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Résumeé

Le chapitre | présente les connaissances fondalasntmncernant le projet de
recherche de cette thése. Ce chapitre se compogeatie parties: la structure cristalline, la
structure de bande électronique, les hétérostrestnitrures d’éléments Il et I'épitaxie du
nitrure de gallium (GaN) sur substrat d'oxyde de £Zn0O). La partie concernant la structure
cristalline présente les structures du saphir,r® &t de GaN, incluant le groupe de symétrie,
les propriétés thermiques et mécaniques, ainsilegieléfauts frequemment observés. La
deuxieme partie se concentre sur la structure deebalectronique du cristal wurtzite. La
structure de la bande de GaN, qui a une banddlitgeatirecte, est présentée. La modification
de la structure de bande d’'un matériau contraimtparticulier dans le cas de contraintes
anisotropes, est discutée. Les niveaux profonds danbande interdite sont également
brievement présentés. La partie hétérostructureepté les structures et les applications des
dispositifs optoélectroniques basés sur des hétéotsres a base de nitrures. La largeur de
bande interdite et les problemes de désaccordaidengtre de maille des différents alliages
de nitrures d’éléments Il sont discutés. Les cages et les progres récents des
hétérostructures a base de nitrures épitaxiéewrig tles orientations non polaires sont
introduits. Dans la derniere partie, les propriétésérales et les derniers développements des
substrats ZnO sont introduits. Les avantages enwvénients de la croissance de GaN sur des

substrats ZnO sont discutés, et I'état de I'arsdamdomaine est présente.

Dans le chapitre Il, les techniques expérimentatdsées pour la croissance et les
caractérisations des échantillons sont introduitesis les échantillons ont été épitaxiés en
utilisant des réacteurs d'épitaxie par jets molkéces (EJM) de la societé RIBER. En
particulier, les hétérostructures a base de GaNt@népitaxiées dans une chambre Riber 32P.
Les caractéristigues générales du réacteur EJMdeitulier le chauffage des échantillons, le
vide et les systemes de surveillance in situ) sambduites. Le principe de la croissance
épitaxiale est brievement présenté, et les diftéeeméthodes de croissance sont discutées.
Les morphologies de surface ont été étudiées pearogsuopie a force atomique (Digital
instruments Nanoscope IV fonctionnant en mode rmmtact) et par microscopie €électronique
a balayage (JEOL JSM 3000F). Ce dernier a égaleéténttilisé pour effectuer des mesures
d’échantillons en coupe transverse. La qualitéaltise des couches de GaN a été évaluée en



utilisant la diffraction de rayons X (DRX). La rakul du cuivre (Cu), avec une longueur
d'onde de 1,5406 A, est utilisée comme source ylngaX. Différents modes de balayage et
de configurations de diffraction sont introduit@sLméthodes pour déterminer les paramétres
de malille de la couche épitaxiale en utilisant RXOsont développées. La photoluminescence
(PL) a etée utilisée pour étudier la structure dadeaélectronique des hétérostructures. La
configuration du banc de PL utilisé dans notre tatmre est présentée, et un spectre de GaN
est pris comme exemple pour lillustration de céttele.

Le chapitre Il traite des hétérostructures nonmapes (Al, Ga)N épitaxiées sur des
couches tremplins de (Zn, Mg)O. Dans cette étude,sé¢rie de couches de GaN plan a (11-
20) est épitaxiée sur des couches tremplins deNIgNO déposées sur des substrats de saphir
plan r (1-102). Un procédé de croissance en deapesta été développé, et les conditions de
croissance des couches de GaN ont été optimisé@efiuénce de la concentration en Mg
dans les couches tremplins de (Zn, Mg)O sur lassavice des couches de GaN est discutée.
Les couches tremplins de (Zn, Mg)O dont la conegioin en Mg est comprise entre 25% et
40% se trouvent étre les plus appropriées pourdessance de GaN. Les couches de GaN
plan a présentent des propriétés structuralestiefues anisotropes. Les fissures présentes a la
surface sont observées le long de la direction@%8. La largeur a mi-hauteur (LMH) de la
raie de diffraction de GaN (11-20) mesurée par D&Xine valeur minimale lorsque le
faisceau incident est le long de la direction <G001'émission de bord de bande de GaN
domine le spectre de photoluminescence (PL) etidsan est polarisée parallelement a la
direction <0001>. Les forces d'oscillateur entré&dade de conduction et les sous-bandes de
valence ont été étudiées théoriquement et la reic@isbn excitonique Xa été identifiee
comme étant a I'origine de la polarisation de I'ésion de photoluminescence du GaN. Une
série d’échantillons de multi-puits quantiques (MPQI, GaygN/GaN plan a, avec des
épaisseurs de puits quantiques variant de 0,5m, A @té fabriquée sur des couches tremplins
de GaN plan a. Les énergies de transition des MBQ%té étudiées par PL, et I'absence

d’effet Stark confiné quantique dans les hétérastines non polaires est mise en évidence.

Le chapitre IV traite de la croissance et de lact#risation d’hétérostructures (In,
Ga)N sur des substrats de ZnO massifs plan c. Rapsemiére partie, la préparation de la
surface des substrats ZnO est introduite. Un pec&drecuit a été développé pour préparer
les substrats ZnO pour la croissance épitaxialenetsurface « épi-ready » de ZnO avec des

marches atomiques a été obtenue apres recuit.



La deuxieme partie se concentre sur la croissaaasodches de GaN, en particulier
sur le contrble de la polarité sur les faces Oredgs substrats ZnO. Des couches de GaN
avec une polarité Ga ou N ont été épitaxiées suimda O de ZnO. Le mécanisme de
détermination de la polarité a été analysé et uneche interfaciale de gallate de zinc
(ZnGa0,) a été identifiee comme étant le centre d'inverd® polarité. La formation de cette
couche interfaciale cubique peut étre controléaidd de la température de croissance de la
couche de nucléation et du rapport lll/V. Une caude polarité N est obtenue lors de la
croissance directe de GaN sur la face O de ZnG f@mmation d'une couche interfaciale), et
une couche de polarité Ga est obtenue en présemee douche interfaciale de Zn@a.
D'autre part, les couches de GaN de polarité Gas@miematiguement obtenues sur la face
Zn des substrats ZnO.

Dans la troisieme partie, les propriétés strucesrat optigues des couches de GaN
sont étudiées. Il est montré que les couches ded3gisseur ~ 600 nm sont contraintes en
tension sur ZnO. L'émission d’excitons liés a desrtkurs ainsi que I'émission d’excitons
libres ont été observées dans les spectres debakse température (10 K), et I'évolution en
température de ces émissions est discutée.

Enfin, une approche efficace pour la fabricatiompihique de dispositifs émetteurs
de lumiere (DELSs) a base de nitrures d’élémentsutlZnO par EJM a été démontrée, et les
propriétés optiques et électriques ont été étudiedsscutées. Un procédé de croissance pour
la fabrication de DELs émettant dans le bleu avex zbne active constituée de multi-puits
guantiques (MPQs) (In, Ga)N/GaN sur substrats Zitégh [g-(0001) a été développé. Les
caractéristiques optiqgues et électriques des snest DELsS sont présentées. Ces
caractéristiques constituent un pas de plus veiablacation de dispositifs optoélectroniques
a base de nitrures sur substrats ZnO et fournigsensolution alternative pour la réalisation

et le développement d’'une technologie de films eén@uto-supportés) a base de GaN.

Le chapitre V présente une étude de la croissaaceodches de GaN sur substrats
ZnO plan a, ainsi que la réalistion d’hétérostreetu(ln, Ga)N sur ZnO (plan a). Dans la
premiere étape, le procédeé de recuit de la sudacsubstrats ZnO plan a est étudié, et une
fenétre de température située entre 700 et 80 (@) est proposée comme conditions de
préparation optimales. Deux méthodes, baséesusilisdition soit du précurseur ammoniac
(NH3), soit d’'une source plasma pour fournir des atodiasote, ont été proposées pour la
croissance des couches de nucléation de GaN. Lawigtés optiques de MPQs (In,

Ga)N/GaN sont étudiées et comparées. Des couch&aMeplan a, avec ces deux procédés



de nucléation ont été épitaxiées avec succes susudestrats ZnO plan a et leurs propriétés
structurales et optiques sont comparées. Les ceuwtdhé&saN avec une couche de nucléation
épitaxiée a l'aide d’'une source plasma d’azote meomtune plus grande perfection cristalline

et une émission de photoluminescence (PL) avecinieasité 30 fois supérieure a celle

obtenue dans le cas du procédé avec ammoniac.

Dans la derniére partie, des MPQs (In, Ga)N/GaMipes (plan c) et non polaires
(plan a) ont été fabriqués sur des couches tremmlen GaN/ZnO. L'émission de PL des
MPQs est observée sur les deux plans de croissaeéfcacité de I'incorporation de I'ln des
couches (In, Ga)N plan a se trouve étre inféri@ucelle des couches (In, Ga)N plan ¢ (avec
des conditions de croissance identiques). Lorsquéempérature augmente, lintensité de
I'émission de PL des MPQs non polaires diminue pymsdement que dans le cas des MPQs
polaires, et les processus possibles de recombmmishermiquement activées ont éte
analysés. Enfin, I'émission des MPQs non polaistpelarisée suivant la direction <1-100>
en raison de la rupture de symétrie dans le plarcrdesssance, en accord avec |'étude
théorique des éléments de la matrice de transéindre la bande de conduction et la bande de
valence sur la base de la théorie k * p.

En conclusion, des perspectives a ce travail soopgsées, avec notamment la
nécessité de développer et d’'optimiser un procé&déraissance utilisant une source plasma
d’azote (N). En effet,, cette approche s’inscritglia continuité des résultats présentés dans le
chapitre V liés a l'utilisation d'une couche deléation de GaN par EJM a source plasma N,
qui a conduit & une amélioration significative gegpriétés structurales et optiques de GaN.
Le procédé de croissance de couches (In, Ga)Nétteitoptimisé pour améliorer I'efficacité
d'incorporation de I'ln sur plan a. La croissance substrats ZnO plan m, orientation sur
laquelle il a été montré une efficacité d'incorpiora de I'ln plus élevée que sur plan a,
devrait étre étudiée. Ces développements devramgratuire a la fabrication de DELS nitrures
non polaires sur substrats ZnO.



Introduction

In the early 60s, the demonstration of high efficig electroluminescence from
semiconductor devices paved the way to the falimicadf light emitting diodes (LEDS),
which is the building block for general solid stghting. Nowadays, nitride semiconductors
are the materials of choice for a wide range ofliegpons, in particular in UV-visible
optoelectronic$. Since the beginning of the 1990s, the developroénitride based devices
has been accelerated owing to the improvementeofy#itlium nitride (GaN) crystal quality.
Thanks to the continuous enhancement of the LEDopeances, the solid state lighting
technology is now leading a revolution of the liggttechnology. This new generation of
lighting technology, represented by LEDs, is chemazed by higher efficiency, lower energy
consumption, longer lifetime and smaller volumetc, compared to the traditional
incandescent and fluorescent lamps.

GaN is at the basis of the solid state light emgttechnology. The hexagonal phase of
GaN is a large band gap semiconductor (~ 3.4 eWh & high chemical stability. By
adjusting the Ill-group elementary compositions tire (In,Ga)N and (Al,Ga)N alloys,
optoelectronic devices operating in the UV-visitdage can be fabricated.

Currently, most of the devices are fabricated aliheg[0001] direction of the wurtzite
crystal, along which strong polarization fields s%i The total polarization consists of
spontaneous and piezoelectric polarizations, amaries with the composition and strain state
of the nitride compounds. The discontinuity of tipelarization at the interface of
heterostructures may lead to the accumulation afggs, which may separate the electron
and hole wave functions and reduce the radiatigcerndination efficiency. This is the well
known quantum Confined stark effect (QCS$E)To avoid the QCSE, growing GaN on
semipolar or nonpolar planes is propo8e&long these directions, very weak or even no
internal electric field exists.

GaN substrates have become available in the regeats, which make the
homoepitaxy of GaN possible. However, GaN subsrate still expensive and limited to
small size, especially along the nonpolar orieateti(~ 1000 euro / c)® which limit the
large scale production of LEDs on GaN substratase I the lack of native substrates,
researchers have been searching alternative sigsstom the growth of GaN during the last
two decades. Sapphire, silicon carbide and siliaon currently the most commonly used
substrates for GaN, among which sapphire dominat88% of the market. However, the
large lattice mismatch between the epitaxial legmd the substrate leads to the presence of



high densities of structural defects in the nitrideterostructure, which may reduce the
radiative recombination efficiency of light emitgjrevices.

Zinc oxide (ZnO) substrates offer several advarddge the growth of GaN. They
have the same crystal structure (wurtzite), cl@dck parameters and thermal expansion
coefficients with GaN, which provide the possilyilib grow high quality GaN crystals on
ZnO. In addition, the strong chemical selectivigtveeen GaN and ZnO allows removing the
ZnO substrates by a chemical etching process, wanables the thin film engineering of
GaN by a simple method. However, several problesush as impurity incorporations and
interfacial reactions, still exist.

In this study, the growth of GaN, as well as thlerifaation of quantum well (QW)
heterostructures and light emitting devices, areezhout on (Zn,Mg)O / sapphire templates
and bulk ZnO substrates, on bath(11-20) andc- (0001) planes. The structural and optical
properties of heterostructures are studied, andoénormance of the first monolithic light
emitting diode on ZnO substrate is characterized.

Chapter | gives the fundamental knowledge concgrtine crystal structures and the
electronic band structures of nitrides. The straodification of the crystal and the electronic
structures are discussed. Commonly observed defectsitrides are introduced. The
properties and applications of nitride heterostreet, grown on both polar and nonpolar
planes are presented and discussed. In the lasttpbarproperties of ZnO substrates are
briefly introduced.

Chapter Il introduces the main growth and charaa#gon tools used in this work.
Molecular beam epitaxy (MBE) is the growth techmqused in this study, and the system
configuration and working principles are presentéthe main tools used for the
characterization of the surface morphology, stmatfwoptical and electronic properties, such
as atomic force microscopy (AFM), scanning electnaicroscopy (SEM), x-ray diffraction
(XRD), and photoluminescence (PL) are introduced.

Chapter Il discusses the growth and propertiea-pfane (Al,Ga)N heterostructures
grown on (Zn,Mg)O / r-sapphire templates. The ieflce of Mg content in the templates on
the GaN epi-layer properties is studied. The stmattand optical properties of tleeplane
GaN layers are characterized. A series of nonpdlasGaygN / GaN multi quantum wells
(MQWSs) is fabricated on a-plane GaN surfaces, aeit bptical properties are discussed.

Chapter IV focuses on the growth of GaN and theidabon of (In,Ga)N / GaN
multi-quantum well (MQW) based LEDs arplane bulk ZnO substrates. We show that GaN

layers with both Ga- and N- polarities can be groomn O facec-ZnO and the polarity

10



determination mechanisms are analyzed. The stalcamd optical properties of GaN / ZnO
structures are presented. Finally, the monolithtegration of (In,Ga)N / GaN MQW based
LEDs fabricated on ZnO substrates are demonsteatdctharacterized.

Chapter V presents a brief study about the growiBaN layers on bulla-plane ZnO
substrates. Two methods, using ammonia and N plasmatrogen sources, are adapted for
the growth of the GaN nucleation layers. The optiead structural properties are
characterized and compared. In addit@nandc-plane (In,Ga)N / GaN MQWSs are grown on
ZnO substrates. The indium incorporation efficiescin the (In,Ga)N layers and the MQW
optical properties are compared and discussed.

Finally, general conclusions are made and perspesctf this study are presented.
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Introduction

Au début des années 60, la démonstration de dtfpossemi-conducteurs
électroluminescents de « haute efficacité » a dulaervoie a la fabrication de diodes
électroluminescentes (DELS)Le développement de ces composants a progressiveme
conduit a remplacdes sources classiques de lumiére par des DEupurd'hui, les semi-
conducteurs nitrures sont les matériaux de choixr pm large éventail d'applications, et
notamment pour les DELs fonctionnant dans I'ultiglet (UV) et le visible? Depuis le début
des années 1990, le développement de disposhiéseé de nitrure s’est accéléré en raison de
'amélioration de la qualité structurale des matéria base de nitrure de gallium (GaN).
Grace a l'amélioration continue des performancaseLs nitrures, en particulier dans le
bleu autour de 450 nm, la technologie de I'éclairegt actuellement en pleine révolution. En
effet, 'impact environnemental, lié a la consommationnégie, est le critére qui suscite
aujourd’hui le remplacement des sources traditibesied’éclairage par le développement
d’'une nouvelle technologie : I'éclairage par soarad’état solide dont le composant de base
est la DEL.Cette nouvelle génération d'éclairage a base desDiitures se caractérise par
des sources lumineuses de plus grande efficacieéconsommation d'énergie plus faible, une
durée de vie accrue, des dimensions réduites, @ilkenne robustesse aux chocs, etc..., par
rapport aux lampes incandescentes et fluoresceatigonnelles.

Le GaN, dont la phase thermodynamiquement stableleephase hexagonale
« wurtzite », est un semi-conducteur a grande largie bande interdite (~ 3,4 eV a
température ambiante), avec une grande stabilitgighe. En ajustant les compositions des
élements de la colonne Ill du tableau périodigue (a, Al) pour constituer différents
alliages, on peut fabriquer des dispositifs opitébmiques émettant de la gamme UV au

visible.

Actuellement, la plupart des composants sont faBsde long de la direction [0001]
du cristal wurtzite, le long de laquelle des pré@s de polarisation macroscopique
apparaissentEn particulier, les propriétés optiques d’une festucture sont modifiées par
la présence d'un champ électrique interne qui gmvid’'une différence de polarisation
macroscopique entre les différents matériaux cmastt I'hétérostructure. La polarisation

12



totale se compose de polarisations dites « spoegan@t « piézo-électriques ». Elle varie en
fonction de la composition et de I'état de contmimle I'hétérostructure. Ainsi, la
discontinuité de la polarisation a l'interface @'urétérostructure de type puits quantique (PQ)
peut conduire a l'accumulation de charges qui pauséparer les fonctions d'onde des
électrons et des trous et réduire l'efficacité deombinaison radiative. C'est l'effet Stark
confiné quantique (ESCQY. Pour réduire voire supprimer 'ESCQ dans les P@s,
croissance de GaN sur des plans dits « semi-pslai@ « non polaires » a récemment été
envisagéd.Le long de ces directions, de trés faibles, vaiteun champ électrique interne

n'est observé.

Les substrats de GaN sont devenus commercialemsponibles au cours des
dernieres anneées, ce qui rend 'homoépitaxie de @adsible. Cependant, les substrats de
GaN sont encore chers et limités a de petitesesaiken particulier le long des axes non
polaires (~ 1000 euros/éf ce qui limite la production & grande échelle deL®Bur
substrats de GaN. En raison du manque de subs#tifis, les chercheurs ont travaillé sur des
substrats alternatifs pour la croissance de GaNoaus des deux derniéres décennies. Le
saphir, le carbure de silicium, et le silicium samttuellement les substrats les plus
couramment utilisés, parmi lesquels domine le sgpbir pres de 80% de part de marché.
Toutefois, le grand désaccord de maille entre lecke épitaxiale et le substrat conduit a la
présence de fortes densités de défauts structulans les hétérostructures, ce qui réduit le

taux de recombinaisons radiatives des dispositifstizurs de lumiére.

Les substrats d’'oxyde de zinc (ZnO) offrent pluseavantages pour la croissance du
GaN. lls ont la méme structure cristalline (wudlitdes parametres de maille et des
coefficients de dilatation thermique proches du GedNqui permet d’envisager la possibilité
de produire des cristaux de GaN de « haute quakitiér ZnO. En outre, la forte sélectivité
chimique entre GaN et ZnO offre la possibilité dérer le substrat de ZnO par un procédé
simple de gravure chimique, permettant d’'obtenis fians minces de GaN. Cependant,
guelques difficultés, telles que I'incorporatiompuretés et les réactions interfaciales entre

GaN et ZnO, restent encore a résoudre.

Dans cette étude, la croissance de GaN, ainsiajf@blication d’hétérostructures a
puits quantiques et de DELs, sur tremplins (Zn, ®™gaphir et substrats massifs de ZnO,

sont présentées. Les propriétés structurales ejuast des hétérostructures, sur les plans a-
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(11-20) et c-(0001), ainsi que les performancespEmieres diodes électroluminescentes

monolithiques a base de GaN sur substrats ZnOésodiges.

Le chapitre | détaille les propriétés fondamentat@scernant les structures cristallines
et les structures de bandes électroniques des imaténitrures. La modification de la
contrainte du cristal et les structures électroesqassociées sont discutées. Les défauts les
plus communs dans les nitrures sont présentés. pkegsriétés et les applications des
hétérostructures a base de nitrure d’élémentgpitaxiées sur les deux plans polaire, (0001),
et non polaire, (11-20), sont présentées et dissufdans la derniére partie, les propriétés des

substrats ZnO sont brievement présentées.

Le chapitre 1l présente la technique de croissagticées outils de caractérisation
utilisés dans ce travail. L’épitaxie par jets maléares (EJM) est la technique de croissance
utilisée dans cette étude. La configuration du ésyst d’'épitaxie et ses principes sont
présentés. Les principales techniques utilisés pouwaractérisation de la morphologie de
surface, des propriétés structurales, optiquekeetréniques, telles que la microscopie a force
atomique (AFM), la microscopie électronique a batgy (MEB), la diffraction des rayons X

(XRD) et la photoluminescence (PL) sont introduites

Le chapitre Ill traite de la croissance et des péwps des hétérostructures a base
d’'(Al, Ga)N sur plan z fabriqguées sur des couchesplins (Zn, Mg)O plan a épitaxiés sur
substrats saphir plan r-(1-102). L'influence dedacentration en Mg dans les tremplins (Zn,
Mg)O sur les propriétés des couches de GaN esiéétueEn particulier, les propriétés
structurales et optiques des couches de GaN plsont caractérisées. Ensuite, une série
d’échantillons constitués de multi-puits quantig@és,Gay gN/GaN non polaires, d’épaisseur
de GaN variant entre 0,5 et 7 nm, est fabriquéedssr surfaces de GaN plan a. Leurs
propriétés optiques sont présentées et discutées.

Le chapitre IV porte sur la croissance de GaN dalaication de DELs a base de
multi-puits quantiques (MPQs) (In, Ga)N/GaN épiées sur substrats massifs de ZnO plan c.
Nous montrons que des couches de GaN de polardésu@\ peuvent croitre sur la face
oxygene du ZnO plan c. Les mécanismes de déternminate la polarité des couches
épitaxiales sont analysés. Les propriétés struewiet optiques des structures GaN/ZnO sont

présentées. Enfin, lintégration monolithique de LBEnitrures a base de MPQs

14



(In, Ga)N/GaN fabriquées sur des substrats ZnO kst démontrée et les performances sont

présentées.

Le chapitre V présente une bréve étude sur la sante des couches de GaN
épitaxiées sur substrats massifs ZnO plan a. Deuxces d'azote, soit I'ammoniac gaz
comme précurseur d’azote, soit un plasma d'azoteété utilisées pour laroissance des
couches de nucléatiaihe GaN. Les propriétés optiques et structuralescdeches de GaN
sont alors caractérisées et comparées. Par ajlgesdVIPQs de (In, Ga)N/GaN sont épitaxiés
sur des substrats ZnO plan a et c. Les efficaditdsorporation de I'indium dans les couches

(In, Ga)N et les propriétés optiques des MPQs somiparées et discutées.

Enfin, les conclusions générales et les perspecteece travail constituent la derniere

partie de ce mémoire.
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Chapter I. Fundamentals

In this chapter, the fundamental knowledge conogrmy thesis research project is
introduced. This chapter consists of four parte:fitst part introduces the crystal structures of
sapphire, Zinc Oxide (ZnO) and Gallium Nitride (QaNhcluding the symmetry group,
thermal and mechanical properties, as well asahewonly observed defects; the second part
focuses on the electronic band structure of thdanarcrystal, the strain modification of the
band structure and the deep levels in the bandtbephird part presents the advantages and
the recent progresses of nitride based heterostescgrown along the nonpolar orientations;
the last part gives a brief introduction to thevgito of GaN on ZnO substrates.

|.1. Crystal structures

|.1.1. Introduction to sapphire, ZnO and GaN
|.1.1.a.Sapphire

Sapphire (AIOs), also called ‘blue stone’, is a type of crystaéd widely in industrial
and for decoration purposes. Nowadays, it is tHestsate of choice for the fabrication of
nitride-based light emitting diodes (LEDs), whiclontinates 80% of the market. As a
substrate, it has several advantages: it is chélyngtable, inexpensive (compared to SiC and
GaN substrates), and available in large sizes dB-substrates have been demonstfated
However, it is limited by a poor thermal condudtvand is difficult to be etched off from the
epitaxial layers, which are fundamental requireméot the high-power LED technology
under development.

Sapphire is a corundum type of crystal, which bgéoto the ditrigonal scalenohedral
class of the trigonal symmetBfss — R3C . The structure of this spatial symmetry group may
be considered as a slightly distorted closest hanagpacking of oxygen ions, as shown in
Figure I.1.

At room temperature, the lattice parameters (LBishexagonal lattice constants are
a=b =4.759 Aandc=12.992 A? It needs to be noticed that the ratiba ~ 2.73far exceeds

that of an ideal hexagonal packing% =1.633). The four most commonly used planes in
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the epitaxial growth are theplane (0001)a-plane (11-20)m-plane (1-100) and-plane (1-
102).

[1700) 20 T
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Figure I.1. Structure of the hexagonal elementaryaills: the full circles represent octahedral hollows

formed by the closely packed & ions and the open circles represent aluminium iongdapted from ref. 3).

The thermal expansion coefficients (TECs), whichade how the lattice parameters
change with temperature, are defined aas= A% anda, =A%, alonga- and c- axes,
respectively. The TECs of sapphire vary signifibamtith temperature and crystal axis. At
room temperature, the TECs are= 522x10°/K and a, = 592x10°/K .*

Sapphire is one of the best dielectric at room tmepre, and its resistance is
5x10"® Q cm along the perpendicular ¢§0001] direction and 2x¥®Q cm alongc direction.
This value diminishes when increasing the tempegatike the other oxides.

[.1.1.b.ZnO and GaN

Zinc oxide (ZnO) is a lI-VI inorganic compound seamductor, which can be found
naturally in mines or produced synthetically. Zr€ai relatively soft material with smaller
elastic constants than IlI-V compounds. ZnO hagyh heat conductivity (Table 1. 1), which
makes it easier to be heated as a substrate thgphisa Usually, ZnO has-type
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characteristics even in absence of intentionalmpmnd it has a better conductivity than non-
intentionally doped (NID) Gallium Nitride (GaN).
GaN is a IlI-V compound semiconductor, which ischand mechanically stable. Like

ZnO, it has high heat capacity and thermal condlitgt{Table I. 1)°

Bandgap | Thermal conductivity Heat capacity Thermal expansion
(eV) (W cm* K™%) (300K) | (3 mol* K% (300 K) | coefficient (K%) (300K)
3.510° a, =31x10°
GaN 1.5-2.17 36 ) LB
(0 K) a, =28x10
10] — -6
0 3.437 g 412 a, = 475x10° 4
(4.2 K) a, =29x107°
a, =56x%x10°
Al;,05 8.7 0.35 Joan a
a, =50x10°

Table 1.1. Comparison of bandgap energy, thermal awductivity and linear expansion coefficients betwee

GaN, ZnO and sapphire.

GaN and ZnO have many similar electrical and stmattproperties. They are wide

band gap semiconductors (Table I. 1). They haveetliypes of crystal structures: wurtzite,

zinc blende and rocksalt.

thermodynamically stable phase under ambient ciomdit

C-axIa
*

Here we mainly discuss wurtzite phase, which is the

) uc: bond length
[ '_
q‘h‘-‘h P
R, 3 f—" a © Ga or Zn atom
a-axis © Nor O atom

Figure 1.2. Unit cell of a wurtzite structure.
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Figure I. 2 shows the unit cell of a wurtzite strwe. The wurtzite structure belongs to
the P@mc space group, and it has a hexagonal unit celGdN, thetc direction is defined
pointing from Ga to N in a nearest ‘Ga-N’ bond. oocommonly used planes in wurtzite
crystal are noted in Figure I. 2. The basal plamethe hexagonal structure, which is
perpendicular to the-axis, is called ¢-plane”, also noted as “polar plane”. The pristica
plane, which is perpendicular to the[1-100] direction, is namedritplane”. And finally,
the plane which is perpendicular to taaxis [11-20] is named &-plane”. Botha- andm-

planes represent the two nonpolar planes of théziteicrystal.
In a wurtzite crystal, the two LRsandc obey to the relatio% = 1/% =1.633, and

the ratio between the V-III (VI-II) bond length alp the [0001] direction and the L&is
u=3/8. The parameteuc then corresponds to the bond length. In the rasé ©f ZnO and
GaN, as the crystals are distorted, the c / a ratemaller than the ideal wurtzite structure,
and theu value is slightly larger. LPs can be influencednbbgny factors, including chemical
composition, free charge density, defects, extestralss and temperature. Table I. 2 shows

the LPs and corresponding ratios of GaN and Zn@eumrero strain and ambient condition.

a@d) |c@A |cla | Ref| u Ref.
GaN | 3.189 | 5.185| 1.62606] |0.376 | [15]
ZnO | 3.250 | 5.204| 1.600[16] | 0.382 | [16]

Table 1.2. Lattice parameters and corresponding rabs of GaN and ZnO.

lwanagaet al. have given the second order polynomials of GaNzmd LPs varying
with temperature (Eq. I. 1 and Eq. 1. 2), by fiftithe experimental ddta The LPs at
different temperatures were obtained by performinigy diffraction measurements on GaN
and ZnO powders.

8,0(T) =3.2468+0.623x10°T +1294x10°T?,

01
C,.o(T) = 5.2042+ 0.522x10°°T +1213%10°T 2.

gy (T) = 3.1840+ 0.739x10°°T + 592x10°T?,
Comn (T) = 51812+ 1.455x10°°T + 462x10°°T 2.
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The simulated evolution of GaN and ZnO lattice pagters with temperature are

shown in Figure 1. 3.
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Figure 1.3. Evolution of lattice parameters (a) a ad (b) c of GaN and ZnO, as a function of temperatie.

The thermal expansion coefficients (TECs) of GaNQDZand sapphire are listed in

table I. 1. It should be noticed that, in a wudzstructure, TECs are different in the basal

plane and along the axis, and they also vary with temperature. When tdmperature is

above 100 K, TECs increase significantly with terapgre.
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|.1.2. Epitaxial relationships
1.1.2.a.Zn0O and GaN grown on sapphire (0001)

Sapphire is the most commonly used substrate fod &ad ZnO, and the-plane
(0001) is the most commonly used growth plane. @Psapphire, ZnO and GaN in the basal
c-plane are@sapphire= 4.759A, ano= 3.25 Aandacan= 3.189 A respectively. In this case, the

a,,—a
lattice mismatch between ZnO and sapphire®i8——2 = -31.7%, and that between GaN

sap

-a
and sapphire iéau=—33%. It has been demonstrated experimentally that the
sap

epitaxial relationship between ZnO and c-plane Bappis: (00010 || (00013apphire aNd
(1010),,, |l (11§O)S(Whi,e.18 Figure . 4 (a) shows the scheme of the atomiangement in the

basal plane when growing ZnO o+plane sapphire. It shows that th@lane of ZnO rotates
by 30° in the basal plane of sapphire. In this cds®in plane periodicity in the substrate and

the epitaxial film are, = as%:—g =275 A andd, =a,,, = 325A, respectively. Under this

arrangement, the lattice mismatch between ZnO apgltsre is 18.3%.

It has been shown by Narayaet al. that the strain in epitaxial films can be
accommodated in the form of domain matching epittXWE) when the film has a large
lattice mismatch with the substrate (> 7 — 8'9dh the concept of DME, the film plard
with the substrate lattice plangis considered to have a similar crystal symméthe initial

d, -d

S

misfit straing = can be very large, but this strain can be reldyethatchingm film

S

planes wittn substrate planes following:

(m+a)d, =(n+a)d,, (1.3)

whereq is the frequency factor: 4 = 0, it means that there is a perfect lattice planatch
betweenm film planes anch substrate planes; i = 0.5,m / nand(m+1) / (n+1) domains
appear with an equal frequency. Between ZnO anghsag there is almost a perfect
matching with5.5 x & and 6.5 x ds, while o = 0.5. It means that even if there is a planar
mismatch ofe ~ 18.3%, the film and substrate still have domaataining by coupling five

film planes with six substrate planes or six filnlres with seven substrate planes.
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Figure 1. 4 (b) shows the transmission electron rasicopy (TEM) image of the
ZnO / sapphire interface, which follows the arrangat of DME.

(b)

# ZnPlane of Zn0 (a)
(O oPlane of sapphire

axcs of
i Al
In0O

11i30)

fi1o0)

e — --.' |

@ rapptire = 4,76 A Sﬂpph |!' .~:_ I ||| I .. .‘ ,.-”1 |I

il

1L |'

Figure 1.4. (a) Scheme of atomic arrangement in thbasal plane of ZnO and sapphire and (b) TEM image

of the ZnO / sapphire interface in the case of doniia matching epitaxy (adapted from ref. 19).

In the case of GaN, similar plane matching happgn®tating thec-plane of GaN by

30° in the basal plane of sapphire, the planar misimise ~ 16% and the epitaxial relation is:

(000L)san| (00013apprireand(2110)g, 1 (LOZ0). e 2°

1.1.2.b.a-plane ZnO (GaN) on r-plane sapphire

It has been shown experimentally tlaablane(llio) ZnO layers can be grown on

plane (L012) sapphire substrat®s? Figure 1. 5 shows the high resolution images @ th
ZnO / sapphire interface, along the <1-100> and0460directions of ZnO. The in plane
epitaxial relationships are found to (@003, . ||(1101),,,and (1100),,, | (1120),,,.
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Figure 1.5. TEM images of the interface between a@O film and a r-plane sapphire substrate, along the (a)
<1-100>,0 and (b) <0001>,, directions (adapted from ref. 23).

Different from the polar case, tlzeplane ZnO layer has a misfit anisotropy with the
substraté??* As illustrated in Figure I. 6, the lattice spacioigZnO isczno= 5.206 Aalong
the [0001] direction of ZnO and that of the sapphirsubstrate is

¢ =.3a% +c2 =15384A. Such a large lattice mismatch can be accommodaged

sap sap sap
matching three ZnO (0001) planes with one saprﬂi]itel) plane, with 1.26% misfit left.
Along the [-1100] direction of ZnO, the lattice fmaficities of ZnO and that of sapphire
are\/§a2no =5.629A andas,=4.756 A respectively, and there is a compressive latticsit

of 18.3%. This misfit is accommodated in the forfrDOJE, as introduced in the case ©f
plane growtf’.

When the llI-nitrides are grown om-plane sapphire, similar crystal matching
arrangements with ZnO / sapphire have been idedfifi As shown in Figure I. 6, the
epitaxial  relationships between a-plane GaN and r-plane sapphire are:

(0009, 1I(2203),,,and (1100),,, II{L120),,,, and the lattice misfits are accommodated in

sap?
a similar form with that of ZnO and sapphire. Thttite misfit is ~ 1.13% along GaN <0001>
direction and 16.1% along <1-100> direction.
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Figure 1.6. Scheme of the atomic arrangements andttice constants ofa-plane ZnO, a-plane GaN andr-

plane sapphire.

|.1.2.c.GaN grown on ZnO

GaN has very small lattice mismatches with ZnO8(¢% and -0.42% along [11-20]
and [0001] directions, respectively). When growidgN on ZnO, GaN follows exactly the

stacking orientation of ZnO, either along polar monpolar directiond®® The epitaxial

relationships ar¢0003).,,, 1/(0001,,, ,({1120),,, |I(1120),,, and(1010),,, |I(1010),...

|.1.3. Strain and stress

The strain of a crystal describes the degree obrdedtion, which arises from an
external stress. The strain has an influence ih bogstal fundamental properties and device
related characteristics, including lattice paramsgtelectronic band structure, as well as

polarization. Strains alorandc axes can be calculated using the following exjpoass

£, = a8
a,
£C=C_C°.
Co (. 4)
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where g and @ are the relaxed lattice parameters, andnd c are the strained lattice
parameters. In the GaN epitaxial layer, the stigirusually generated from the lattice
mismatch between the substrate and the epi-lagerinstance, when growing anplane, a
GaN film exhibits a compressive in-plane strain sapphire, and a tensile strain on ZnO.
When growing on nonpolar planes, the situation @encomplicated as there are in-plane
anisotropies for the lattice parameters and thartAkeexpansion coefficients alorag(or m)
andc directions, so in-plane strains are usually anigit?® As illustrated in Figure 1. 6, the
lattice mismatches between GaN and ZnO are -1.980-@4% along [1-100] and [0001]
directions, respectively, while those between GalN sapphire are 13.9% and 1.13% along
[1-100] and [0001] directions, respectively.

There are two types of strains: normal strain dresstrain. Normal strains are noted
as &y, &y, andg&, representing strains along the three orthogomattbns [11-20], [1-100]
and [0001], respectively. Shear strains are nogeda &, and &, and they describe the
change of angles between the three principle dest owing to the stress along non-
principle axes. In the case of heteroepitaxy, adgmal strains are present when growing on
polar and nonpolar orientations. Shear strainsrowben growing on semipolar plans.

The relation between the strain and the stresssotoethe Hook's law:

0; =Cy &y (1. 5)

In the wurtzite system, both stress and strainorschave six elements, and the stiffness
matrix elements Qn(m, n O [16]) have only five independent constants;, ©;», Ci3, Csz and

Ca4. The strain-stress relations can be expressed as:

O Ch, Cp C3 O 0 0 Exx

Ty C, Cy Gy O 0 0 Eyy

azz — C13 C13 C33 0 0 0 gzz (| 6)
g, o o o ¢, O 0 £, '
o, 0 0 0 0 C, 0 &y

g, 0 0 0 0 0 (C,-Cu)i2)\e,
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The elastic stiffness coefficients of GaN and Zn&ven been measured experimentally as

shown in Table I. 3:

Structure| @ Cio Cia Css Cu
GaN® wurtzite | 390 145 106 398 105
INN® wurtzite | 223 115 92 224 48
AINZ® wurtzite | 396 137 108 373 116
Zn0o?® wurtzite | 209.7 121.1 105.1 210.9 42.5

Table 1.3. Elastic stiffness coefficients of nitrig binaries and ZnO (GPa).

When growing GaN on the (0001) plane, there is Imeas strain, and the in-plane
strain is isotropic &y = &y, = €;). The crystal space group does not change. Thessalong

the growth direction vanishes because of the fuelase, we have:

0,=2C,,+Cue,,=0 (1.7

Then the relation between the transversal sgjaand axial strairg,, can be expressed as:

£ = VE,, (1.8)

wherev = Css is Poisson’s ratio.
2C,,

When growing GaN on the (11-20) plane, the epitdaiger is strained on thgz plane
(cf. Fig. I. 13), and the strain is anisotropic daehe different lattice mismatches along the

y-[1-100] and thez-[0001] directions. In this case, the crystal syrtiynes changed from

wurtzite C2to C?. The stress along the growth direction satisfies:

Jxx = Cllgxx + ClZ‘gyy + C13€zz = O (l' 9)

The strain along the growth direction can be deddimm:

(1. 10)
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|.1.4. Defects
|.1.4.a.point defects

Point defects mainly have two sources: native defaad impurities. There are several
types of native point defects in GaN, like Gasgvand N () vacancies, self-interstitials
(Ga and N), and antisites (Gaand Nsg). The presences of these native defects may act as
sources of doping, and also sources of compensétiomtentional doping. These native
defects usually have a high formation enefgyyhich makes them difficult to form
spontaneously during the growth.

Impurities are another type of point defects. Treshtommon impurities in GaN are
O, C, and Si, and they are mainly incorporated @aiN layers, usually non-intentionally,
during the growth. The impurities may also influerthe electronic properties of the epitaxial
layer. For example, Si and O, which act as donofsaN, can lead to a non-intentionatype

conductivity and compensate the intentignéype doping in the epitaxial layer.
|.1.4.b.line defects

A dislocation is a typical line defect, which cam divided into two groups: threading
dislocation and misfit dislocation. For GaN, theande generated from the coalescence of
islands or relaxation processes during growth,oalgih there is no low energy relaxation
process when growing along polar orientafibif:**The typical threading dislocation density
of a GaN layer grown on sapphire (by MOCVD or MB&petween 1band 18% cnt.33*
Thick GaN layers (>300pum) with a dislocation densif mid-1¢/cn? can be grown by
HVPE®. The surface terminations of dislocations may leathe formation of depressions
due to the surface energy and the strain energciassd with the dislocatiorf§.Figure 1. 7
shows the scheme of a surface generated from the Balance between the surface tension
and the dislocation line tension, at the termimatd a dislocation. These depressions may
finally result in ‘V-shape’ defects observed, for nstance, in
InGaN / GaN multi quantum well (MQW) structur€sThe presences of dislocations may
influence the electrical and optical propertiesGHN, i.e. they may act as localized non-

radiative recombination centres of excitdhs.
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Side View
Surface tension
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Figure 1.7. Scheme of a surface depression generdtat the termination of a dislocation (adapted from
ref. 34).
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Figure 1.8. Schematic representations of (a) an eédglislocation and (b) a screw dislocation.

A dislocation is defined by a Burgers vectorand a line directior.. The burgers
vector describes the lattice displacement withendtystal, and. represents the line direction
of the dislocation. For a perfect dislocatitnequals a unit lattice vector. When the Burgers
vector is perpendicular to the line direction, thglocation is defined as an edge dislocation,
as shown in Figure I. 8 (a). When the Burgers vestparallel to the line direction, as shown
in Figure I. 8 (b), the dislocation is called aesgrdislocation. When a dislocation has
components from both edge and screw dislocatians,dalled a mixed dislocations. In this
case, the angle betwebrandL is in between 0° and 90°.
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|.1.4.c.planar defects

The most commonly observed planar defects in wierZaN are stacking faults (SFs)
and inversion domain boundaries (IDBs). Basal pkiaeking faults (BSFs) correspond to the
disordered stacking sequence of a crystal in tB8XPplane of GaN, while prismatic stacking
faults (PSFs) refer to stacking faults in pristmelas In a perfect wurtzite crystal, the stacking
sequence is ABABABAB, as show in Figure I. 9 (adae). The stacking sequence is
ABCABCABC for a zinc blende structure (Figure I.(8) and (d)). For type | BSF, the
stacking sequence is switched to ABABCBCB, ashadl A sites are replaced by the C sites
above the fault plane. A type Il fault representacking sequence of ABABCACA, and an

extrinsic fault is characterized by a stacking mrq:e of ABABCABAB.
a

Figure 1.9. Schematic representations of A, B, Ct&s in (a) wurtzite and (b) zinc blende structurefc) and

(d) shows the projection on thee plane (0001) (adapted from ref. 38).

An IDB represents a fault plane which acts as aersion centre for domains with
different anion-cation bond polarity. In GaN, IDBsving (10-10), (10-11), (10-12) and
(0001) faults planes have been obser?é@@Figure 1. 10 shows an atomic model of IDB in
the (11-20) plane. The dotted line indicates thedocentre site where the inversion happens.
IDBs can be evidenced by the asymmetry in convergeam electron diffraction (CEBD)
patterns containing the (0002) and (000-2) reftextf®

31



[0001] ®is

L. [10-10] O Ga

Figure 1.10. Atomic model of an IDB in (10-10) plae (adapted from ref. 41).

|.2. GaN electronic band structure

|.2.1. Band structure nedr point

GaN, like other lll-nitride materials and ZnO, isdaect band gap semiconductor.
Figure I. 11 shows the band structure of GaN infitlsé Brillouin zone. The conduction band
minimum and valence band maximum locate at theeceuwit the Brillouin zone, which is
called thel’ point. The band gapgEepresents the energy difference between the ctiodu
band minimum and the valence band maximum. The lgapdenergy decreases with the

increasing temperature, and this behaviour is destiby the Varshni equation:

at?

Eg(T):Eg(O)—T_ﬂ :

(I. 11)

wherek, (0) is the band gap at 0 K, whiteandp are the Varshni parameters which can be

obtained by fitting the experimental curve. The &hani parameters differ from materials, and
differ from different strain states of the same enial. Take GaN for example, the band gap at

room temperature is typically 70 meV lower thart ttdiquid helium temperature (4.2 K).
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Figure 1.11. GaN band structure in the first Brillouin zone, simulated using local approximation (daséd

line) and quasi-particle self-consistent (solid lie) approaches (adapted from ref. 42).

In the vicinity of the conduction band bottom, tlectronic state mainly consists of
the anti-bonding state of cati®state, and the energy dispersion can be exprdssed
parabolic approximation model:

n? n?
E.(k)=E,+E°=E,+ o (k2 + kj)+sz2 ra,le, +gyy)+ ac,,. (. 12)

e

Eco represents the original position of the conductiamd minimum. The second and the

third terms represent the parabolic sharp energgedsion in the vicinity of the conduction
band bottom, wheren]’ andm’ are the effective masses of the electron in trsalbalane

and along thec axis of the Brillouin zone, respectively. The é&en and hole effective
masses of nitride binaries and ZnO are listed inld& 4. The last two terms correspond to
the energy shift due to the residual str@nanda, are the deformation potentials along the
in-plane and out of plane directions, respectivelyich are also listed in Table I. 2.

The band structure of the valence band is more toatgd. There are three doubly
degenerated energy levels at the top of the bagtérrdined by th@-like bonding states. In
an unstrained GaN layer, the three sub bands areevy hole band, the light hole band and
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the spin orbit split off band, and the excitonsated to these three bands are named as A, B
and C excitons, respectively. The holes in eachosulols have different effective masses. The
effective masses corresponding to the three suldsbare defined asu, mg and m¢, and
listed in Table I. 4. One important part of thigsls focuses on GaN layers grown along the
nonpolar (11-20) orientation. In this case, possihtplane anisotropic strains may lead to a
mixing of the sub band$.Therefore, the excitons corresponding to the tti@ansbetween the
conduction band and the three sub bands are deast&d X, and X% excitons (Figure 1. 12),

from the lowest to the highest transition energgpectively.

Valence
bands

Figure 1.12. Scheme of the sub valence bands andethssociated exitonic transitions with the condudain
band.

0 1 0 0 0

me | mg | my | Mg | M
GaN**|0.18/ 0.20]1.65]/ 0.15] 1.10| 1.10] 1.10| 0.15| -4.9 -11.3
ZnO™ | 0.21]0.23/ 0.54| 0.55| 1.12| 2.74| 3.03| 0.27
AIN**|0.25] 0.33] 3.68] 6.33| 0.25| 0.25| 3.68| 3.68| -3.4 -11.8
INN*® | 0.10] 0.11|1.61]0.11| 1.67| 1.67| 1.67| 0.10| -3.5 3.5

1

m! | ml | m! |aEV)]aev)

Table 1.4. Effective mass of electrons and holesnd conduction band deformation potentials in nitride

binaries and ZnO, along both in plane and out of f@ne directions (the unit is the free electron magsy).

The energy difference between the three sub barttie &icinity of thel’ point can be
related to the crystal field splitting enerdy and the spin-orbit split-off energy, The sub-
band energies and states may also be modifiedebgetfidual strain in the thin fili{.A kep

perturbation approach has been developed by BirRikds to describe the valence band

34



Hamiltonian®**®*°In this method, the subband states and energrebealeduced from the

eigen states and eigen values of Bir- Pikus Hamgaio matrix:

F 0O -H 0 K 0
0 G A -H 0 K’
. |-H A A 0 1”0
H (k) =
(k) 0 -H 0 A AT &)
K 0 | A G O
0 K 0 | 0 |

where
F=A+A,+1+6,G=A-A,+A+6,
H =i(Akk, + Ak, +Dge,. )1 =i(Akk, — Ak, +D,e,.)
K = Ak?+ D, ,A=+21,,
A= Ak; + Ak +De,, + DZ(‘SXX + gyy)’
6= AK? + AK? +De,, + D, (e, +2,)
E, =&, —E,t2AEE, =&, FIE,,
k, =k, +ik,, k3 =k +k?,
A =+2A,
The parameters;Qi=1 to 6) are the deformation potentials of théemae band. Two groups

of GaN deformation potentials have been proposditeirature, which are listed in Table I. 5.

Deformation| Ref.49 (eV)| Ref. 50 (eV)
parameters

D; -41.4 -38

D, -33.3 -33.3

D3 8.2 4.9

Dy -4.1 -5

Ds -4.7 -2.8

Ds -7.5 -3.1

Table 1.5. Deformation potentials of the GaN valene band proposed by Ghoslet al*° and Ishii et al>°.

Aj ( =1 to 7) are equivalent to the Luttinger paraengtand determine the hole effective
masses! &, andkn (M, n =X, y, z) are the strain and wave vector comepts.A; = A,
Ar= A3= Asol 3, WhereA,, is the crystal field splitting energy, angd, is the spin orbit split-
off energy. The six basis wave functions for thérmare:
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w:§5u+wy¢ %:§§u+wp)
u, =|2,1), u, =|Z,1), ®)
u5=%‘(x—|Y),T>, u6=i2‘(X—IY),l>

where | X) , |Y) and |Z) are the wavefunctions of the thrgelike states, with orbital

orientations along x, y and z directions, respetyi\illustrated in Fig. I. 13)‘.1> and‘i>

represent the wave functions of spin up and spimndstates. The eigen energies and eigen

states can be deduced by diagonalizing the BidPiHamiltonian matrix. It gives the valence

. 6
energieskE] (j=X1, Xz, X3) and wave function&, = Zai u; of the sub bands.
i=1

z [0001]

......

.....

y [1T00] <~
x[1120]

Figure 1.13. Coordinate system (xyz) used in thisestion (adapted from ref. 52).

The excitonic transition energies can then be ¢atled following:
E,=E +E°-E/ -E, (I. 15)
where E' =E +A, +A,= 3.532 eV, an@E? is the exciton binding energy, also called

Rydberg energy, which describes the coulomb interadetween electrons and holes. The

exciton binding energy of GaN is 26 meV as repoitditerature>®
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The oscillator strength of the transition betwdssn ¢onduction band and valence band

is proportional to the square modulus of the ttamsimatrix elements:

fij D‘<wcs|pi‘w\/js>2 (I. 16)

where f; (i=X,y,2) represents the oscillator strength when the mtedield E is alongi

direction, andy; is the momentum operator along this directiGPbB> is the conduction band

wave function, which has a spherical shape andbeasimplified a{sS>. The valence band

wave functionW/, =Zﬁla1.ui is composed of the thrgelike states X), |Y) and|Z). The

i=1
selection rules are deduced from the wave funayonmetry in the matrix element operation:
(S|py| X) =(S|p,|Y) =1, and(S|p,|Z) =1; otherwise(S|p,| j) =0 if i # j. At zero strain

state, the two topmost sub valence bands only kaveponents fromiX) and|Y) states:
%KX + iY)$>, therefore the emission fromdnd X exciton recombination is isotropic in

the basal plane. TheszXemission is polarized along the c-axis, becausectitresponding

valence band wave function is constructed byZi) states’”

|.2.2. Shallow and deep levels in the band gap

The doping of semiconductors is one of the funddalesteps towards the fabrication
of optoelectronic devicedN- andp-type GaN layers are desired when growing nitridsell
LED and laser diode (LD) structures. An undoped Gaier usually exhibits am-type
conductive behaviour, due to the unintentional dgpof impurities such as O and %i.
Actually, there are two sources of GaMNloping: native defects and impurities. Native defe
mainly referring to N-vacancy @J, may act as a shallow donor. However, the higimé&tion
energy of \{ in n-GaN makes it is difficult to occur in significanbncentrations? Si and O
are the two principal impurities which are respbtesfor GaNn-type doping: Si is often used
for intentional doping and O is the main sourceah intentional doping. Si usually exists in
GaN by substituting a Ga site and has an ionizaitergy of 25 meV? O may occupy a N
site and act as a shallow donor of GaN, with aization energy of 26 meV.
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The p-type doping of GaN is more difficult. Mg has beathe dopant of choice to
obtainp-GaN layers. Mg may occupy several sites in Gablugting the replacement of a Ga
site (Mgsy), an antisite (Mg) and an interstitial site (Mg Usually, Mg, has a lower
formation energy than Mgand Mg, so the Mg, configuration is favoured in energyThe
ionization energy of the Mg acceptor is determieggderimentally to be between 200 - 250
meV in GaN>>***"This high activation energy results in a low hotacentration compared
with the Mg concentration. Currently, the typicaldrconcentration achieved ppGaN layers
for the fabrication of LEDs is in the order of ~*10cnt.>®
The transition of an electron from the donor leigethe acceptor level may lead to the donor
acceptor pair (DAP) emission in the photolumineseespectrum of GaN (see Figure I. 14).
The DAP emission energy can be calculated by:

eZ

4rer’

hVope = Ey = (Ep + E4)+ (1. 17)

where b and B represent the ionization energies of donors andpors, respectively. The
last term corresponds to the Columb interactiomvben the donor and acceptor pair, arnsl

the distance between the donor and the acceptor.

CB
Ep(Si) 26 meV 410 meV
T=0K Ep(deep)
DAP Yellow
!
E~=3.51 eV s 2.25 eV Blue
- g 285 eV
\ 1.2 e‘i-.-’[."“dwm
VB 246 meV

Figure 1.14. Schematic representation of the transions in the band gap of gp-type GaN layer (adapted
from ref. 59).

Besides shallow levels, native point defects map areate deep levels in the band
gap. The Ga vacancy may introduce a triple accdpt@ (Vss) due to its low formation
energy inn-type GaN layer? The Ves level is about 1.1 ~ 1.2 eV (2-/3- transition) abafre
valence band, where it acts as a deep level acc®pfthis deep level can act as a

compensation centre for the-type doping of GaN, which has been demonstrated
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experimentally by Yi and WessélsThe transition between a shallow donor level dnsd t
deep level (Figure I. 14) has been generally aeckps the origin of yellow luminescence
(~ 2.25 eV at room temperature), which has beerrobd in GaN layers grown by several
techniques?®©?

The complex between the Mgacceptor and the N vacancy may introduce a deep
donor level in GaN (MgVn), which is about 0.4 eV below the conduction baRde blue
band observed in GaN PL spectrum (~ 2.8 eV) has b#debuted to the transition between

this deep donor level and the acceptor 1&%el.

|.3. lI-Nitride heterostructures and applications

1.3.1. Nitride bandgap engineering

There has been an increasing interest in fabrigaipto-electronic devices based on
llI-nitrides during the last two decades. One int@ot reason is that the band gap of nitrides
and their alloys cover a broad range from 0.7 ®ed/. In addition, the wurtzite phases of
nitrides are direct band gap materials. These enaptical properties make nitrides suitable
for a large range of opto-electronic applicatiossch as LEDs, LDs and photo-detectors

operating in the UV-visible rangé®®

7

=]

45

Band gap (eV)
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Lattice constant (A)

Figure 1.15. Band gap energies, at room temperaturef wurtzite Ill-nitrides as a function of the lattice

constant a.
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Figure 1.15 shows the band gap energies of nitoidaries and their lattice constant
values a. GaN and AIN have closer lattice constdmis InN. The band gap energies of
nitrides have been summarized by Vurgaftman andeMeynd are listed in Table I. 6.

material InN GaN AIN
structure wurtzite wurtzite  wurtzite
band gap (eV) 0.78 3.51 6.0

Table 1.6. Band gap energies of nitride binaries a K.

A nitride based alloy with a band gap energy in thege of 0.7-6.0 eV can be
achieved by adjusting the content of InN, GaN alid. Ahe band gap energy of an.8xN
alloy can be calculated approximately by:

E,(x) = (@-x)EM +xEXN —bx(1-X), (. 18)

whereb is the bowing parameter. Table I. 7 lists the mgyparameters of different nitride

alloys summarized by Vurgaftman and Me$er:

Alloy AlGaN | GalnN | AlInN
b(eVv) |0.7 1.4 2.5

Table 1.7. Bowing parameters of AlGaN, GalnN and AlnN alloys.

|.3.2. Polar heterostructures

There is a strong polarization field along thaxis ([0001]) in a wurtzite crystal. The
polarization field in nitrides consists of spontans and piezoelectric polarization. The total

polarization can be obtained from the sum of spwedas and piezoelectric polarizations:

P..y = Psp + Psy . (I. 19)

The spontaneous polarizations in nitrides arisenftbe distortion of the tetrahedron
structure (Fig 1.16 (a)), which leads to the sepanaof cation (Ga) and anion (N) centers.
The spontaneous polarizations have been calculayedernardiniet al. and listed in
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Table 1. 8. Among nitrides, AIN has the largest spontaneowotarization. All the
polarization values are negative, which means tti@atspontaneous polarizations of nitrides

points along thec [OOOinirection (Figure 1. 16 (b)).

[0001]
(b) [1120] [1100]
Ga A (Ga) face
N P
Ga "P
N
Ga
N
Ga
N _ ' N N B (N) face
GaN

Figure 1.16. Schematic representation of (a) the Gwtetrahedron structure ; (b) the relation betweenthe

direction of the spontaneous polarization and thergstal orientation of GaN (adapted from ref. 66).

The piezoelectric polarization is induced by thegstal deformation and can be

calculated by:

—

P, =€ =d,0;,] = XX YY,2Z yZ ZX Xy, (I. 20)

where ¢ are the piezoelectric coefficients agds the strain tensor,dare the piezoelectric
coefficients which connects the piezoelectric pa&ton with the stress tensey. In the

absence of shear strain, the expressidP,pélong thec axis can be simplified to:

I:)PZ = e31(€xx + gyy)+ 933822. (I' 21)

In this case, only two piezoelectric coefficients; @nd g; are responsible for the
determination of the piezoelectric polarizationeTdalculated values @h; andes; are listed
in Table I. 8.
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material| Psp €31 €s3 es

InN -0.032 -0.41 0.81 -0.11
GaN -0.029 -0.34 0.67 -0.22
AIN -0.081 -0.60 1.46 -0.48

Table 1.8. Spontaneous polarizations and piezoeleit coefficients of nitride binaries, the units areC / n?

(adapted from ref. 67).

When the nitride layers exhibit a biaxial tensilea® € = €,y > 0), the strain along
thec axis is compressive due to Poisson effegtq{0). Considering the negative valueegf
and the positive value @3, the piezoelectric polarization is negative irstbase, same as the

direction of the spontaneous polarization. An oftposituation can be deduced when the
layers exhibit a compressive strain.

0.00 M T T T T T T T T T T T T
002k 020F  |nGaN / GaN substrate
< 0,04 Q015
£ £
Q 008 £ 010
§ -0.08 5
= T 005
g -oa0p .g
8 012} ‘—g 0.00
o spont
o 14 AlGaN /GaN substrate o - P
N Il N 1 N i N i N _005 L 1 N 1 N 1 N 1 N
0 20 40 60 80 100 0 20 40 60 80 100
Al content (%) In content (%)

Figure 1.17. Simulated total, spontaneous and pieetectric polarizations in (a) Al.,Ga,N and

(b) In,,Ga,N layers grown on GaN, with different Al and In cortents (courtesy of Dr. Jean-Yves Duboz).

In the practical case, nitride based heterostrastare usually grown on tlag(0001)
plane. When an (Al,Ga)N layer is grown on GaN, ¢heran in-plane biaxial tensile strain in
the (Al,Ga)N thin film, then the absolute valuetloé total polarization in the (Al,Ga)N layer
is increased, as shown in Figure I. 17 (a). When(lajGa)N layer is grown on GaN, a
compressive strain in the (In,Ga)N thin film magdeto a piezoelectric polarization along the
+c direction, while the spontaneous polarization &dasopposite direction. In this case, the
total strain is determined by the difference betw#ee piezoelectric and the spontaneous
polarization values, as shown in Figure I. 17 (b).

The discontinuity of the polarization may lead be taccumulation of charges at the
interface of the heterostructure, according tooibxendary condition:
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wherec is the sheet charge density at the interfacetmeisinit vector along the normal of the
interface,P; andP, represent the polarization at the two sides ofilkerface. This property
has been adapted in the application of GaN higbtrele mobility transistors (HEMTS), to
increase the density of the 2 dimension electros ADEG) at the interface of
(Al,Ga)N / GaN®®

On the other hand, in QW based light emitting devjdhe existence of interfacial
charges may induce the well known quantum confiedk effect (QCSEY" " which may
limit the performance of devices. The typical grovdirection of GaN i [0001], along
which there is a strong polarization field, whigadls to the accumulation of charges at the
interface of the heterostructures. In the absehé®e® charges, the displacement fi€ldn all

the layers should satisfy:

Je D =0. - B3)

It suggests that the displacement field over thelgstructure is continuous. We recall the

well known electrostatic equation:

D=¢E+P. (I.p4
In the MQW structures, there is:
£,E, +P,=&E, +P, (1. 25)

where the footnotev represents the well, ardrepresents the barrier. It has been pointed out
by Bernardini and Fiorentini that the electric di€ vanishes in large or massive materfals.
Therefore, we assume that the electric field inlbg&ierE, equals zero. Then, the electric

field in the well can be deduced by:

E,=(B-B)e, (1. 26
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Figure 1.18. Band structure of an (In,Ga)N / GaN QW(a) with and (b) without quantum confined Stark
effect.

Figure I. 18 shows the band structure diagram oflajGa)N / GaN QW. In the
presence of QCSE, the internal electric field ia @W separates the wave functions of the
electrons and the holes, reducing the transititem edthe exciton recombination. The QCSE
is more pronounced in the green and yellow specarades, due to the larger polarization
discontinuity created by the higher In contentie QW (Figure I. 15) and consequently the
larger piezoelectric polarization in the (In,Ga)&yér (Figure I. 17 (b)). This feature is the
main origin of the well known “green gap” in nitte LEDs and LD$® As shown in
Figure 1. 19, the external quantum efficiency (EQELED devices decreases rapidly when

the emission wavelength increases towards the geseye.
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1 & —e— LUMILEDS AlGalnP [
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Figure 1.19. External quantum efficiency of light amitting diodes as a function of the emission wavaigth

(courtesy of Dr. Benjamin Damilano).
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In the presence of an internal electric field, ttasition energy may red-shift due to
the band bending caused by the internal electald f(Figure I. 18 (a)), and it can be

expressed by:
E=E, +E,+E,-R,-qE,L,, (1. 27)

whereE; andE; are the confinement energies of electrons and holdsee QW. The last term

corresponds to the energy drop due to the QCHE,the well thickness.

1.3.3. Nonpolar heterostructures

One solution to avoid the QCSE is to grow GaN onoapolar planej.e., the a-
pIane(ll?O) or them-plane(liOO). In this case, there is no polarization fieldngidhe growth

direction, and as a consequence no internal ad@td in heterostructured Therefore, there

is no band bending in the band structure. Wherutatiog the transition energy in a nonpolar
heterostructure, the last term in Eq. (I. 27) stidhg omitted. Therefore, growing GaN on a
nonpolar plane has been proposed to be a way tevach flat band structure such as in
Figure 1. 18 (b). A higher excitonic recombinatioate, as well as a higher radiative
recombination efficiency compared with polar stawes, is expected as there is no spatial
separation of electrons and holes, especially Hiakt(well thickness > 4nm) and high In
content QWs.

Another characteristic of nonpolar heterostructusethe optical polarization of the
emitted light. The light emitted from a polar stiwe is isotropic, which can be explained by
the hexagonal symmetry of the wurtzite structurke Totational symmetry in the basal
plane (0001), which is the growth plane of the poklse, gives rise to the isotropic nature of
the two top most sub-valence bands in xhe plane, as discussed in Section 1.2.1. In the
nonpolar case, the rotational symmetry in the gnguléne is broken mainly by the inclination
of the c-axis in the growth plane. In addition, thessible anisotropic strain (discussed in
Section 1.1.2) in the nonpolar plane may also enbahe anisotropy. The variation of the
sub-valence band structure from the polar to a olanporientation has been studied by
Schadeet af? In this study, a new coordinate systeiy'z’ is defined, with the QW plane
lying in thex’-y’ plane and the growth direction set ala@Figure I. 20). The axes of thxgz

coordinate system always point along the crystataas defined in Figure I. 13.
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Figure 1.20. lllustration of a xyzand x'y’'z’ coordinate system in a QW structure (adapted fronmef. 52).

y (y) axis is fixed as the rotation axis ahdepresents the angle betweendtais ) and the
growth direction £’). When6 = 90°, thec axis lies in the growth plane, representing a
nonpolar structure. The polarization degree ofvamisub band is given by:
2 2
_ ‘M y" _|M><‘|

M o o

where My, and M, represent the transition matrix elements alotgandy’ directions,
respectively. Figure I. 21 represents the variabbthe polarization degree of the two top
most valence bands as a function of the inclinagingled.>? In the polar case, both,Yand
and X% band are unpolarized (the polarization degreelsqamo). In the nonpolar case= 0),
the X; band is almost totally polarized along the y’ diren (perpendicular to [0001]), while
the X, band is almost totally polarized along the x’ diren (parallel to [0001]).
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Figure 1.21. Variation of the polarization degree @the two top most valence bands as a function dfi¢

inclination angle 6 (adapted from ref. 52).
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The X; exciton recombination is lower in energy, therefdris more favoured than
the X exciton recombination. Then, the observed emissimuld be mainly polarized along
they’ direction,i.e., perpendicular to [0001] in the nonpolar case.

Many applications could be developed based on tbkaripation properties of
nonpolar devices. Polarization sensitive photo-atets have been demonstrated basedion
plane GaN> Nonpolar LEDs could be used as back lighting ftiqaid crystal display (LCD)
panel. Indeed, a polarized light source can impibeeextinction ratio between zero and an
applied bias voltage to the liquid crystal céfisTherefore, a polarizer is not necessary if a
nonpolar LED back lighting is adapted and a thint@b panel can be fabricated.

MQW based waveguide (WG) laser diodes may alsoabécated on the nonpolar
planes due to several advantages. Lasing origifietesthe stimulated emission in the active
region, and the gain of the active region is prapoal to the square of the modulus of the

transition matrix elements between the initial &indl states:

GI O|(Weo A pwii) (1. 29)

whereA is the vector potential of the optical mode in M6 structure withe = —%A, and;j

represents the different sub valence bands. Comgar@ polar device, a nonpolar device
may improve the spatial overlap between the elactmod hole wave functions. Hence the
optical gain of the nonpolar LD could be improvednpared to the polar case. In addition,
different from the spontaneous emission (Eq. |. Wkgre the polarization of the transition is
only determined by the orientation of the hole wdamection, the intensity of stimulated

emission also depends on the overlap between thaW@ direction and the orientation of
the hole wave function, as indicated by Eq.l.29thié optical mode of the WG can be
designed to be oriented along the same directidm tive active region emission polarization,
all the emitted light can be coupled into gain; veaes, in the polar case, only about half of the
emitted light may be coupled, as the emission fritrea active region is unpolarized.

Scheibenzubest al have demonstrated theoretically that the optieah can be improved by

10 times when swiching fromplane toa-plane, under the same injection current der$ity.
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|.3.4. State of the art of nonpolar GaN heterostructures

The research on nonpolar GaN has started in thel®d997,m-plane (1-100) GaN

layers were grown on (1-100) SiC substrates by Dosnal.®

and the optical polarization of
the emission was demonstrated. In 2000, Walteteit. have growrm-plane GaN om-plane
LIAIO,, and the absence of QCSE was demonstrated in &N & GaN MQWSs But the
low availability of nonpolar SiC substrates, an@ tthermal and chemical instabilities of
LIAIO , have limited the development of these substratdis.2002, DenBaarst al. have
shown thag-plane (11-20) GaN can be grown oplane sapphire substraf®s.

However, before achieving high recombination edfidies as expected in theory,
there are still some problems left for nonpolar Gajers. A-plane GaN surfaces typically
present triangular and pentagonal facetted pitssaripes along the c-axi$.The triangular
pits are quite similar to the “V-defect” observeal the c-plane GaN surface, but with the
triangular/pentagonal cross sections of “V-defédigng in the growth plané? Figure 1. 22
shows the surface imagesafandc-plane GaN layers. Triangular/pentagonal and haxalgo
shape pits are observed on the surfacea-ofnd c-GaN, respectively, corresponding to
different cross sections of the hexagonal pyranfidslefects). It is found that the growth
rates alongm [1-100] andc [0001] directions are different, which results time stripes
observed on the surface of an a-GaN layer. More@leng thec direction, the growth rate
on Ga face is four times faster than on N f&cEhe resulting rough surface may influence the
homogeneity of the MQWs grown on top, and the ramhative recombination centres created
by the fluctuation of the hetero-interface couldluience the device performan¥eThe
second challenge arises from the large lattice misin between the substrate and the
epitaxial layer in heteroepitaxy (Section 1.1.2)ldads to the presence of a high density of
defects, mainly BSFs (~ 10 c¢cm)®® partial dislocations (~ 16/ cnf)® and threading
dislocations (~ 18/ cnf).2° These defects may create non-radiative recombimaténtres

and reduce the luminescence efficiency of QWs myid émitting devices.
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Figure 1.22. Scanning electron microscopy images of 1 um thick (a)a-plane® and (b) c-plane GaN layers.

In the recent years, the availability of nonpolaaNGsubstrates has enabled the
homoepitaxy of GaN, accompanied with the improvenuérthe GaN crystal quality. L13%
and high power LED¥ grown on GaN substrates have been demonstratdzs hEsed on m-
plane (In,Ga)N / GaN MQWs have been fabricated kwd efficiency droops at high
injection current densities and longer emission elevgths have been demonstrated.
Nonpolar laser diodes emitting at 405 nm, with shadd current densities as low as
7.5 kA / cnf, have been demonstratedrosplane GaN substraté®.

|.4. GaN grown on ZnO

|.4.1. Advantages of ZnO as a substrate

The growth of GaN is usually carried out on foregyibstrates like ADs, 6H-SIC and
Si, due to the lack of native substrates. In tloemé years, bulk GaN substrates, in both polar
and nonpolar orientations, have been fabricated sbyeral companies, making the
homoepitaxy growth of GaN possible. However, thee 9f bulk GaN substrates is limited,
and the price is very high, e.g., ~ 1000 euro 7 famnonpolar substratéFurthermore, GaN
substrates in semipolar orientations have only hesed at a research level and are not
commercially available.

The aim of this work is to investigate if ZnO camdsubstrate for the growth of GaN.
ZnO substrates, prepared by hydrothermal methade commercially available for polas-(
plane), semipolar{plane) and nonpolant anda-plane) orientations, at a much lower price
than GaN substrates (~50 euro /%gnfrigure I. 23 shows the photograph of a 2-inctdzZn
wafer fabricated by Tokyo Denpa CO., LTD in JapankErance, a chemical vapour transport
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(CVT) method has been developed in LETI to grow Zm@stals and 2-inch ZnO wafers have
been demonstrated.

TOKYO DENPA COLTD.

TOKYO DENPA CO.LTD.

Figure 1.23. 2-inch ZnO crystal of Tokyo Denpa CO.LTD.%

ZnO as a substrate for GaN has many advantagdsding the same crystal structure
(wurtzite) and close lattice constants with GaNjure 1. 24 (a) shows the lattice mismatch
between commonly used substrates and GaN. Compattedi, 6H-SIC and sapphire, ZnO
has the closest lattice parameters with GaN alaly & andc-axes, which is important for
the reduction of defects generated during the bepataxial growth. Figure I. 24 (b) shows
the differences of the thermal expansion coeffisefTECs) between GaN and different
substrates. The TEC of ZnO is very close to GaMalithec-axis, and is lower than GaN
along thea-axis. It means that the thermal strain is comjwvess the GaN epi-layer when
cooling down the sample from growth temperatureotom temperature, which may avoid the
generation of cracks. In particular, the latesnpplays a very important role in the design of

nitride heterostructures grown on®8i.
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Figure 1.24. (a) Lattice mismatch and (b) thermal &pansion coefficient differences between AD3, 6H-SIC,
Si, ZnO and GaN (300 K) , along [11-20] andc [0001] directions, respectively.

Figure 1. 25 shows the calculated temperature digese of the lattice mismatches
(LMs) between GaN and ZnO, aloadg11-20] andc [0001] directions. At room temperature,
the LMs arela/a,,, =-187 %along a [11-20] andAc/c,,, =042 %along ¢ [0001]

directions. These values are much smaller thar ke between GaN and sapphire (16.51%
along [11-20] and 1.13% along [0001]). The smalugaof LMs could be maintained in a
wide range of temperatures, from 300 K to 1000 kd & attributed to the small thermal
expansion coefficient differences between GaN am@.4n particular, when the temperature
decreases from 1000 K to 300 K, the LM alongafsis decreases from ~ -2.1% to ~ -1.9%.
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In addition, InGa,«N can be lattice-matched with a [0001]-oriented ZAuDstrate for
an In composition ok = 0.18. This could lead to the fabrication of Ga)N templates that
are more adapted to the growth ofGa.xN / GaN based LEDs with high In content (i.e.
emitting above 500 nm), as the crystal quality ddgtion at high In conterifsis one of the
reasons leading to the efficiency drop at the ggesow emitting rangé’

Furthermore, there is a high chemical selectiviegyween ZnO and nitrides. Based on
this property, ZnO can be used as a compliant letre fabrication of light emitting devices.
Nowadays, most of the nitride-based LEDs are grawn sapphire. The poor thermal
conductivity of sapphire and the high operating powf the LED devices require the
separation of the nitride layers from the substrates process is usually performed by a laser
lift-off technique® In order to avoid this costly technological stesgveral alternative
approaches have been proposed for the thin filnmeegng of nitrides, including mechanical
release from graphene or boron nitride lay&rg? chemical release by etching a sacrificial
layer!®* and wet chemical etchild? However, growing high quality nitride layers omrda
and affordable substrates which can be adaptechdsetlow cost techniques is still an
important practical challenge. ZnO fulfils all tleesequirements, and it can be removed by a

simple chemical etching proce$a Therefore, this approach may help to reduce thedation
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cost of LEDs. Finally, the-type conductivity of ZnO substrates opens a wahéofabrication
of vertical GaN / ZnO based LED devices.

1.4.2. Challenges

There are still several difficulties left concempithe growth of GaN on ZnO. The first
problem arises from the formation of an interfadejer during the growth. It has been
reported that Ga can react with ZnO, forming a taier of zinc gallate (ZnG®&,) at the

interface between GaN and znt3'%znGa0, is a spinel oxide, which has a close-packed

face-centred-cubic structure wifid3m space group symmetry. It is a cubic phase crystal
with a lattice parameter of 8.3376'% The existence of such an interfacial layer, wiiek a
different stacking sequence and a large latticemaish with both ZnO and GaN, may limit
the advantage of using ZnO as a substrate forrthetly of GaN.

The second problem lies in the fact that ZnO besoorestable at high temperatures
(> 600°C), while the growth of high quality GaN stals requires high growth temperatures.
When using NH as the nitrogen source, the back etching of Zng3tsates by b as well as
the out diffusion of Zn and O from ZnO to GaN, ntesd to the incorporation of impurities at
significant concentrations and to the degradatibrihe crystal quality. It may become a
problem when growing intentionally dopgeGaN layers, as the impurities may compensate
the intentional doping levels, adding difficultiga the achievement of high doping

concentrations.

|.4.3. State of the art

The attempt of growing GaN on ZnO substrates harsest from the beginning of the
90s. In 1992, Matsuokat al tried to grow lattice matched dpGa 7N layer on ZnO
substrate, and a InGaN layer with 20% lower x-rdfrattion (XRD) peak line width than
that grown on sapphire was obtait@tThe use of ZnO as a buffer layer for the growth of
GaN on sapphire has been explored by several graugsg various techniques including
MOCVD, HVPE and MBE-%199.110.1115, et al. showed that the formation of ZnM, layer
at the interface of ZnO and sapphire can improweeitiitial growth of GaN!® and a GaN
layer with a FWHM of XRD (002) peak lower than 5&@sec has been demonstrated by Lee
et al.in 2007*! There has been an intense interest towards bulk fibstrates after 2000,
and improved crystal quality of GaN grown on c-glafnO was demonstratétf:*'* From
2005, Fujioka’s group in the University of Tokyoshbheen showing a series of results of
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growing GaN on bulk ZnO substrates. They use theegulaser deposition (PLD) technique
to grown GaN on polar, semipolar and nonpolar @arfeZnO, taking advantage of the low
growth temperature of PLD to avoid interfacial rig@ts between GaN and ZnO. GaN layers
with atomic flat surfaces and low FWHM values ofay- rocking curves (< 0.1°) have been
grown at room temperature, amplane (0001) and-plane (1-102) orientatiorg®**>!®
However, the FWHM of the symmetric XRD peak of ar@ GaN is larger than others (>
0.3°)7 In 2011, 1zaweet al. showed that high quality polar and nonpolarplane) GaN
layers can be grown on ZnO substrates using MBEnyioying migration enhanced epitaxy
(MEE)*® In this technique, the Ga atoms are periodicabpasited on the GaN surface
under a N free atmosphere. The migration of Ga stoam be enhanced, and therefore the
growth can be carried out at very low temperattr250 °C).
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Chapter Il. Experimental set up overview

In this chapter, a series of experimental equipsjeased from the growth to the
characterizations, will be introduced. All the sdespwere grown using Riber MBE reactors.
In particular, GaN based heterostructures were growa Riber 32P chamber. The surface
morphologies were studied by atomic force microgcdpFM) and scanning electron
microscopy (SEM). The later one was also used mesexperiments to perform cross-section
measurements. The structural properties were desized by x-ray diffraction (XRD).
Photoluminescence (PL) was used to investigate dleetronic band structure of the

heterostructures.

II.1. Molecular beam epitaxy
11.1.1. MBE reactor

Molecular beam epitaxy (MBE) is an ultra high vacugUHV) growth technique,
which is widely used in the epitaxial growth ofrtHilm layers. Figure 1l. 1 shows the scheme
of an MBE chamber. The growth is carried in an Ueiwironment (18-10*° Torr). The
substrate is fixed on a molyblock, and the molyklgan be introduced into the chamber
using a transfer rod. The molyblock is then fixad the furnace of the manipulator. The
direction of the atomic fluxes used for the thimfigrowth reaching the substrate surface can
be adjusted by varying the manipulator positiorne fmanipulator is rotated during the growth

to obtain a good homogeneity of the epitaxial layer

RHEED electron gun
cryopanel (liquid N2) g main shutter

’ substrate holder (rotating)

ion gauge

transfer rod

window

RHEED screen motor

Figure 11.1. Schematic representation (top view) ohn MBE chamber (adapted from ref.1).
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MBE growth of classical IlI-V compounds is basedtba three temperature rule proposed by
Freller and Gunthér in which the substrate temperatufe should fulfil the condition

T, >T,.>T,, whereT,, and Ty are the effusion cell temperatures of Ill and ¥neénts,

respectively. For the typically used growth coradi (substrate temperatures), the desorption
rate of Il elements is negligible, implying thdt the 1ll element atoms are absorbed at the
surface and diffuse to reach an incorporation Jitee substrate is heated up to the desired
temperature by the radiation of the furnace. Arttarouple, placed at the backside of the

molyblock, gives a measure of the heating tempegaiesides, the substrate temperature is
also monitored by a pyrometer placed in the fraié ®f the substrate, through a window of

the chamber. In this measurement, the thermal madifrom the substrate is focused by an
optical system onto a detector. The thermal radigrend the substrate temperatdrere

related through Stefan-Boltzmann’s law:

j =0eT?, (. 1)

whereo is the Stefan-Boltzmann constamt € 567x10°Wmi°K ™) ande is the emissivity of
the substrate.

Atomic fluxes, coming from effusion cells placed front of the substrate (tens of
centimetres away from the substrate surface insgsitem), provide the elements needed for
the growth. A shutter is placed in front of eactusibn cell, and the atomic composition and
the doping of the epitaxial layer can be adjustgafening or closing the shutter. A general
shutter is placed in front of all the individualusters to start or stop the growth. The low
growth rate, together with the fast response tifthe cell shutter opening/closing, enables
the growth of epitaxial layers at the atomic sd@le. the control of sub-nanometer thick
layers). It is also adapted to the growth of abrnfgrfacial layers in heterostructures.

MBE growth requires the mean free path of atomixds to be larger than the
distance between the cells and the substrate.cbhdition can be fulfilled when the chamber
pressure is lower than ®0rorr. In addition, to obtain an epitaxial layertvhigh crystalline
quality and low non-intentional doping levels, theckground pressure in the growth chamber
should be as low as possible, which is obtaineddiyg a turbo molecular pump connected to
the MBE chamber. A titanium sublimation filamentaiso installed to further reduce the gas
pressure in the chamber. Besides, a liquidcNopanel, located in the inner wall of the

chamber, is used as a sink for gases like C&D.HEvery time the chamber is vented for
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maintenance, a bakeout process at ~200 °C foraat keveral days is required to achieve
UHV.

11.1.2. Group Ill and dopant element sources

For growth of nitride based heterostructures, tugp metal elements including Ga,
Al, and In are used. In addition, the Si and Mg idgpelements are also prepared. The
elements are placed in the crucible of an effuselh(each cell being specifically adapted to
one element). The temperature of the effusion iseltontrolled by a thermocouple. The

evaporated flux is related to the crucible tempesby:
F =Aexp - H , (1. 2)
KgT

whereH is the enthalpy of evaporatioks is the Boltzmann constant, afdis the effusion

cell temperature. According to this expression, dt@mic flux increases exponentially with

the increasing cell temperature. Figure Il. 2 shaws measurement of the Ga beam
equivalent pressure (BEP), which is proportionalh® Ga flux, as a function of the Ga cell
temperature. The BEP increases exponentially wightémperature, which coincides with the
expression of Egq.ll.2. The activation energy (evapon enthalpy) of the Ga cell is

determined to be ~ 2.33 eV by fitting the experitaédata using Eq.lI.2.

1E-6 ,{'/

5

-

Al

L BEP=Aexp(-H/KT)

S s A=8183 Tarr
i H=2.33 eV

800 820 840 860 880 900 920 940
Ga cell temperature ()

Figure 11.2. Beam equivalent pressure (BEP) of th&a flux (logarithmic scale) as a function of the Gaell

temperature (dotted line).
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11.1.3. Group V element sources

lI.1.3.a.Ammonia gas source

The nitrogen species are provided from the decoripesof ammonia (NH) at the
surface of the substrate. A mass flow-meter is eotad with the gas line to control the NH
flow rate. The decomposition efficiency of MNHs strongly influenced by the substrate
temperature. Figure Il. 3 shows the reaction edficy of NH with a pre-deposited Ga layer
as a function of the substrate temperature. Icatds that the Nyreaction efficiencyi.e. the
cracking efficiency of NBon the substrate, is very low (almost zero)whentémperature is
below 450 °C, and this value increases abruptlwéen 500 and 650 °C. The MHfficiency

reaches ~ 4% when the temperature is around 800 °C.
5 T T T T T T T T T T ¥ T

N9
T

-

.
Of-o--—--o--o* .

Ammonia efficiency (%)

| — L 1 L H

" " 1 " 1 " M
200 300 400 500 600 700 800 900
Temperature (°C)

Figure 11.3. Reaction efficiency of NH; with a pre-deposited Ga layer to form GaN, studiedy Mesrine et

al®

The growth of GaN in Nklsource MBE is usually carried out under N-richditions
(typically with a V/III ratio ~ 4f. It means that the GaN growth rate is mainly deteed by
the Ga flux. The relation between the GaN growtk {am/h) with the Ga cell temperature
under this growth mode is indicated in Figure 1(ad for a growth temperature of 800°C. It
shows that the GaN growth rate increases expotigritiam 0.2 to 1.0 um/h, when the Ga
cell temperature is increased from 860 to 945 “pidal growth rates are in the range of 0.1
— 1.2 pm/h.
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11.1.3.b. Nitrogen plasma source

A N3 plasma source can also be used as the N soured\;Tflasma is generated by
an ADDON RF plasma source generator at the powet56f W. The N flux is set at a
constant value of 0.5-sccm, which is controlledabsnass flow meter. When using a plasma
assisted MBE (PAMBE) to grow GaN, Ga-rich condisdmave been proved to grow GaN
layers with best material propertfieinder this mode, the growth rate is determinethieyN
flux. Figure II. 4 (b) shows the GaN growth ratesbioth N- and Ga- rich conditions. By
varying the Ga cell temperature from 870 to 925th&,GaN growth rate is found to remain a
constant value of ~ 0.23 um/h. The growth ratetstiar decrease when the V / 1l ratio is

above the stoichiometry condition (V / Ill > 1),chmaries proportionally to the variation of
Ga flux.

‘Ammc;nia MBE GaN1 0,37 %Pllasmr;\ assi;ted I\>IBE éaN I
0 +
_ N-rich Ga-rich
() = | |
= Jl olseo-
§ g. 1o 690 ®
=3 = o)
= zZ /
= 0,37 s 0
(D /
s / . /T~ 750C I
O O / S
5 S 'S |
> /
/ T_ ~800C | 0,14 (b)
0,14 ]
850 | 875 | 900 | 925 | 950 840 860 880 900 920 940
Ga, temperature (T) Ga, temperature (T)

Figure 11.4. Growth rate of GaN (in um/h) as a fundion of the Ga cell temperature, in the case of (a)H3
source and (b) N plasma source MBE growth. The stoiiiometric condition (V/IIl ~ 1) in the case of the

PAMBE growth is indicated by a vertical solid line.

1I.1.4. Reflection high energy electron diffraction

Reflection high energy electron diffraction (RHEEB)used to monitom situ the
surface of the sample during the growth. Figuré lkhows a schematic of the technique. It

consists of a high energy electron gun and a feemet screen. A high energy electron beam
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of 20 keV is shined to the sample surface in aiggaangle (1-2°). The electrons are
diffracted by the crystal structure of the sampia a&aptured by the fluorescent screen
installed at the opposite side of the electron giure diffraction pattern is observed on the
fluorescent screen. At the grazing incident angbesy the low order diffraction lines can be
observed. The distance between stredBs réflects the periodicity along the in-plane
directions. The penetration depth of the beam Ig one or two atomic layers. Therefore, the
RHEED pattern reflects the crystal structural infation of the sample surface. A camera is
installed in front of the fluorescent screen tooreicthe RHEED pattern and monitor the time

variation of some specific featuresd, the specular spot).

Crystal

Figure 11.5. Schematic diagram of the RHEED technige.

The RHEED can give qualitative information suchtl@as morphology of the sample
surface, and quantitative data such as the groatéhrigure I1. 6 (a) shows the oscillations of
the specular spot intensity of RHEED when growingNG During the growth, a periodic
change of the surface structure happens (Fig B)B (1) the specular spot has the highest
intensity when the layer is flat; (2) after the dsgion of atoms on the flat surface, the surface
becomes rough and the specular spot intensity @eese reaching a minimum for a surface
coverage of %2 (3) and then increases again witlsuhfiace coverage (4); (5) after a complete
monolayer (ML) of GaN is deposited, the surfaceobees flat again, and the specular spot
intensity reaches a new maximum. One period omhBitg oscillations corresponds to one
monolayer of the crystal growth. Therefore, thewgto process can be monitored by
recording the oscillation of the specular poineity, and the growth rate can be estimated.

The growth rate is deduced to be 0.31 ML/sigure 1. 6 (a).
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Figure 11.6. (a) Oscillation of the specular spotntensity of RHEED during the GaN growth. (b) Evolution
of GaN surface structure during the deposition of ne monolayer; the corresponding position of each

drawing in (b) with one oscillation of the curve in(a) is indicated with numbers.

In addition, surface reconstructions can be moeidrom the RHEED pattern. In the
case of GaN (0001) surface, a (1 x 1) RHEED patteomposed of first order streaks, is
observed when the GaN surface is exposed tg &H00 °C (Figure Il. 7 (a)). When the
substrate temperature is decreased, the appeavaramditional lines in between the first
order RHEED streaks, having a S/2 spacing withptim@ary lines, represents a (x 2) surface
reconstruction in the <1-10> axes (Figure II. 70 similar pattern is observed in the <11-
2> axes, leading to a (2 x 2) surface reconstrnctom c-plane GaN surfaces. This
reconstruction usually appears when the Ga-pol&t S&aface is exposed to a strong N-rich
environment below 600 °C Surface reconstructions can be used to calilitetesubstrate

temperature, as well as other growth conditieng,(V/lll ratio).

4]

Figure 11.7. RHEED pattern of the GaN surface expoed to NH; at (a) 800 °C and (b) 500 °C, respectively.

The electron beam is along the <11-20> direction.
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ll. 1.5. Laser reflectivity

A laser reflectivity system is installed to monitbe growth process. An incident laser
with a wavelength of 670 nm is shined to the s@fatthe sample at normal incidence. The
laser beam oscillates in the epitaxial layer, whielhaves like a cavity sandwiched between
the substrate and the vacuum. The reflected sigmalptured by a Si photodiode. This system
is used to measure directly the growth rate duting entire deposition process. The
oscillation period of the signal intensity varieghwthe epitaxial layer thickness. For GaN,

one period of oscillation T corresponds to a lagrkness variation of 138 nmi(, /2n, n

is the refractive index of GaN) at 800 °C. The gitowate can be deduced from the relation
v = 138 /T (in nm / min).

Importantly, the oscillation amplitude variation tfe signal reflects the surface
roughness of the epitaxial layer. Figure 1. 8 shalwve oscillation of the reflected signal
during a two dimensional (2D) (Fig. 11.8 (a)) andhaee dimensional (3D) growth (Fig. 11.8
(b)). In a 2D growth mode, the amplitude remainsstant. In a 3D growth mode, it decreases
gradually as the surface roughness increasesodihe scattering of the signal on the surface

(for a roughness of characteristic sizd,_ /4n)®.

laser

AN
f\/\l//\[
\/d\ \J\M\,\\

p» Time

Figure 11.8. Oscillation of the reflected signal duing a (a) 2D and (b) 3D growth.
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1I.2. Atomic force microscopy

Atomic force microscopy (AFM) is a high resolutibechnique used to characterize
the surface morphology of a sample. It can be tsetiaracterize almost any type of surface.
It consists of a cantilever with a sharp tip atéhnel to scan the specimen surface. In this study,
the sample surface morphology is studied using BM Avorking in the trapping mode. In
this mode, the cantilever is driven in an osciigtmode by a piezoelectric element mounted
in the tip holder, at a frequency close to its nesu frequency. When the tip approaches the
surface, the atomic forces between the tip andsémeple surface, including Van der Waals
forces, dipole-dipole interactions, electrostatioces, etc., may decrease the amplitude of the
oscillation. An electronic servo is used to adjis# height of the cantilever to maintain a
constant oscillation amplitude.

In this work, two different imaging modes are ustgk topographical mode records
the height variation of the tip, and the derivatimede records the perturbation of the tip
oscillation amplitude when scanning the sampleasérf The first mode is used to measure the
surface roughness of the sample, and the seconé allmivs to detect sudden variations of
the surface topography, and to distinguish spesiiitace features. Using AFM in the tapping
mode may reduce the damage on the sample surfddeeatip.

As an example, Figure 1. 9 (a) shows the surfacephmology (topographical image)
of a 300 nm thick GaN layer grown @fplane ZnO substrate. The black points are related
the threading dislocatiohsThe atomic steps can also be resolved. As shavigure 1I. 9
(b), a height profile of one vertical line crossitige surface (indicated in Figure.ll.9 (a)) is
measured. The height of the surface steps is ~r®5~vhich corresponds to one monolayer
of GaN. Figure Il. 9 (c) shows the surface morphglof the same GaN layer recorded using

the derivative mode.
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Figure 11.9. (a) Surface morphology of a 300 nm thik c-GaN layer grown on ZnO, the vertical scale is 3

nm; (b) height profile of a vertical line crossingthe surface.

11.3. Scanning electron microscopy

Scanning electron microscopy (SEM) is another tegle used in this study to
characterize the surface properties of the samples sample is placed on the sample holder
and introduced into a high vacuum chamber. A foduslectron beam with a high kinetic
energy is sent to the sample surface and intexsitks the electrons inside the sample. A
series of signals are produced, including secondiegtrons (SE), back-scattered electrons
(BSE), characteristic X-rays, light, specimen catrand transmitted electrons. The SEs are
detected by SE detectors installed in the SEM cleay@nd they are most commonly used for
surface imaging. In addition, the thickness ofeépgaxial layer can be measured by recording
cross-sectional images. Figure 1l. 10 shows thescsectional image of a GaN layer grown on

Zn0O, and the measured epiyaxial layer thickne8s365 pm.
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Figure 11.10. Cross sectional image of a GaN layegrown on a c-plane ZnO substrate, recorded by SEM.

11.4. Photoluminescence

11.4.1. Photoluminescence Setup

Photoluminescence (PL) is the optical radiatiomfra physical system in excess of
the blackbody radiation. In a compound semicondustgstem like GaN, the thermal
equilibrium is broken by the external optical eatiiin, from which the electrons are excited
from the valence band to the conduction band. Hs&em tends to return to its equilibrium
state through the recombination of electron-holesp&his process is usually achieved by
either band-to-band transitions, or transitionsulgh discrete levels in the band gap related to
dopants or defects. The spectrum is then recorded, peaks with different energies are
related to different recombination processes. Teet@nic band structure of the material can
be investigated by analyzing its PL spectrum.

Figure 1l. 11 shows the schematic of our PL sefupe sample is placed in a cryostat
to study the PL properties at different temperatuf® cool down the sample temperature, the
sample needs to be isolated from the environmeavéod thermal exchanges. Therefore, the
cryostat is pumped using a turbo molecular pumpaahigh vacuum (< I0Torr) is obtained.
The temperature can be cooled down to around 16ikgua liquid helium cooling system.

The laser beam is focused on the sample surfadediffierent regions of the sample

can be excited by moving the position of the sanaple a translation stage. The emitted light
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from the sample is collected through an opticakesys placed in front of the sample and
along the surface normal. The signal is coupled iah optical fiber connected to a

multichannel photo-detector. Finally, the spectigranalyzed by a computer.

fib
- er
- Fp lens [ e
photodetector =
HE
i\
=3 Wavelength (nm)
e, | |
W o
T
Computer
mirror Z p

translation stage f

cryostat

Figure 11.11. Schematic of the photoluminescence &gp.

11.4.2. Excitation sources

Two types of lasers are used in this work: onefigguency-doubled argon ion (Ar
laser, which emits at 244 nm; the other one is &€Hédaser emitting at 325 nm. The intensity

of the laser beam penetrating into the sampleteraened by:

I(d)=1,exp-ad), (1. 3)

wherel ,and I(d)are the intensity of the laser beam reaching tmepta surface and in a

distanced from the surface (inside the sample), respectivelg the absorption coefficient of
the sample, which varies with the structure ofltyer, the doping levels, the wavelength of
the incident beam and the temperatlte Figure Il. 12 shows the absorption coefficient of
GaN as a function of the incident beam energy atrdaemperature (295 K). The points
corresponding to the frequency-doubled And He Cd lasers are indicated. The penetration

depth, which is defined 0y =1/« , is calculated and listed in Table 1l.
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Figure 11.12. Absorption coefficient of GaN as a faction of the incident beam energy at room

temperature (295 K) (adapted from ref. 11)

Wavelength Absorption Penetration
Laser Temperature (K) o
(nm) coefficient (cn) depth (nm)
Frequency-
aueney 244 295 2.0x10 50.0
doubled Af laser
He Cd laser 325 295 1.2x10 83.3

Table 11.1. Penetration depth of two types of lasexin a GaN layer.

The penetration depth in GaN for both lasers is thkan 100 nm at room temperature.

It means that only a thin layer close to the samspléace is excited.

11.4.3. Measurements

The PL spectrum of a semiconductor contains a sefiggeaks arising from band to
band, band to intermediate levels, and intermedmtel to intermediate level transitions.
Table Il. 2 gives information on the main peaksaliyuobserved in the PL spectrum of GaN.
For a GaN layer with a high crystal quality, itsesfjum is dominated by excitonic
recombination, which consist of free and bound texcrecombination. The excitons related
to the holes in different sub-valence bands areethas A, B, and C from the lowest to the

highest energy transition. The transition energikthese excitons are very sensitive to the
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strain state of the GaN layer. Therefore, it vaires range of ~ 40 meV depending on the
GaN strain states. The intensity of these transstis proportional texr(— E/ kT), whereE is

the transition energy. In a typical spectrum of G#i¢ intensity of A exciton recombination
is ~ 10 times stronger than that of B exciton, @nelxciton is very difficult to observe due to
the higher transition energy. At low temperaturel(K), the excitons are usually bound to
neutral donors, with a bonding energy of ~ 6 me¥siBes, transitions between the discrete
levels in the band gap also contribute to the spettincluding donor acceptor pairs, yellow
luminescence and blue luminescence. The origirnthede transitions have been analyzed in
Section 1.2.2. The above transitions can be possiblipled by longitudinal optical phonons
(LO), with a decrease of ~ 90 meV in energy forhela® replica.

Description PL energy (10 K)
Free exciton A 3.477 eV (3.45 - 3.49 eV)
Free exciton B A+~ (7-8) meV
Free exciton C A+~ 20 meV
A-LO A -90 meV

DX (neutral donor bound exciton] A - ~ 6 meV
D°X-LO DX - 87 meV
DAP (donor acceptor pair) 3.27 eV
DAP-LO DAP — 91 meV
BSF (basal stacking fault) 3.42 eV

YL (yellow luminescence) ~2.25eV

BL (blue luminescence) ~2.85eV

Table 11.2. Main PL peaks in GaN and their physicalorigins.

The optical polarization of the PL emission camieasured by placing a polarizer in
front of the optical fiber. In this configuratioanly the light component with the electric field
(or magnetic field) oscillating along a certainedition can pass through the polarizer and be
collected by the fiber. Therefore, the light patad along different directions in the surface
plane of the sample can be recorded by rotatingotitarizer. Usually, these measurements
are carried out by rotating the polarizer with epsof 15° and 24 spectra are recorded in a

whole circle. Figure Il. 13 shows the integratediRtensity of a c-plane GaN layer when the
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electric field oscillation different directions ia whole cycle. Due to the isotropic nature

inside the growth plane (0001), an isotropic emisss observed.
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Figure 11.13. Linear polarization of the integrated PL intensity of a c-plane GaN layer grown on a c{ane

ZnO substrate (the electric field direction is vared by 15° steps in the surface plane).

11.5. X-ray diffraction
11.5.1. Working principle of XRD

High resolution x-ray diffraction is a non-destiuet technique to explore the
structural properties of the crystal. A seriestai&ural information can be extracted from the
diffraction pattern, including the crystal qualigensity of defects, as well as the strain states

of the epitaxial layers. The basic principle is Bragg’s law:

2d,,, sind=nA, (. 4)

where d,,, represents the interplanar spacing of th&l)(plane, n is the order of the

diffraction, 6 is the Bragg'’s angle, anids the wavelength of the x-ray source. Experimignta
a crystal acts as a 3D grating, in which the xdp@am is diffracted and a 3D diffraction
pattern is produced. By varying the position of laenple, the angle of the incident beam, as

well as the position of the detector, the 3D awhthe diffraction pattern can be investigated.
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This 3D array reflects the information of the reogml space. Each diffraction spot
corresponds to one set of crystal planes. Theiposind the size of the spots are inversely
related to the interplanar spacing and the cry&alize in the real space, respectively.

Figure Il. 14 shows the scheme of the four cyctfgatitometer used in this study. The
x-ray source is generated by bombarding a Cu targjeg electrons in an vacuum tube. The
wavelength of the source is selected by a monocat@mand the K; line of the Cu with a
wavelength of 1.5408 is selected in our measurements. The typical darste beam given
by the monochromator &o ~ 0.005°.

The sample is placed on a sample holder. The samaglsix freedoms of movements,
including three translational motions and threetiohal motions. The transitional motions
are represented by the orthogonal indexes X, Y,Zankhe rotational motions are represented
by w, y andg, and their rotation axes are illustrated in Figlirdl4. » represents the angle
between the incident beam and the sample surfadatsarotation axis is perpendicular to the
diffraction plane. They rotation represents the rotation of the sample watspect to the
intersection of the diffraction plane and the samglirface. The rotation represents the
rotation with respect to the axis perpendiculah®sample surface.

The diffracted signal is recorded by a detectore &ngle between the incident and
diffracted beam 260, whered is the angle between the incident beam and th&tairplane.
With an open detector, the divergence of the diffrd beandd is an arc of ~ 5°, and this
value can be reduced to 0.005° by the utilisatioanoanalyzer crystal.

As mentioned before, the 3D array of the diffractmattern could be investigated by
moving the position of the sample or/and the dete&ach type of movement corresponds to
one “scan”. Table Il. 3 gives the description afhction of several types of scans which are

most commonly used in the XRD measurements.
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Figure 11.14. Schematic diagram of the diffractomeer.

Scan type Description

The sample position remains unchanged, and onlpdkgion of the detector is
20 changed. The zero position of the detector is Wsgalibrated by performing

the 20 scanon the analyzer crystal.

The detector remains stationary, and the sampteased around the axis. A
 scan is also called “rocking curve”, as it ca@p®nds to the rocking of the
1) sample with respect to theaxis. Thew scan is usually used to evaluate the
crystal quality, as the line width of the rockingree is usually broadened by the

dislocations and the wafer curvature.

The sample is rotated lay and the detector is rotated b, 2vith an angular
o0/ ratio of 1:2. It probes the diffraction spots alandirection with less broadening,

w
thus it is used to evaluate the lattice paramefarsanalyzer crystal is usually

used in this measurement to reduce the divergence.

wl20 Same as 24 scan, but withy on thex axis.

Rotation of the sample with respect to #hexis. It is used to orientate the
position of the crystal planes.

Rotation of the sample with respect to ¢haxis. It is used to orientate the

position of the crystal planes.

Table 11.3. Introduction to the different scans avalable on the diffractometer.
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To investigate the diffraction spots related tofetént planes, several diffraction
geometries are adapteérigure Il. 15 shows three types of the most commamed
diffraction geometries. A symmetric geometry isdige investigate the crystal planes parallel
to the sample surface. In this case, we h2fle 2a.. An asymmetric geometry is adapted to
reach spots which can not be measured by the syimergebmetry. An offset im is applied
(offset =8+ «) to obtain a grazing incidence or exit configusati For crystal planes which
have a non zero angle with the sample surfaceew slgmmetric geometry is usually used. A
x offset is applied to position the measured plaeg@ndicular to the diffraction plane. After

they offset is applied, @ scan is necessary to find the diffraction spot.
o
3 ¢

Symmetric Asymmetric (o offset) Skew symmetric
20 = 2w 20 £ 20 y offset (after 90° rotation in ¢)

Figure 11.15. Diffraction geometries commonly usedn XRD measurements (adapted from ref.12).

11.5.2. Determination of lattice parameters using XRD

The lattice parameters of GaN layers can be meddwyeXRD. In the polar case,
symmetrical reflections of the GaN (006) plane asgmmetrical reflections of the (205) and
(3-13) planes are recorded using an analyzer dry$tee asymmetrical reflections are
measured in grazing incidence configurations. Plepositions of these reflections are
obtained. Then, distances between these plandsecaalculated following Eq.II.5.

In a hexagonal model, the distance between crgitaks is determined by:

Ay = 2 : (Il. 5)

\/g(h2+k2 +kI)+I2:§

wherea andc are the lattice constants. Therefore, the distabetdseen the (006), (205), and

(3-13) planes can be expressed by:
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C
d006 = E'
ac
d205 = 5 , (1. 6)
——c? +25a*
3
ac
d3—13 =

Together with Bragg's law (Eq. 11.4), the latticenstants can be obtained.

In the nonpolar casea{plane), the crystal point group of GaN is redudsamn
hexagonal C’) to orthorhombic C?) due to the in-plane anisotropic residual strainl a

relaxatiort®. Therefore, an orthorhombic model of the GaN @aiystructure is introduced for
the calculation of the lattice parameters. The sgtical (11-20) reflection, and the
asymmetrical (20-20) and (11-22) reflections, aemsured. Figure Il. 16 illustrates the axes
and the planes in the orthorhombic systairh andc represents the three orthogonal crystal
axes in the orthorhombic model. The blue lines espnt two of the planes used in the
measurements of the lattice parameters. The (11H&Xagonal system) plane is the growth
plane. The reflections from the (11-22) plane (tostrated in Fig. 1l. 16) are also measured
to extract the periodic information along theaxis. The relationships of the crystal plane
notations between hexagonal and orthorhombic system be found in Table II. 4

hexa (20-20)
orth (220}

hexa (11-20)
orth (020)

Figure 11.16. lllustration of the orthorhombic crystal system and the related planes, from the top we of

the basal plane.
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Hexagonal Orthorhombic
system system
(11-20) (020)

(20-20) (220)

(11-22) (022)

Table 11.4. Comparison of the crystal plane notatioms between hexagonal and orthorhombic systems.

In the orthorhombic system, the plane distancelaed to the Miller indexes and the

lattice parameters by:

~ 1
dhkl - 2 K2 |2 . (. 7)
PO

Then the (020), (220) and (022) plane distancedeaxpressed by:

b
dozo :E
1
d,,=—. .8
220 1 1 ( )
at b
1
d022 =

Together with Eq. Il. 5, the orthorhombic lattice&r@meters of the GaN layer can be obtained.
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Chapter Ill. Nonpolar (Al,Ga)N
heterostructures grown on (Zn,Mg)O

templates

In this chapter, a-plane (Al,Ga)N heterostructures have been grown on
(Zn,MQg)O0 /r-sapphire templates. The growth conditions of Gapé¢its are optimized, and the
influence of Mg content in templates on the GaNwgois discussed. Structural and optical
properties of GaN layers are characterized, anaptieal polarization behaviour of the GaN
near band edge emission is analyzed. A series pb@ree Ab GaygN / GaN MQWSs with
different well thicknesses is fabricated, and thesemce of QCSE in the nonpolar

heterostructures is evidenced.
I11.1. a-plane ZnO / sapphire templates

As introduced in Section I.1.3;plane ZnO can be grown arplane sapphire. In this
chapter,a—plane(lliO) GaN layers have been grown on (Zn,Mg)O templdtiesre are three

objectives of this study: 1) to investigate the goiity of growing GaN along the [11-20]
orientation; 2) to study the influence of the Mgtant in the templates on the structural and
optical properties of the GaN epi-layers; 3) toestigate the optical properties of the QW-
based heterostructures grown on nonpolar planes(4inMg)O templates were grown on
plane sapphire substrates. Actually, the (Zn,M@@ets can be regarded as buffer layers for
the growth of GaN om-sapphire. By adapting this approaehGGaN layers of large area (>2
inch) could be grown.

One concept needs to be introduced before cargumghe GaN growth: the usage of
(Zn,M@)0 instead of ZnO templates. In CRHEA, wedahown that the incorporation of Mg
into (Zn,Mg)O can improve the smoothness of thigetd Figure Ill. 1 shows the surface
roughness variation of a-plane (Zn,Mg)O layers aduaction of Mg content. The

incorporation of Mg strongly decreases the surfacghness on sapphire, from 8 nm for ZnO,
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to only 1.7 nm when the Mg content is 40%. The gimog of the template surface roughness

may facilitate the GaN growth and improve the alguality.

L ]
sl L 1‘-.3

20 40
Mg Content (%)

Figure 111.1. Evolution of the surface roughness oflL um thick a-plane (Zn, Mg)O layers with the Mg
content (5 x 5urﬁ). In inset, the surface morphologies of ZgyMg, 10 and Zny sgVigo 40 layers measured
by AFM are shown (adapted from ref.1).

Therefore, besides ZnO templates, the (Zn,Mg)O latep are also used in this study.
The templates were grown in a Riber Epineat MBH1db&r. The oxygen atomic species were
provided by a radio frequency (RF) plasma sournd,the zinc (Zn) was evaporated from a
double-filament effusion cell. The (Zn, Mg)O layarere grown at 400°C under metal rich
conditions, and the growth rate was 0.3 pum/h. Mafermation about the growth can be
found in ref.2.

The surface morphologies of the (Zn,Mg)O layerscir@acterized by the presence of
stripes. The stripes are along tbhd0001] direction, and the formation of these #sfs
attributed to the faster growth rate of (Zn,Mg)@ra) thec direction compared to thm
direction. This feature is a characteristic of an@ surfaces as introduced in Section 1.3.3.

Figure Ill. 2 displays the lattice mismatch betw&aiN and unstrained (Zn,Mg)O as a
function of the Mg conteritalong both [0001] and [1-100] directions. Theitattparameters
of (Zn,Mqg)O could be tailored by modifying the Mgrgdent. When the Mg content increases,
GaN has an increasing compressive mismatch aloamgntfil-100] direction. Along the
[0001] direction, the lattice mismatch is tensitelav Mg contents, and it switches to be

compressive when the Mg content is above 20%. Wineig content equals 20%, there is a
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lattice match between GaN and 4Ngo O along thec [0001] direction. The density of
defects generated from the lattice misfit can bgeeted to be reduced by growing GaN on
such a lattice matched layer, at least along orezion.

T v T v v T v LIPS —
0.8} o & ¢ .
_— |
i ) /
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= i ./ /' Compressive )
> 0.0 = -
T__’ 04l P Tensile -
O Yar nm .
S o8l —=— [0001] relaxed
%) - —w¥— [1-100] relaxed
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Figure 111.2. Calculated lattice mismatch between @N and (Zn, Mg)O as a function of the Mg content,

when the (Zn,MQg)O layers are relaxed and strainedm sapphire.

X-ray diffraction (XRD) measurements have been iedrrout to characterize the
structural properties of the (Zn,Mg)O layér§he ®/o diagram was recorded. Except peaks
arising from the sapphire substrates, only pea&m fthe (Zn,Mg)O (11-20) and (22-40)
planes were detected (Figure lll. 3). It indicatieat the layers were grown in a unigae
orientation. The symmetric (11-20) diffraction psakave been recorded at different
azimuthal angles. The FWHM of the (11-20) reflestis ~ 1000 arcsec when the incident
beam is parallel to the axis of the ZnO layer, and this value was fountbeéo~ 1260 arcsec

when the beam is perpendicular to treis,i.e. along the [1-100] direction.
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Figure 111.3. 20-w diagram of a Zny ggMgo 1£0/ZnO MQW structure, the inset the (22-40) reflectbn peak
(ref. 2).
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Figure lll. 4 shows the lattice parameters of (Zg)M layers strained on sapphire
substrates as a function of Mg content, measuredXRip. In these measurements, an
orthorhombic model was adapted. The in-plane paitydalong m [1-100] direction has a

theoretical value of/3a (Figure l1ll. 4), wherea is the lattice constant in the hexagonal
system. When the Mg content is zete, a ZnO template, the lattice periodicity alomgnd

m axis are 5.18 A and 5.62 A respectively, whilesthof a bulk ZnO are 5.207 A and 5.629
A. Therefore, compressive strains exist in the Za@er along both directions, which is
desired to accommodate the compressive lattice at@dnwith the sapphire substrate. In this
case, the lattice mismatch between GaN and (Zn,Mg)bifted to higher values along both
[0001] and [1-100] directions (Fig. 111.2), owing the compressive residual strain. Actually,
thec lattice constant of the ZnO template (5.180 Agl@se to that of GaN (5.185 A). When
increasing the Mg content, tleelattice parameter continues to decrease, whictisléa an
even higher compressive lattice mismatch with GaNthe other hand, the lattice parameter
along [1-100] increases with the increasing Mg eahtwhich leads to an increasing tensile
lattice mismatch with GaN layer. Therefore, thdidat matching relation in the unstrained
case (Fig. lll. 2) is not valid anymore in the cadeour (Zn,Mg)O templates, which are
compressively strained arsapphire substrates along the [0001] directiotependent of the

Mg concentration.

I11.2. GaN layers grown on (Zn,Mg)O templates
111.2.1. Growth conditions of GaN

GaN layers have been grown by MBE arplane (1120) ZnMg:.xO/r-sapphire

templatesAmmonia (NH) is used as N source and the growths were castiednder N rich

conditions.

The influence of the nucleation layer growth tenap@re on the GaN properties has
been investigated. In this study, a series of idaht2x1) cnf ZnO templates were obtained
from cutting a whole 2-inch wafer, consisting oR@0 nm thick ZnO layer grown onra
sapphire substrate. 20 nm thick GaN layers weresitgal on the ZnO templates at different
growth temperatures, ranging from 525 to 725 °C.

Table lll. 1 lists the structures and growth conditions of shenples investigated in
this study. The surface morphologies of the GaNrayvere studied by RHEED and AFM.
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. Growth
Sample Template GaN thickness
temperature
200 nm ZnO
N1636 . 20 nm 525 °C
/r-Sapphire
200 nm ZnO
N1637 _ 20 nm 625 °C
/r-Sapphire
200 nm ZnO
N1638 . 20 nm 700 °C
/r-Sapphire
200 nm ZnO
N1651 _ 20 nm 720 °C
/r-Sapphire

Table 111.1. Structures and growth conditions of GaN layers grown on ZnO /r-sapphire templates.

> 4
e
-

o .
- <11-20> “n<1-100>
<0001>

Figure 111.5. RHEED patterns and surface morphologes of 20 nm thick GaN layers measured by AFM.
The growth temperature were (a) (e) 525 °C, (b) (25 °C, (c) (g) 700 °C and (d) (h) 720 °C, respeatly.
The vertical scales of the AFM image are 20 nm fdie) (h) and 10 nm for (f) (g).

Figure 1ll. 5 shows the evolution of the GaN suefamorphology with growth
temperature. When the GaN layer was grown at 52fsa@ple N1636), the growth started
and remained in a 3D mode, characterized by aysRMEED pattern (Fig 111.6 (a)). Islands,
with a diameter of ~ 20 nm are observed on the Afdge (Fig 1.6 (e)), which leads to a
surfacerms roughness of ~ 4 nm. When the growth temperatuas wcreased to 625 °C

(sample N1637), the RHEED pattern gradually charfged a spotty pattern to streaky lines
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after the initial growth of a 5 nm thick GaN lay@&fter the deposition of 20 nm, clear streaky
lines are observed (Fig 111.6 (b)), indicating ttea2D growth mode of the GaN layer was
obtained. Therms roughness is reduced to ~ 1 nm (Fig 1.6 (f)). &dhthe growth
temperature was increased to 700 °C (sample N1e&&&jjtional points progressively
appeared in between the regular streaks in the RHgd&Etern, which suggest the formation
of disoriented GaN phases in ta&aN matrix (Fig 111.6 (c)). In the AFM image, snalots
are observed on the GaN surface as indicated bgrtiogv in Fig 111.6 (g). These grains are
the origin of the additional points observed in tReIEED pattern. When the growth
temperature was further increased to 720 °C, thengity of the additional points in the
RHEED pattern became higher (Fig 111.6 (d)). Indead shown in the AFM image, the
density of grains increases significantly comparethe GaN layer grown at 700 °C, and the
rms roughness increases to ~ 4 nm (Fig 1.6 (h)). &lkerage diameter of the grains is ~ 20
nm, which equals the GaN film thickness. The presesf these grains in the GaN layers will
be discussed in detail in Section 111.2.2.

Figure lll. 6 shows the evolution of the GaN suegaoughness as a function of the
growth temperature. Surface areas of 5 x 5, and 10 pnf were scanned and the measured
roughness is plotted with respect to the growthptenature. It is found that the roughness rms
processes an “U” shape variation as the growtingerature increases. At low growth
temperature, the GaN surface is rough due to thgrdf@th and the formation of islands. The
roughness reaches a minimum value of ~1 nm wheG#i layer is grown at 625 °C. If the
temperature continues to increase, the roughnessases again due to the formation of
disoriented phases. Therefore, a temperature raing@0 — 650 °C is found to be the growth
window for the nucleation of GaN @aplane ZnO layers.
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Figure 111.6. Evolution of the GaN surface roughnes rms as a function of the growth temperature.

Based on this study, a two step growth processdeasloped for the growth of thick
GaN layers, and the scheme of the growth is showiigure 1ll. 7. At first, a 100 nm thick
GaN nucleation layer was deposited at low tempezatt600°C), to grow in a 2D growth
mode and suppress the formation of disorientedgshda the second step, a 900 nm thick
GaN layer was deposited at 780 °C with a growth ddt~ 0.3 um/h, as a high temperature
growth (~ 800 °C) is needed to grow GaN of highstayquality.

900 nm GaN @ 780 C

100 nm GaN LT buffer

(Zn, Mg)O buffer

R-plane sapphire substrate

(Zn,Mg)O Template

Figure 111.7. Scheme of the two step growth of GaMn Zn; ,Mg,O/sapphire templates.

90



[11.2.2. Structural properties of a-plane GaN layers grown o

ZnO / Sapphire templates

After the growth, the surface morphologies of Gaklers were characterized by SEM
and AFM. Figure 1ll. 9 (a) shows a SEM image of prh thick GaN layer grown on a ZnO
template. Stripes along the [0001] direction are observed, and consequentlguidace
undulation is found along the [1-100] direction. It is typical oB-GaN surfaces, and the
formation of these stripes is due to the differ@aiN growth rates along thle[0001] andm
[1-100] directions, as the growth rate alangxis has been reported to be 2 — 4 times higher
than that alongn-axis>® Figure Ill. 9 (b) shows the surface morphologytité same GaN
layer measured by AFM. Two grains are observetiénimage. The surfacensroughness is
13 nm for a (10x10) pfnscan, which is directly related to the stripestiom surface. These
stripes have an average length, width and heightfim, 0.4 pm and 50 nm, respectively.

In addition, some cracks are also observed. Theyalraligned along the [0001]
direction. This characteristic can be explainedh®y tensile lattice mismatch between GaN
and ZnO templates along thme [1-100] direction (Fig.lll.2). As a result, GaNykrs are
grown under tensile strain along this directionjohHeads to the generation of cracks along
thec-axis, as observed for &ba,.,N grown on GaN.

Besides the cracks, there is also the presenceanbsuopic defects on the surface.
These defects are indicated by a cycle in Figuré@lI{a) and (b). The density of these grains
is as high as 5 x £0 cnf. The average size of these grains is ~ 1 pm, wikithe same as
the thickness of the GaN layer. The surface of Ggldrs with thicknesses ranging from 20
nm to 1 um have been systematically investigatedsB, and Figure Ill. 8 shows the
average diameter of the grains as a function ofGhb layer thickness. It indicates that the
size of the grains increases linearly with the GbhNkness, with a coefficient of ~ 1. It
suggests that they are formed during the nucleatiage of the GaN layer (Fig.lll.5 (c)), and
the growth rates of these grains along the in-ptiirections and the growth direction are the

same.
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Figure 111.8. (a) SEM image of an a-plane GaN surfae; (b) surface morphology of GaN measured by
AFM, the scan size is (10x10) pfrand the vertical scale is 150 nm.
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Figure 111.9. Average diameter of the grains as aunction of the GaN layer thickness. The solid linés a

linear fitting curve.

To investigate the origin of these grains, as wasllother structural properties of the
GaN layer, TEM characterizations were carried daking advantages of the same stacking
sequence and very close lattice parameters bet@abhand ZnO, their epitaxial relations is

found along the same crystal axis{0001,, /(0001 . (1120),, II({L120),, and
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(1010)GaN ||(1010)Zno. Different types of defects can be identifiedhe high resolution plan

view (zone axis [11-20]) image of tlkeGaN layer. As shown in Figure Ill. 10, basal stagk
faults (BSFs), prismatic stacking faults (PSFs)emion domain boundaries (IDBs) and
partial dislocations (PDs) are observed. The dessitf these defects collected from different
samples are listed in Table Ill. 2. The IDBs anerfed along the c axis, and two domains with
opposite polarities were identified at the two sidé the IDB. BSFs, with a density ranging
from 4 x 16 to 1 x 16/ cm, are observed, and the defect planes aretedgrerpendicular to
the c axis. Vénneguest al have analyzed the formation mechanism of BSF intieulayers
grown along thea orientation &-ZnO anda-GaN). The origin of the BSF has been mainly
attributed to a Volmer Weber growth méde

-step 1: 3D nuclei are formed during the nucleasitage at least along one direction.

-step 2: BSFs are created in the coalescence boesda the islands in order to

compensate translations between neighbouring island
The BSF planes have the same orientation with thelescence boundaries, which is
perpendicular to the growth plane.

Figure 111.10. TEM plan view image of an a-GaN laye grown on ZnO / sapphire (10-12).
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Defect ZnO template GaN layer
BSF 1-2x1@ cnrl 4-10x1® cnrl
PD 4-7x13.0¢cnr2 9-20x13-0 cmr2
PSF 5-20x1® cnrl
IDB 1.5x1P cnrl

Table 111.2. Summary of the average defect densitein the ZnO templates and the GaN epitaxial layers

grown on top, measured by TEM.

Figure lll. 11 displays a cross sectional TEM imaean a-GaN layer, where the
microscopic grains observed on the GaN surface (Hi§) can be identified more clearly.
These grains are crystalline domains disorientetth wie GaN epitaxial layer. Therefore,
these defects will be referred as “disorientatedirgs” (DGs) in the following text.
According to Fig. llIl.9, DGs are formed from tharing stage of the growth. Moreover, it is
the growth conditions of the nucleation layer, artigular the growth temperature (Figure lll.
5), which is the critical factor influencing therfoation of DGs. It is worth noting that similar
DG have also been observedaiplane GaN layers grown aaGaN /r-sapphire templates
grown by MOCVD. The exact formation mechanism of hGs is still not clear. Some
semipolar oriented phases, which are also enealjgtiavourable ora-ZnO (GaN) surfaces,
may be an explanation. Further investigations aexlad to understand their exact formation

mechanism.

[11-20]

[0001]

Figure 111.11. Cross sectional TEM image of are-GaN layer, observed along the [0001] direction.

XRD has also been used to investigate the GaNtatalgproperties. Figure 1l1l. 12
shows the GaN®® diagram. Only peaks related to GaN (11-20), ZnBZQ) and sapphire

(10-12) planes are observed. No peaks relatedet@tbsence of DGs are observed, which
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suggests that they exhibit no particular crystamiation close the [11-20] orientation of GaN.

It indicates that the GaN layer is mairai)[llio] oriented.
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Figure 111.12. GaN 206/® diagram of ana-GaN layer grown on a ZnO /r-sapphire template.

Figure 1ll. 13 shows the FWHM of the x-ray rockingrve (XRC) of the symmetric
(11-20) diffraction of ara-GaN layer. Considering the in plane anisotropiarahteristics of
the layers, the XRC was recorded by varyinggdhezimuthal angle of the sample from 0° to
360°, with a step of 15°, to perform a seriessescan on the GaN (11-20) reflection. When
the incident x-ray beam is along tkeg0001] direction of the GaN layer, the XRC has a
minimum FWHM of 1550 arcsec; and when the incidbeam is along then{[1-100]
direction, the XRD has a maximum FWHM of 2310 acc3éhis feature is observed in all the
GaN layers grown along the [11-20] direction, inglegently of the growth conditions. It
suggests that this anisotropic behaviour is relatethe anisotropic nature of the growth,
including the anisotropy of the lattice mismatcll éme growth rate.

Several factors may contribute to the FWHM anigofrof the GaN XRC. The first
one is related to the tilt of the microstructunesiGaN layer’ Different domain sizes along
m- andc- axes is another important fact8ras the lateral coherence length is larger alwng
axis than along-axis. This anisotropy can be attributed to thenfation of nuclei elongated
along c-axis, due to the faster growth rate alonthan alongm direction. Besides, the

presence of BSFs, which can be treated as bousdzetereen domairid,also contributes to
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the shorter lateral coherence length alamdeading to the broadening of GaN XRCs along

this direction.
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Figure 111.13. X-ray rocking curve FWHM of the symmetric (11-20) diffraction of ana-GaN layer as a

function of the ¢ azimuthal angle.

111.2.3. Influence of the Mg content in (Zn,Mg)O templates o
the growth of GaN

To study the influence of the Mg content in (Zn,dgdemplates on the growth of
GaN layers, 1 um thick GaN layers have been growa series of (Zn,Mg)O templates with
a Mg content ranging from 0 to 52%. All the samplese grown under similar conditions,
and the optimized two step growth mode was emploletie first step, a 100 nm thick GaN
layer was grown at ~ 620°C, followed by a 900 nntkhGaN layer grown at 780°C.
However, the growth of GaN on a ZadMgos0 template was stopped at 600 nm, due to the
observation of a completely spotty RHEED pattern.

After the growth, the surfaces of the GaN layerseneharacterized by SEM. All the
layers exhibit similar morphologies, which corresgdo the morphology observed on GaN
layers grown on ZnO templates (Figure Ill. 8). Hoe®e in the particular case of the GaN
layer grown on the ZxdVigos:0 template, the surface is covered by a high dedihon-

coalesced islands and no clear structural oriemtgtreference can be observed (Figure lll.

96



14). Therefore, it indicates that (Zn,Mg)O tempdatath too high Mg content ([Mg] >50%)

are not suitable for the growth of GaN.
St el e

R A e
CNRS-CRHEA SEI 50kY  X20,000 Tum WD 9.2mm

Figure 111.14. SEM image of a 600 nm thick GaN layegrown on a Zng 4gVigo 50 template.

Figure 1ll. 15 shows the surface morphologies & (An,Mg)O templates and GaN
layers grown on top. The comparison between Fig.1% (a) and (c) indicates that the
(Zn,M@)O0 surface roughness is strongly improvedaf@m Mg 360 template (rms ~ 3.4 nm)
compared to a ZnO template (rms ~ 8.1 nm). As altrea GaN layer with an improved

surface roughness was obtained when growing onoea4¥go 3O template (Figure 1ll. 15

(d)).

Figure 111.15. AFM images of (a) a ZnO / r-sapphiretemplate and (b) a GaN layer grown on the ZnO / r-
sapphire template ; () a ZRsMgo.30 / r-sapphire template and (d) a GaN layer grown o the
ZNo.eMQo.30 / r-sapphire template. The scan size is (5 x S)nf, and the vertical scales are 80 and 40 nm

for (a), (b) and (c), (d), respectively.
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Figure 1ll. 16 shows the density of the DGs obsdrem the GaN surfaces as a
function of the Mg content in the (Zn,Mg)O tempkt&he use of (Zn,Mg)O templates,
instead of ZnO, could strongly reduce the densftypGs in the GaN layers. Among the
samples we have investigated, the GaN layer grawthe Zr 74Mgo 20 template has shown
a minimum DG density of ~ 3 x 10cnf. Yet, the reason why the DG density is reduced on
(Zn,Mg)0 templates is still not clear, but the drfnce in the lattice mismatch between GaN
and (Zn,MQg)0O, as well as the better thermal stgbdf (Zn,Mg)O alloys for increasing Mg

concentrations, could be possible explanations.
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Figure 111.16. Density of disorientated grains obseved on GaN surfaces as a function of the Mg contém
the (Zn,Mg)O templates.

Figure lll. 17 compares the XRC FWHM of the (11-2@jlection for GaN layers
grown on (Zn,Mg)O templates. The FWHM values deseeaith increasing Mg content, for a
Mg content lower than 36%. The GaN layer grown ogsdMgo 3O has a minimum FWHM
value for XRC of 960 arcsec when the incident bé&aparallel to thes axis. It indicates that
the crystal quality of GaN can be improved by tilse of a (Zn,Mg)O template with a Mg
content between 25 and 40%. However, the GaN Igg@en on the ZngVigo 520 template
shows much larger XRC FWHM values. It means thatdtystal quality is degraded if the
Mg content is too high. It can be explained by diegraded (Zn,Mg)O crystal quality and the

large lattice mismatch with GaN (Figure.lll.2), fdlg concentrations above 50%.
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Figure 111.17. XRC FWHM values of the symmetric (11:20) diffraction of a-GaN layers as a function of
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&
3

the ¢ azimuthal angle, grown on a series of (Zn,Mg)O tepiates with different Mg content.

To conclude, GaN layers have been grown on a sefigg,Mg)O templates, and the
surface morphologies, as well as the structurabgmees have been characterized by AFM,
SEM, and XRD. The use of (Zn,Mg)O templates cowdtphreduce the DG density, improve
the surface morphology and the overall qualityhsf trystal. However, it is not suitable for
the growth of GaN when the Mg content is highentB@%. (Zn,Mg)O templates with a Mg
content ranging from 25% to 40% are found to bebist suited for the growth of GaN.

111.2.4. GaN lattice parameters

The lattice parameters of the GaN layers could Easured by XRD. In this
measurement, th2d positions of a series of reflections, including tstymmetrical (11-20)
plane, and the asymmetrical (20-20) and (11-22hgdawere measured precisely using an
analyzer crystal.

Due to the in-plane anisotropic lattice mismatchiwleen ZnO and sapphire
(introduced in Section 1.1.2.b) and anisotropicaxakion mechanism$, there is an
anisotropic residual strain in the (Zn, Mg)O laykrss a consequence, the GaN layers grown
on these templates exhibit anisotropic in-planaisirinduced by the compressive lattice

mismatch along [0001] and the tensile lattice mismatch alomfl-100] (Section IIl.1).
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Figure 111.18. lllustration of the orthorhombic cry stal system and the coordinate system used in this

chapter, from the top view of the basal plane.

As the crystal point group of GaN is reduced froexdgonal C?) to orthorhombic

(C2), the lattice parameters of the a-GaN layers ateutated based on the orthorhombic
model, following the method introduced in Sectidb.R. The coordinate system is illustrated
in Figure 1ll. 18: thex axis is along the growth directiopandz are two in-plane directions,
with z along the ¢ axis of GaN. Table lll. 3 lists th#ite parameters (LPs) of the GaN layer
grown on three different types of templates. Therage LPs of the GaN layers were
calculated to facilitate the discussion. By compgurthe measured LPs with the standard
values of GaN bulk crystals and ZVgo 2O templates, a tensile strain f = 02 &wong
the a axis (.e., m [1-100] direction in the hexagonal system) and emessive strain of
£,, =—006% along thec axis are found in the GaN layers. The strains glibrese two in-
plane directions are directly related to the latticismatch between GaN and the (Zn, Mg)O
templates (Figure.lll.2).

According to the in-plane strain valuesy and &, a compressive strain of
£,, = —006% along theb axis (the growth direction) can be deduced from.EQ. Based on
the XRD measurements, a compressive straig, pf -008 is%etected, which is very

close to the calculated results. It indicates tin&t compressive strain along the growth

direction mainly arises from Poisson effect.
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Sample Template GaN 0 0 0 o

structure structure | & (A) C.(A) b(A) |b(A)
(in plane) | (in plane) calculated

N1606 /Zsf;gplhf??enm lum GaN| 5.5341 5.1839 3.186/03.1875

N1653 ZNo.74MGo.260 lum GaN| 5.5327 5.1811 3.18¥@.1877
1,4um/ sapphire

N1704 ZnogMJo1O0 lum GaN| 5.5384 5.1817 3.1863.1863
200nm/ sapphire

GaN layer 5.5351 5.1822 3.1865

average values

Bulk GaN" 5.5235 5.185 3.189

Zno gMgo. 0/ 5.64 5.14

sapphiré

Bulk ZznO™ 5.6292 5.207 3.250

Table 111.3. Lattice parameters of the GaN layers gown (Zn,Mg)O templates. The lattice parameters of

bulk GaN, ZnO and Zny gMgo -0 template* are also listed for comparison.

111.2.5. Optical properties of a-plane GaN layers grown on

(Zn,MQ@)0O / r-sapphire templates

The optical properties of the GaN layers were itigaged by photoluminescence
measurements. The low temperature (14 K) PL spmcblia 1 pum GaN layer grown on a
Zno Mgo 30 template, excited by a He Cd laser at 325 nnsh@wvn in Figure Ill. 19. The
main emission peak at 3.477 eV is attributed tortba band edge (NBE) emission of GaN.
At low temperature, the NBE is dominated by theatdmound exciton (DBE) emission, with
a FWHM of 15 meV.

The peak at 3.42 eV is related to the basal stgckaults (BSFs) in the GaN
layer!>*®1 There are usually a high density of BSFs in agl&aN layers® In the GaN
layers grown on (Zn,Mg)O templates, the densitB8F is found to be in the range of 4-10 x
10°/ cm (Table 1Il. 2). The BSF can be regarded asimzincblende layer embedded in the
wurtzite crystal. The 3.42 eV emission is attrilsuted the recombination between the

electrons confined in the zincblende layer with tibées in the wurtzite structut@.
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Figure 111.19. PL spectra of a 1 um thick GaN layergrown on a Zn, Mg, sO template. The sample was
excited by a 325 nm He Cd laser at 14K.

The emission peak at 3.285 eV arises from the rbamtion of donor acceptor pairs
(DAPSs). The large line width of this peak is dueatwide range of spatial distribution of the
donors and acceptors. In addition, the DAP emis@accompanied by a sub-peak of ~ 90
meV lower in energy, which comes from the longitadioptical (LO) phonon replica of the
DAP emission. The Huang-Rhys factor of this couplis ~ 0.58. This is a typical
characteristic of the DAP emission, as the locdlizwarriers recombination is always
accompanied with a strong lattice phonon couptfhg.

Figure 1ll. 20 shows the variation of the band edgassion energy of the GaN layer
as a function of temperature. In the low tempegatange (T < 50 K), the emission energy
increases with temperature, and it can be explamethe thermal activation of the donor
bound exciton to free exciton. When the temperatsrabove 50 K, the evolution of the
emission energy obeys to the Varshni equation I(B}). The energy variation curve was fitted
using the Varshni equation: the FE emission enatdyK was found to be 3.484 eV, and the
fitting parameters are = 1 x 10° and = 1068.5. These values are within the range of the
reported values for GaN grown on sapphfr€ The neutral donor binding energy of 6 meV
can be deduced by comparing the low temperaturesgoni energy with the fitting curve.

This value coincides with the reported values fimotha- andc-plane GaN®**
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Figure 111.20. Temperature dependence of the GaN rag band edge emission energy, fitted by the Varshni

equation (solid line).

As introduced in Section 1.3, due to the brokermplame rotational symmetry by the
inclination of thec axis in the growth plane, the band edge emissfotne nonpolar GaN
layer is usually polarized. Therefore, two GaN faygrown on (Zn,Mg)O templates, N1653
and N1704, were chosen for the optical polarizasiualy. Figure 1ll. 21 shows the integrated
PL intensity of the GaN NBE emission as a functidrthe E polarization angle, and these
values have been averaged between each two pdianizhrections with 180° difference in
angle, in order to limit the artifacts due to thagpizer.. The GaN NBE emissions of N1653
and N1704 are both polarized wikh parallel toc axis ([0001]). According to Eq 1.28, the
polarization degree alorfg/c is deduced to b&,, = 02f&r sample N1704, which is higher

than that of sample N165%(, = 0p8
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Figure 111.21. Integrated PL intensity of the GaN near band edge emission as a function of the

polarization angle. The integration range for the R spectra is 3.45eV-3.54eV.

To understand the polarization behaviour of the GHBE emission, the oscillator
strengths between the conduction band and the Huleealence bands have been simulated
using thekep method introduced in Section F2It deserves to be noticed that due to the
reduced crystal symmetry, the common optical selecules for unstrained or strained GaN
layers grown ore-plane are no longer valid farplane GaN layers.

The residual strains in GaN layers have been medsnrSection I11.2.4. Deformation

potentials provided by Ishit al®

are adapted for the calculation of the transitioatrix
elements (Table I. 3). The simulated transitionrinatlements along the three orthogonal
directions are listed in Table Ill. 4 (the oriemat ofx, y andz axes are illustrated in Fig. III.
18). It is found that the polarization propertiéseach exciton are very sensitive to the strain

values. N1653 and N1704 show very similar polaiirabehaviours.

Exciton N1653 (GaN/ Zg74aMgo-0) N1704 (GaN/ ZnsMgo 1:0)

Energy X y z Energy | x y z

(eV) <11-20>| <1-100> | <0001> | ev) |<11-20> |<1-100> | <0001>
X1 3.474 0.857 0.053 0.089 | 3.464 | 0.859 0.023 0.118
X2 3.483 0.005 0.451 | 0.544 3.475| 0.046 0.283 | 0.671
X3 3.450 0.138 0.495 0.368 | 3.492 | 0.095 0.694 0.211

Table 111.4. Simulated oscillator strengths and transition energies of X, X,, and X; excitons of samples

N1653 and N1704, along three orthogonal directionsgspectively.
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The main component of Xexciton is polarized along the growth directionakis).
When the electric fielcE is oscillating along thex direction, the emitted light is hardly
detected along the surface normal as the wave gabgs along the in plane directidfis.
Therefore, the Xexciton should have a very weak contribution ® BL emission. The X
exciton has the highest oscillator strength whes oscillating along the direction. It means
that the emission from tecombination is polarized parallel to thexis. Together with the
experimental observations, it can be concluded tiatGaN NBE emission mainly arises
from the % exciton recombination, which is polarized paraltethec axis. The polarization
degree of X exciton alonde // ¢ are 0.09 and 0.40 for N1653 and N1704, respygt which
are very close to the experimental observations.

The measured NBE energies are 3.474 eV for N165B Jaa77 eV for N1704,
respectively. Taking into account the donor bindemgrgy, which is ~ 6 meV according to
Fig. lll. 20, the free exciton emission energies @educed to be 3.480 eV for sample N1653
and 3.483 eV for sample N1704. These values arg ¢lese to the simulated ;Xexciton
recombination energies for both samples, which suppe conclusion that the NBE mainly

arises from the Xexciton.

111.3. a-plane (Al, Ga)N / GaN MQWs grown on
(Zn,Mg)O / r-sapphire templates

[11.3.1. Growth conditions and structural characterizations

Six MQWs were grown on (Zn, Mg)O / sapphire temgdatThree different types of
templates were used, with different (Zn, Mg)O buffeyer thicknesses and Mg contents.
Following the growth of the 1-um thick GaN buffeyér (Section 111.2.1), a series of
Alo.GagN / GaN MQWSs were fabricated. The MQW structure sists of three identical
GaN QWsseparated by 30 nm-thick AGay g\ barriers.The GaN well widths range from
0.5to 7 nm. Table Ill. 5 lists the structurestu six MQWS.
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Sample Template GaN MQW Well

name structure structure barrier thickness
ZnO 180 nm Al Gay N

N1608 /sapphire 1pm GaN 30 nm GaN 1 nm
ZNo.74Mgo 260 Alg GapeN

N1660 1,4u0r:17 Sa"pffhire 1lum GaN 30 nm GaN 2 nm
Zno.74Mgo 260 AlgGay gN

N1662 1,4u0n71j Sa"péehire 1um GaN 30 nm GaN 3 nm
ZNo.57Mgo.130 AlgGay gN

N1690 200nm Sa‘;)ghire 1um GaN 30 nm GaN 7 nm
ZNo.57Mgo.130 AlgGay gN

N1692 200nm Sa‘;)ghire lum GaN 30 nm GaN 5 nm
ZNno.57Mgo.130 Al Gay gN

N1693 200nm! Sa%ghire lum GaN 30 nm GaN 0.5 nm

Table 111.5. Structures of (Al,Ga)N / GaN MQWs grown on (Zn,Mg)O templates.

Sample N1608 is grown on a template made of a X8Qhick ZnO buffer layer.
Samples N1660 and N1662 are grown on templates mbde4 pum thick Zp7qMgo.20

buffer layers, and samples N1690, N1692 and N188g@wn on templates made of 200 nm
thick Zny sMgo.10 buffer layers.

The Al content in the barrier is measured by eneligpersive X-ray spectroscopy

(EDX). An average Al content of 20% was measureth wivariation of + 3%.
The surface morphologies of the MQWs were charae@éhy SEM and AFM. Figure
lll. 22 (a) shows the image of the surface of saMi1 692 recorded by SEM. Cracks oriented

along thec [0001] direction are observed, and the averagamtie between them is 15 um.

There is also presence of the DGs, with an avedageeter of ~ 1 um. From the AFM image

(Figure Ill. 22 (b)), stripes oriented along thé®@Q] direction are observed, and the surface

rmsroughness is 8.6 nm.
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Figure 1. 22. (a) SEM and (b) AFM images of the arface of sample N1692. The scan size for the AFM

image is 5 x 5 um2, and the vertical scale is 50 nm
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The lattice parameters of the GaN layers in the M@¥¥erostructures have been
calculated following the method introduced in Saatlll.2.3 and listed in Table Ill. 6. The

crystal axes related to the lattice constants andc are illustrated in Figure 1ll. 18.

sample layer a (;&) c (;&) b (;&)

(in plane) | (in plane)
N1608 GaN 1uym +MQWs| 5.5234 5.1752 3.1889
N1662 GaN 1uym +MQWs 5.5132 5.1734 3.1909
N1692 GaN 1um +MQWs| 5.5248 5.1837 3.1884
N1693 GaN 1uym +MQWs| 5.5154 5.1807 3.1885
N1690 GaN 1um +MQWs 5.5252 5.1904 3.1883
MQW layers 5.5204 5.181 3.189
average values
GaN layers 5.5351 5.1822 3.1865
average values
Al Gay N 5.496 5.1444 3.173
Bulk GaN 5.5235 5.185 3.189

Table Ill. 6. Lattice parameters of the (Al,Ga)N /GaN heterostructures.

To facilitate the discussion, the lattice paranet@Ps) of the GaN layers in the
MQWSs have been averaged, and they are comparedheitaveraged 1 pum thick GaN layer
LPs listed in Table Ill. 6. The LPs of fGaygN are deduced from Vegard’'s law and bulk
GaN LPs are also listed as references. Contratyick GaN layers, GaN layers in the MQWs
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have an average compressive strain of - 0.06% afoagn [1-100] direction. This result
indicates that the GaN QW layers are strained emaélaxed A .Ga gN barriers, which have

smaller LPs than GaN.

111.3.2. Optical properties of the (Al,Ga)N / GaN MQWs

Photoluminescence (PL) spectra of the MQW hetarosires were recorded by a
multi channel Si detector, under the excitatioraafouble frequency Arlaser at 244 nm.
Figure l11l. 23 shows the normalized PL spectralef MQWSs. The barrier luminescence is
observed at 3.81 eV, which indicates an Al compmsibf ~ 20%:° coinciding with the
measured Al content using EDX. The main emissicakp®iginates from the recombination
of carriers in the MQWSs. The peaks arising from h@Ws with different well thicknesses
are well resolved. Their transition energies inseeavhen the QW width decreases. The 0.5
nm MQW exhibits a total confinement energy of 296MnThe FWHM of the PL peaks
ranges from 50 meV to 90 meV. Moreover, the MQW gtaks are all found at energies

larger than the energy of a reference 1-um thick Gger grown on a (Zn,Mg)O / r-sapphire

template.
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">.| Bulk GaN NBE 3nm MQW
2r 5nm MQW -+
& 7nm MQW
Q
=
=
I
o |
O
8
.('__U » AIO.ZGaO.SN
=
-
O 1 1 1 1 1 S L
zZ 3.2 34 3.6 3.8 4.0 4.2

Photon energy(eV)

Figure Ill. 23. PL spectra at 13 K of a-plane Al0.%5a0.8N / GaN MQWs for various well widths. The

black line indicates the near band edge (NBE) emiss of a 1-um thick GaN layer.
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Excitation power dependent PL measurements wer@rpegd on the MQWSs, and an
optical density was placed in front of the lasearheo adjust the excitation power. Figure lll.
24 shows the excitation dependence of the PL spactf sample N1692. In owa-plane
MQWSs, no emission energy shift was detected whewging the excitation power from 20
mW to 20 pW. It indicates that there is no carsiereening effect, which is a further evidence
of the absence of internal electric field along ginewth direction. Indeed, in the polar case, a
blue shift of the QW emission is observed whenRhesxcitation power increases, due to the
screening of interfacial charges by the increasigier density> These results indicate the

absence of QCSE in the AlGay gN / GaN MQWSs grown on a-plane (Zn, Mg) O templates.
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Figure lll. 24. Excitation dependence of the MQW PLspectra from sample N1692.

Figure 1ll. 25 shows the MQW transition energiesaaiinction of the well width. The
results from A} 1:GaysdN / GaN QWs grown og-plane sapphire substrates (Ref. 24) are also
shown for comparison. For thick polar QWs (thiclsxes3nm), the polar QW emission lies
below the GaN band gap owing to the QCSE whilentve-polar QW emissions are always
measured above it. Therefore, it suggests thanhteenal electric field is absent in theplane
MQWs.
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Figure Ill. 25. Transition energies of a-plane Al02Ga0.8N/GaN MQWs versus the well width (full
squares), compared with c-plane Al0.17Ga0.83N/GaNWs from [24] (full triangles) and square well

calculations (continuous line).

The QW confinement energies of electroks) @nd holes Ky) as a function of the
guantum well thickness are calculated based omrladytical solutions of a 1D finite barrier
QW model, and the detailed calculations can bedanmppendix |.

The non-homogeneities of Al content, well thicknemsd/or strain lead to localized
states, which are important to be taken into accwutie calculation. Figure 1ll. 26 shows the
temperature dependence of the MQW transition enafgygample N1692. In the low
temperature range, the transition energy raise thighincreasing temperature, up to 120 K,
which is attributed to the thermal activation otckans from localized states to free states.
The other MQWSs have similar temperature dependemaNiours. The localization enerds )

was measured in the range of ~ 30 £ 5 meV in thaNdQ
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Figure Ill. 26. MQW transition energy of the 5 nm well thickness sample (N1692) as a function of

temperature (dotted line). The experimental curved fitted using Varshni's equation (solid line).

The quasi-2D exciton binding energ¥gr() was calculated following the approach
developed by Leavitt and Littfe.
Finally, the QW transition energy is determined by:
E=E_ +E,+E,-E -E

Ry (ll. 1)

whereE andE__are the final transition energy and the GaN baayl energy, respectively.

Note that when an internal electric field is présenthe QW, an additional term-€E,, L)

corresponding to the QCSE related energy drop baset considered in Eq. lll. 1. The
calculated results are plotted in Figure Ill. 28ligs line). One can notice the very good
agreement between the experimental data and tloelatd transitions, which provides

another evidence of the absence of QCSE in thepotar-heterostructures.

111.4. Conclusions

A series of a-plane GaN layers are grown on (Znf)-sapphire templates. The a-
GaN layers show anisotropic structural and optucabperties. (Zn,Mg)O templates with Mg
content ranging from 25% to 40% are found to betrsagable for the growth of GaN. The
GaN NBE emission dominates the PL spectrum ancemhigsion is polarized parallel to the

[0001] direction, which mainly arises from the, Xexciton recombination. A group of
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Alo GaygN / GaN MQWs are fabricated based on gh&aN layers. The QW transitions are
studied by PL, and the absence of QCSE is demdedtra
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Chapter IV. GaN grown on c-plane ZnO

substrates

In this chapter, the growth and characterizatioh$Ga,In)N heterostructures on c-
plane ZnO substrates are discussed. In the first the preparation of the ZnO substrates is
introduced. The second part focuses on the growthaiN layers, especially on the polarity
control of GaN on O- and Zn- face ZnO substrateshé third part, the structural and optical
properties of GaN layers are studied. Finally, tighitting devices based on (In,Ga)N/GaN
gquantum wells are fabricated, and the optical alettcal properties are studied and

discussed.

I\VV.1. Preparation of epi-ready ZnO substrates

ZnO substrate is now commercially available, andcB c-plane ZnO wafers have
been demonstrated using the hydrothermal growtthadétDue to a mechanical polishing
process of the surface preparation, a high dewsitplloidal silica is usually present on the
surface of the as-received ZnO substrates (Figudrel I(a)). In addition, scratches are also
observed. An annealing process is needed to oataubstrate in an epi-ready state, which is
important to take advantage of the low lattice nath between GaN and ZnO. The
substrates are annealed under @mosphere at 1000 °C. After annealing, the satestr
surface is characterized by AFM, and a smooth sanfdth a rms roughness as low as 0.2 nm
is obtained. Atomic steps can be observed, andhiight of the step is ~0.26 nm,

corresponding to one monolayer of ZnO.
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Figure IV. 1. AFM images of a ZnO substrate (a) befre and (b) after annealing. The inset shows the

height profile over 1 um on the surface. The vertil scale of the images is 5 nm.

The substrate was then introduced into the MBE d®niThe substrate temperature
was raised to 450 °C under vacuum, and the backdrptessure was ~f0rorr. Figure IV. 2
shows RHEED patterns of the ZnO surface when ttidemt electron beam is parallel to (a) a
<11-20> and (b) m <1-100> directions. Streaky linaa be observed from both directions,
which indicate a flat ZnO surface. Kikuchi lineshigh are formed by the diffuse scattered
electrons, are also observed. The lines underlioyed dashed line in Figure IV. 2 (b) arise
from the reflection of the electron beam by atostaps. These lines are perpendicular to the
diffraction patterns of the substrate surface hasatomic step planes are perpendicular to the
substrate surface.

Kikuchi lines

Figure 1V. 2. RHEED patterns of the ZnO surface whe the incident electron beam is parallel to (a) a Xl-
20> and (b) m <1-100> directions.
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I\VV.2. Polarity control of the GaN epi-layers on ZnO

IVV.2.1. General introduction

GaN based light emitting diodes (LEDs) and lasevdds (LDs) have reached
outstanding performances in the near UV-blue rérigdost of these devices are fabricated

along thetr c[OOOﬂdirection of GaN (Ga-polar), due to the higher talguality and smoother

surface morphology achieved compared with the Nupairystals. However, devices
fabricated on N-polar GaN may have some advantagésis been shown that the N-polar
(In,Ga)N/GaN multiple quantum wells (MQWSs) may fdate the electron-hole injection in a
LED structure, and the recombination efficiency ldobe improved as the MQW band
structure is flattened under high forward voltayeSherefore, it is of technological
importance to understand and control the growtBaN layers in both gallium and nitrogen

polarities.

Actually, the polarity of GaN grown on c-plane ZsQbstrates has been discussed by
several groups. Get al. have shown that Ga-polarity GaN layers are obthwmleen growing
on both Zn and O terminated ZnO substrité¢hereas, Namkoonet al. have argued that
growing GaN on O face ZnO leads to a mixed polaitsface dominated by the Ga polarity,
as “O-Ga” bonding is electro-statically favourablvhile “O-N" shows a stronger chemical
bonding. On the other hand, when growing on Zn fa® substrates, Ga polarity GaN films
are obtained as ‘Zn-N’ bond is more stable tharfZneGa’ bond’ Actually, the existence of
an interfacial layer, which results from the reast between Ga and the ZnO substrate, could
also play an important role in the determinatioth&f GaN polarity. Indeed, Kobayatial.
have showed that the interfacial layer may actodarity inversion centet:a Ga polarity layer
is obtained when growing on O face ZnO substrate®@n temperature (i.e. without an
interfacial layer), and the GaN layer is N-polaremgrowing at 700°C (i.e. with the existence
of an interfacial layer between GaN and ZnO). When same study was performed on Zn
face ZnO substrates, an opposite result was obtdilrethe contrary, Ohgaki indicated that
Ga- and N- polar GaN layers were grown on O andaZe ZnO substrates, respectively, due
to a very thin GgOs interfacial layer (a few nm thick), which acts agolarity inversion
centet’. Therefore, there is still no clear conclusion @aming the polarity determination
mechanism of a GaN layer grown on ZnO substratableTIV. 1 summarizes the reports

which discuss the polarity of GaN films grown onQZaubstrates.
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Year | Author Growth technique GaN polarity Intertddayer

O face| Zn face

(c-) (c+)
2004 | G¢§ N, plasma c+ c+ unclear

/NHs- MBE
2005 | Namkoonf | N, plasma-MBE ct/c- ct+ with interfacial layer
2006- | KobayasHi® | PLD c+ c- without interfacial layer
2007
2006- | KobayasHi® | PLD c- ct+ with interfacial layer
2007
2009 | Ohgak?’ N, plasma-MBE c+ c- few nm G@; interfacial
layer

2009 | Ohgak?’ N, plasma-MBE c+ c+ with (In,Ga)N buffer

Table IV. 1. Summary of reported results concerninghe polarity of GaN films grown on c-plane ZnO

substrates.

In this section, GaN layers with either Ga or Ny grown on c-plane ZnO
substrates by molecular beam epitaxy (MBE) are dhetnated. The GaN polarity is
determinedin situ by using reflection high-energy electron diffractiRHEED), and the
results are correlated by complementary analysgsdimg chemical etching and convergent
beam electron diffraction (CBED). The structuratlasptical properties of the GaN layers
with different polarities are investigated and camgal.

IVV.2.2. Growth of Ga- and N- polar GaN layers

The GaN layers were grown by molecular beam epi(®¥E). The growth rate is set
as 0.1 um/h. Different growth conditions are sdiatwicate two groups of GaN layers (group
S1 and S2) (illustrated in Figure IV. 3). The natien stage of S1 samples was performed at
low temperatures with a 10 nm GaN buffer layer d&pd between 500 and 550 °C; on the
other hand, the growth was initiated between 600D 00 °C for S2 samples. The following
steps are similar for both series of samples: tistsate temperature was raised to ~ 700-750
°C to grow a 10 nm thick GaN layer, and then, Gayéts with thicknesses ranging from 300
to 600 nm were deposited at 800 °C.
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(a) St (b) 2
~ 300-600 nm ~ 300-600 nm
GaN @800 T GaN @800 T
10 nm GaN @750 T 10 nm GaN @750 T

10 nm GaN 500-550 T 5 nm GaN @700 T
Of

ace O face
ZnQO substrate Zn0 substrate

Figure IV. 3. Schematic representation of growth caditions of (a) S1 and (b) S2 samples.

For the S1 samples, the low initial growth tempaeg (~ 500 °C) result in a limited
NH; decomposition rat&. This led to a metal rich growth modiee( 11/\VV>1) during the
initial nucleation stage, as indicated by a diffliI8EED pattern with a decreased intensity
(Fig. IV.4 (a)). As the temperature was increasejiessively to 750 °C after the nucleation
stage, the RHEED pattern got stronger and turnaa ftreaky to spotty, which indicated a
3D morphology of GaN layer (Fig. IV.4 (b)). At thismperature, the growth condition was
switched from Ga to N rich, since the decompositiate of NH increases abruptly between
500 and 700°€. After the growth temperature was raised to 800 th&@ RHEED pattern
turned from spots to clear streaky lines, implyihgt a 2D growth mode was achieved after
the complete coalescence of the initial 3D islaidee streaky lines in the RHEED pattern
were maintained until the end of the growth (Fi\.4l (c)). After the growth of a 300 — 600
nm thick GaN layer, when the substrate temperatai® decreased to 500°C under JNHX,
a strong (2x2) surface reconstruction was obsefivegd 1V.4 (d)), indicating that a Ga polar
GaN layer was growl?: The growth of the S2 samples was carried outdiffarent way: the
growth was initiated at higher temperatures (~ 6800°C), under N rich conditions (Ill/V <
1). During the first 5 nm of GaN nucleation steipe tRHEED pattern became modulated,

indicating a progressive roughening of the surf&ags. 1V.4 (e) and (f)). However, contrary
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to the S1 sample series, diffraction lines weré @biserved, suggesting that the growth front
remained mainly 2D. After the deposition of a 5 @aN nucleation layer, the substrate
temperature was decreased to 500 °C and a (1x1)ERHpattern was observed, which
suggested that a N-polar GaN layer was grown fimemntcleation stagé.Then, a 300 - 600
nm thick GaN layer was grown following a procedamailar to that of the S1 samples, and
the RHEED diagram showed a streaky pattern duiwegwhole growth process (Fig. IV.4
(9)). In addition, it should be noted that a dimsNaped pattern gradually appeared on the
RHEED diagram during the growth, which is relatedhte electron reflection on tilted planes
or facets. Finally, after the growth, the (1x1) RHE pattern remained when the samples
were cooled down to 500°C under pNftux (Fig. IV.4 (h)), meaning that the N polarityas
maintained during the growth.

Figure IV. 4. Typical RHEED patterns (along the <1120> azimuth) of: (a) () 2 nm, (b) (f) 5 nm, (c)
300 to 600 nm thick GaN layers grown on O face Zn®ubstrates, in the case of a sample from the S1
series and the S2 series , respectively. (d) and {images have been taken after the end of the grokwt

when the temperature was decreased to 500 °C unddHs3, in the case of a sample from the S1 series and

the S2 series , respectively. The arrows in (h) inchte the V-shape patterns.

I\VV.2.3. Comparison of the structural and optical propetrties

GaN layers with Ga- and N polarities

Each group of samples shows particular structunal @ptical properties, and one
representative sample from each group is choserill@stration. Figure IV. 5. shows the
typical surface morphologies obtained for eacheseof sample measured by AFM. The S1

samples show a smooth surface with a root mearresdjgians) roughness of ~ 1 nm for (10 x
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10) pnf areas, and hexagonally shaped pits with a densiy5 - 2 x 18/ cnt are observed
(Fig. IV. 5 (a)). The formation of pits is attrilad to the surface energy and the strain energy
associated with dislocation$'* The S2 sample exhibits a quite different surfacepnology
(Fig. IV. 5 (b)): it is free of pits, but thens roughness is much larger (~20 nm) due to the
presence of hexagonally-shaped pyramidal islantis avheight of ~ 120 nm, a diameter of ~
1.5 um and a density of ~ 1 - 3 x"20cn?. The presence triangular shape patterns is due to
the rubbing of the AFM tip with the top of the hgwaal structures. The angle between the
facets of the pyramidal islands and the growth @lian~ 10°, which equals the angle between
the dim V-shaped pattern and the main diffractioe in Fig. V. 4 (d). Therefore, the facets
of the pyramids are responsible for the dim V-skigpetterns observed by RHEED during the
growth. Actually, this is the typical surface moopdgy of N polarity GaN layefs

Figure 1V. 5. Surface morphologies of sample (a) S4And (b) S2. The AFM scan sizes for both sampleser
10 x 10 prd. The vertical scales are 10 nm and 300 nm, respaely.

To confirm the polarity of the grown layers, botries of sample are etched in boiling
10% KOH solution for one minute. Figure IV. 6 shotke surface images of two samples
from S1 and S2 series recorded by SEM, before &iad OH etching. While no significant
change in the S1 sample morphologies can be fouigd IV. 6 (b)), the surface morphology
of S2 sample is significantly modified after theheng (Fig. IV. 6 (d)). In the later cases, the
GaN layer is strongly etched off. It is well knowimat GaN layers with Ga polarity are
resistant to alkali solutions, while N polarity Gdayers can be easily etch¥d’ These
results confirm that the S1 samples exhibit a Glarftg, while the S2 samples have an N
polarity.
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Figure 1IV. 6. SEM images of the surfaces of sampl&xl and S2, before ((a) and (c), respectively) aadter
((b) and (d), respectively) KOH etching.

Figure IV. 7 shows the typical XRRE/« scans of the GaN (002) plane of samples
S1 and S2. The two samples show quite similaratifion diagrams. They consist of six main
peaks related to GaN {0002} and ZnO {0002} planmiiges. The peaks related to GaN (0002)
(20~34.57°) and ZnO (0002) §234.42°) planes are difficult to resolve owing te tvery
close diffraction angles. The observation of th&G@005) reflection, which is forbidden for
the wurtzite structure, is due to the multiple ting® There are also four additional peaks
(labelled X-X4, with 26 positions at 37.3°, 57.5°, 79.9° and 106.6°, respely) not related
to either GaN or ZnO. These peaks are ascribeuktditfraction of the {111} plane family of
zinc gallate (ZnG#D,).*® The formation of ZnG#D, is the result of the interfacial reaction
between GaN and ZnO. It shows that a Zsfzasingle crystal phase is present in both
samples, probably at the interface of ZnO and GaMrks. However, the intensities of the
ZnGg0, related peaks in S2 samples are five to eightdimeaker than those of the S1

samples.
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Figure IV. 7. XRD GaN 268/ «. diagrams of samples from the S1 (upper curve) anithe S2 (lower curve)
series.

TEM measurements are carried out to investigatestituetural properties. In the first
step, the sample polarities are verified by consetrgoeam electron diffraction (CBED)
measurements. Figure IV. 8 shows the CBED pattefrsamples S1 and S2, and they are
compared with the simulated diffraction patterns&saf and N- polar GaN layers, respectively.
The matching between experimental and simulateténpat confirm that S1 samples have a
Ga polarity, whereas the polarity of S2 sampleBl.isSome inversion domains, with a very

low density, can be observed in the Ga-orientedimgl samples).
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(0002)

Figure 1V. 8. Convergent beam electron diffractionpatterns of samples (a) S1 and (b) S2 (on the lefide
of each images), compared to the simulated imagemn(the right side of each images) determined for @)
Ga- and (b) N- polar GaN layer.

Figure IV. 9 shows TEM images of the interfaciaustures between GaN and ZnO
studied by high-resolution TEM (HRTEM). The S1 mfidee is mainly constituted of a 25 nm
thick single crystalline phase sandwiched betwéenZnO and the GaN layers, while the S2
interface is dominated by the GaN / ZnO junctio@, the direct growth of GaN on the bare
ZnO surface. The single crystalline phase is asduméde ZnGgO, according to the XRD
measurements (Fig. IV. 7). To confirm this assuomtthe diffraction patterns of both GaN

and ZnGgaO, crystalline structures are simulated for the ieoidbeam along the GaN

<1100> and<1120> directions, assuming that the (0001) plane dfl @aparallel to the
(111) plane of ZNnG#..
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Figure IV. 9. Cross sectional HRTEM images taken aing the [1150] direction showing the GaN/ZnO

interfaces of samples from (a) the S1 and (b) the2Series.

Figure IV. 10 shows the comparison between the Isited diffraction pattern and the
experimental pattern. The perfect match betweertvileepatterns confirms our assumption,
indicating that the ZnG&, phase is grown pseudomorphically with both GaN Zn®
materials. The epitaxial relations between GaN (Za@l ZnGa0, are then determined to be:
[11-20bnorcan! | [110kncaz04 [1-100knoscan! | [11-2]zncazosand [00013noscan! | [111]zncaz04
The above observations clearly demonstrate thaditiket epitaxy of GaN on O polarity ZnO
substrates leads to a N-polar layer, which is neasie as the orientation of the ‘anion-cation’
bond is repeated in the epitaxial layer. On thetreoy, the formation of a cubic interfacial
layer during the growth leads to a film with thdgray having the lowest surface energg,,

the Ga-polaritsP.
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Figure IV. 10. (a) Experimental and (b) simulated d@fraction patterns of GaN and ZnGa,O, crystalline

structures, when the incident beam is along the Gal{ll.iOO] axis; (c) and (d) are the experimental and

the simulated diffraction patterns when the inciden beam is along the[lﬁO] axis, respectively. The blue

points correspond to the diffraction pattern of GaNand the red points correspond to the diffraction
pattern of ZnGa,O,.

The presence of a continuous ZnGainterfacial layeri(e. above the ZnO surface) is
observed in S1 samples. It can be explained bythech growth condition of the nucleation
stage resulting from the low growth temperatureotimer words, the growth of Zn&a, at
the interface is favoured by the excess of Ga atdrherefore, the Il / V ratio is another
important factor influencing the formation of thex@a0O, phase along with the growth
temperatureln S2 samples, the Zngay, phase is discontinuous (Figure 1IV. 9 (b)), which
coincides with the low intensity of the Zng&a peaks observed in the XRD diagram (Figure
IV. 7). Note that this layer is mainly localizedi®e the GaN / ZnO interface, therefore the
ZnGa0, formation in S2 samples occurred after the grogitthe GaN nucleation layer. In

addition, the N polarity of the layer was deterntime-situ by RHEED immediately after the
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growth of the 5 nm-thick GaN nucleation layer. Tééwo results suggest that this phase is
formed by the inter-diffusion of Ga into ZnO sulas#r after the GaN nucleation layer growth.
The diffusion of Zn and O atoms from the ZnO sudistrare expected to be at the origin of
the voids present at the heterostructure interfaggire V. 9 (b)).

Finally, the optical properties are characterizgdphotoluminescence (PL) at 12K,
under the excitation of a He-Cd laser at 325 nne fipical spectra of S1 and S2 samples are
presented in Figure IV. 11. Near band edge (NBEjssions with similar intensities are
observed at 3.461 and 3.467 eV for S1 and S2 samglepectively, which indicates either a
lower tensile strain or a higher free electron emmtion in S2 sampfeé.However, the N
polar sample shows a significantly enhanced emisBam donor acceptor pairs (DAPS) at
3.285 eV, 30 times stronger than the DAP emisgiom fthe Ga polar sample. One reason can
be attributed to the stronger diffusion of O atdnesn the ZnO substrate to the GaN epitaxial
layer in the N polar sample, due to a higher ihiggeowth temperature. Another reason is
related to the stronger impurity incorporation whgrowing GaN along the cdirection?
The emission energy of the DAP related peak ofé@2pte is 15 meV higher than that of S1
sample, and several factors may contribute toehiergy difference. The first factor can be
the different strain states in the two samplesc(dised in Section IV.3.1), indicated by the
different peak positions of the GaN NBE emissiomghér acceptor/donor incorporation in S2
sample is another reason, which can lead to thaceetl average distance between the
acceptors and the donors, and even to the appeavétite free electron to acceptor transition
(eA%). Furthermore, an emission peak at 3.42 eV isrwbsein the spectrum of the N polar
sample. This emission is ascribed to the presehbetype basal stacking faults (BSFs) in the
GaN layer>?*which have also been observed from the TEM chariaetion. These results
agree with the study of Guhre¢ al. which shows that GaN grown along the direction
presents a higher density of BSFs than that grdemgahe+c direction®
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Figure IV. 11. Low temperature (12K) PL spectra ofsample S1 (thin curve) and S2 (thick curve).

In addition, similar experiments have been perfatroa Zn face ZnO substrates. In
this study, two groups of GaN layers are grown widifferent buffer layer growth
temperatures: 550 °C for the first group and 700diGhe second group, following the same
growth procedures as those of S1 and S2 samples.polarities of the GaN layers are
determinedn situ by RHEED, following the methods introduced in $@ttiV.2.2. As shown
in Figure V. 12, (2x2) reconstructions were obgenon both groups of samples when the
temperature was decreased to 500 °C undeyfNM. It implies that both groups of GaN have
Ga polarity. The growth information and obtainedules are summarized in Table IV. 2.
According to the conclusions obtained from the growaf S1 sample series, if the buffer layer
growth is initialized at 550 °C, a Zng®y, interfacial layer is formed and a Ga-polar GaN
layer will be grown on this cubic interfacial layas it has a lower surface energy. When the
buffer layer is grown at 700 °C, where no interdddayer is formed, the direct growth of
GaN on Zn face ZnO would also lead to a Ga-polgerlaas the ‘Zn-N’ bond is energetically
favourable than the ‘Zn-Ga’ bond. Therefore, Gaap&@aN layers are obtained in both cases,

as observed in experiments.
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Figure 1V. 12. RHEED patterns at 500 °C under NH flux of GaN layers grown on Zn face ZnO substrates

following the growth conditions of (a) S1 and (b) 8. The incident beam is along the <11-20> direction

Sample | Substrates Growth Buffer layer| GaN
series technique temperature | polarity
S1 O face ZnO| NEMBE ~ 500 °C Ga-polar
S2 O face ZnO| NEMBE ~ 700 °C N-polar
Slntace | ZN face ZnO| NH3;-MBE ~ 500 °C Ga-polar
S2ntace | ZN face ZnO| NH3;-MBE ~ 700 °C Ga-polar

Table IV. 2. Summary of polarities and growth condiions of GaN layers grown on ZnO substrates.

IVV.2.4. Conclusions

GaN epitaxial layers with either Ga or N polaritlesve been grown on O face ZnO
substrates. We show that the direct growth of GaNhe ZnO surface leads to an N-polar
layer, whereas the formation of an interfacial ylleads to a Ga-polar layer. This alloy has
been identified as ZnGA@, by XRD and TEM measurements. Furthermore, the Z206a
layer has been found to be coherently grown witlb Znd GaN materials and the epitaxial
relations have been determined. The polarity ofGha&l layer can be switched by varying the
growth temperature and the Il / V ratio when gnogvihe GaN nucleation layer. Finally, the
morphological, structural and optical propertiestoé GaN layers are investigated and

compared, showing strong differences between Gabrdawith opposite polarities. On the
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other hand, Ga polar GaN layers are always obtaoedZn face ZnO substrates. It is
attributed to the fact that a Ga-polar GaN can tosvg on both Zn face ZnO and Zn&x
surfaces, independently of the presence of anfadiet layer.

I\VV.3. Characterization of the GaN layers

I\VV.3.1. Structural properties

Figure IV. 13 shows the x-ray rocking curve (XR@}twe GaN (0002) reflection. Due
to the very close diffraction angle, the XRC of Z{@02) is also observed. The FWHM of
the XRCs are ~0.2° and -~0.36° for the Ga002 rgflection and the skew
symmetric(3032) reflection, respectively. These results are mamable to those obtained

from a similar structure grown on sapphire by MEE.
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Figure 1V. 13. X-ray rocking curve of GaN (0002) rélection.

The lattice parameters of the GaN layer are detexdchfrom the XRD measurements.
The measurements have been carried out on two B0thick GaN layers with Ga and N
polarities. The symmetrical reflections of the G&0D6) plane and the asymmetrical
reflections of the (205) and (3-13) plane are rdedrand th@0 positions are listed in Table
V. 3.
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Sample GaN GaN (006) (205) (3-13)
thickness polarity

S1 0.6 um Ga 126.178° 136.446° | 118.988

S2 0.6 um N 126.148° 136.536° | 119.122

Table IV. 3. 20 positions of the GaN (006), (205), and (3-13) refitions, for GaN layers with Ga and N

polarities.

Unlike the a-plane GaN layers, where the hexagonal symmetrgra&ken by the
anisotropic in-plane strain, the hexagonal symmefrghe GaN layer is maintained in the
polar case. Following the method introduced in i®ach.5.2, lattice constants are calculated

and the results are listed in Table IV. 4.

Sample GaN polarity a (A) c (A)
N1800 Ga-polar 3.192 5.183
N1827 N-polar 3.191 5.184
Bulk GaN 3.189 5.185

Table IV. 4. Lattice parameters (LPs) of two 600 nnthick GaN layers of opposite polarities grown on O

face ZnO substrates. Bulk GaN LPs are also reportefbr comparison.

By comparing the in-plane parameter of the epitdaigers with that of bulk GaN, the
GaN layers are found to be tensilely strained @4hO substrates, with a strain valuegf
~ 0.06 - 0.09%. This result is the consequencearggr lattice constants of ZnO compared to
those of GaN. It indicates that epitaxial layemist completely relaxed after a deposited
thickness of 600 nm.

I\VV.3.2. Optical properties

The optical properties of GaN layers grown on OefamO substrates have been
studied by photoluminescence. The samples wergeeixbly a double-frequency Alaser at
244 nm. Temperature dependent measurements wereaaitged out.

Figure IV. 14 shows the low temperature PL spectofita 1 pm thick GaN layer. The
dominant peak at 3.47 eV is related to the nead lmlge emission (NBE) of GaN, with a
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FWHM of 12 meV. Due to the reduced line width oistpeak, the emission related to the

donor bound exciton (DBE) and free exciton (FE) bamesolved.

1000 |
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Figure IV. 14. PL spectrum of 1 um Ga-polar GaN lagr grown on a O face ZnO substrate. The sample is

excited using a frequency doubled Aftlaser (244 nm) at 10 K.

The emission arising from the ZnO substrate caoldserved at 3.36 eV. Considering
the thickness of the GaN layer (1 pm) and the patieh depth of the laser beam (~0.1 um),
the ZnO substrate is assumed to be excited byrthes®n from the GaN layer. The broad
emission peak at 3.27 eV is attributed to the rdmoation of donor acceptor pairs (DAPS).

Temperature dependent measurements have beenmpedfon the same layer. Figure
IV. 15 shows the PL spectra at different tempeesuAs the temperature increases, the peak
related to the donor bound exciton diminishes fgpidnd the free exciton recombination
starts to dominate the peak when the temperatumbdse 30 K. It suggests that the DBE is
thermally activated from the neutral donor bouratest (3X) to the free states. The emission
peak at 3.38eV blue-shifts with the increasing terajure, and red-shifts when the
temperature is above 100 K, showing the same betiaas the band edge emission. The
energy difference between this peak and the NBE9® meV. Together with the above
observations, this emission is ascribed to theitadgpal optical phonon (LO) replica of the
NBE.
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Figure IV. 15. Evolution of the GaN layer PL specta with temperature.

The variation of the NBE and DAP emission energwgh the temperature has been
plotted in Figure IV. 16. The energy of the FE pedieys to the Varshni equation. The
evolution of FE peak is fitted using Eq.l.11, ahdives:

E(T)= E(0)-1.9x10°T?/(2235+T) (V. 1)

The FE transition energy at 0 K is 3.478 eV, whikli1lmeV lower than that of a GaN layer
strained on a sapphire substratét could be attributed to the fact that the Galelais
tensilely strained on the ZnO substrate, and tbezefthe band gap energy is lower. The
fitting parameters ofr = 1.9x10°eV/K and = 223X are obtained, and these values are
more than twice larger than those of GaN grownapphire?® The variation of the DBE line
follows that of the FE, but is 6 meV lower in engr§ corresponds to the binding energy of

the exciton on the neutral donor.
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Figure IV. 16. Variation the NBE and DAP emission rergies with temperature (dotted line). The curves

are fitted using the Varshni equation (solid line).

Figure IV. 17 shows the Arrhenius plot of the tenapere dependence of the GaN
NBE emission intensity (including emission from lb@BE and FE). The integrated intensity
decreases as the temperature increases, due wuémehing by the other recombination
channels. To study the nature of quenching chanaeiso-recombination-channel model is

proposed and the experimental curve is fitted uEiqQgV.4:

1(T) = o , (IV. 4)

1+ P, ex _Ea + P ex _Es
KT KT

wherelg is the NBE emission intensity at low temperatama] Bz and E are the activation

energies of two quenching channels, respectivelg. dctivation energy of quenching channel
Ais found to b&e, = 4.7+ 015meV, and this value is close to the binding energipBE (6

meV). When the DBE is activated to FE, it may beteeed by the defect related non-
radiative recombination centers, like the threaddigjocations. As a result, the radiative

recombination intensity is reduced. The activagorergy of quenching channel B is deduced
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to beE; =254+ 175meV, which is close to the GaN exciton binding engfgy, = 25meV).

This channel is attributed to the release of theten
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Figure 1V. 17 Arrhenius plot of the temperature dependence of the GaN NBE emission intensity (dotted
line). The integration range is from 3.43 to 3.50\& The horizontal axis is the inverse of the tempature,

and the vertical axis is the integrated intensityn logarithmic scale. This curve is fitted by Eq. I\V4.

The variation of the DAP emission energy with terapare is also plotted in Figure

IV. 16. In the low temperature range, the emisswainly arises from the neutral donor-
neutral acceptor@°A°) recombination. When the temperature is above 5€h& emission
gradually switches to the free electron-neutrabatar recombinationgA’), due to the donor

ionization. The variation of theA’line follows?’
eA =E, +05kT - E,, (IV. 5)

where the band gap eneifycan be deduced frork; = E.. + E; , andE,, = 25meV is the

Rydberg energy of the excitok, represents the residual acceptor binding eneryy,itas

fitted to be225+ IneV. This value coincides with most findings, whishvery close to the
binding energy of Mg (200 - 250 meX?¥"?® The origin of this shallow acceptor level is not
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clear. Some researchers have simply attributedthié non-intentional Mg dopirfd.Actually,
Mg is used to growm-type GaN layers, which gives rise to memory eff&tFischeret al
attributed it to a shallow acceptor induced by oarlzontamination, which has a binding
energy (230 meV) slightly lower than that of fig

The variation of the DAP emission energy with tixeig@tion power is also studied.
An optical density is placed in front of the inaddaser beam and the excitation power
reaching the sample surface is varied over thremdes. Figure IV. 18 shows the PL
spectrum of the GaN layer in the DAP emission ramgguding the DAP emission and its
first order photon replica (DAP-LO). The DAP peakegyy increases from 3.25 to 3.27 eV
when the excitation power increases from 20 pWQae®V. This is a typical behaviour of a
DAP emissiort’ The broad emission peak of the DAP is contribistgdionors and acceptors
distributed in a wide distance range. The recontlmnabetween donors and acceptors
distributed in longer distances, which has lowerssian energies according to Eq. 1.17, have
longer lifetimes. When the excitation power incesaghe recombination from these donor-
acceptor pairs saturates easily. Then, the recanbmbetween DAPs with shorter distances,

which has higher emission energies, become momopreed in the spectrum, which finally
leads to the blue-shift of the DAP peak.
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Figure 1V. 18. DAP emission and its LO phonon reptia under different excitation powers.
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IV.4. (In, Ga)N/GaN MQW based LEDs
IV.4.1. Introduction to the LED structure

Light Emitting Diode (LED) structures, as illustdtin Figure IV. 19, have been grown
on c-(0001) ZnO substrates using MBE. Following tvewth conditions of S1 samples
presented in Section 1IV.2.2, a 700-nm-thick undoadN buffer layer (BL) was grown under
this growth condition. The polarity of the GaN laye Ga, which is indicated by the (2x2)
reconstruction observed in the RHEED pattern, oleskat 500 °C under NiHlux. Following
this step, a 700 nm Si-dopeetype GaN layer and five (In,Ga)N/GaN quantum wé§dNs)
were grown. The barrier and well thicknesses ararikd 1.6 nm, respectively. A 20-nm-thick
Alo1Gay dN:Mg electron-blocking layer was grown to block tekectrons and avoid the-h
recombination in th@-GaN side* Finally, 200 nm op-type GaN was deposited to complete
the whole light-emitting device. The Mg concenwat are in the range of 2x£0to
8x10'%cm® according to the results measured by secondarymiass spectrometry (SIMS).
Two types of LED structures were fabricated, narh&D-A and LED-B, with different
growth temperatures for the (In,Ga)N layeirs,, 580 and 550°C for LED-A and LED-B,

respectively.

Al, ,Ga, ;N EBL ~20 nm

GaN:Si (n)~ 700 nm

GaN buffer layer ~200-700 nm

Figure IV. 19. Scheme of the LED structures.
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The LED chips are fabricated on the epitaxial wafefigure IV. 20 shows a
photograph of the LED chips on a ZnO substrate.tiWdl mesas are etched in square shape.
There are four groups of mesas with sizes rangiong 140x140 pmto 460 x460 prh

p-contact

n-contact

=

Figure 1V. 20. Photograph of the LED chips (LED-A)on a ZnO substrate.

A planar configuration is adapted as shown in Fagi¢. 21. At first, a metal semi-
transparent layer (STL) (Ni: 50 A/Au: 50A) is defied on thep-GaN layer, to improve the
current spreading in the LED structifeThe p-contact (Ni: 200 A/Au: 1000A) is then
deposited upon the STL. The wafer is etched bytiraaon etching (RIE) g-GaN and the
MQW layer) until then-GaN is reached, to form squared shape mesas-tbetact (Ti: 150
AJAI: 750A/Ni: 200 A/Au: 1000A) is deposited. Firlgl the LED chip is annealed undep O
for 5 minutes, at 350 °C.

_- p-contact
semi-transparent layer
p-type GaN:Mg layer
Alp1GagsN:Mg EBL

[ S5x(In,GajN MOWs ] #n-contact

n-type GaN:Si layer

GaN buffer layer

Zn0O substrate

Figure IV. 21. Schematics of the LED chip with a @nar structure.
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I\VV.4.2. Optical properties

Photoluminescence (PL) experiments were performigial an excitation at 244 nm,
using a frequency-doubled Alaser, operating at 20mw.

An (In,Ga)N/GaN MQW heterostructure is grown agf@mence. This heterostructure
is identical to the active region of LED-A. Figui¥. 22 shows the photoluminescence (PL)
spectrum of this heterostructure recorded at roemperature. The MQW emission can be
clearly observed at 415 nm, indicating the successirrier confinement by the QWs grown
on ZnO. The FWHM of this peak is 22 nm at room terafure. The broad peak at 490 nm
originates from the deep-level emission (DLE) fridme ZnO substrat&, which is excited by
the emission from the (In,Ga)N QWs and the GaNrlaykis assumption is confirmed by the
broad emission band in the PL spectrum recorded tre back side (ZnO substrate side) of

the sample. The modulated shape of this band isadhsequence of the thin-film Fabry-Perot

interferences.
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Figure IV. 22. Photoluminescence measurements undar244 nm excitation using a frequency-doubled
Ar " laser (20mW) of an (In,Ga)N/GaN multi-QW structure (at room temperature), from both front and

back sides.

Low-temperature (13 K) PL measurements are alsfoqmeed on the complete LED
structures. PL spectrum of LED-B is shown in Figuké 23. The emission of the
(In,Ga)N/GaN QWs is observed at 448 nm. The emmspigak at 379 nm is related to the
donor acceptor pairs (DAPs). The DAP emission is€msironger than the GaN band edge,

whereas an opposite situation is found for a 606Hmok nonintentionally doped GaN
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reference layer on ZnO (dotted line in Figure \B).2Noteworthy, these observations are

similar to what has been observed for nondopedvgrdioped GaN layers grown on sapphire
substrates.
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Figure 1V. 23. PL spectra (13 K) of a GaN/(In,Ga)NLED structure (full line) and a GaN layer (dashed ine)

grown on ¢-ZnO substrates.

I\VV.4.3. Electrical properties

The transmission line method (TLM) is adapted fog tetermination of the- (p-)
contact resistance, as well as the(p-) GaN resistivity’® Three groups of contacts are
deposited on the-GaN ), p-GaN (), and STL fs) layer surfaces, respectively. The
scheme of the contacts is shown in Figure IV. 2&HEgroup consists of eight contacts, and
these contacts are in rectangular shdpe (v: 60 x130 urf). The distances between the
contacts () are 5, 10, 20, 40, 80, 120 and 160 um, respégtive

HeENNE N U B

nmin-i-i

ARy

Figure 1IV. 24. Photograph of the metal contacts degsited on then-GaN (n), p-GaN (pg), and STL (ps)
layer surfaces, designed for TLM measurements.
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The current-voltage (I-V) curves are recorded betwéwo neighboring contacts.
Figure IV. 25 shows |-V curves recorded betweenhepair of neighbouring contacts
deposited on the n-GaN layer of a LED structure.Merying the applied voltage from -0.5

to 0.5V, the measured current changes linearlly thi¢ voltage. The&V curves are fitted by:

| =|0+%v (V. 2)

The resistance between two contaBsgan be deduced from the slope of the fitting eurv

006 T T T T T T T T T T
n1l-n2 (5 um)
0.04 L n2-n3 (10 um) i
n3-n4 (20 pm)
n4-n5 (40 pum)
0.02 |- .
< n5-n6 (80 um)
S n7-n8 (160 um
~ 0.00 ( Hm) -
c
2 4
S -0.02} -
O ]
-0.04 + 4
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-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Voltage (V)

Figure 1IV. 25. 1-V curves recorded between each pabf neighbouring contacts deposited on tha-GaN

layer of a LED structure.

The total resistance between two contacts can peessed by:

R=2R +R(), (IV. 3)

where R represents the contact resistance, Rfldrepresents the series resistance ofrthe

(or p-) GaN layer between two contacts separated bgtardid.

The series resistance of the(or p-) type GaN layer can then be calculated by:

141



|
R()= i (IV. 4)

wherep is the resistivityw =130 um is the contact length, adds then- (or p-) type GaN
layer thickness. In our LED structures, the thidses of the- andp-GaN layers aré,=700
nm andl,=200 nm, respectively. TheGaN layer resistances are plotted as a functichef
contact distancéin Figure IV. 26. The experimental data is fitiesing Eq. 1V.3 and IV.4.

The contact resistance of théGaN (R) is deduced to be 3.93. The contact resistivity can
be calculated by, = R"Lw, and a value of 3.1x10Qecn? is obtained. For comparison, a

contact resistivity of 6.0xI0 Qecn? has been obtained for a Ti/Al/Ti/Au contact with a
doping level of 1.4x18 /cm®>’ The slope of the R-curve is deduced to He=0.5 Q/um.
Then, the resistivity of the-GaN can be determined hy=kwd as 4.2 x18 + 0.3 x 10°
Qecm.

Similar measurements have been carried oup-@aN layers. However, due to the
high resistance and lack of valid experimental d#ta precision of the obtained results is
limited. A p-GaN resistivity of ~ 52ecm is found (in agreement with measurements
performed by I. C. Robin in LETI, Grenoble). Thislwe is higher than the current standard of

1 Qecm. The main reason is the low hole concentratadnch is limited to ~ 16/ ent.
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Figure IV. 26. Typical n-GaN layer resistance measured by TLM as a functioof the contact distancd.
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SIMS measurements have been carried out to inagstte atomic distribution in the
LED structure (in collaboration with I. C. Robin, . Santailler and G. Feuillet, LETI,
Grenoble). The concentrations of O, H, Si, Al ana liave been measured and shown in
Figure IV. 27. The concentration of O decreaseshafrom ~1¥/cm’ to 3x16"/cm® in the
first 200 nm GaN layer. During this stage, the npooation of O in GaN mainly arises from
the O out-diffusion from the substrate. The O comiggions remain at the level of 3X1@m®
in the GaN:Si layer, which indicates that the oiffiudion is no longer the source of O
incorporation. The back etching of the substratélppas been proposed as another source of
O impurities®. In our MBE reactor, where NHs used as the N source; 4 produced after
the decomposition of Nfat the surface of the substrate. O and Zn atomthan produced in
the reaction betweenyHind ZnO on the back side of the substrate. Th2nQas well as H,
may be incorporated into the GaN layer during thewth. Indeed, the O concentration
variation follows that of H after the initial stag&hich is one proof of the O incorporation
arising from the H back etching. The O concentration increases t@8L0'¥cm® in the (In,
Ga)N/GaN MQW layer, and slightly decreases to @ll@f 1 - 2 x16%cm®in the p-GaN
layer. The fluctuation of the O concentration ie {in,Ga)N/GaN MQW structure could be
explained by the use of different Niduxes during the growth of the barriers and thedlsv A
ten times higher NEflux is used during the growth of the (In,Ga)N day, compared with
that of the GaN barriers, which leads to a strorsgéastrate etching. The concentration of Zn
impurities in GaN is in the order of ~¥@&m?®, which is one order of magnitude lower than
that of O. Therefore, it is expected to have a muaaker influence on the electronic

properties of the LEDs. The Mg concentration is sueed to be ~ 5xI8cm®.
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Figure IV. 27. H, O, Si, Al, and Ga concentrationsn the LED structure measured using SIMS.

The Si doping level is measured to be 5-6 X/tén® in then-type GaN layer, and the
Mg doping level is 3-4 x ¥8cm® in thep-GaN layer. The strong difference between the Mg
doping level and the hole concentration (*10cnT) can be explained by the NID of O.
Indeed, O acts as a donor in GaN and, hence, ganthpensates thgetype doping. Therefore,
the O NID needs to be further reduced to improesptBaN resistivity and enhance the hole
concentration.

Since the O incorporation ip-GaN layers is mainly induced by the substrate back
etching, several methods have been proposed teedta H etching: i) the back side of the
substrate could be protected by depositing one lafyenolybdenum; ii) N plasma could be
used as the N source to avoid the utilization ogN#) the use of lower growth temperatures
to reduce the substrate etching rate, as wellaatthmic out-diffusion. Actually, an O doping
level as high as Z&cm® has been detected in GaN layers grown on ZnO mestusing
MOCVD, due to the high growth temperatures ( ~1800 In our study, the lower growth
temperatures of MBE (~800 °C for the GaN growthg an advantage in reducing the O
incorporation.

Finally, the reduced [O] residual together with tiigh [Mg] allow us to observe a
uniform blue electroluminescence even at currehtegas high as 80 mA, which indicates a
good current spreading in the LEDs (Figure IV. 28jleserves to be noticed that if {hvype
GaN layer is too resistive, the current spreadiogld be limited and the electroluminescence

144



would mainly come from the region close to fheontact. In our case, although theloping
is partly compensated, the resistivity of fhayer is sufficiently low to get a good current

spreading.

Figure IV. 28. Photograph of a (300 x 300 pfij LED-A device operating at a current of 80 mA.

After the fabrication of the devices, the performes of our LEDs have been
evaluated at room temperature. The equivalent redattcircuit of the LED structure is
illustrated in Figure IV. 29V represents the applied voltad®erie and Rshunt represent the
serie and shunt resistances, respectivglyepresents the current passing through the diode

andl_ is the leakage current, which can be calcula@afy =V /R,,,.

Figure 1V. 29. Scheme of the equivalent electricalircuit of the LED structure.

Figure 1IV. 30 shows the current-voltage (I-V) curvean LED-A device recorded
under both forward and reverse currents. We caarebghe typical rectification behaviour of
a diode, which is described by:
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1 )= |{ex;{%}—1}+lp (V. 5)

wherels is the saturation current, and n is the idealggtdr L<n< 2). Leakage current
values between 10 - 50 HA are measured on the LBDsr2 V reverse voltage. This value
is higher than the values reported for LEDs growrGamlN template using MBE, which in the
range of nA under -2 V voltadie The leakage paths are attributed to the threadifects.
Forward voltages at 20 mA are found between 4 avdfrom the slope between 20 and 100
mA of the |-V characteristics, series resistanceswben 50 and 10@ are deduced.
Compared with the results reported on similar LERutires grown on GaN / sapphire
MOCVD templates>® the larger values of forward voltages and seréssstances found
here are due to the high resistivity values (<5€m) of thep-GaN layers.

To conclude, the |-V characteristics indicate tweediions for further improvements
of the LEDs grown on ZnO substrates: one is the erdraant of the hole concentrationgn
GaN layers by reducing the O NID; the other is td@uction of the threading defects in the
GaN layers to reduce the leakage current.
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Figure 1V. 30. I-V characteristics of a LED. The irset represents the curve in semilogarithmic scal@he

forward voltage at 20 mAis ~ 5.5 V.
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IVV.4.4. Electroluminescence

Electroluminescence (EL) spectra have been collagdedy an optical fiber, which is
connected to a CCD camera. The acquisition timetisos10 ms. Figure 1V. 31 shows the EL
spectra of LED-A and LED-B at an injection current56f mA. The LED-A has an emission
peak at 415 nm, while that of LED-B is 450 nm. The dflergy difference between the two
types of LED is due to the different In contentgha (In,Ga)N QWs, which results from the
different growth temperatures. A higher growth temgpure leads to a lower In incorporation,
as well as a higher photon energy. The In contaetd@% for LED-A and 15% for LED-B,
as estimated from the transition energies. The pesakions of the LEDs coincide well with
the PL spectra shown in Figure IV. 22 and Figured¥. It confirms that the EL comes from
recombinations in the (In,Ga)N / GaN MQWSs. The FWidMhe EL peak is 21 nm, which is
comparable to those of blue LEDs grown on sapphibstsates by MBE.
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Figure 1V. 31. EL spectra of LEDs emitting at a waelength of 415 nm (LED-A) and 450 nm (LED-B) at a

current of 20 mA.

Figure IV. 32 shows the EL spectra of an LED-A devunder different injection
currents. As expected, the intensity of the EL @ases when the injection current increases.
At low current injection (below 20 mA), the emissipeak blue-shifts as the current increases.
It is a typical phenomenon for LEDs grown along plodar [0001] direction, as the QCSE is
partly compensated by carrier screening when theect increase® At higher current

injection (> 20 mA), the peak position is red-skiftdue to the self-heating of the device and
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the semiconductor band gap decrease with the isiagaemperature. The DLE of ZnO at

490 nm is very weak in all the EL spectra and itsdoet have a significant influence on the

EL color.
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Figure IV. 32. Variation of a LED-A EL spectrum with increasing injection currents.

The output power of the LEDs is recorded using acatied Si photodiode from the
back side of the LEDs. Figure IV. 33 shows the rdemperature output power under
continuous injection conditions as a function of thput current of a LED-A device. The
power at 20 mA is 40 puW. As the injection currerdreases, the output power increases and

reaches a maximum of 0.1 mW.
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Figure 1V. 33. Output power of a LED-A device verss injection current.

Figure 1IV. 34 compares the optical output power L&dDs grown on different
substrates, using MOCVD and MBE. The output poweroof LEDs grown on ZnO
substrates is still low compared with the currdahdards of blue LEDs grown by MOCVD
on sapphire substrates but importantly, it is alyeeomparable to those of LEDs entirely
grown by MBE on Si or sapphire substrate® It indicates that ZnO substrates offer an

alternative choice for the development of LED tedbges using MBE.
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Figure 1V. 34. Comparison of optical output powersat 20 mA of different types of LEDs.
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IVV.5. Conclusions

In this chapter, an annealing process has beerapedkto prepare the ZnO substrate
for the epitaxial growth, and a smooth ZnO surfadth atomic steps have been obtained
after annealing.

GaN layers with both Ga- and N- polarities havenbg®wn on O face ZnO substrates.
The polarity determination mechanism has been aedlgnd a ZnG®;, interfacial layer has
been identified as the polarity inversion centdre Tormation of this cubic interfacial layer
can be controlled by adjusting the nucleation layewth temperature and Il / V ratio in a
NH3; source MBE. An N-polar layer is obtained when grayvaN directly on O face ZnO
(without the formation of an interfacial layer),caa Ga-polar layer is obtained in presence of
a ZnGaO, interfacial layer. On the other hand, Ga-polar Gapérs are systematically grown
on Zn face ZnO substrates.

Structural and optical properties of GaN layersehbeen characterized. Thick GaN
layers (~ 600 nm) are found to be tensilely strdioe ZnO. Donor bound excitons and free
excitons related emissions are observed in low éatpre (10 K) PL spectra, and thermal
guenching behaviors of these emissions have beenssied.

An efficient approach for the fabrication of monlboic nitride light-emitting devices
on ZnO by MBE has been demonstrated. A growth m®der the fabrication of blue-
emitting (In,Ga)N/GaN multi-QW-based LED structum@s c-plane (0001) ZnO substrates
has been developed. The LED structures show promigitigal and electrical characteristics.
These characteristics are a further step towardtatirecation of nitride-based optoelectronic
devices on ZnO substrates and provide an alteeamution for the development of GaN

thin-film engineering.
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Chapter V. Nonpolar (In,Ga)N
heterostructures grown on ZnO (11-20)

substrates

In this chapter, the growth @fplane GaN layers on bulk ZnO substra@pl@ne) is
presented. Two methods, based on the use of eitNéf;ar a plasma source to provide the
nitrogen species, have been adapted for the grofatine GaN nucleation layers. The surface
morphological, structural and optical propertiesGaN layers grown using both methods are
studied and compared. In addition, nonpolar andrp@h,Ga)N / GaN MQWs are grown on
a- andc-plane GaN / ZnO templates, respectively. The oppcaperties of the MQWSs are

studied and compared.

V.1. Substrate preparation

Like the surface of c-plane ZnO substrate (Secfioft), a high density of colloidal
silica dots and scratches are present on the sudb@s-received a-plane ZnO substrates
(Figure V. 1 (a)). Therefore, an annealing procassmiplemented to improve the surface

morphology before the growth.

g
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Figure V. 1. A-plane ZnO surface morphologies charaerized by AFM. The six images represent the
surface of a ZnO substrate (a) as-received, and aftannealing at (b) 480 °C, (c) 660°C, (d) 800 °(g) 900
°C and (f) 1050 °C, respectively. The vertical scalis 1 nm for (a)-(e), and 5 nm for (f).

The annealing process is carried out undera@nosphere following the method
introduced in Section IV.1. Different temperatuhese been used to search the most efficient
annealing condition for the a-plane substrates.diration of the annealing process is 2 min.
Figure V. 1 shows the surface morphologies of Zn@rafnnealing at different temperatures,
ranging from 480 to 1050 °C. First, the colloiddica islands can be removed from the
surface when the annealing temperature is above®5%econd, the density of scratches is
reduced when the annealing temperature is abovéC7Blowever, when the temperature is
above 900 °C, a high density of dots appears amduhface roughness increases. Finally, if

the substrate is annealed at 1050 °C, orderedestape observed on the surface, elongated
along them[lioo] direction. The surface roughness increases signifi¢ to 0.56 nm.

Therefore, the typical annealing temperature dgolane substrates (1000 °C) can not be

applied to the annealing efplane substrates.
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Figure V. 2. Surface roughness of a-ZnO substrateafter annealing, as a function of the annealing

temperature. The scanning area is 5 x 5 pm

Figure V. 2 shows the surface roughnessa-@hO substrates after annealing, as a
function of the annealing temperature. When theptmature is below 600 °C, the rms
roughness decreases with temperature due to thmomaten of the colloidal silica. The

roughness increases rapidly when the temperatuabage 900 °C, as stripes start to appear
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on the surface. A stable annealing region, ran@am 600 to 800 °C, is found, where a
minimum roughness as low as ~ 0.2 nm can be olitai@ensidering that an annealing
temperature above 650 °C can remove the scratehesnperature range between 700 and
800 °C is proposed as the annealing window foraaglZnO substrates. However, surface
stripes can still be observed from AFM images Mattger scan size (30 x 30 @mThese
stripes have an average width of 2.5 um, and amageeheight of 1 nm, as shown in
Figure V. 1. They are mainly oriented along thg1-100] direction. It can be explained by
the lower thermal stability of the ZnO basal pl§6@01) compared with the prismatic plane
(1-100). From this difference, the evaporation Ht&nO is faster during annealing along the
c-<0001> axis, and then, stripes elongated alonglm0> are formed. These results
indicate that it is difficult to obtain atomicallfyat surfaces ora-ZnO substrates, like the

morphology obtained oc:ZnO substrates (Section 1V.1).

<1-100>

4 1 2.5 ym

5 pm

Figure V. 3. Surface morphology of ara-ZnO substrate after annealing at 770°C. The vertial scale is 5

nm.

After the annealing procedure, the substrate edhiced into the MBE chamber, and
the surface is characterizén situ by RHEED. Figure V. 4 shows the diffraction patterns
when the incident electron beam is along the <00&id <1-100> directions. Streaky lines
are observed when the incident beam is along tH@0X® direction, whereas along the
<1-100> direction, 3D spots with a slight V-shapattgrn are observed. The spots are
attributed to the surface roughness arising froedtiipes, and the V-shape pattern results

from the reflection of the incident beam on stifigeets.
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Figure V. 4. RHEED patterns of an a-ZnO substrate grface when the incident electron beam is along the
(a) c-<0001> and (b)m-<1-100> directions, respectively.

V.2. GaN layer growth
V.2.1.GaN layers grown by N¥source MBE

The GaN layers are deposited on a-ZnO substratd4Bty. The nitrogen species are
provided by the decomposition of NH

The growth is initialized at low temperature to miiie the formation of DGs. A thin
GaN layer of 2 nm is deposited at 500 °C. By adjgsthe Ga cell temperature and the NH
flux, the Il / V ratio is set close to unity. Adlly, the low RHEED intensity indicates that the
growth is slightly under Ga rich condition (Figwe5 (a) and (b)). It can be explained by the
low cracking efficiency of Nilon the low temperature surface of the substrate.

The substrate temperature is then raised to 620n8C38 nm GaN is deposited. As
shown in Figure V. 5 (c) and (d), the intensitytloé¢ diffraction lines increases compared to
the nucleation stage. The V / lll ratio is slightypove unity in this case, owing to the
increased Nkl cracking efficiency with the substrate temperatufewever, the RHEED
pattern switches gradually from streaky lines tpatty pattern along <0001>. It indicates a
3D growth mode of the epitaxial layer. At the satimee, some additional points, on both
sides of the main diffraction lines (Figure V. §)(@ppear. It is the typical feature observed
during the 3D growth o&-GaN layers. The origin of this feature is attrilsite the nucleation
of disoriented grains growing on theGaN surface (Section 111.2.2).

The growth temperature is then increased progrdgsioe’60 °C and another 30 nm
GaN layer is grown. When the incident beam is alireg<0001> direction, the line intensity

in the RHEED pattern becomes stronger as the layekniss increases, indicating the

157



graduate coalescence of the islands (Figure V.)b Yeshape patterns are also observed,
which locate at the position where the additiona@hfs were observed in the previous stage
(Figure V. 5 (c)). It may correspond to the redmttion of the disoriented phases after the
temperature is increased. These V-shape patternordye observed along the <0001>
direction, suggesting that stripes along this diogcstart to appear. At this stage, the RHEED
pattern remains spotty when the incident beamoisgathe <1-100> direction (Figure V. 5 (f)).
Finally, a 640 nm thick GaN layer is grown at 8@) with a V' / Il ratio of ~ 2. The
RHEED pattern turns to streaky lines when the indidesam is along both directions
(Figure V. 5 (g) and (h)), which indicates that@ @rowth mode is achieved. The growth is
terminated with the deposition of a 700 nm thickNGayer in total.
¢ [0001] m [1-100]

(a) \

Figure V. 5. Evolution of the RHEED pattern at different stages of the growth, including the diffracton

patterns obtained when the incident e-beam is along0001> and <1-100> directions.
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V.2.2. GaN layers with the nucleation layer grown by plasm
assisted MBE

The suppression of interfacial reactions and atapecies diffusion requires a low
temperature growth (< 600 °C) at the nucleatiogest&lowever, the low cracking efficiency
of NH3 may limit the crystal quality of the nucleatioryéa. Therefore, a Nplasma RF cell is
proposed as the nitrogen source for the nucle#ier growth.

In this study, a 100 nm GaN nucleation layer iswgraising plasma assisted MBE
(PAMBE). The growth is carried out at 400 °C. The dkfis set at a constant value of 0.5-
sccm and the RF source at a power of 450 W. A Gagrowth mode (111 / V > 1) is adopted.
The growth rate is 0.2 um / h, which is determingdhe N flux. Figure V. 6 (a) shows the
RHEED pattern captured at the end of the nucleatayerl growth. The spotty pattern
indicates a 3D growth mode of the nucleation layens attributed to the low growth
temperature, which limits the diffusion of the amtas on the substrate surface. The surface
morphology of the nucleation layer is characteribgddFM (Figure V. 6 (b)). The surface is
covered by islands with an average diameter of arB0The surface rms roughness is 11 nm.

No morphological anisotropy is observed at thigsta

Figure V. 6. (a) RHEED pattern of a 100 nm nucleatin layer grown by PAMBE, when the incident beam
is along the <0001> direction. (b) Surface morphoffy of the nucleation layer measured by AFM. The

vertical scale is 80 nm.

After the deposition of the nucleation layer, Ni4 used as the nitrogen source to
continue the growth. A 100 nm thick buffer layedeposited on the nucleation layer, during

which the substrate temperature is raised progrelgsirom 550 to 750 °C. The growth is
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carried out under strong N rich conditions (V /300). In the last stage, a 500 nm thick GaN
layer is grown at 800 °C with a similar 111 / V rat Figure V. 7 shows the RHEED pattern of
the GaN surface at the end of the growth. Comparddthe PAMBE grown nucleation layer,

the lines suggest the coalescence of the islandsieter, these lines are still diffuse and

spotty, indicating a rough surface morphology.

Figure V. 7. RHEED patterns of the GaN surface athe end of the growth, when the electron beam is

along the (a) <0001> and (b) <1-100> directions, spectively.

V.3. Structural & optical properties of a-GaN layers

Figure V. 8 (a) shows the surface of the GaN lay@npletely grown using Nl
characterized by AFM. Strong stripes along the 4800irection are present on the surface.
This morphology is attributed to the different growtates of GaN along <0001> and

<1-100> directiond.The rms roughness is 21 nm.

Figure V. 8 (b) shows the surface of a GaN layahle nucleation layer grown by
PAMBE. A similar morphology with strong stripes aried along the <0001> direction is
observed. The rms roughness is 27 nm. In addititmwith a density of ~ 2 x 0 cn¥ are
present on the surface. Such pits have been olisenmva-plane GaN grown on r-plane
sapphire substrates by Niource MBE2 They mainly have a triangular shape, which is very
similar to the V-shape defects observed-@aN layers, but with the triangular cross section
in the growth plane (Figure I. 21). Mt al. have shown that the NHlux is the critical factor
which influences the formation of the triangulatspand the density and size of the pits can
be dramatically reduced by reducing the Jiix.? As a comparison, no pit is formed on the

surface of the sample fully grown using NkFig. V. 8 (a)). It can be explained by the
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reduced NH flux used during the growth of the GaN layer ofsteample during the last
growth stepsi(e. at higher temperatures (750 — 800 °C)) compardl the NH flux used for
the same growth sequence in the sample with a blayer grown by a N plasma source

(leading to a five times lower V / lll ratio).

<0001>

Figure V. 8. Surface morphology of GaN layers (a)rgwn completely by NH; source MBE and (b) with a

PAMBE nucleation layer. The vertical scale is 150m.

The structural properties of the GaN layers havenbelearacterized by XRD.
Figure V. 9 shows thebZn diagram of the GaN layer grown completely usingsNFhe four
main diffraction peaks are related to the ZnO (10O (220), GaN (110) and GaN (220)
planes. It indicates that aaplane GaN phase has been successfully grown oa-filane
ZnO substrate. However, two additional peaks, ladebhs | (30°) and } (63°) are also

observed. The origin of these peaks is not clear.
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Figure V. 9. XRD M/ diagram of 0.7 pm-thick GaN layers orna-ZnO substrates grown using only NH
and using N from a plasma source for the nucleatiolayer.

Figure V. 10 shows the comparison of the FWHM ofNG@10) rocking curves,
between a GaN layer grown on a Zn®-dapphire template and the GaN layers grown on
ZnO bulk substrates (with and without the PAMBE weation layer). Similar to the GaN
layer grown on the ZnO template, which has beeoudised in detail in Section 111.2.2, GaN
layers grown on bulk a-ZnO substrates show clemotopic structural properties. When the
incident beam is along the <0001> directions, tleNG110) rocking curve has a minimum
FWHM value of ~ 1500 arcsec, while it has a maximuaiue when the incident beam is
along the <1-100> directions. Similar FWHM valuedicate that the GaN layers completely
grown by using NH on the ZnO template and the bulk ZnO substratee ldw@se crystal
perfection. However, the x-ray rocking curve of tBaN layer grown with a PAMBE
nucleation layer shows much lower FWHM values: 298 940 arcsec when the incident
beam is along- and mraxes of GaN, respectively. These values are corbjgargith the
results obtained from growing-GaN onr-plane patterned sapphire substrate (PSS) by
MOCVD.? It means that growing GaN with a low temperatufBE nucleation layer can
be an effective way to achieve high quality crystal
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Figure V. 10. FWHM variation of the GaN (110) rockng curve as a function of thep azimuth angle (the
incident beam direction), for GaN layers grown on a a-ZnO / sapphire template and ona-ZnO bulk

substrates (with and without a PAMBE nucleation lagr).

Figure V. 11 shows the low temperature PL spedttheotwo GaN layers grown aa

ZnO substrates. The spectra of both samples arendtedi by the emission related to the
GaN NBE at 3.472 eV. The NBE emission intensity of GaN layer with a PAMBE
nucleation layer is ~ 30 times stronger than tliaghe fully NH; grown GaN. The FWHM of
this peak is 5.9 and 4.2 meV for the GaN layer$ aid without a PAMBE nucleation layer,
respectively. These values are strongly reduced acedpwith those obtained from the GaN
layers grown on ZnO templates (typically 15meV,atfap. Il section ....). It is seen as the
signature of a reduced impurity incorporation dgrihe growth. The 3.36 eV emission peaks
in both samples are related to the ZnO substrateshais indirectly excited by the emission
from the GaN epi-layers. The emission from DAPs #melr longitudinal optical phonon
replica (DAP-LO) can be observed at 3.27 eV an@ &Y, respectively. In addition, the
origin of the peaks at 3.41 eViYland 3.39 eV §) is not clear, and they might be ascribed to

defect related levels.
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Figure V. 11. PL spectra of a-GaN layers grown on @O with and without a PAMBE nucleation layer,
recorded at 10 K.

V.4. Comparison of polar and nonpolar
(In, Ga)N / GaN MQWs

According to the study of the lattice parametersSection 1V.3.1, GaN layers are
tensilely strained on ZnO substrates. Taking adggntaf this tensile strain, GaN / ZnO
templates should be more suitable for the growthnefGaWN layers with high Indium
content (x> 15%), due to the larger LPs ofGm N alloys compared with GaN. This
property is important for the fabrication of lighmitting devices emitting at long wavelengths
(> 500 nm). However, the In incorporation ratehe {In,Ga)N layers is influenced by many
factors. Besides the lattice mismatch between hgGaN layer and the GaN template, as
well as the growth conditions, the crystal orieist@atmay also influence the In incorporation
rate when growing WxGaN layers. For instance, the In incorporation isyvdifferent
between InGaN layers grown on different planes. Broweieal. have shown that growing
on the semipolar (20-21) and the nonpata(l-100) planes exhibit higher In incorporation
efficiency than on the c-plane, while the In incangdion efficiency is lower on the semipolar

(11-22) plané. Therefore, it is important to compare the In inaogtion efficiency between
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c- and a-plane InGaN layers, as well as the optical properties of od aa-plane
InGa,.xN / GaN MQWs.

In this study, four (In,Ga)N / GaN MQW heterostuwres were grown on both c- and
a-plane GaN templates. The structures of the sangrkedisted in Table V. 1. The GaN
templates, including a ~ 500 nm thick Si dopedpetgaN layer and a ~ 0.8 um thick GaN
buffer layer, were grown orc- (O face) anda-plane ZnO substrates. The MQW
heterostructures consist of ten (In,Ga)N / GaN guanwells (QWSs). The GaN barrier
thickness is 10 nm, and the (In, Ga)N well thiclniss1.5 nm. The growths were carried out
under similar conditions, including the same NHix and the same Ga and In fluxes (with
beam equivalent pressures of 1.1%14nd 8.0x18 Torr for Ga and In, respectively). To
compare the In incorporation properties on c- adiented layers, samples D469 and D472
were grown on c- and-plane templates using the same temperature (5B0ré€pectively.
Samples D470 and D471 were grown at a higher teatyper (580 °C) on c- and-plane
templates, respectively.

Sample| Growth | GaN template (In,Ga)N GaN (In,Ga)N | QW
name | plane layer Growth | barrier | well number
temperature | thickness thickness

D469 c-plane| 0.5 um GaN:Si | 560 °C 10 nm 1.5 nm 10
/0.8 um GaN

D470 c-plane| 0.5 um GaN:Si | 580 °C 10 nm 1.5 nm 10
/0.8 um GaN

D471 a-plane| 0.5 um GaN:Si | 580 °C 10 nm 1.5 nm 10
/0.8 um GaN

D472 a-plane| 0.5 um GaN:Si | 560 °C 10 nm 1.5 nm 10
/0.8 um GaN

Table V. 1. Description of the structures and growh conditions of the (In,Ga)N/GaN MQWs studied in
this section.

The optical properties of the MQWSs were investigdigd’L. The four samples were
cooled down to 10 K and excited by a double-fregyehr” laser § =244 nm). Figure V. 12

shows the low temperature PL spectra. The main @nigseak of sample D469 locates at
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401 nm (~ 3.09 eV), which is attributed to the esims from the MQWSs. By assuming an
internal electric field in the (In,Ga)N well as 22MV/cm when the In content is 2098 the
field can be estimated approximately by a linegerpolation method when the In content is
low (< 15%). According to the emission energy, 8tekes shift in this QW is assumed to be
in the range of 0 - 80 meVTherefore, the In content in (In,Ga)N layer of s&mp469 is
estimated to be 12 + 1%, according to the enveloptfon calculation of the QW energy
levels. The FWHM of this peak is 16 nm. The peakateel to the GaN layer and the ZnO
substrate can be observed at 357 nm (3.47 eV) &adng (3.36 eV), respectively. The
MQW related emission peak in D472 locates at 372(An3.33 eV), which is ~250 meV
higher in energy than that of tegplane MQWs. The FWHM of this peak is 9.6 nm, whigh
much lower than that of D469. By assuming the atsef the internal electric field and a
Stokes shift range of 0 — 30 meV in @plane MQWS the In content is estimated to be 6 +
1% in sample D472. The comparison of the In contenseample D469 and D472, which are
grown under the same conditions, indicates thatntore difficult to incorporate In ia-plane
compared with the-plane (In, Ga)N layers. When the (In,Ga)N layees grown at 580 °C,
the incorporated In contents are lower than thasevig at 560 °C in botla- andc- plane
cases, as indicated by the shorter MQW emissioreleagths. The emission intensity af
plane MQWs is ~ 10 times lower than thatgilane MQWSs, due to the lower crystal quality.
These results coincide with the conclusions obtaineah the (In,Ga)N/GaN MQWSs grown
on sapphire substratBdt suggests that specific growth conditions shduéddeveloped to

optimize the fabrication of higher In content (Ia)® layers ora-plane surfaces.
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Figure V. 12. PL spectra ofc- (D469 and D470) anda- (D471 and D472) plane (In,Ga)N / GaN MQWs
recorded at 10 K (same intensity scale for each sate).

The emission peak of the MQWs in D470 locates atr8i3~ 3.32 eV), which is very
close to that of the D472a{plane MQWSs). Due to the similarity of the QW ca@ment
energy in D470 and D472, temperature dependent @dsarements were performed on these
samples to compare the QW confinement properti¢iseopolar and nonpolar MQWs. Figure
V. 13 shows the Arrhenius plot of the integrated @Wiission intensity as a function of
temperature, performed on samples D470 and D4 %2 tte experimental curves are fitted
using Eq IV.4. In the case of sample D470, a simgienching channel with an activation
energy of 125 meV is deduced from the best fit. EuBvation energy is close to the QW
confinement energy (~ 150 meV), which is calculdtedh the energy difference between the
GaN barrier and the QW emission (Rydberg energse® ibeen considered). Therefore, the
guenching of D470 MQW emission is mainly attributedthe escape of the carriers from
QWs to GaN barriers.
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Figure V. 13. Arrhenius plot of the temperature degndence of the integrated PL intensity of c-plane
(D470, triangular) and a-plane (D472, square) (In,@N / GaN MQWs.

A similar fitting is performed on sample D472. Asettemperature increases, the
intensity of the a-plane MQW emission diminishesmtaster than that of the c-plane MQW.
Two quenching channels are deduced. Channel 1 hastigation energy of ~ 4 meV. It may

correspond to the activation of excitons from lad states in the MQWs to free states,
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which enables the excitons to be captured by ndiatise recombination centers. Channel 2,
which has an activation energy of 25 meV, has anger impact on the quenching of the
MQW emission. As the QW confinement energy is mhigjher (~ 150 meV), it means that
the QW emission is quenched through this chanrferé¢he escape of carriers to the barrier.
It may be attributed to some defect related nomatag recombination centers mplane
MQWs. These results suggest that oymlane MQWSs have high crystal quality, aaglane
MQWs are more defective tharplane MQWs.

The QCSE can be an important factor influencing taesition energy of the MQWs,
especially in the polar case. To investigate theriv@l electric field in the QW, excitation
power dependent measurements are performed oncbatida-plane MQWSs. The samples
are excited by a double-frequency’ Aaser (244 nm) at 10 K. An optical density is pldn
front of the laser beam to adjust the intensitthef beam reaching the sample surface.

Figure V. 14 shows the low temperature PL spectrth® (In,Ga)N / GaN MQWs
under different excitation powers. In bath anda- plane cases, no clear shift of the peak
positions of the MQW emission is observed (althoagklight shift of ~ 10 meV can be
estimated in the-plane case), when the excitation power was ineckaser three orders of
magnitude (from 20 pW to 20 mW). It means thatgbeeening effect of interfacial charges
normally observed in the polar MQWs is very wéakpbably due to the thin QW layer and
the low In content. It also suggests that thereaisnternal electric field in tha-plane (In,

Ga)N / GaN MQWs, which supports the previous assiompvhen estimating the In content.
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Figure V. 14. Low temperature (10 K) PL spectra ofa) c-plane and (b) a-plane (In,Ga)N / GaN MQWSs as

a function of the excitation power.

Finally, the optical polarization properties of tipelar and nonpolar MQWs are
compared. The polarization measurements are perfbrame samples D470 and D472,
following the method introduced in Section Ill.2Fgure V. 15 presents the variation of the
integrated PL intensity of the MQWSs as a functidrthe electric field oscillation angle. It
shows that the emission from the c-plane MQW igragnc, and that of the a-plane MQWs is

strongly polarized along the m-axis of the wurtzitgstal.
90

a-plane MQWs
c-plane MQWs

270
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Figure V. 15. Integrated PL intensity of the (In,GagN / GaN MQW emission as a function of the oscillain
angle of the electric field E, froma- and c-plane MQWs. The dotted line indicates the directio of the c-
axis of the epi-layer.

To understand the polarization behaviour of the ptarpMQWSs, the oscillator
strengths between the conduction band and the shute@alence bands of the (In,Ga)N layers
are simulated using the p method introduced in Section 1.2.

In the first step, the lattice parameters of thé&NGayer are determined following the
XRD method introduced in Section I11.2.4. The ob&minresults are listed in Table V. 2. The
lattice constants representedd\b andc have been illustrated in Figure I11.18. Considgrin
the (In,Ga)N layers in the heterostructures arg #a&n (1.5 nm), it is reasonable to assume
that they are coherently grown on the GaN layerramdtrain relaxation process has occurred.
Therefore, the in-plane lattice constants of theg@#)N layersa andc, are equal to that of the
GaN layer. As the In content in D472 has been edgéthto be 6 %, the lattice constants of the
relaxed 13.06Gay o\ layer can be deduced from the lattice constahtsutk GaN and InN

materials following Vegard’s law, and the results Bsted in Table V. 2.

sample b(a) |a(a) |C(A)
D472 3.1883 | 5.5223| 5.1908
IN0.06Ga.04N 3.210 5.560 5.2163
Bulk InN® 3.5376 | 6.1273 | 5.7064
Bulk GaN 3.189 55235 | 5.185
Bulk ZnO 3.250 5.6292 | 5.207

Table V. 2. Measured lattice parameters of the GaNayer in sample D472, compared with lattice

parameters of bulk GaN, InN, ZnO and fully relaxedIng ¢ogGag 94N.

The residual strain in the (In,Ga)N layers along tive in-plane directions can be
obtained following Eq. lll.4g, = - 0.67% anck,;= - 0.49%. The strain along the growth
directione, can be deduced from the in-plane strains follovigg 1.10, by assuming that the
stress along the growth direction equals zero.n&ite strain of 0.39% is obtained.

Finally, the lep method is applied to the (In,Ga)N alloy and thengition matrix
elements between the conduction band and the debes bands are simulated. In this
simulation, the deformation potential parameteisDp the crystal field spitting energy;

and the spin-orbit splitting energywgdof the (In,Ga)N alloy is assumed to obey Vegard’'s
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law.” These parameters are calculated from the parameft¢he two end point materials,
GaN and InN, and listed out in Table V. 3.

Parameters| Gafl | InN* | IngoGa 0N
D, (eV) -41.4 -3.7 -39.1
D, (eV) -33.3 4.5 -31.0
D3 (eV) 8.2 8.2 8.2
D4 (eV) -4.1 -4.1 -4.1
Ds (eV) -4.7 -4.0 -4.6

A1 (meV) 9.2° 19.0 9.8

3A,(meV) | 18.97 5.0 18.1

Table V. 3. Deformation potentials, crystal field pitting energies and spin-orbit splitting energiesof GaN,

InN and fully relaxed Ing0dGag 9N deduced from Vegard's law.

Table V. 3 shows the simulation results of the ¢mal strengths between the
conduction band and the sub-valence bands. Theoesdire noted as; XX, and X from the
lowest to the highest transition energy (Secti®2B). It indicates that the péxciton, which
contributes to the largest part of the emissiompakarized along the [1-100] direction. This
result is in good agreement with experimental olegens, which means that the polarization
behaviour of the (In,Ga)N / GaN MQWs is mainly detmed by the selection rules of the X
exciton.

Therefore, a laser diode based on (In,Ga)N / GaN MQwWay benefit from the
polarization properties of the nonpolar MQWSs. Bysidaeing the ridge direction of the
waveguide along the [0001] direction, the opticaingof the transverse electric field (TE)
mode, which has the electric field oscillating ajahe [1-100] direction, may be enhanced

due to the strong coupling between the waveguidéenamd the MQW emission.

Exciton | x y z
[11-20] [1-100] | [0001]
X1 0.002 0.967 0.030
X2 0.010 0.029 0.961
X3 0.987 0.004 0.009

Table V. 4. Simulated oscillator strengths of theransitions between the conduction band and the thes
sub-valence bands, based on the (In,Ga)N strain $&s of sample D472. The oscillator strengths are

normalized and listed along three orthogonal diredbns.
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V.5. Conclusions and perspectives

The annealing process afplane ZnO substrates has been studied, and a itatue
range of 700-800 °C under,®@ proposed as the annealing conditionsMHBE and PAMBE
are used to grow the GaN nucleation layersaednO substrates. Thaplane GaN layers,
with two types of nucleation layers, have been grewuccessfully om-ZnO substrates and
the structural and optical properties are compa@aN layers with a layer grown using N
plasma source show higher crystal perfection armhger PL emission.

In the second part, polar and nonpolar (In,Ga)MN®IQWSs have been fabricated on
c- and a-plane GaN / ZnO templates, respectively. The PL sonsfrom the MQWs is
observed in both cases. The In incorporation efficyeof a-plane(ln,Ga)N layers is found to
be lower than that af-plane layers, under the same growth conditions.\Whe temperature
increases, the nonpolar MQW emission intensity elsms faster than the polar case, and
possible quenching processes have been analyzesallylithe nonpolar MQW emission is
polarized along the [1-100] direction due to thedir of the in-plane symmetry, in agreement
with the theoretical investigation of the trangitimatrix elements between the conduction
band and the valence band based orktlpetheory.

In the future, a full PAMBE growth process shoulddeeeloped and optimized, as the
adaption of a PAMBE nucleation layer has improvesl structural and optical properties of
GaN. The growth process of (In,Ga)N layers should opgimized to enhance the In
incorporation efficiency on thaplane surface. The growth oemplane ZnO substrates, along
which orientation a higher In incorporation effisey has been reportédshould be

investigated. Finally, nonpolar nitrides based LEIDSZnO substrates should be fabricated.
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Conclusions and perspectives

This research was carried out at the Centre de Reuheur I'Héthéro-Epitaxie et ses
Applications of the Centre National de la Recher8ogentific (CRHEA-CNRS) in Sophia
Antipolis, France.

This work was partly supported by the Agence Nalia@®Recherche (ANR) under
the framework of the “HENOPOIN2" project.

The main aim of this work was to investigate theegmation of nitrides based
heterostructures on (Zn,Mg)O, on both polar andpotar planes. The growths were carried
out by molecular beam epitaxy (MBE). The structueadd optical properties of the
heterostructures have been characterized and destu§he conclusions of this study mainly
consist of five parts:

1. The preparation of c- and a- plane ZnO substrates.High densities of colloidal
silica dots and scratches are present on the surdécas-received ZnO substrates. An
annealing process was carried out to obtain a dmmgaface. Annealing at 1000 °C under O
atmosphere for two minutes has been found to bepémal annealing condition farplane
ZnO substrates. After this annealing process, aoimsurface rfns ~ 0.2 nm) with atomic
steps was obtained. The annealingagfiane ZnO surfaces is more difficult. A temperatur
range between 700 — 800 °C was found to be the auagited, which is much lower than that
of ¢-ZnO. After annealing, colloidal silica dots andragches were efficiently removed.
However, stripes along the [1-100] direction weik sbserved, owing to the different atomic
evaporation rate betweenandm-planes.

2. The growth of a-plane (Al,Ga)N heterostructures on (Zn,Mg)O /r-sapphire
templates. A-plane GaN layers have been grown on (Zn,Mg)Oplates with different Mg
contents. Stripes are observed along the <000ZXetdin due to a faster GaN growth rate
along thec-axis. The Mg content in the (Zn,Mg)O templates waisntl to have a strong
influence on the quality of GaN epi-layers. Whea Mg content is in the range of 25 - 40%,
GaN epilayers have the highest crystal perfectimh lawest density of disoriented grains. It
is attributed to the higher surface stability antbsther morphology of (Zn,Mg)O compared
to ZnO. The near band edge emission of GaN domirtheefow temperature PL spectrum,
and the NBE emission was found to be polarized alin@g<0001> axis. By taking into
account the anisotropic in-plane strain of the Gayér, kep calculation was performed to

calculate the excitonic transition energy and tetait strengths between the conduction band
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and the valence band. The PL emission was fouruktmainly contributed by Xexciton
recombinations. A group of A}JGaygN / GaN MQWSs, with well thicknesses ranging frors O.
to 7 nm, were fabricated on thegGaN layers. As the QW thickness increases, noggranop
due to the presence of an internal electric fiets whserved, which indicates the absence of
guantum confined Stark effect in the nonpolar lestieuctures.

3. The study of the polarity determination mechanism 6GaN layers grown onc-
plane ZnO substrates.Ga- and N polar GaN layers have been grown on @ #&wO
substrates, and it was found that interfacial feastplay an important role in the polarity
inversion. The formation of a Zn@a, interfacial layer between the ZnO substrate amd th
GaN layer can be controlled by adjusting the grotethperature and the Il / V ratio during
the GaN nucleation layer growth. When the nucleal&yer was grown in Ga rich conditions,
a ZnGaO,interfacial layer was formed and a Ga-polar GaN grasvn. On the other hand,
when the nucleation layer was grown in N rich ctiods, the GaN layer was grown directly
on the surface of the ZnO substrate (O face), aNdoalar GaN layer was obtained. The Ga-
and N- polar GaN layers show specific structural aptical properties (surface morphology,
chemical stability, and photoluminescenat¢c). Meanwhile, Ga polar GaN layers were
always grown on Zn face ZnO substrates, indepehderfitthe nucleation layer growth
temperature.

4. The demonstration of blue light emitting diodes onZnO substrates. Light
Emitting Diode (LED) structures, including GaiNn junctions and (In,Ga)N MQWSs, have
been grown omr-plane ZnO substrates. The O non-intentional incapam has been reduced
by adapting a low temperature nucleation layer,ctvimainly arises from the substrate back
etching by NH and atomic out diffusiorP-type GaN layers were successfully grown on ZnO,
overcoming the compensation effect of the O levdle diodes show clear rectification
behaviour, with voltages of 4 -5 V at 20 mA. By wtjng the (In,Ga)N layer growth
temperature, LEDs with EL emission ranging from 455450 nm were fabricated. A
homogeneous blue emission is observed. An optiggud power of ~ 40 uW is obtained at
20 mA injection current and saturated at ~ 0.1 m\Wemvthe injection current reached
100 mA. These values are comparable with LEDs grdingctly on sapphire substrates by
MBE.

5. A-plane (In,Ga)N heterostructures grown on bulka-ZnO substrates.In the first
step,a-plane GaN layers have been grownaBnO substrates. Two methods were used to
grow the nucleation layers, using either N3t N plasma as N sources. Structural and optical

properties ofa-GaN layers have been studied. The GaN layers gneitim a N plasma
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nucleation layer show higher crystal perfection attdnger PL emission intensities. C- and a-
plane (In,Ga)N / GaN MQWs have been grown on bul® Zubstrates. Using similar growth
conditions, the In incorporation efficiency was fiouto be lower om-plane surfaces than on
c-plane surfaces, which is estimated from the QWsiteon energies. The emission from the
a-plane MQWs was found to be strongly polarized gl&an// m direction, which agrees with
the selection rules determined by the transitiortrimalements between conduction and
valence bands.

The above results indicate that ZnO is a promisiagenel as a substrate for GaN. It
opens the possibility of using ZnO substrates lwifate nitride based optoelectronic devices,
on both polar and nonpolar planes. A series ofistudhould be carried out for the further
development of this technology. Substrate backirgctiuring the growth should be avoided
by protecting the back side of the substrate angudl plasma as nitrogen source, to reduce
the O non-intentional doping. Vertical structurg fchip LEDs could be an approach to
improve the current spreading, by removing the Zstrate using a chemical etching
method. The adaption of an InN buffer layer, whids lshown sharp interfaces on ZnO
substrate$,could be an approach to further improve the Gafstat quality. A full N plasma
source MBE growth process should be developed, wiashshown advantages in the growth
of a-plane GaN layers. Furthermore, the growth of néapGaN heterostructures should also
be carried out oom-plane ZnO substrates, as higher In incorporatifficiencies can be

expected when growing along this orientatfon.
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Conclusions et perspectives

Cette recherche a été menée au Centre de RechmrcH#éthéro-Epitaxie et ses
Applications (CRHEA), un laboratoire du Centre Na#b de la Recherche Scientifique
(CNRS) a Sophia Antipolis (06). Ce travail a et&aficé en partie par 'Agence Nationale de
Recherche (ANR) dans le cadre du projet Jeune Géerc « HENOPOIN2 »
(Hétérostructures Non Polaires Intégrées a baseyd€s (II-O) et de Nitrures (llI-N) pour
applications optoélectroniques, 2012 - 2015), cooné par Jean-Michel CHAUVEAU.

L'objectif principal de ce travail était d'étudi€intégration des nitrures sur des
hétérostructures a base d’oxyde de zinc (ZnO)dsuk plans dits « polaire » (plan ¢ (0001))
et « non polaire » (plan a (11-20)). Les croissanuet été réalisées par épitaxie par jets
moléculaires (EJM). Les propriétés structurales giqoes des hétérostructures ont été
caractérisées et discutées. Les principales canokigle cette étude sont détaillées en cinq

points:

1. La préparation des substrats ZnO plan a et dDe fortes densités de défauts (ilots
nanométriques constitués de résidus de silice idalle) et de rayures sont présents sur la
surface des substrats ZnO. Un procédé de rectdt @é@eloppé pour obtenir une surface lisse
et éliminer les défauts colloidaux. Les conditimmtimales de recuit pour les substrats de
plan ¢ de ZnO ont été obtenues avec une temper@ui®@00°C sous atmosphére d'oxygene
pendant deux minutes. Apres cette étape de rexuiiptient une surface lisse (rugosité RMS
~ 0,2 nm) avec des marches atomiques. Les conslitierrecuit et la préparation des surfaces
de ZnO plan a sont plus difficiles a obtenir. Uampérature comprise entre 700 et 800°C a
éte jugee la plus adaptée (nettement inférieurecangitions obtenues pour le plan c). Aprés
recuit, les résidus de silice colloidale et lesurag ont été efficacement éliminés. Cependant,
une morphologie de surface anisotrope est obseceodstituée d’'une structure en « lattes »
allongées suivant la direction <1-100>, en raisantalix d'évaporation atomique différent

entre les plans c et m.

2. La croissance d'hétérostructures (Al, Ga)N surremplins (Zn, Mg)O/saphir
plan r. Des couches de GaN plan a ont été épitaxiées swadehes tremplins de (Zn, Mg)O
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avec différentes concentrations en Mg. Une mormielde surface anisotrope est observée,
constituée de « lattes » allongées suivant la tilme&0001>. Cette anisotropie de croissance
est la conséquence d’'une vitesse de croissanceablepltis grande le long de l'axe c. La
teneur en Mg dans les tremplins de (Zn, Mg)O afarte influence sur la qualité des couches
cristallines de GaN. Lorsque la teneur en Mg eshpse entre 25 et 40%, les couches
épitaxiées de GaN ont une perfection cristallingllzs élevée et la plus basse densité de
grains désorientés. Ceci est attribué a une phrsdgr stabilité thermique de la surface de (Zn,
MQg)O ainsi qu’a une rugosité de surface plus fagjle celles de ZnO. L’émission de bord de
bande de GaN domine le spectre de photoluminescéPce a basse température, et
I'émission est polarisée selon I'axe <0001>. Enrienampte de la contrainte anisotrope dans
le plan de la couche de GaN, un calcul de types<k» permet d’accéder a I'énergie de
transition excitonique et a la force d'oscillatemtre la bande de conduction et la bande de
valence. L'origine de I'émission de PL s'est avétee principalement due a la contribution
liée aux recombinaisorsxcitoniquesX,. Une série d’échantillons constitués de multi-uit
guantiques (MPQs) de GaN®¥aGaygN, avec des épaisseurs de PQs variant de 0,5 & 7 nm
ont été fabriquées sur des couches de GaN planandl'épaisseur du PQ augmente, aucune
diminution de I'énergie de PL due a la présencen dbamp électrique interne n'a été
observée, ce qui indique l'absence d'effet Starkim® quantique dans les hétérostructures
GaN/Alp 2Ga& gN non polaires plan a.

3. L'étude du mécanisme de détermination de la pal& des couches de GaN
épitaxiées sur substrats ZnO plan cDes couches de polarité Ga et N ont été épitasiées
des substrats ZnO face O. Il a été constaté quedesions a l'interface GaN/ZnO jouent un
réle important dans l'inversion de polarité. Lanfiation d'une couche d'interface de gallate de
zinc (ZnGa0,) entre le substrat ZnO et la couche de GaN peeatdcdntrélée en ajustant la
température de croissance et le rapport Ill/V aurcale la croissance de la couche de
nucléation de GaN. Lorsque la couche de nucléasbrépitaxiée dans des conditions riches
en Ga (c-a-d avec un rapport IlI/V>1), une couahterfaciale de ZnG&®, se forme et la
couche de GaN adopte une polarit¢ Ga. D'autre jmgigjue la couche de nucléation est
épitaxiée dans des conditions riches en N (c-aet aw rapport Il/V<1), la couche de GaN
croit directement (sans formation d’'une coucherfatéale de ZnGgD,) sur la surface du
substrat de ZnO (face O), et une couche de GaNldeitg N est obtenue. Les couches GaN
de polarité Ga et N présentent des propriétéstatales et optiques spécifiques (morphologie

de surface, stabilité chimique, photoluminescerete,) Par contre, dans le cas de la
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croissance sur des substrats ZnO face Zn, les esuGaN sont toujours de polarité Ga,
indépendamment de la température de croissanceu eqmport 11I/V de la couche de

nucléation.

4. La reéalisation de diodes électroluminescentes @ttant dans le bleu sur
substrat de ZnO. Des structures permettant la réalisation de diadestroluminescentes
(DELS), incluant des jonctions p-n de GaN et dedtirpuits quantiques (MPQs) (In, Ga)N
comme zone active, ont été épitaxiées sur desratbste ZnO plan c. L'incorporation non-
intentionnelle d’oxygene (O) a été réduite en aalatptes conditons de croissance de la
couche de nucléation (utilisation d’'une températdee 550°C). L’origine de la présence
d’'oxygéne a ainsi été identifiée comme venant jpadement de la gravure de la face arriére
du substrat par 'ammoniac (utilisé comme sourezake) et de mécanismes d’interdiffusion
entre le substrat et la couche de nitrures. Deshesude GaN de type p ont été épitaxiees
avec succes sur ZnO, surmontant I'effet de compiend& au niveau O. Les caratéristiques
courant-tension des DELs montrent un comportemeinesseur, avec des tensions de 4 -5V
a 20 mA. En ajustant la température de croissancéadmuche (In, Ga)N, des DELs
présentant une émission d’électroluminescencetalad 15 a 450 nm ont été fabriquées. Une
émission bleue homogéne sur la totalité de la D&Lobservée. Une puissance optique de
sortie de ~ 40 uW est obtenue pour un courantedlion de 20 mA avec une saturation a ~
0,1 mW lorsque le courant d'injection atteint 108.nCes valeurs sont comparables aux

DELs épitaxiées directement sur des substratsylergzar EJM.

5. Epitaxie d’hétérostructures (In, Ga)N sur substats massifs de ZnO plan a.
Dans une premiére étape, des couches de GaN f(ildn2®) ont été épitaxiées sur un substrat
ZnO. Deux méthodes ont été utilisées pour épitaeiercouches de nucléation, en utilisant
soit 'ammoniac (NH), soit un plasma d’azote comme source d’azote (&% propriétés
structurales et optiques des couches de GaN plamt &té étudiées. Les couches de GaN
épitaxiées avec une couche de nucléation utiligarplasma N présentent de meilleures
propriétés structurales et une émission de phoiaksoence de plus forte intensité. Des
multi-puits quantiques (MPQs) (In, Ga)N/GaN ontwetesété épitaxiés sur les plans a et ¢ de
substrats de ZnO. En utilisant des conditions dessance similaires pour les deux plans de
croissance, il a été montré que l'efficacité dipooation de I'In est inférieure sur plan a, ce
qui a été estimé a partir des énergies de photaoksoence des puits quantiques. L'émission

des MPQs plan a est fortement polarisée selonréatthn E // <1-100>, ce qui est en accord
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avec les regles de sélection déterminées par éese@lts de la matrice de transition entre les

bandes de conduction et de valence.

Les résultats ci-dessus indiquent que le ZnO esmmatériau prometteur comme
substrat pour GaN. Ills montrent la possibilitéiliagr le ZnO pour fabriquer des dispositifs
optoélectroniques a base de nitrures, sur les plalagre (c) et non polaire (a). Quelques axes
d’étude devraient étre privilégiés pour la pouesudti développement de cette technologie.
Ainsi, la gravure par la face arriere des substi@ts de la croissance doit étre évitée en
protégeant la face arriere du ZnO, ou bien ensatili le plasma N comme source d'azote.
Cela permettra de réduire le dopage non intentioeneoxygene. Des DELs a structure
verticale « flip-chip » pourrait étre une approgiuair réduire les courants de fuite, en retirant
le substrat ZnO par un procédé de gravure chimiguélisation d'une couche tampon d’InN,
qui permet I'obtention d'interfaces abruptes sis sigbstrats Zn®pourrait étre une approche
pour améliorer la qualité cristalline du GaN. Despldes procédés de croissance EJM par
source plasma N devraient étre développés, sukeéaultats obtenus lors de I'épitaxie de
couches de GaN plan a. En outre, la croissancealtsttuctures de GaN non polaires devrait
également étre effectuée sur des substrats ZnO mlaau regard des résultats publiés

montrant une meilleure efficacité d'incorporati@lth selon cette orientation.
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Appendix I. Calculation of (Al,Ga)N / GaN QW
transition energies

The QW transition energies were calculated followandD finite barrier potential QW
model (illustrated in Figure Al. 1). The barrier glaf is determined by the band gap energy
difference between AbGa gN and GaN.

v
o+
Ei
Vot IRt Alp2Gap N
H1
s -a-jz []I Ell.- 7, X)

Figure Al. 1. 1D finite barrier potential model of the Al0.2Ga0.8N/GaN QW band structure.

The band gap energies of the strained GaN QW andlth&a gN barriers were deduced
from the photoluminescence (PL) spectra of the GGgir and the Al.Ga gN barriers in Fig.
lll. 23 by:

Eg = EPL + Ebound + ELoc + ERy’ (A' 1)

Ep_ is the band edge energy deduced from the PL smedH,.unqiS the energy drop
of the excitons bound to the donors or acceptard,ithas been determined to be 6 meV for
GaN in Section Ill.2E, .. represents the localization energy of the excitorthe Ab Gay gN
alloy, due to the potential fluctuation, which magult from the inhomogeneities of the Al
+E

content, the surface roughness and the strain.(Al,Ga)N alloys, E can be

bound Loc
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obtained from the deviation of the measured PL datd the Varshni fitting of the
temperature evolution curve of the PL emission gyneFor (Al,Ga)N alloy with 20% Al, a
value of 25 meV has been measu’rﬁ:l;yis the exciton binding energy, and this value has
been found to be 26 meV for G&N'he exciton binding energy of MdGa N is estimated as

30 meV according to the electron effective mastthidre values are listed in Table Al. 1.

layer E)L Ebound( Ebound + ELoc) ERy Eg
GaN QW 3.478 0.006 0.026 3.510
Alg - GaygN barrier | 3.800 0.025 0.030 3.855

Table Al.1. Energies related to the GaN QWand the Al0.2Ga0.8N barrier, in eV.

The band offset is determined roughly by assumiagttie conduction band offset is two

times larger than the valence band offseherefore, we have:

2
Vocs = 5 (EgAIGaN - EgGaN)'
1 (A. 2)
Vove = g(EgAIGaN - EgGaN)'
In the conduction band, the potential is descrimgd
v & >ar2 A 3)
"V, [{<al2’ '

wherex is the coordinate axis along the growth directol the center of the QW is set at
x=0. a is the thickness of the QW. The bottom of the ibaronduction band is set ¥s= 0,

and the bottom of the well atV, = -V,; =—-023V. Then, the Schrédinger equations in the

well and barrier regions are:

n’ d_zw(x) = EW(x), UXI >gj

2m, d¥?

O VAR O ) a4

2m, dx?
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: . 2mV, 2m,E
where me is the electron effective mass. We deﬂ«aezw/ :;ez 2 ,KZW/— hg , and
+
k= 1/2m9— [;l/gEj , then Eqg. A. 4 can be rewritten as:

(A. 6)

the wave function of the electron in the QW struetcan be determined, and the fundamental

state is an even function with a cosine shape,hasvs in Eq. A. 7. The electron wave
function for the fundamental state is:

. a
Y, =Be", (x<—§j
W, = A codk,x), (—% <x< %) (A.7)
W =Be™, (x>§j

W, and ¥, represent the wave functions in the left and rgjde of the QW, respectively;

W, is the wave function in the QW.;Aand B are constants. The tunnel length of the wave

h

function into the barrier il =1 =
K 2m, (- E

, Which is inversely proportional to the square
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root of the total energye: To satisfy the boundary conditions, the energgle are discrete

and should satisfy:

ka‘ k
Tk

0 (A. 8)
tank—a >0

2

Two sides of Eq. A. 8 are plotted as a functionlfzghnd shown in Figure Al. 2. It

shows that when the QW thickness is 3 krhas only one solution. It means that there is only

one confined energy level in the conduction barteenl the electron confinement energy can

h°k?
be deduced fronk, =V, +E = :
2m,
.
v1=k/ko
v2=|cos(ka/2)|
4
i 0 w2 | w2 " sw2
ka/2

Figure Al. 2. Simulated solution of Eq. A. 8 as aunction of ka/2' assuming the QW thickness a = 3 nm.

The hole QW confinement enerdy can be calculated following the same model, by

introducing the valance band offset (Eq. A.2) amalhole effective mass (Table 1.4).
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Appendix Il. Polarization properties of a-plane
(Al,Ga)N / GaN MQW emission

The polarization behaviours of the PL emission frtrta MQWs (Fig. Ill. 23) are
more complicated than that of thick a-GaN layesagr on (Zn,Mg)O / r-sapphire templates
(chap. lllI, section 111.2.5). In particular, the M@ emission peak is broadened by defect
related levels. The trapping of free excitons ie tlefect related states may influence the
polarization behaviours of the emission, and idifficult to be resolved from the CW PL
spectra due to the large line width (50-90 meMihefpeaks (Fig. I1l. 23).

As shown in Fig. lll. 26, the peak position of &)W emission blue-shifts by ~ 30
meV when the temperature is increased from 11 @ KO As discussed in details by
P. Corfdir et al’, this behaviour can be attributed to the thermtivaiion of excitons trapped
in quantum well wire (QWW) states, which are fornmdthe intersection of the QW layers
with basal stacking faults (BSFs) present in thiacstire. The excitons are activated to free
QW states when the temperature increases. To shadinfluence of trapping states on the
polarization property of the QW emission, the pak#tion of the QW emission was measured
at both 11 and 100 K. Figure All. 1 shows the indgd PL intensity of the MQW emission
from N1660, which has a well thickness of 2 nm. TW@W PL emission is polarized in
parallel to the [0001] direction, identical to tpelarization of the GaN layers studied in
Section 1. 2. 5. Also, there is almost no chaonf@olarization degree when the temperature

is increased from 11 to 100 K.

\

270 C axis
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Figure All. 1. Integration of a 2-nm thick GaN / Aly,GaggN MQW (N1660) PL intensity (3.45eV - 3.54eV)
as a function of the polarization angle at 11 andD K.

However, the PL emission of other GaN § &ba N MQW heterostructures from the
same series of samples was found to show diffguelarization behaviours. Figure All. 2
shows the PL spectrum of sample N1692 (cf. chagse8tion Ill. 3. 1, table Ill. 5) when
polarized alongn-[1-100] andc-[0001] directions. The spectra were recorded arid 100 K.
At low temperature (11K), the emission peak is fyguolarized perpendicularly to theaxis
(along [1-100] axis), with a polarization degree0o49. After the temperature was raised to
100 K, the polarization degree alongdirection was reduced to 0.18. It indicates that th
polarization along then direction is enhanced when the excitons are tiéppdhe defect

related states.

25 T 30 T T T T T T T

——E//m 1 N1692 —E//'m
E/ll c

(1, -1)/(1, +1)=0.18

N1692
11K

(0, -1)/(1_+1)=0.49

N
o

[
6]

[
o
T T
1
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PL Intensity (a.u.)
PL Intensity (a.u.)

(@ |
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T
(6]

3.3 34 35 3.6 33 34 35 36
Photon energy (eV) Photon energy (eV)

Figure All. 2. PL spectrum of a 5-nm thick GaN / A, ,GaggN MQW (N1692) when polarized alongm and
c directions, at (a) 11 K and (b) 100 K, respectivegl

Figure All. 3. presents the polarization propertiés third GaN / Aj .GaysN MQW
heterostructure (sample N1662) at 11 and 100 kKdicates that the polarization degree of
the MQW emission alongraxis has been reduced when the temperature sased from 11
to 100K, which is very similar to the behaviour eb&d in Figure All. 2 for sample N1692.
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Figure All. 3. Integrated PL intensity of a 3-nm thick GaN / Aly,GaggN MQW (N1662) emission as a

function of the electric field oscillation angle, 811 and 100 K.

Figure All. 4 shows the PL spectra of a fourth Ga@NAly,GasN MQW
heterostructure (sample N1690) when polarized ald+if0] and [0001] directions, at 11 and
100 K, respectively. Contrary to sample N1692 (FegAll. 2), the maximum polarization
direction is found to switch from the [1-100] ditien at 11 K to the direction at 100 K. At
the same time, the transition energy of the mairsgon peak is blue-shifted by ~ 20 meV,
which is attributed to the detrapping of excitorani defect related states. This result implies

that the defect related states modifies the patdm behaviour of the excitons.

20 N1690 @ 101 N169 1
11K -

=
6]

—— E// m [1-100]
——— E// ¢ [0001]
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Figure All. 4. PL spectra of a 7-nm thick GaN / Ab,Gag N MQW (N1690) when polarized alongm and ¢
directions, at (a) 11 K and (b) 100 K, respectively
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kep calculations have been performed to understand itt@nsic polarization
behaviours of the MQW emission. In the first stiqg strain states of the GaN layers in the
MQWs were determined.he lattice parameters of the GaN layers have bakmlated and
compared with those of bulk GaN. Table All.1 sumizes the strain values of GaN reference
layers (cf. chap. 3, section Ill. 3. 1, table B).and that of the MQW heterostructures, along

the two in-plane directions.

sample Layer &yy [1-100] €,,[0001]

N1704 GaN 1um 0.27% -0.06%

N1653 GaN 1um 0.17% -0.07%

N1662 GaN 1pm -0.18% -0.22%
+MQWSs

N1690 GaN 1pm 0.03% 0.09%
+MQWSs

N1692 GaN 1pm 0.02% -0.03%
+MQWSs

N1693 GaN 1pm -0.15% -0.08%
+MQWSs

MQW average -0.06% -0.07%

Table All. 1. In-plane strain values of GaN refererce layers and GaN / AJ,GaggN MQW heterostructures
grown on (Zn,Mg)O / r-sapphire templates.

At first, there is a large variation of the lattiparameters (LPs) between the samples
which can be attributed to the different (Zn,Mg¥dplate layers used in this study (cf. chap.
3, section 1ll. 3. 1, table Ill. 5). However, a geal trend can be found, which is that the strain
along thec direction is compressive for all the GaN layersl &eterostructures (except for
sample N1690, which is characterized by the thickaN QW layers). The main differences
arise from the in plana parameter, which has a tensile strain for the Geflrence layers,
while of the strain is compressive in average toe MQW heterostructures. The main
difference is attributed to the role played by thg GagN layers in the strain relaxation
mechanism of the structures, owing to the largepressive lattice mismatch with GaN (-
0.48% along [11-20] and -0.78% along [0001]). Irdjebe total thickness of the AGay sN
layers is 120 nm, and a strain relaxation on the @mplate is expected. Therefore, the thin
GaN layers inserted in the MQWs are assumed tor@&rgcoherently with the AbGay gN

barriers.
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The simulated oscillator strengths of the differB{@W structures are listed in Table
All. 2. The results indicate that the MQW emissgirould be polarized along tine[1-100]
direction. These results are different from thasenfl for the GaN reference layers, because

the strain along then direction is switched from tensile to compressivéhe MQW case.

Exciton N1690 MQW (7 nm) N1662 MQW (3 nm

x[11-20] |y[1-100] |y[0001] x[11-20] |y[1-100] |y[0001]
X1 0.652 0.345 0.003 0.064 0.885 0.050
X2 0.250 0.535 0.216 0.534 0.001 0.465
X3 0.098 0.121 0.781 0.401 0.114 0.485
Exciton N1692 MQW (5 nm) N1693 MQW (0.5 nm)

x[11-20] |y[1-100] |y[0001] x[11-20] |y[1-100] |y[0001]
X1 0.643 0.352 0.005 0.182 0.805 0.013
X2 0.200 0.456 0.344 0.668 0.107 0.225
X3 0.157 0.192 0.651 0.151 0.088 0.761

Table All. 2. Simulated oscillator strengths of X, X5, and X; excitons, along three orthogonal directions,
respectively, for the different GaN / Ap,GaggN MQW structures grown on (Zn,Mg)O / r-sapphire

templates.

TEM results have shown that a high density of B&Fx 10 — 1 x 16/ cm) are
present in the GaN layers (cf. chap. 3, section 2l 2). These BSFs are oriented
perpendicularly to the axis of the GaN layer. Furthermore, in a quantume \structure, it
has been shown that the strongest emission isipedaalong the quantum wire direction.
According to this theory, the emission from the iexts confined in QWW states [ref. 1]
should be polarized perpendicularly to thaxis.

Together with the experimental observations, weelel that the excitons in the
MQWSs were trapped in the QWRs at low temperatuf® (K). Under this confinement, the
polarization degree along thme direction is enhanced. When the temperature iseeahe
excitons are activated from the QWR states, andvi@&V emission shows the polarization
behaviours of free excitons.

Moreover, the surface morphology may also influetive emission polarization.
Keller et al have studied the polarization spectroscopy of(#iga)N / GaN MQWSs grown
along thec [0001] direction, where surface steps paralleihi® GaN [11-20] direction were
observed, with a step height of 1-2 Arfihe emission from the MQW was found polarized
along the direction of the surface steps. The pmaton behaviour was attributed to the
confinement effect of the step, which behaves BkQWR. In our MQW layers, a high
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density of surface stripes is present on the sear{&ty. All. 5). The stripes are along tbe

direction, which may enhance the polarization efémission along this direction.

Figure All. 5. Typical surface morphology of the suface of a GaN / Al ;GayggN MQW structure (sample
N1692) measured by the AFM. The vertical scale iD5m.

To conclude, the polarization behaviours of the MWeére investigated, using both
experimental and theoretical methods. Several factoay influence the polarization
properties: the surface morphology, the QWWs forogdhe intersection of BSFs and the
MQW structure, and the intrinsic properties deteei by the crystal orientation and the
residual strains. The influence from a QWW confieain[ref. 1] is high at low temperature,
since in our series of MQW structures, the MQW ainis is found to be polarized
perpendicularly to [0001] at low temperature (~ 16K his behaviour may be modified when
the temperature is increased to above 100 K, malol to the thermal activation of the
excitons from QWW states to free states.

! However, at low temperature (10 K), in the cassashple N1660, the PL emission is polarized in |feirea
the [0001] direction (Figure All .5). The reasom fois specific behaviour is still unclear.
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