GaooN QDs, and in the UVB range down to 305 nm with Alo2GaosN QDs active regions, was shown.

Keywords: I1I-nitride, AlGaN, quantum dots, molecular beam epitaxy, ultraviolet

Résumé

Ce travail porte sur la croissance par épitaxie sous jets moléculaires (EJM) et sur les propriétés structurales et optiques de boites
quantiques (BQs) AlyGaiyN insérées dans une matrice AlxGaixN (0001). L’objectif principal est d’étudier le potentiel des BQs en tant
que nouvelle voie pour la réalisation d’émetteurs ultraviolets (UV) efficaces.

Tout d'abord, nous avons étudié¢ la croissance des BQs GaN en utilisant soit une source plasma (N2, appelée PAMBE) soit une
source ammoniac (NHs, appelée NH3-MBE) afin de choisir la meilleure approche pour former les BQs les plus efficaces. 1l a été montré
que le procédé de croissance est mieux controlé en utilisant ’approche PAMBE, conduisant a la croissance de BQs GaN avec des
densités plus élevées, une meilleure uniformité en taille et des intensités de photoluminescence (PL) jusqu’a trois fois plus €élevées. En
outre, l'influence de la contrainte épitaxiale sur le processus d'auto-assemblage des BQs a été étudiée en fabriquant des BQs GaN sur
différentes couche tremplins d’AlxGaixN (avec 0,5 < x < 0,7). Nous avons montré que des BQs avec des densités plus élevées et des
hauteurs plus faibles sont formées en augmentant le désaccord de paramétre de maille (c.a.d en utilisant des tremplins avec xar plus
¢élevé). Cependant, les mesures de photoluminescence (PL) indiquent un fort décalage de 1'énergie d'émission vers le rouge lorsque xai
augmente, en raison de l'augmentation de la discontinuité¢ du champ électrique interne de 3 a 5,3 MV/cm.

Ensuite, des études approfondies sur les conditions de croissance et les propriétés optiques des BQs Alo,1GaooN / AlosGaosN ont été
présentées, montrant les différents défis pour fabriquer des BQs efficaces. L optimisation de la procédure de croissance, notamment
I”étape de recuit post-croissance, a montré une modification de la forme des BQs. Plus précisément, un changement d’une forme allongée
(pour un recuit a 740 °C), a une forme symétrique (pour un recuit a une température proche de ou supérieure a 800°C) a été observé. En
plus, une bande d’émission supplémentaire vers les plus grandes longueurs d’onde a également été observée pour les BQs formées avec
un recuit a 740°C. Cette bande a été attribuée a une fluctuation de composition des BQs, induisant la formation d’une famille
additionnelle de BQs avec des hauteurs plus grandes et une compostions en Al inférieure a 10 %, estimée proche de 1’alliage binaire
GaN. Enfin, il a ét¢ démontré qu’en faisant un recuit a plus haute température (> 800°C), ’émission de PL de cette famille
supplémentaire de BQs (BQs riche en Ga ou (Al)GaN) diminue trés fortement. De plus, cette étape de recuit impacte fortement la forme
des BQs et a conduit a une amélioration de leur efficacité radiative d’un facteur 3. Ensuite, la variation de la composition en Al des BQs
AlyGaiyN (0,1 <y < 0,4), ainsi que la quantité de matiere déposée ont permis d’évaluer la gamme de longueurs d’onde d’émission
accessibles. En ajustant les conditions de croissance, 1’émission des BQs a été déplacée de I’'UVA vers ’'UVC, atteignant une émission
autour de 270 - 275 nm (pour les applications de purification de I’eau et de ’air) avec des rendements radiatifs élevés. Les mesures de
photoluminescence résolue en temps (TRPL), combinées avec les mesures de PL en fonction de la température, nous ont permis de
déterminer les efficacités quantiques internes (IQE) des BQs GaN / AlxGai«N (0001). Des valeurs d’IQE comprises entre 50 % et 66 %
ont été obtenues a basse température, avec la possibilité d’atteindre un rapport d’intensité intégré de PL, entre 300 K et 9 K, allant
jusqu’a 75 % pour les BQs GaN et 46 % pour les BQs AlyGaiyN (contre 0,5 % pour des structures équivalents a base de puits
quantiques).

Enfin, nous avons montré la possibilité de fabriquer des DELs a base de BQs (Al,Ga)N couvrant une grande gamme de longueurs
d’onde allant du bleu-violet jusqu’a I’'UVB (de 415 nm a 305 nm).

Mots-clés: nitrures d’éléments 11, AlGaN, boites quantiques, épitaxie sous jets moléculaires, ultraviolet



