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Résumeé

Ce travail de these a porté sur la synthese dedagjiiantiques (BQs) de semi-
conducteurs nitrures orientés (11-22) ou (0001) gmtaxie par jets moléculaires a
plasma d’'azote, pour des applications aux captehirsiques pour la détection du
niveau de pH, d’hydrogéne ou des hydrocarbures des&nvironnements gazeux ou

liquides.

Les trois premiers chapitres sont généraux. Le [@reamapitre présente I'état du
domaine et précise les objectifs de la these. Eicphére il y est expliqué comment
une polarisation piézoélectrique et spontanéerésepte dans les couches nitrures du
fait de leur structure wurtzite. Pour empéchereceitopriété trées génante pour les
applications optoélectroniques, une propositionsigia a changer l'orientation
cristalline des couches. Dans le cadre de cetteethka possibilité d'utiliser la
croissance de structures dans des directions skxingso (de polarité faiblement
marquée) a été visée, ces dernieres pouvant assufeon compromis si la qualité
structurale des matériaux est meilleure que celdéerme pour les matériaux
d'orientation non polaire, contenant une grandesitierde défauts. Enfin, il a été
choisi d'exploiter les structures a boites quaesguzalnN car elles devraient
minimiser l'effet des recombinaisons non-radiativips s'averent trés néfastes pour
les puits quantiques. Aussi dans ce premier clegpiexplique le cadre applicatif de
mon travail. Le domaine des capteurs, qui est em@lexplosion, a jusqu'ici reposé
sur la technologie silicium. Or les nitrures poss#dies propriétés qui correspondent
au cahier des charges de ces applications et aussitains de leurs besoins, en

particulier pour les capteurs chimiques.

Le second chapitre précise les propriétés desregrdu groupe lll. Ce chapitre
rappelle tout d'abord les différentes formes dlistss que peuvent prendre ces
semiconducteurs, notamment la forme wurtzite quil@plus stable, et explicite le
probleme de polarité, qui conduit a la présencecldamp piézoélectrique interne
spontané, et sa relation a l'orientation cristallile commente ensuite la structure de
bande de ces matériaux et leur dépendance a l&tatape, ainsi que les valeurs de
masse effectives publiées pour les électrons étdes. Les propriétés élastiques sont

ensuite précisées et utilisées pour évaluer lesrm@tions attendues dans les



matériaux contraints pour les orientations poléd@01) et semi-polaire (11-22). Les
polarisations engendrées par les piézoélectriciggntanée et induite par les
déformations sont enfin précisées et leur effetlaustructure de bande des puits

quantiques rappelée.

Le troisieme chapitre décrit les techniques expémiamies sollicitées dans ces
travaux. Je discute d'abord de la technique diépitgu'elle a utilisée, la technique
d'épitaxie par jets moléculaires (MBE). Aprés erpiawappelé brievement les
principes généraux, le bati utilisé est décritpricipe de la technique de diffraction
électronique en incidence rasante (RHEED) est snguiésentée, ainsi que les
informations qui peuvent en étre tirées sur I'étiotu du parametre de maille du
matériau en croissance, l'arrangement atomique adesusface et la vitesse de
croissance. Le choix du substrat de saphir est glogcisé, ainsi que les relations
d'épitaxie entre le GaN et le saphir, de structbmnboédrique, qui dépendent bien
sOr de son orientation. Les défauts ponctuelssedildocations qui sont présents dans
les couches sont discutés. Le chapitre se termaneiqe présentation des techniques
de caractérisation, diffraction de rayons X, micapse a force atomique et
spectroscopie de luminescence, mises en jeu dartsasaux. A la fin de ce chapitre,
les informations nécessaires a la compréhensidétdde menée sur I'élaboration des

multicouches a puits et boites quantiques et lataatérisation ont été données.

Les trois derniers chapitres concernent ma coritabypersonnelle. L'épitaxie par
jets moléculaires de couches (11-22) semipolaistmitée dans le quatrieme
chapitre successivement pour les matériaux AIN, G&dInN et InN. Dans les deux
premiers cas, le but était de mieux comprendr@ifer des défauts rencontrés dans
les travaux précédents de I'équipe. Ainsi, pour,Al'est agi de préciser l'origine du
polycristal formé pendant la croissance, constiteégrains orientés (11-22) et (10-
10), dont la densité tend a diminuer quand le reppldV diminue. Mon étude a
montré que ces grains se forment des les prentadesde la germination d'AIN dans
le cadre d'une collaboration avec I'Université tiessalonique, par une étude couplée
de microscopie en transmission (MET), RHEED et AHMXxistence de ces zones
parasites a été reliée a la présence de nanofatsttdement formées a la surface du
saphir, par réaction avec I'AIN, en particulierslatu départ de I'épitaxie sous flux

d'azote. L'optimisation de ce matériau est impoetazar il va étre utilisé comme



tampon pour le GaN. En effet, dans le cas du GAN2R), I'épitaxie directe sur saphir
conduit a la présence de deux orientations, maidation d'un tampon AIN permet
d'obtenir uniguement l'orientation visée. J'ai tréwgue l'optimisation du matériau
orienté (11-22) consistait a contréler le léger esxae gallium imposé pendant
I'épitaxie car il conduisait plus rapidement a dlaoulation de Ga que pour
l'orientation (0001).

Je me suis ensuite intéressée a la réalisatiorogehes dopées de GaN dopées.
Des couches épaisses de GaN:Mg ont pu étre reabs@e des dopages élevés (1,6 x
10”° cm®), sans y observer les défauts identifiés pouretvation (0001) par
microscopie ou sur les spectres de photoluminescarecdopage N du GaN (11-22)
par le silicium a pu étre réalisé sans ennui, taglitions trouvées étant les mémes

que celles de couches non dopées.

De la méme facgon, I'épitaxie de couches d'AlGaNbdene qualité peut étre
réalisée, mais en utilisant un rapport 11l/V plasbfe que pour (0001). Le probléme
est plus complexe pour le ternaire GalnN. Aussi, ¢tudié la désorption d'indium
d'une surface GaN (11-22) en la comparant au cagféleence (0001). J'ai pour cela
exploité les variations temporelles d'intensittRHEED. J'ai utilisé ces données pour
étalonner la température de croissance, puis pégiser la quantité d'exces d'indium
optimal, qu'elle a a nouveau trouvé égal a 2 momcioes pour cette surface (méme si
I'arrangement atomique de ces deux surfaces ditfelees couches épaisses réalisées
sous ces conditions conduisent cependant a descsesrfacettées. La présence de
dislocations dans les couches a été identifiédjieaf comme origine de ces facettes.
Un autre résultat important identifié est que tirporation de l'indium y est cing fois
plus faible que pour (0001). Ce resultat, en caltteon avec la théorie et les
matériaux MOVPE, est bien confirmé par les specttesluminescence de ces

couches.

La fin de ce chapitre est consacrée a I'étude meaéA. DAS sur I'épitaxie d'InN
orienté (0001) et (11-22). Cette croissance eficiif car elle doit étre réalisée dans
certains cas a température beaucoup plus faible°Ciau lieu de 600-700°C pour
InGaN), pour laquelle la désorption de I'InN edtsptapide que celle de l'indium.
Pour l'orientation (0001), cette propriété a ét@l@i€e pour connaitre le rapport
optimal de flux IlI/V par RHEED. Des couches de (@l-22) ont été realisées



conjointement. Les propriétés de luminescence de matériaux indiquent des
déviations par rapport aux prévisions, en partydour I'lnN (11-22) dont I'émission
ne suit pas la loi en température de Varshni, ajaesla recombinaison non radiative

y est toutefois moins forte que pour l'orientat{®@@01).

Le cinquieme chapitre porte sur la réalisation ttactures a plans empilés de
boites quantiques (IN)GaN/AIN (QDs). Je rappeliddid les résultats obtenus sur les
QDS de GaN/AIN (0001). Je précise les techniquéssaliles pour leur obtention,
croissance en condition riche N, ou en conditiora@ec arrét, avec une moins grande
densité dans le second cas, qui sera la technigledleq utilisera. Je rappelle
finalement l'intérét de ces nanostructures qui omaht a une grande stabilité en
luminescence en température, avec une efficacieggni@a quantique beaucoup plus
élevée, mais a des spectres plus larges que Eoaruki-puits quantiques (MQW) du

méme type.

La forme des QDs GaN/AIN (11-22) obtenus en cooditiche Ga avec arrét de
croissance a été identifiée par MET a Thessaloniguerésente deux variantes:
rectangle ou trapeze. Les propriétés de luminescdes QDs sont celles attendues
pour ces nanostructures, mais comparées au cak){@Oremarque que la réduction
du champ piézoélectrigue modifie leur gamme d'domssd'énergie plus resserrée
mais plus élevée que le gap du GaN, et diminue afdre de grandeur le temps de
déclin de luminescence. Dans le cas des QDs InGaNfour (0001), des MQW et
QDs ont été réalisés. La MET met en évidence umtaine interdiffusion aux
interfaces supérieures des MQW et l'absence deitdéfempilement dans les QDs.
La spectroscopie de luminescence indique que lpdeature de croissance conduit a
une diminution de la longueur d'onde d'émissionjéee logiguement a une
augmentation en In dans les MQW, alors que la mr&la@st moins nette pour les
boites quantiques. J'explique ce résultat en cénait que dans ce cas, la forme des
QD évolue avec la concentration en In. Quand Lindest augmenté, non seulement
I'énergie de leur émission de luminescence dimimags la largeur a mi-hauteur
augmente, certainement du fait de leur plus grakhsigersion. De plus, les effets de
localisation de porteurs dus a des fluctuationspdeentiel observés quand on
augmente la température deviennent plus pronoRas. les QW, la dépendance en

température indiquent des fluctuations de contenin@um. Il serait logique que les



fluctuations rencontrées dans les QDs soient duartgpe. La situation s'avere plus
complexe pour les QD orientées selon (11-22). Danspremier temps, une
température qui permet la désorption de l'indiuthugisée, mais les observations
MET indiquent que les boites s'épitaxient en patiedes plans inclinés, du fait de la
contrainte qui courbe la surface, et éventuellem&nta présence de défauts
d'empilement, a la proximité desquels elles se démm apparemment
préférentiellement. Ceci peut effectivement s'eyer par le fait que la formation de
ces défauts linéaires, qui précédent celle despg@Dt aussi étre due aux contraintes,
d'autant plus qu'une composante de cisaillemergwgstisée pour cette orientation, et
que ces défauts contiennent des dislocations dekdtgmité. Cela pourrait permettre
une relaxation des contraintes au sein des boReéslisée a basse température ou la
désorption d'indium est négligeable, I'épitaxie@Bs conduit a la présence a une
forte distorsion de la surface par une grande tems ST multiples. Elles restent
toutefois bien identifiables sur la coupe transalersle MET alors que ce n'est pas le
cas pour les QDs (0001), qui contiennent une densés forte de SFM. La
comparaison de la photoluminescence des structuéadisées a différentes
températures est menée. Alors que pour les tenmpésaplus élevées (650-690°C),
I'énergie d'émission des boites indique que l'ipomation d'indium est beaucoup
faible méme pour les QDs (0001) faible, ce d'autEos que la température est
élevée, cette énergie diminue drastiqguement paubdsses températures d'épitaxie.
Le confinement 3D est confirmé en comparant lewluwdion en température avec
celles de QW. Pour les QDS épitaxiées a haute tetypé, les recombinaisons non
radiatives y sont plus présentes que pour l'oriemtgoolaire, alors qu'elles diminuent
quand la longueur d'onde d'émission des QD augmfaites faible température
d'élaboration). Il n'y a plus de luminescence d&S(0001), sinon une émission
constante, qui serait due a la présence de pocihégues liées aux SFM. Ce chapitre
se conclut sur les mesures de contraintes par MEmérs a Thessalonique. Les

tendances données par ces résultats confirmeob$esvations précédentes.

Enfin, le sixieme chapitre présente les résultdtteraus par nos partenaires de
contrat sur les composants que j'ai a réalisés.dapseurs a base de QDS et MQW
GaN/AIN ont été épitaxiés et processés. Les caratitfies de photoluminescence

sous polarisation électrique indiquent une bonnesibdité. Toutefois, un courant



tunnel parasite participe a la génération de posteules barrieres AIN des QD sont
trop fines. La réponse du capteur a la présencgldpene est trés contrastée. Le
signal est toutefois saturé des que I'hydrogen@dexd0% de concentration sans
courant tunnel, et 500 ppm en présence de couranek La conclusion tirée est que
seuls les plans de QD supérieurs sont affectéd'rpairogéne et effectivement le
contraste du composant est meilleur pour un conmpasain seul plan de QD. Ces

résultats ont été obtenus pour les QDs (0001).

En effet, I'utilisation des QDs (11-22) a conduides émissions de luminescence
d'énergie supérieure au gap, donc non utilisaldés) la nécessité d'ajouter de
l'indium a ces QDs. Des composants a base de GaaiiN(0001) et (11-22) ont alors
éte realisés. Seules les structures (0001) ont é&ones émissions de
photoluminescence a température ambiante. Les eresnidemandent encore une
optimisation plus poussée pour réaliser les comyesantiers qui comprennent des
empilements complexes des différents nitrures.dossposants a QDs (0001) se sont
en revanche révélés excellents, leur réponse @nkioin externe étant extrémement
sensible. Ainsi, des capteurs ont permis de medarpH de I'eau de 0 a 7 d'une
maniere trés efficace. A la suite de cette valadgtij'ai conclu mes travaux en

dressant un cahier des charges pour la réalisati@es composants.



Contents

1

Introduction and targets

1.1 Historical introduction of IlI-nitride semicond uctors
1.2 Wide bandgap semiconductors for chemical sernso
1.3 Motivation and targets

1.4 Organization of the manuscript

Bibliography

Properties of Ill-nitride semiconductors

2.1 Crystalline structure
2.1.1 Crystal symmetry and lattice parameters
2.1.2 Crystal polarity
2.2 Electronic properties
2.2.1 Band structure
2.2.2 Temperature dependence of the fundamentahbd gap
2.2.3 Effective masses
2.3 Elastic properties
2.3.1 Strain and stress
2.3.2 Biaxial stress in a (0001)-oriented hexagalnsystem
2.3.3 Strain in semipolar layers under biaxial sess
2.4 Spontaneous polarization and piezoelectricity
2.4.1 Polarization effects in heterostructure
Bibliography

Experimental techniques

3.1 Epitaxial growth
3.2 Plasma-assisted molecular beam epitaxy
3.3 Reflection high-energy electron diffraction (RIEED)
3.4 PAMBE of lll-nitrides

3.4.1 Growth of GaN (0001)

3.4.2 Growth of AIN (0001)

3.4.3 Growth of polar (0001) AlGaN

3.4.4 Growth of polar (0001) InGaN
3.5 Substrates

3.5.1 Sapphire-based substrates
3.6 Defects observed in Ill-nitrides

3.6.1 Point defects

P oo 0r P

1

15

15
15
19
20
20
22
23
24
24
26
26
29
30
32

37

37
39
42
44
45
48
48
49
49
50
52
53



3.6.2 Line defects 53

3.6.3 Planar defects 56
3.7 Characterization methods 57
3.7.1 X-ray diffraction 57
3.7.2 Atomic-force microscopy (AFM) 60
3.7.3 Photoluminescence spectroscopy 65
Bibliography 67

Plasma-assisted MBE of semipolar (11-22)-orienté&®D layers

Experimental techniques 71
4.1 Introduction 71
4.2 Semipolar (11-22) AIN 71
4.2.1 Growth of single-phase (11-22) AIN 71
4.2.2 AIN nucleation orm-sapphire substrate 74
4.3 Semipolar (11-22) GaN 79
4.3.1 PAMBE growth kinetics of GaN(11-22) 79
4.3.2 p-type doping of GaN(11-22) 81
4.3.3 n-type doping of GaN(11-22) 84
4.4 Semipolar (11-22) AlGaN 85
4.5 Semipolar (11-22) InGaN 87
45.1 Temperature calibration 87
4.5.2 In kinetics on semipolar GaN 89
4.5.3 Growth details and properties of semipolainGaN layers 92
4.6 Semipolar (11-22) InN 99
4.7 Conclusions 107
Bibliography 110
Polar and semipolar (In)GaN QDs 113
5.1 [lI-Nitride quantum dots 113
5.2 Polar GaN/AIN quantum dots 114
5.3 GaN/AIN QDs with reduced internal electric felds 121
5.4 Polar InGaN/GaN QDs 126
5.5 InGaN/GaN QDs with reduced internal electridield 133
5.6 Growth of semipolar InGaN QDs at low-Ts 139
5.7 Lattice strain and indium content in the INnGaN QDs 144
5.8 Conclusions 146

Bibliography 148



6 Opto-chemical sensors based on (InN)GaN QDs as mail
transducers

6.1 Introduction
6.2 Description of the opto-chemical transducers
6.3 Polar GaN/AIN QDs opto-chemical transducers
6.3.1 Synthesis and characterization
6.3.2 Emission characteristics of GaN QDs in exteal
electric fields
6.3.3 Hydrogen sensitivity of GaN QDs transducers
6.4 Semipolar GaN QD opto-chemical transducers
6.5 Polar InGaN QD opto-chemical transducers
6.5.1 Synthesis and characterization
6.5.2 Emission characteristics of InGaN QDs in ¢ésrnal
electric fields
6.5.3 pH-sensitivity of InGaN QDs transducers
6.6 Semipolar InGaN QD opto-chemical transducers
6.6.1 Synthesis and characterization
6.6.2 Emission characteristics of semipolar InGalpDs in
external electric fields
6.7 Chemical sensor system based on InGaN QDs
6.8 Conclusions
Bibliography

7 Conclusions and perspectives
Annex

Glossary

Publications and conference contributions

153

153
154
155

155

159
162
163
165

165

168

172
172

174
174

177
180

181

187

191

193






Chapter 1

Introduction and targets

1.1 Historical introduction of llI-nitride
semiconductors

Group lll-nitride semiconductors (GaN, AIN and InMNYye currently the
materials of choice for ultraviolet/blue/green lkigemitters and high power
electronics. The electronic band structure for ezfctne nitride materials possesses a
direct transition with a band gap energy rangimgnfl0.64 eV ([Wu09] and references
therein) for InN to 3.4 eV for GaN, and to 6.2 ef AIN, as illustrated in Figure 1.1.
Thus, these semiconductors and its alloys coulcercovost of the solar spectrum
range. Besides this, characteristics such as higbility, high breakdown voltage,
high electron saturation velocity, high thermal doctivity, chemical inertness, and
mechanical stability make them well suited for dasig and fabricating high-power,

high-frequency and high-temperature electronic cks/[Dec08, Pea99].
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Figure 1.1: Bandgap energy versus lattice constdithe most common semiconductors.



The first studies of the growth of polycrystallinenitrides go back to 1907,
when Fichter et al. [FicO7] reported the synthe$i8IN when aluminum is burned in
the air or heated in nitrogen to a high temperatéalowing that, Johnson et al.
[Joh32] reported the synthesis of GaN in 1932, doda and Hahn [Juz38]
demonstrated the growth of InN. The first importéneakthrough in the research
history of group Il nitrides occurred when a numizé workers began applying
hetero-epitaxial growth on sapphire substrates¢éolyce GaN films with reasonable
crystalline quality, in 1969 by hydride vapor phapitaxy (HVPE) [Mar69], in 1971
by metal-organic vapor phase epitaxy (MOVPE) [Mdn&id in 1975 by molecular
beam epitaxy (MBE) [Yo0s75].

All the GaN made at that time was very conductintype even when not
deliberately doped. The lack of p-type conductivityupled with somewhat poor
crystalline quality blocked the development of idigcbased devices for several years.
Another major breakthrough was the first succegsfatiuction of p-type GaN using
Mg, in 1989, by Amano et al., [Ama89], which latesulted in the first fabrication of
highly efficient blue light emitting diodes (LEDg1994) and laser diodes (LDs)
(1996) by Nakamura et al. [Nak94, Nak96]. Since4l9®e research activities on

these materials increased rapidly because of tbemmercial applications.

Several techniques are currently used for the xapitgrowth of IlI-V nitride
semiconductors. Among these techniques, MBE and WMODQ(Metal-organic
chemical vapor deposition) are the most populae wutheir capability to produce
films and heterostructures with the crystalline lgpaequired for short-wavelength
optoelectronic devices, and high-power high-freqyeelectronic devices. In the
early years, MBE growth had faced some difficultegprepare nitride epilayers, due
to the lack of a proper nitrogen source, and at tin@e it has been surpassed by
MOCVD. Thanks to the developments in the nitrogéasima sources, MBE grown
materials can now compete well with MOCVD in terafsnaterial quality, but not in
terms of surface and production throughput. Newededs, MBE keep several
advantages over MOVPE for nanostructure fabricattar example, the low growth
temperature makes it possible to achieve chemicaligrper interfaces, it is
particularly adequate for the growth of InN andHig content alloys, it offset a wide
flexibility for the growth of three-dimensional (3Manostructures like quantum dots



(QDs) and nanowires (NWSs), no post-growth activatth Mg dopants is required and

Mg memory effects are reduced, which leads to smdviyg doping profiles.

Many of the major problems that have hindered thegmess in lll-nitride
related semiconductors can be traced back to tkeofanative substrates for epitaxial
growth. Most of the lll-nitride-based devices arewgn on foreign substrates such as
sapphire or silicon carbide. Due to the destitubbithe substrate with similar lattice
parameters and thermal expansion coefficients|ltmtride epitaxial layers usually
contain numerous crystalline defects. The defeasides in nitride epilayers (10
10"°cm®) are much higher than those of other Ilk&miconductors (e.g., for arsenide
or phosphide materials, $@0* cm?). In addition, the mismatch of thermal expansion
coefficients induces thermal stress in the film a@ndstrate during cooling down to
room temperature, which can lead to bowing and evacking of the epitaxial films.

It is expected that the performance of the nitddeices will be improved with native
substrates, in part due to the elimination of dattand thermal expansion mismatch
between the device layers and the substrate. Nowatlee researchers are using
conductive free-standing GaN substrates create#iVRRE [Kel99], since the growth
of bulk GaN crystals is a challenge due to theghhinelting temperature, very high
equilibrium nitrogen vapor pressure at moderatepegatures, and low solubility in
acids, bases and most other inorganic elementscantgpounds. However, free-
standing GaN substrates are much more expensivethieasapphire substrates used

commercially as a base for nitride growth.

Another main problem with nitride semiconductorsrétated to the polar
nature of the material. Because of their crystallirstructure, IlI-nitride
semiconductors exhibit strong spontaneous and elecic polarization along their
growth axis, thec-axis [Ber97], which leads to strong internal feeldf the order of
some MV/cm in quantum wells (QWSs) and heterostmestyMar96, Ler98]. Even
though this large internal electric field has panapplications in piezoelectric
sensors and high electron mobility transistors (HENIGas97], it has deleterious
effect on the performance of optoelectronic deviedsere they lead to the quantum
confined Stark effect (QCSE) and reduce the radiatecombination rate within the

heterostructures.
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Figure 1.2: Piezoelectric polarization of an@e,_,N quantum well as a function of the
growth direction.

In order to overcome these polarization-related bl@ms, nitride
heterostructures need to be grown along crystalfdgc directions where the internal
electric field is small or zero, that is, on sentgp@lanes (tilted in the range of 0° to
90° with respect ta-plane) or on nonpolar planes (tilted 90° with exgoc-plane).
Figure 1.2 shows the piezoelectric polarization af InGa_ N QW grown
pseudomorphically between relaxed GaN barriersd®aHereP’; is the polarization
perpendicular to the growth plane and the lattie@gs of particular polar, semipolar,

and nonpolar orientations are shown as insets.

Around the year 2000 the research field of non4pdlanitrides started to
emerge in an effort to eliminate the QCSE in theetostructures and thus achieve
higher internal quantum efficiency. Waltereit et faist demonstrated the absence of
the piezoelectric field ifm-plane GaN/AlGaN QWSs grown on LIAIO2 substrates
[Wal00]. A reduction of the electric field has albeen observed in QDs grown in
nonpolar orientations [Fou05, Ams07]. However, raap nitride growth remains
challenging due to the strong anisotropy of thenface properties, which leads to

epitaxial layers with a high density of crystallidefects.

Another approach is the growth of the heterostinestin semipolar directions.

Semipolar crystallographic orientation in the growdirection can have the potential



to reduce the polarization-induced internal electield in the nitride structures and
are subject of intense investigation in the lasedhyears as preferred growth
orientation for green/yellow light emitting diodasd lasers. Benefits like reduction in
piezoelectric field strength has been experimentalterified for nitride

heterostructures grown along (10-1-1), (10-1-3)J #&h1-22) semipolar directions
[Cha05, Nis04]. Furthermore, epitaxial growth alosgmipolar directions appears
easier to control, semipolar-grown films also inmoate indium — a crucial element
in the LED — more efficiently, and have a widergtb window than nonpolar films.

However, growth on alternative crystallographic eatations, like semipolar
orientations, implies new defect structures, duethte enhanced probability of
stacking fault formation and availability of glidjrplanes [Tya09], which results in an

enhancement of the nonradiative recombination rate.

An advantage of QDs is that excitons trapped ise¢h#bjects are expected to
be much more insensitive to nonradiative recommmnathan other semiconductor
structures, such as QWs, due to the 3D electram@rement [Ger96]. Thus, QDs in
these semipolar orientation are believed to be hiapaf avoiding the carrier
migration to nonradiative recombination centersd ahereby the possibility of

enhanced internal quantum efficiency.

1.2 Wide bandgap semiconductors for chemical

Sensors

Key innovations in the field of chemically-sensdifield-effect structures are
due to the pioneering work of Lundstrom [Lun75],r@eeld [Ber70]and their
coworkers. These researchers demonstrated in tieeen-seventies that hydrogen-
sensitive field-effect devices and ion-sensitiedieffect transistors could be formed
using silicon-based semiconductor technology. Rebkealong these lines remained a
subject of intense interest up to the present dditereas in the first two decades,
various kinds of gas- and ion-sensitive metal-oxddmiconductor (MOS) capacitors
and field-effect transistors were realized using #itandard silicon-technology, the

range of applications of chemically-sensitive fielfect devices was significantly



extended by two follow-on innovations: the first svapplying SiC as a substrate
material for enabling high-temperature applicatjoesch as exhaust gas sensors
required for novel kinds of exhaust gas after-treatt [LI0o97]. The second
innovation relates to the scanning light-pulse méghe (SLPT), which allows for a
spatially resolved detection of chemically induaediations in the surface potential
[Lun91], and which has recently enabled developmesnich as computer screen-
assisted remote diagnostics [Fil05]. In SLPT, tlehievable spatial resolution is
limited by the minority carrier diffusion length.sXar as bioelectronic applications in
liquid environments are concerned, the developnfead culminated in highly-
integrated, Si-based solution-gate field-effectnsistor arrays for the spatially-
resolved electronic detection of neuron activityd aneural signal transmission
[EveO03].

More recently, other wide-bandgap semiconductarsh sas diamond or the
group lll-nitride system, have been shown to beanmysing material properties for
the application in chemical and biochemical sendBesides their capability of high-
temperature operation, which allows the realizatbrinigh-temperature gas sensors
as for instance Pt:GaN Schottky diodes [Lut99, Qthi AlGaN/GaN field effect
transistors [Sch02b], the high electrochemical aefstability of these compound
semiconductors also enables novel biochemical segplications in liquid
electrolytes [Ste03, Bau06]. Using such materialdargely improved stability is

attained with regard to conventional silicon desice

1.3 Motivation and targets

Besides their unique optoelectronic propertiesnitiiide semiconductors also
exhibit material characteristics favorable for tkalization of chemical sensors: high
chemical and thermal stability [Eic03], and a hgH-sensitivity in liquid solutions
[Ste03]. Furthermore, this material system and B@mppas the respective substrate
material offer the unique advantage of being trarspt to visible light, which
enables transducer integration into setups for -optonical analyses (e.qg.

fluorescence spectroscopy [Ste03b]).



These concepts were the motivation of the 7th Eeanpg-ramework Project
DOTSENSE (STREP 224212) which ran between 20088dd and set the basis of
this PhD work. In this project we proposed to camebihe optical properties of Ill-
nitrides (transparency, direct bandgap, efficiamhihescence) with their chemical
surface properties in order to develop novel kintl®pto-chemical sensor systems.
There, chemically-induced variations in the surfpoential are detected by induced
changes in the luminescence of llI-nitride nanadtmes, namely (In)GaN self-
assembled QDs (Figure 1.3). This detector desiignvalexploiting the capability of
llI-nitride materials for operation under harsh eomment conditions (high pressure,
explosive media), as neither electrical feedthreugbr a deterministic current are
necessary for the sensor signal read-out. Furthermthe progress in nitride
technology opens up the possibility to integrateséhtransducers with commercially-
available light emitters and detectors to form nameegrated opto-chemical sensor

system architectures.

The requirement on the transducers of providingnsé room-temperature
photoluminescence (PL) is satisfied by the intraamcof QD structures as optically
active media. As described above, the 3D confinémenthese nanostructures
suppresses thermally activated non-radiative reauatibn processes. The
development of lll-nitride technology allows achiey QD ensembles emitting in a
range of wavelengths extending from the UV to theeg region. Within this range,
efficient room-temperature PL can be observed, @véine case of a single QD layer.
To take advantage of commercial lll-nitride em#tand detectors, the sensor system
should operate in the blue-green spectral rang®alllfj we decided to assess the
growth of QDs on non-polar or semipolar orientagiom order to enhance the

sensitivity of the transducers.
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Figure 1.3: Group llI-nitride QD test structuresh@& Si-doped AlGaN layer serves as a back
contact for applying a defined potential differermeross the QD stack. A bare (oxidized)
surface is used in case of pH detection in liguas;atalytic Pt-top contact is used for
hydrogen detection.

Therefore, my thesis work has focused on the PAMB&Vth of (In)GaN-
based QD structures, grown in both polar and selaripoystallographic orientations,
for application as optical transducers for chemssaisors for detection of pH levels,
and hydrogen or hydrocarbon concentrations in gdisjad environments. With this
purpose, | have first scrutinized the indium kiogtduring the PAMBE growth of
polar (0001) and semipolar InGaN layers, and | hegwelied the results to elaborate
and investigate polar and semipolar InGaN/GaN Qfctires. In parallel, |1 have
studied also the growth conditions for the synthesfi semipolar (11-22)-oriented
two-dimensional (2D) layers (AlGaN, InGaN, InNhcluding the grow of quantum
well (QW) structures (InGaN/GaN QWs or InGaN/InN @Wand the effect of Mg
doping on the growth kinetics of semipolar GaN(®)-2ayers. The work on
semipolar material was also partially supportedtiy French National Research
Agency Project COSNI (BLAN08-1_323691, 2008-2012).

In this project work, | have used plasma-assistedeoular beam epitaxy
(PAMBE) as the growth technique to obtain lll-rdgi based 2D layers and
nanostructures. | have applied various charactesizatools to investigate the

morphological, structural, and optical properti€she grown samples. In particular, |



have used reflection high energy electron diff@act{RHEED), which is amn situ
non destructive method, to obtain structural andpmalogical information during the
growth andex situcharacterization of samples by X-ray diffractiofRD), atomic
force microscopy (AFM) and photoluminescence (PAgditional data on the
structural quality of the layers was provided bsnsmission electron microscopy
(TEM), performed by our collaborators at Aristotléniversity of Thessaloniki,
Greece (Prof. Ph. Komninou). Furthermore, the tmds and depth profile of the
chemical composition have been characterized byhdRidgrd backscattering
spectroscopy (RBS) at Instituto Tecnologico e NagldPortugal (Dr. K. Lorenz).
Chemical studies of the QDs and sensor structasesiell as characterization of the
QD stacks under bias, were performed by our cotltbos at Justus-Liebig-
Universitat Giessen, Germany (Prof. M. Eickhoff)datme final integrated sensor
system was designed and tested by EADS (Dr. A. lgglw

1.4 Organization of the manuscript

The thesis starts with this first chapter that erés a historical introduction to
llI-nitrides and to wide bandgap semiconductor sensThe motivation, target and
methods of the work are described and the chaipiishés with the description of this

document.

The second chapter presents a comprehensive ewergf fundamental
properties of lll-nitride semiconductors, startingh the description of the crystalline
structure, then presenting the band structure emshing with the discussion of the

origin of the polarization and the internal elecfield in nitride heterostructures.

The purpose of the third chapter is to provide iff®rmation about the
different techniques used for the experiments dasdrin this work. The first part of
this chapter deals with the thermodynamics and tirdmetics of GaN, AIN, AlGaN
and InGaN, after a short introduction about epébgrowth, while the latter sections
describe the characterization tools | used to deter structural and optical properties
of the nitride structures.



In chapter four, | present my contribution to th@main of PAMBE of 2D
semipolar layers. The first sections deal with $lyathesis of binary AIN and GaN
alloys and the effect of doping on the growth ahgmlar GaN. The chapter finishes
with the discussion of the growth details and proee of the ternary AlGaN and

InGaN alloys, and finally the results of the symsiiseof semipolar InN.

The fifth chapter starts with the description lod igrowth and characterization
of polar and semipolar GaN/AIN QDs. Then | presagtcontribution to the domain
of InGaN/GaN QDs, starting with the description thie synthesis and optical
performance of the polar InGaN/GaN QDs in comparigoth polar InGaN/GaN
QWs. After that, | will discuss the particularities the growth and properties of
semipolar InGaN/GaN QDs.

The last chapter, chapter six, begins by intragyaifferent opto-chemical
transducer structures, including the polar and pelar GaN/AIN and InGaN/GaN
QD transducers. Then, | describe the fabricatiothefQD transducer structures and
its characterization. Details of the integratedmnsival sensor based on InGaN/GaN
QDs transducer is presented at the end of thistehap
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Chapter 2

Properties of IlI-nitride semiconductors

A brief summary of the basic physical and elect@roperties of group Ill nitrides
will be introduced in the present chapter. It ssamvith the description of the
crystalline structure, then presenting the bandusiure and finishing with the
discussion about the origin of the polarization dahd internal electric field in nitride
heterostructures.

2.1 Crystalline structure

2.1.1 Crystal symmetry and lattice parameters

Group Il nitrides (GaN, AIN, InN and their alloyshare three common

crystal structures: the wurtzite-phase), the zinc-blen@-phase) and the rocksatt{

phase). While the wurtzite structure is the thergmaginically more stable one, group-
[l nitrides can also be grown, by epitaxy, in thetastable zinc-blende structure. The
rocksalt structure appears only at very high pressand cannot be stabilized by the

epitaxial growth.

The wurtzite structure shows hexagonal symmetry Wie associated space
group Pémc (C'.). It consists of two hexagonal compact sublattimfesietal (Ga, Al
or In) and nitrogen (N) atoms, which are shiftedhwespect to each other ideally by
3/8[0001], as shown in figure 2.1(a). By contraisg zinc-blend structure also called
sphalerite shows a cubic symmetry with the assediapace group F43m%J. It
consists of two interpenetrating face-centered @shblattices, the second shifted by
Y[111] with respect to the first (Figure 2.1 (b)ith both metal and nitrogen atoms

occupying appropriate sites.
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Figure 2.1: Schematic representation of (a) the #ite and (b) zinc-blende structure. The
red and blue spheres indicate metal and N atonspeetively.

In both wurtzite and zinc-blend structures, eacbmatis tetrahedrally
coordinated. The group Il metal and nitrogen teddrons are differently oriented for
the two structures, one structure can be locadlgdformed into the other by a rotation
of 60° around the [111] axis of the zinc-blende structuréhe equivalent [0001] axis
of the wurtzite structure. That is, both structudéfer only by the stacking sequence
of close-packed IlI-N planes, and the energy diifiee between the two structures is
within £10 meV/atom [Yeh92]. The stacking periotijcalong the [0001] axis is
ABABA... for the wurtzite phase and it is ABCABCAalong the [111] axis for the
zinc-blend phase (Figure 2.2). Changing the sequdnang growth produces defects
such as stacking faults. This work focuses on vitertgpe nitrides, and the following

chapters will only address the intrinsic properbésvurtzite materials.

Figure 2.2: Stacking sequence for (a) (0001) planesurtzite ([11-20] azimuth), and
(b) (111) planes in zinc-blende ([1-10] azimuth).

Figure 2.3 shows the three parameters that ddimevurtzite unit cell. These
are the edge length of the basal hexagynthe height of the hexagonal lattice cell
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(c), and the anion-cation bond length) (@long the [0001] direction. In an ideal

wurtzite crystal, the/a ratio andu/c ratio are 1.633 and 0.375, respectively. Because

of the different metal cations, the bond lengthd #re resultant/a ratios of AIN,

GaN, and InN are different. Table 2.1 shows an\oeer of these lattice parameters

of wurtzite lll-nitrides at 300 K. The experimentadlues for GaN and InN are close

to the ideal ones, whereas those of AIN deviatghtllr, which indicates that the AIN

lattice is distorted with respect to a pure wueatructure. This fact is very important

because the degree of non-ideality is a signifi€actor in determining the strength of

polarization in lll-nitrides.

2198N!

60°

Figure 2.3: Wurtzite unit cell, where c and a ahe tattice constants and u is the anion-
cation bond length.

The lattice parameters of ternary alloys, likdAN, are usually investigated

based on the Vegard's law, i.e., assuming thatldtiee constant of a ternary alloy

can be expressed as a linear combination of thiedatonstants of the two forming

binary alloys:

m=Xa+(l-X)a; cas=XG+ (1-XcCs

INN GaN AIN
c(A) 5.703 5.185 4.982
a(A) 3.545 3.189 3.112
cla 1.608 1.626 1.6
u/c 0.377 0.377 0.382
References [Vur03] [[I\\;Isrrgg]] [[I\\;lsrrgg]]

Table 2.1: Lattice parameters of bulk InN, GaN Zdd.
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Crystal planes in hexagonal unit cells are commaadyntified by using four
indices calledMiller-Bravais indiceswhich are denoted by the lettdr,, i, andl and
are enclosed in parenthesestdsl). These four-digit hexagonal indices are based on
a coordinate system with foakes, as shown in figure 2.4. There are three laxs,
a;, a, andas, which make 120° with each other. The fourth axis axis is the
vertical axis of the hexahedron. The reciprocalshefintercepts that a crystal plane
makes with they, a,, andag axes give thd, k, andi indices, while the reciprocal of
the intercept with the axis gives thd index. Note that the sum of the first three

indices is necessarily zernos -(h + k)

T [0001]
e

,-
‘

———
1

[2710] @

Figure 2.4: Hexagonal unit cell with representasdior the base vectors,a, 8 and c.

The crystallographic directions in hexagonal undglls are also usually
indicated by four indices, v, t, andw enclosed by square brackets a#&\\. Theu, v,
andt indices are lattice vectors in tla, a;, andas directions, respectively (Figure
2.4), and thevindex is a lattice vector in theedirection.

semipalar

poalar surface
surface

nonpolar
surface

Figure 2.5: Schematic views of the polar plane,rtbepolar planes and a semipolar plane.
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In a wurtzite system, the [0001] direction is cdlf@lar direction, and using it
as a reference we can distinguish three typesystairplanes. The {0001} planes are
commonly referred to as polar plane and it has gryp Il or nitrogen atoms on the
top layer. Other planes are either perpendiculandmed to the (0001) polar plane.
Schematic views of such wurzite crystal planessamvn in figure 2.5. There are two
surfaces parallel to the ¢ axis, which have equahlver of group Il and nitrogen
atoms in the top surface layer, and are called polao surfaces: the {11-203-plane
and the {1-100}m-plane. Inclined surfaces, such as {10-1-3}, {10}1and {11-22},
are often denominated semipolar surfaces. In tigsi$ work, the semipolar (11-22)

plane has an important role.

2.1.2 Crystal polarity

Due to the lack of inversion symmetry of the wueztructure, the [0001] and
the [000-1] directions are not equivalent. The agh is determined by the direction
of the vector associated to the metal-nitrogen tadadg the <0001> axis. The [0001]
axis is considered positive when this vector pdirtds the metal atom to the nitrogen
atom. We arbitrarily denote the material as metddipif grown along the [0001] or
as nitrogen-polar if grown along [000-1] (see fgw@.6). The corresponding metal-
polar (0001) and nitrogen-polar (000-1) faces canebminated by either metal atoms

or nitrogen atoms.

The polarity can drastically affect the surfacepgamies. Polarity in GaN films
Is important for the design and fabrication of mahgctronic devices. To determine
the polarity of GaN films, there are many analyticels used- X-ray photoemission
spectroscopy (XPS) [Sas88], Auger spectroscopy 9&si X-ray photoelectron
diffraction (XPD) [See97], convergent beam electddfraction (CBED) [Pon96] and
ion channeling techniques [Dau97]. Also chemicahigty using KOH or NaOH
solution is a destructive method of polarity deteation, that is, N polar orientation

is easily etched while the Ga- polar face is chaityignert.

The polarity of GaN depends the nature of the satestand on the growth
conditions. By molecular beam epitaxy, Ga polar @&aN be grown on an AIN buffer
layer on (0001) sapphire while N-polar GaN can b¢aimed by nucleating GaN
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buffer layer directly on (0001) sapphire under higaGa-rich conditions. In 1999,
Ramachandran et al, determined that polarity ineersf Ga polar GaN to N polar
can occur through Mg doping [Ram99]. All growthsadacted in this research were

metal-polar.

(a) (b)

Metal-face M- face

\*a

u M “ @ Metal
O Nitrogen
A o ﬁ
N
Substrate Substrate

Figure 2.6: Polarity in GaN: (a) Ga-polar along [0Q], (b) N-polar for [000-1].

2.2 Electronic properties

2.2.1 Band structure

Group Il nitrides are direct band gap semicondigctdhe conduction band
minimum is located at the centre of the Brillouone ("-point, k=0). The calculated
band structures of GaN and AIN are depicted inregi7.

At the I' point, the valence band of the wurtzite structafelll nitrides
consists of three subbands which are split as @tresthe crystal-field interaction
(Acr) and spin-orbit couplingAsc). The three subbands are the heavy hole band (A
band, withI'g symetry), the light hole band (B band, withsymmetry) and the spin-
orbit band (C band with; symmetry) [Figure 2.7]. This band structure letdthree
different excitons formed between electrons ofd¢brduction band and holes of the
corresponding valence subband, usually named AB@& In the case of GaN, the
energy difference between the valence band subbandsen byAEas = 6 meV,
AEcg = 37 meV, with the values of degeneracy by thestahfield and spin-orbit

Acr =10 meV and\so = 17 meVrespectively [VurO1], as shown in figure 2.8. I th
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case of AIN,Acg=-169 meV, [Vur0l], i.e. the top of the C subbasdat higher
energy than the A or B subbands.
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Figure 2.7: Calculated band structure of GaN andl Airom [Rem99]).
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Figure 2.8: Schematic representation of the valdvarad splitting in wurtzite GaN.

The band parameters for GaN, AIN and InN have lseemmarized below, in

Table 2.2.
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E4(T = 0K) (eV) | E¢(T = 300 K) (eV)| a (meV/K) | B (K) | References
GaN 3.47 3.411 0.59 600 [LiQ?]
3.492 3.426 0.531 432 [Tri99]
AIN 6.126 6.03 1.799 1462  [Guo94]
INN 0.69 0.641 0.414 45 [Wal04]

Table 2.2: Band parameters of GaN, AIN and InN.

In ternary compounds, the band gap dependenceeoallthy composition is
modeled using a quadratic polynomial whose nontinezefficient is called the
bowing parameter. Therefore, the band gap ,&:AN ternary alloys as a function of

alloy composition is generally parametrized by:
Eg*® = xEg™ + (1 -X)E® - X(1 -x)b (2.2)

whereb is the bowing parameter. Some values of bowingrmpaters reported for the

[lI-nitrides are given in Table 2.3.

b (eV) References
0.62 + 0.45 | [Och99]
0 [Lee99]

1.33 [Shags]
AlxGaixN | 0.353 + 0.024 [Kuo02]
-0.82 [Onu04]
0.341 + 0.035 [Lio05]
0.351 + 0.043 [Lio05]

1.21 £ 0.03 | [Kuo01]

In,GayN | 1-782 £0.07§ [Lio05]

1.916 + 0.06§ [Lio05]
1.44 [Cae07]

Table 2.3: Values of the bowing parameter for AIGal InGaN alloys.*Value used in this
work.

2.2.2 Temperature dependence of the fundamental bdrgap

The temperature dependence of the fundamental ygaym is mainly caused
by the changes of band structure induced by thécdathermal expansion and
electron-phonon interaction. An analytical expressivhich has been frequently used

during the past 30 years for numerical fittingst&hperature dependences reported
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for various semiconductor materials, was first ®ajgd by Varshni in the simple
form [Var67]:

aT?
B+T

E,(T)=E,(T =0)- (2.3)
whereEy(T) is the gap at a temperatufe anda andg are known as Varshni thermal
coefficients. There is widespread values repontethe literature and some of those
are recorded in Table 2.2.

2.2.3 Effective masses

Several techniques were used in order to determtheesffective masses of
GaN and AIN. Barker et al. used infrared refle¢yivand absorption measurements on
single-crystal epitaxial GaN and obtained a valdieng= (0.22+0.03) for the
electron effective mass [Bar73]. This value was ficored by using cyclotron
resonance experiments on unintentionally doped GiaNs, and most of the
experimental results showed that, for GaN and Ah¢, electron effective mass is
approximately constant along all the crystallograglirections. For the effective hole
mass the scenario is different, theoretical catmria predict that the effective mass
of holes should be strongly anisotropic, since thaye a strong dependence on the k-
direction (Figure 2.9). Experimental values of #igective mass of electrons and

holes for wurtzite type GaN, AIN and InN are sumized in Table 2.4.

(a) (b)
E(k) E(k)

spin-orbit A re spin-orbit A

/#’/ F""x“ I'g
R %

kz kx kz kx
Figure 2.9: Valence band structure of (a) GaN (b) Andicating the anisotropy.
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Electron effective masg Hole effective mass
GaN | 0.2my [Per96, Dre95] 0.8 [Sal95]
2.2my [Im97]
0.54my [Mer96]
0.8my [Pan75]

1 mp[Vur01]
AIN | 0.32my[Vur01, Dre95] | 1.41my[Kim97]
INN | 0.11my, [Tya77] 1.63mp [Xu93]

Table 2.4: Effective masses of wurtzite GaN and AIN

2.3 Elastic properties

Nitrides are mainly synthesized on substrates aphsee, SiC or Si, by
heteroepitaxy. The lattice and thermal mismatchween the substrate and the
epitaxial layer induces strain during growth. Thie@s of the strain introduced by
lattice constant and thermal expansion mismatcluiffieult to separate and they are
dealt with as an overall effect. This strain hagprafound effect on the optical
properties, electrical properties and also on #redigap properties of the Il nitrides.
When a GaN layer is grown on a sapphire substiatxperiences a compressive
biaxial stress which will increase the fundamentaind gap compared to the
unstrained GaN layer. However, using a Si(111) silieon carbide (SiC) substrate
will introduce a biaxial tensile stress and it wildduce the band gap. This effect can

be confirmed by the energy position of the excitdransitions.

2.3.1 Strain and stress

In the framework of linear elasticity, the stresg) (0f a material is related to
the strain &) by Hooke’s law:
gjj :ZCijkI & (2.4)

where Ciii) is the fourth-order elastic tensor.

To simplify the notation especially that of theufth-order tensoCi — we
introduce the indices {1,2,3,4,5,6}, which replacthe pairs of indices

{xXx,yy,zz,yz,zx,xy}:
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& = Ex 01 = Oxx

& =&y 02 = Oyy

&= &; 03 =07z
&y =&yz, &y 04=0yz, Ozy
& = &x, &z 05 = Ozx, Oxz

& = &y, &x 0= Oxy, Oyx

Then, the elastic module can be represented by taxm@a second-order
tensor). For a crystal of hexagonal symmetry, iimggrix contains six elastic modules,

of which five are independentfs = (C11-C12)/2], as given in equation (2.5):

@)

Il

I—‘OI—‘OI—‘O
I—‘OI—‘OI—‘O
H .00
© o o
© o o
© o o

(2.5)

o O O

0 0 0 % (Cll - C12)

Calculated and experimental values of the parasélge for InN, GaN and

AIN are summarized in Table 2.5.

Cu Cpo Ciz Cs Cu References
N | 271 | 124 | 94| 200] 46 [Kim96] theory
223 | 115 | 92 | 224| 48 [Wri97] theory
374 | 106 | 70| 379| 101 [Tak96] exp.
300 | 145 | 106| 398 105 [P0l97] exp.
Gan | 365 | 135 | 114| 381] 109 [Yam97] exp.
370 | 145 | 110| 390| 90 [Deg98] exp.
396 | 144 | 100| 392| o1 [Kim96] theory
367 | 135 | 103| 405| 95 [Wri97] theory
411 | 149 | 99 | 389| 125 [McN93] exp.
AN | 410 | 140 [ 100[ 390] 120 [Deg98] exp.
398 | 140 | 127| 382] 96 [Kim96] theory
396 | 137 | 108| 373| 116  [Wri97] theory

Table 2.5: Experimental and theoretical stiffnesastants of InN, GaN and AIN in GPa.
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2.3.2 Biaxial stress in a (0001)-oriented hexagonsystem

During heteroepitaxy of IlI-nitrides on the (00Qd/ane, the in-plane stress is
uniform (o11 = 022 = ¢) and there is no stress along thaxis or shear stress. In that

particular case (biaxial stress configuration), tHeoke law is simplified as in

equation 2.6:
o C:11 C12 Cl3 gl
g|= C12 Cll C13 £2 (2 . 6)
0 Cl3 Cl3 C33 £3

Here the growth is carried out on a (0001) plarck the strain components
andg& are equal:

E1= &2 =&xx = - (aepi - asup)/Asub (2.7)

where agp and asyp are the lattice constants of the epilayer and thiestsate,
respectively. Consequently, the biaxial strain oetua straias of opposite sign along
the [0001] axis perpendicular to the surface, wigaiven by:

£3= €27 — -2(C19/Csz)exx (2.8)

2.3.3 Strain in semipolar layers under biaxial stres

To describe the strain state in llI-nitride semgvdlayersit is convenient to
use two coordinate systemyz(natural)andx'y'z (primed) as shown in figure 2.10.
In this case, the axis is in the direction of the template surfacemma and the two
other axesX andy’) are in the template’s surface plane with #exis coincident
with the x axis. In general, the misfits along and y' directions €n1 and ema ,
respectively) are different and the elastic strdepend on these crystal lattice

mismatch parameters.
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A
Ay
va 1120

Figure 2.10: Schematic for calculating in-plane fitistrains of semipolar planes.

The crystal lattice mismatch is determined by thystal lattice parametegs,

c. of the film (layer) andhr, cr of the substrate (template):

em1= (ar —ay)la.

em2 = (ar ¢r —/(a,cp P cos? 9+ (apc ) isin?d ) [/ (a, er)Pcos? I+ (apc, )Psin?d

Since the out- of plane direction is free, the tageunder zero traction stress
(077) and the absence of shear stress gings= oy, = 0 together with a zero in-

plane shear mismatehy = 0.

In the primed-coordinate system the nonzero compusnef strain tensor are
[RomO6]:
Exx = €m1

&yy = €m2
€77= [(Ba1&ém1 + Baz em2) Asz — (Bs1 eémi+ Bazem2) Asgl / (Az1As2 — Asz Asgr)

eyz = [(Ba1ém1 + Ba2emo) Asr— (Bazemi+ Bazemz) Az / (Az1As2 — Azz Asd)

where
Aszy = Cy5Sin*® + (Y4Ci3+ Cag) Sinf(29) + Caz oS
Az = [Crisinfd + (Ciz+ 2C44) cOS(D) - Caz coS9] sin(29)
Au1 = % [(C1— C13) SIMFY + 2C44c0S(B) + (C13— Caz) co<9] sin(29)
Aus = [(C11 + C33)/2 —C1g] Sin?(29) + 2C44 cOS(29)
Bs1= C1z Sirfd + Ci3c089
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B3,= Ci3(Sin*® + cod9) + [(Cri+ Cs3)/4 —Cus] Sin’29
Bai= %sm@a)
Bao = ¥2 [C11 COZD - (Cy3+ 2C4s)cos(B) — Gaz sind] sin(29)

The values of the parameterg and B, calculated for both AIN(11-22) and
GaN(11-22), are given in Table 2.6.

Parameters (GPa)| AIN(11-22) | GaN(11-22)
A3z 371 340
Az 27.9 20.5
Ay 13.9 10.2
Ag 268 264
B 129 126
Baz 126 140
B 13 14.3
B4, -3.60 -27.2

Table 2.6:Values of the parametefs; and B; calculated for AIN(1422) and
GaN(1%22), from [RomO06].

In the natural-coordinate system nonzero straimsbedetermined from the
values of strain tensor in the primed-coordinatstesy by applying the appropriate
tensor transformation as follows:

Exx = Exx
&y = Eyy COSY + g7, SIMFD + gy, SIN(2D)
£22= eyy SITD + &7, COSY - 5y, SIN(2D)

8yz= ]/2(82'2' - SY'Y’) S|n(28) + &y'z COS(E)

Table 2.7 gives the misfit componendg calculated for AIN(11-22) and
GaN(11-22) grown on sapphire (1-100), and GaN(1j1g2@wn on AIN(11-22).

Templates| sapphire(1-100) template AIN(11-22)
Layers | AIN(11-22) | GaN(11-22)| GaN(11-22)
Exx -0.116 -0.137 0.024
Eyy 0.168 0.606 0.035
£27 -0.063 -0.540 -0.0002
&yz -0.115 -0.327 -0.688

Table 2.7:Values of; calculated for AIN(1422) and GaN(122) grown on sapphire¢100),
and GaN(1122) grown on AIN(1R2).
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2.4 Spontaneous polarization and piezoelectricity

A relevant feature observed in grolip nitrides is the presence of strong
polarization, which influences dramatically the iogt and electrical properties of
heterostructures. The polarization presents twopoomants: (1) spontaneous, which is

inherent to the material, and (2) strain-inducexkpelectricity.

Since nitrogen atoms are more electronegative thatal atoms, cation-N
bonds can be considered as an electrostatic diptdag the [0001] direction, this
charge distribution is not fully compensated, whiehds to spontaneous polarization
Psp. The values of spontaneous polarization calculdigdBernardini et al. are
presented in the Table 2.8 [Ber97]:

GaN AIN INnN

Psp (C/m?) -0.029 -0.081 -0.032

Table 2.8: Calculated spontaneous polarizationviorrtzite type GaN, AIN and InN.

If stress is applied to the Il - nitride lattidbge ideal lattice parametezanda
of the crystal structure will be changed to accomate the stress. Thus the
polarization strength will be changed. This addi#ib polarization in strained IlI-
nitride crystals is called piezoelectric polaripati The piezoelectric polarization in

wurtzite 1l nitrides can be calculated with thdldaving equation [RomO06].

gXX

£

) 0 0 0 0 e 0]
P,={0 0 0 g 0 Ofx|." (2.9)

& e e 0 0 0 |%

£

whereg; are thepiezoelectric coefficient of the material ages the strestensor.

For growth along polar direction with layers und®iplane biaxial stretching

or contraction, the piezoelectric polarization is:

- C
PPZ = 25xx[%1 = C_BJ (2-10)
33
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The piezoelectric polarization constants for InNNGand AIN are indicated in
Table 2.9. We observe that the magnitude of pienbet constants is ten times
higher than for GaAsefs=-0.12 C/M, e3;= 0.06 C/M), or CdTe €33=0.03 C/m,
es; = -0.061 C/m) compounds, due to the strong ionic characterhef Itl-N bond

[Ber97].

e (C/m°) | €51 (CIm?) | es5 (C/MP)
InN 0.97 -0.57 -
GaN 0.73 -0.49 -0.30
AIN 1.46 -0.60 -0.48
Ref. | [Ber97] [Ber97] [Amb0O0]

Table 2.9: Calculated piezoelectric constantslfdt, GaN and AIN.

In semipolar growth case, the piezoelectric poddran is related to strain as:
e15£xz
Py = €€y,

e31(£xx + ‘gyy) + e33£zz

(2.11)

2.4.1 Polarization effects in heterostructures

The vector sum of the spontaneous and the piezdelpolarization gives the
overall polarization in the crystal. Discontinugieof the polarization vector at
heterointerfaces lead to charge accumulation, wimichirn generates internal electric
fields in nanostructures. The amount of chargaheainterface depends on the strain

and material composition.

The large polarization fields (on the order of MWc in IlI-nitride
semiconductors affect the electronic propertiesthaf layered structures in many
ways. As mentioned in the chapter 1, the polawrainduced electrical field is
beneficial for the formation of a 2D electron gasHEMTs without the need of
doping. However, the built-in electric field credteithin (0001) oriented QWs leads
to a band bending as illustrated in figure 2.11&ay, as a consequence, to a spatial

separation of electron and hole wavefunctions.
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a)  €[0001] b) € [0001]
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Figure 2.11. Band structure of a single QW (a) vattd (b) without internal electric field.

Such a band structure leads to the QCSE and theeqoances of this effect
are decreased recombination efficiency, and reftl-siii the emission. Thus, the
polarization of wurtzite nitrides can have delaias effects on the performance of
optoelectronic devices. A promising mean of redgdnternal field effects in the
nitrides is through the growth of wurtzite devicérustures with semipolar
crystallographic orientations. The energy-band miags illustrating the separation of
the electron and hole wavefunctions for AIN/GaN QWs superlatice grown on the
(0001) polar plane and on the (11-22) semipolangkre presented in the figure 2.12.
In both cases the band diagram deviates from tharedQW model, but the distortion

is significantly smaller in semipolar case.

4 L) L) L) L) L) 4 L
() (b)
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Figure 2.12: A comparison of band diagram betweBrpplar c-plane GaN/AIN QW in the
presence of polarization electric field and (b) geotar (11-22) GaN/AIN QW in the presence
of field (band diagrams calculated using the nartisoftware assuming the material

strained on AIN).
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Chapter 3

Experimental techniques

The purpose of this chapter is to provide the imfation about the different

techniques used for the experiments described i;mwork. The first part of this

chapter deals with the thermodynamics and growtletics of GaN, AIN, AlGaN and
InGaN, including a description of the structuralfelets that can be generated during
growth. The latter sections describe the charagtdion tools which | used to
determine structural and optical properties of thigide structures.

3.1 Epitaxial growth

The term‘epitaxy’ is applied to a film grown over a crystalline subst in
such a way that the atomic arrangement of the liigars a defined crystallographic
relationship to the atomic arrangement of the satest When a material is grown
epitaxially upon a substrate of the same matehalprocess is called homoepitaxy. If
the layer is grown upon a chemically different srtdise the process is termed as

heteroepitaxy.

The epitaxial growth process depends not only lo& thermodynamical
properties of the surface but also on the adatomatias [Vil95, Sai96, Mar95, Bar95,
Pol00]. The substrate temperature is a key paranvetéch activates the kinetic

processes occurring at the growing surface.

A series of surface processes takes place dumme@pitaxial growth which is
schematically summarized in figure 3.1. The impmggfluxes can be adsorbed at the
surface by chemisorption (if chemical bonds areater@ via a transfer of electrons
between impinging atoms and atoms from the surfac@hysisorption (if the atoms
are adsorbed via Van der Waals forces). At a gisahstrate temperature and
concentration, the atoms have a certain mobiliom& of the species will diffuse and
be desorbed without being incorporated to the layenereas the others will
incorporate either by step-edge growth forming atorerraces, or by cluster

nucleation.
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Figure 3.1: Basic atomic processes during growth.

When considering heteroepitaxy, three growth modaes be observed,
depending on the lattice mismatch between the mdeand surface free energy.
They are the Volmer-Weber mode, Frank-van der Memade and Stranski-
Krastanov mode (Figure 3.2.). The growth mode dftarezes the nucleation and

growth processes, and there is a direct correspoedeetween the growth mode and
the film morphology.

W% W// ’ Kals

(a) (b)

Figure 3.2: Growth mode of thin films: morphologlyaogrowing film for (a)Volmer-Weber
growth, (b) Frank-van der Merwe growth and (c) ®ski-Krastanov growth, upon

increasing coverage in monolayers (ML).Each mod#h@swvn for several different amounts of
surface coverag®e,

1<©@<2
%{ﬂ

7 ©>2

(c)

* Volmer-Weber growth[Vol26]: In this growth mode adatom-adatom
interactions are stronger than those of the adatd@mthe surface, leading to
the formation of three-dimensional adatom clusternslands.

* Frank van der Merweyrowth [Fra49]: Here, adatoms attach preferemtitl

surface sites resulting in atomically smooth, fuilymed layers. This layer-
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by-layer growth is two dimensional, indicating tltaimplete films form prior
to growth of subsequent layers.

» Stranski-Krastanogrowth [Str38]: An intermediary process characiedli by
both two-dimensional (2D) layer and three-dimenaiof3D) island growth.
Transition from the layer-by-layer to island-baggdwth occurs at a critical
layer thickness which is highly dependent on thenulcal and physical
properties, such as surface energies and lattieengders, of the substrate and

film.

Many growth techniques have been successfully dpeel for epitaxial
growth. Some of the most common techniques inclulfetalorganic Vapor Phase
Epitaxy (MOVPE), Liquid Phase Epitaxy (LPE), Hydridvapor Phase Epitaxy
(HVPE), and Molecular Beam Epitaxy (MBE). All epital growth for our work was
performed in a plasma-assisted MBE (PAMBE) system.

3.2 Plasma-assisted molecular beam epitaxy

MBE was developed during the 1970s for the growthibY semiconducting
compounds (principally GaAs) [Art68,Cho75] and dipibecame established as a
technique for producing thin films of high puritynéa well defined thickness for a
wide variety of device structures. It came paraeiyl into its own in the 1980s with
the development of low dimensional structures whiaguires atomic layer precision
in the deposition of multi-layers. MBE is charazed by growth under ultra-high
vacuum (UHV) conditions and the ready availabibfyanin situ monitoring method
in the form of Reflection High Energy Electron D#ttion (RHEED). During the
growth process, elemental sources are heated apbmated at controlled rate onto a
heated substrate under UHV conditions <'°@ 10 Torr. UHV is necessary in
order to prevent the interference of impuritieshwithe growth, and to guarantee a
minimal interaction of the molecular beams withideal background molecules. In
other words, the UHV ensures the beam nature ainées flow towards the substrate,
i.e. the mean free path is much longer than th&anke between the source cells and
the substrate. Under these conditions, the crgstakth is far from thermodynamic

equilibrium, and is mostly governed by the kinetiéshe surface processes.
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Figure 3.3 is an illustration of the PAMBE systemskd. It consists of three
chambers, each one with its own pumping systemy &he separated by gate valves

which can only be opened once the pressure atdidels is in the same range.

To subsirate heater supply
and variable speed motor
Liguid nitrogen panel ]. RHEED screen
Transfer chamber Ga (2]
> ; Y
o : Substrate
- / : sma
Sample transfer | ritrager ceil
mechenism o] o |
Heating system
I 1 Effusion celis
Mg
- — Gate valves
RHEED electron gun
Flux meter
Introduction chamber

Figure 3.3: Schematic of the PAMBE used in thisithe

The introduction chamber is the chamber throughciwtihe substrates are
entered in the machine. It is pumped thanks torhotuolecular pump reaching
~ 10°® Torr. The chamber is only opened under nitrogesrmessure in order to limit
air pollution. The substrates are indium-glued ¢hiach molybdenum sample holder
(molyblock) and introduced in the machine onto & @ehich can contain several
molyblocks. The cart is brought from the introdantichamber to the transfer
chamber, passing through a gate valve. With arcipnmping system, the transfer
chamber pressure 4610 ° Torr. Virgin substrates are stocked in this chanfiedore
the growth and the transfer arm allows us to seledtenter a new molyblock into the

growth chamber.

The growth chamber is the main body of the macHtris.continuously under
both cryogenic pumping and liquid-nitrogen coolmg the walls so that the pressure

in the chamber can be kept in the range of1Uorr. As schematized in figure 3.3,
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the molyblock entered in the center of the chanbe@nounted onto the manipulator,
which can be rotated from transfer position to groposition. In growth position, the
substrate is facing the effusion cells providing #lements for the epitaxial growth.
The substrate is heated by a hot filament andeitsperature is controlled using a
thermocouple in mechanical contact with the molgkloTo insure a homogeneous
deposition, the molyblock is in-plane rotating agrithe growth. The growth chamber

is equipped with a mass spectrometer and a RHEERrsy

Impinging metal elements (Ga, Al, In, Mg and Si¢ qrovided by effusion
cells oriented towards the center of the growthndber. Our chamber is equipped
with 2 cells of each group Il element (Ga, Al, dnjiland one cell for each dopant (Si
and Mg). Figure 3.4 shows a typical effusion cekd in our MBE system. The solid
charge of the material is placed into a cylindriocalconical crucible heated by a
filament, whose current is controlled using a thecouple in contact with the

backside of the crucible.

Thermocouple
Conr]ector

V“\ 1
-

Power
Connector

Heaﬁ Shielding
Crycible

\ |

Biasent Head Assembly Mounting Flange
Thermocouple and Supports

Figure 3.4: Description of a typical effusion cell.

Active nitrogen is provided by a plasma cell, whageerating principle is
illustrated in figure 3.5. Our system is equippethva radiofrenquency (RF) plasma
cell HD-25 from Oxford Applied Research. Nitrogemletules coming into the cell
are resonantly excited and dissociated by a 13.68& RF electromagnetic wave. To
adjust the growth rate, the N flux can be varieamr0.2 sccm to 2 sccm and the
excitation power from 250 W to 500 W. For our expemnts, the nitrogen-limited

growth rate was 0.27 - 0.34 monolayers per second (ML/s).

41



PBN Beam
Water-cooled Exit Plate

Optical RF coil

detector Gas Inlet r|
as Inle
D00000
—/ \I
Plasma
2 00000 .
Window - /

RF shield

RF matching unit PBN discharge tube

Figure 3.5: Schematic of the RF plasma cell mouiriezlr PAMBE system.

3.3 Reflection high-energy electron diffraction
(RHEED)

RHEED is perhaps the most useful surface analytazdlin the MBE growth
chamber forin situ studies of surface crystallography and kinetiecs. RHEED, a
collimated monoenergetic electron beam is dirett@chrds the surface at a grazing
angle of about 2 see figure 3.6. In our system, the electronseanéted by a hot
filament excited by a 1.5 A current and accelerateder high voltage (typically
32 kV). The penetration depth of the incident &tat beam is limited to only the
first few atomic layers, as a result, a smoothtafysurface acts as a two-dimensional
grating which diffracts the incident electron bea#.fluorescent screen placed
diametrically opposite the electron gun records th#raction pattern. In this

configuration the growing surface can be continlyoosonitored.

Molyblock + sample

as® ng
. .'...'. W “
Y bl ) l
RHEED electron gun Fluorescent screen

Figure 3.6: Schematic description of the RHEED meament setup.
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The RHEED pattern immediately reveals the charamtéhe growing surface:
streaks indicate an atomically flat surface, spb@t move with sample rotation
indicate atomic flathess with large terrace siztgtianary spots indicate 3D
growth, and concentric rings indicate polycrystedlgrowth. Other than this, from the

analysis of the diffraction pattern, we can exttaetfollowing information:

* Determination of the in-plane lattice constaAs illustrated in figure 3.7,

the interplanar distanak is defined as follows

d = Lo/t (3.1)
whereL is the distance between the surface normal anddieznj, is the
electron wavelength, andis the distance between two streaks observed in
the screen. Therefoid is inversely proportional t§ which has been used
to analyze the in-plane strain relaxation duringe tlgrowth of

heterostructures.

[N )
Camara

Muorescent
eleciron beam Screen

10 keV (A ~0.124 A)

"‘"'u :{ L >
det=L-2,

Figure 3.7: Schematic description of the procediaréetermine the in-plane lattice
constant.

» Surface reconstruction®RHEED is also able to identify the presence of
surface superstructure known as a surface recatistny which generates
additional features in the RHEED pattern.
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e Determination of the growth ratelThe intensity depends on the surface
roughness during the layer formation process dwhamge in density of the
atoms. In the case of a flat surface, when the regeeisd = 0 the RHEED
intensity is maximum. Once the coverage increasashingd = 0.5, the
roughness is maximum and the intensity is at itgeki. At6 = 0.75 the
intensity recovers as the space in-between thesaticy sites gets filled and
the surface flattens completelytat 1, reaching again a maximum RHEED

intensity. This sequence is illustrated in figurd.3

0: Coverage rate on Process image Temporal change in
growing surface (Sticking atoms / e-beam) brightness of specular spot
_.l it
8=0 . ‘1' o
6=0.25 l T
| ‘II 1 I
6=0.5 '

L L L] L]
oe0e Sseee Lo
L] T A

o §§§§§§§§§§§§§%§

L] L} L
000000000000000 LR
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Figure 3.8: Schematic description of the procedtoedetermine the growth rate
from the variation of the RHEED intensity.

3.4 PAMBE of IlI-nitrides

The PAMBE growth of IlI-nitrides is performed undesnstant nitrogen flux

which imposes the growth rate. The key parametdrchwcontrol the crystalline

quality and growth kinetics are the substrate teatpee, which determines the

adatoms kinetics, and the metallic fluxe. the IlI/V ratio. The appropriate growth
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conditions to obtain a 2D layer depend on the macomposition, orientation) of the

growing surface, and can be influenced by the piesef dopants or pollutants.

3.4.1Growth of GaN (0001)

The growth of GaN (0001) by PAMBE requires a meaiontrol of the metal-
to-nitrogen (IlI/V) flux ratio [Ade03, Neu03, HeyplOGaN deposition under N-rich
conditions (lll/V<1) proceeds in a layer-by-layerode that starts with RHEED
oscillations that attenuate as the surface roughimeseases (Figure 3.9). After a few
nanometers, the RHEED becomes spotty and the samaptefacetted with a high

surface roughness due to reduced adatom mobility.

Wesemn
AN

Ga/N =1.16

RHEED Intensity (a.u.)

0 10 20 30 40 50 60 70
Time (s)

Figure 3.9: RHEED intensity oscillations and pattext different 111/V ratios.

Deposition of 2D GaN layers requires Ga-rich candg. However, very high
Ga flux (IlI/V>>1) forms metal droplets on the sacé which is detrimental to layer
quality. Hence it is necessary to study the Gaimgetif the GaN surface to determine

the appropriate growth conditions for 2D layers.

The Ga excess can be quantified in situ and in tmaé by RHEED
measurements. With this purpose, the GaN surfaexpssed to a certain Ga flux,
and we study the desorption of Ga under vacuunr afapping the exposure. The
RHEED transient duration depends on the amountafvBich was on the surface

[Ade03]. From the measurements of the desorptiansient as a function of the

45



impinging Ga flux, it is possible to calculate tkéa coverage on GaN which is
depicted in figure 3.10. Four regimes can be disiished:

o - - 1
L To=740°C, ®,=0.28 ML/s
8 - —
- I A | B C D
= o
N—r 6 e -
>
o
o 4F
5 0
< I ®09%9p009 o i
2
O
o®o
O __ ch 1 L 1 L u
0.0 0.5 1.0 1.5
Ga Flux (ML/s)

1 A. N-Rich Growth
B. Ga excess <1 ML of Ga
| C. Ga excess =2 ML of Ga

1 D. Accumulation of Ga droplets

Figure 3.10: Ga coverage on top of the GaN(0001)ame as a function of the Ga
flux, measured at a substrate temperature =T 740°C and under a N flux

@y = 0.28 ML/s.

(Psa< 0.3 MLIS).

A: There is a very small coverage of Ga on the sarfaf less than 1 ML

* B: The GaN surface is covered with about 1 ML of @8 ML/s < ®g, <

0.5 MLJ/s).

* C: A self-regulated Ga bilayer is formed on top lué GaN surface (0.5 ML/s

< Pga< 1 ML/S).

e D: Ga accumulates on the GaN surface forming Gaei®fPs, > 1 ML/S).

The dependence of Ga coverage as a function of Batfflux and substrate
temperature is presented in figure 3.11, togethién typical AFM images of the
surface of GaN layers grown in regimes A, B, and C.
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Figure 3.11: Ga coverage regimes as a functionathsubstrate temperature and
impinging Ga flux. On the right side, AFM imagestloé surface of GaN layers
grown at different values of Ga flux.

Adelmannet al. have shown that the morphology of the GaN surfawangly
depends on the Ga coverage [Ade02]. The AFM imagdgure 3.11 show that if
GaN is grown with Ga coverage < 2 ML, it presentsugh surface, whereas atomic
steps can be seen of GaN deposited under Ga efegssie C). This regime is
characterized by the formation of a Ga bilayersasematized in figure 3.12, which
consists of two Ga layers adsorbed on top of theée@ainated GaN(0001) surface
[Neu03, Fee02, Nor00]. This Ga bilayer allows reuaturcof the (0001) surface energy
by at least 25 meV/Afavoring 2D growth. It is observed that the dem#ordGa flux
to attain the bilayer conditions increases withghbstrate temperaturg, due to the

thermal enhancement of Ga desorption.

o“ofoie’o 0 0 0 © 0 0 0 0
© 0000O0OOOOO

[0001]

[1120]

Figure 3.12: Schematic view of the laterally-costed Ga bilayer model [Nor00].
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3.4.2 Growth of AIN (0001)

The bond strength of AIN is significantly higheaththat of GaN and thus we
can expect that the surface structures and theipdeature dependence may differ
between the two materials. In the case of AIN ghpw&l starts to desorb and the
growth is optimized with a self-regulated Al covgeaon the AIN surface only at
higher temperatures (¥ 800C) [Kob03]. Since such high temperatures can not be
reached in our MBE system, AIN (0001) grown undéeXcess presents Al droplets
which are periodically consumed by exposure toogen flux. Therefore, to identify
suitable growth condition for AIN, we deposit 20mof AIN with excess Al at Ga
desorption temperatures. The excess Al on the cuifa observed as extra line or
shadow in the RHEED pattern taken along the <l11-2@muth shown in figure
3.13(a), this line is the evidence of the reduesticke constant of metal Al. Next, the
surface is exposed to N to consume excess Al. Bingndhe time required to
consume excess Al we can calculate the IlI/N raflus data can be used to tune the

Al cell temperature to attain the required stoicmébric growth condition.
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Figure 3.13: (a) RHEED image of an Al-rich AIN saacé (azimuth <11-20>). (b)
Intensity profile along the <11-20> direction. Theatra streaks due to the Al excess
are indicated by the arrows.

3.4.3 Growth of polar (0001) AlGaN

The growth of AlIGaN poses some additional diffimdt due to the difference in
Ga-N and Al-N binding energy and the different ntibpiof Ga and Al adatoms on
the growing surface. The stronger AI-N bond alloweaction between them
irrespective of presence of species like Ga onlthe surroundings [lli02, Mon03].

Therefore, as a first step, the Al flux required®incorporated in the AlGaN is fixed
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to a percentage of the N flux corresponding totéingeted Al mole fraction. Then, Ga
is used in excess, to obtain a surfactant effeadt fdovors 2D growth. This procedure
works for low Al content material valid up to Al40%. For Al contents above 40%,
it is necessary to decrea3e to maintain 2D growth, and In can be used as a

surfactant to stabilize the surface [Mon03].

3.4.4 Growth of polar (0001) InGaN

The growth of InGaN alloys has proven to be rettivmore difficult,
particularly for In mole fractions higher than 10%he difficulties in growing high-
guality InGaN materials can be attributed to a nemif problems: for instance, the
large difference in interatomic spacing between &and GaN results in a solid phase
miscibility gap [Ho96] and the relatively high vaporessure of InN as compared to
the vapor pressure of GaN leading to low indiunoiporation in the InGaN alloy
[Nag89]; in addition, the difference in formationtkalpies for INnN and GaN causes a
strong indium surface segregation on the growtmtffgos91]. These problems,
however, can be minimized by optimizing the growdrameters, such as the use of
relatively low growth temperatures, high V/III flwatio, low growth rate and low

growth pressure.

3.5 Substrates

The production of bulk GaN crystals is difficuledause of the high melting
point of GaN (2,600K) and the extremely high niogoressures involved in their
growth. AIN has been produced using relatively igtrdiorward physical vapor
transport (sublimation), but it is difficult to gsoin large diameter with low-defects.
To date, no one has produced bulk crystal InN. Beeaof the lack of the native,
single crystal nitride substrates, the entire aéritechnology is developed by
heteroepitaxial growth on a variety of substragsh as sapphire (ADs), silicon
carbide (SiC), silicon (Si), GaAs, ZnO, MgO andilitm gallium oxide (LiGa®@
LGO). A wise choice of substrate for heteroepitakypuld be made by considering
lattice constant, thermal expansion coefficient] eagquirement of crystal orientation,

defect density, purity and surface morphology.
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Among the mentioned substrates, Si remains orikeoflesirable options due
to its well-established growth, availability in dg@r substrate size and low cost.
However, Si has dissimilarities in crystal struettand physical properties to IlI-
nitrides and exhibits 17% lattice mismatch with G&\C on the other hand offers a
lattice mismatch of only 3.5% with GaN, but SiC waf are significantly more
expensive compared to other alternative substra®egphire presents a good
compromise between Si and SiC and thus remainobtiee most popular substrate
for nitrides owing to its low price, hexagonal syetny, ease of handling and
pregrowth cleaning, availability of large area tays of high quality, transparent
nature and high temperature stability. Even thosggbphire is not the best choice in
terms of lattice mismatch (~ 13.9% mismatch witiNgagood quality epilayers can
be produced using sapphire as a substrate. Thandatal effects of performing
heteroepitaxy on a foreign substrate with hugecktimismatch can be reduced by
sophisticated processing steps like surface treatfolowed by nitridation and low

temperature buffer layers.

3.5.1Sapphire-based substrates

Sapphire ¢-Al,03) has a rhombohedral structure and it can be desteither
by a rhombohedral unit cell or by a hexagonal galt. In this latter case, the lattice
parameters area=4.765A andc=12.982 A at 300 K. Various commercially
available sapphire orientations are shown in figlide}l. To date, four orientations of
sapphire have been commonly used as nitride stdstr@d0-10) om-plane, (0001)
or c-plane, (1-102) or-plane, and (11-20) @-plane (Figure 3.14).

— GaN or AIN epitaxy orc-plane sapphire results agaplane oriented films, but
with in-plane rotation of 30° with respect to sapel{0001). The 30° rotation
of the (0001) nitride plane with respect to the pbare (0001) occurs to
reduce the lattice mismatch to 13.9%.

— GaN films grown ora-plane sapphire are also oriented in the [000Hatiion
[Nak96, Ale99]. Although the lattice mismatch foiGaN films ona-plane
sapphire is less (2%) than amplane sapphire (13.9%), no significant
differences in GaN film quality have been reporteetween these two

substrates.
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— For either GaN or AIN epitaxy onplane (1-102) sapphire;plane (11-20)-
oriented nitride films are produced [Edd93].

— Nitride growth on (10-10n-plane sapphire can result in (10-10), (10-13) or
(11-22)-oriented nitride layers, depending on thewgh technique and
growth conditions [lwa97, Bak06, Kap07].
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Figure 3.14: Rhombohedral structure of sapphireg:gtructure viewed along the [0001]
direction (b) surface planes [Liu02].

Most of the work contained in this thesis was panfed using sapphire-based
templates as substrates. The templates consistton dll-nitride film deposited by
MOVPE on the sapphire substrate. The various tetegtlaat wereused in this work,

for making nitride structures in polar and semipaliaentationsare listed below:

* Commercial GaN(0001)-on-sapphire templates sup@ied UMILOG. The
template consists of ~4-um-thick GaN ansapphire, with threading

dislocation density in the range of®1dm’.

 Commercial AIN(0001)-on-sapphire templates procurdedm DOWA,
consisting of 1.0+0.8m thick AIN deposited or-sapphire with a dislocation

density is ~ 1®cm?.

« Commercial AlIGaN(0001)-on-sapphire templates fromDI-Dxford
Instruments, consisting of & um thick Si doped ALGae¢N layer onc-
sapphire.
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* GaN(11-22)-on-sapphire templates from CRHEA, faigd by G. Nataf and
Ph. De Mierry [Mie09]. The template consists of i fthick GaN epitaxial
layer deposited by MOVPE an-sapphire.

Therefore, we used three different templates fdarpgrowth, and the atomic force
microscopy (AFM) images of the template surfacespaesented in figure 3.15.

= [3nm

Figure 3.15: AFM images of (a) the GaN-on-sapph{bd,the AIN-on-sapphire and (c) the
AlGaN-on-sapphire templates used in this work

Semipolar (11-22) structures were grown eitheratiyeon m-plane sapphire
(Kyocera corporation) as well as on GaN (11-22)sapphire templates deposited by
MOVPE [Mie09]. The AFM images from these substratespictured in figure 3.16.

16.85nm

Figure 3.16: AFM images from (a) the m-sapphirestrdie and (b) the GaN (11-22)-on-
sapphire template.

3.6 Defects observed in llI-nitrides

This section lists and describes various defdzis dan be found in Ill-nitride
structures grown by epitaxy on non-coherent sutestrarhe structural defects are
divided into point defects, line defects (dislooas) and planar (stacking faults and
domain boundaries) defects.
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3.6.1. Point defects

Point defects are where an atom is missing on ian irregular place in the
lattice structure. Point defects include vacancgsdf interstitial atoms, interstitial
impurity atoms and substitutional atoms. Vacaneaiesempty spaces where an atom
should be, but is missing (eg. Ga- or N-vacancyGaN). They are common,
especially at high temperatures when atoms areidérety and randomly change their
positions leaving behind empty lattice sites. Daetlte fact that vacancies do not
involve foreign atoms they are called intrinsicnative defects. Their concentration
cannot be determined by chemical analysis of mpsst©metry; however, positron
annihilation is an effective tool for studying vacg-type defects in semiconductors
[Pus94]. Interstitial atoms are the ones whichraresituated in well defined lattice
positions; instead they are placed in-between toms forming the periodic crystal
structure. Substitutional atoms on the other harcatoms which do not occupy their
own position in the crystal. Both kinds of defects be either intrinsic or extrinsic.
There are two reasons for foreign atoms to be foundll-N layers, those are:
intentional doping which is meant to change thetalsl properties of the sample
making it either n- or p-type; or unintentional dagpwhich is a result is a result of

impurity incorporation during the growth process.

3.6.2. Line defects

When we use foreign substrate for epitaxial groefthI-nitrides structures, it
introduces a large number of various defects iheodrystal structure. Some of them
might be of a grown-in type, i.e. generated dugngwth due to the lattice mismatch,
others might result from post-growth stressed daedifference in expansion
coefficients between substrate material and layérat is, line defects such as
dislocations are caused by the differences inckattionstants and thermal expansion
coefficients between epilayer and the substratsloDations emerging during the
growth due to the difference of lattice parameteetween the substrate and the
epilayer are called “misfit dislocations”. The masbmmon dislocation type in
wurtzite systems are threading dislocations (T&pP5, Chi96] which are going
through the whole film, from the interface with teabstrate to the surface of the

layer.
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The line defects include mostly dislocations @ #uge, screw or mixed type,
and inversion domains (ID). Edge-type dislocatians formed by adding an extra
partial plane of atoms to the crystal (see figure7B while the material suffers a
linear distortion. In such a case, the adjacenmgdaare not straight, but instead bend
around the edge of the terminating plane so thatctystal structure is perfectly
ordered on both sides. The position of the disloodine is marked by the symbols
and T indicating the involvement of extra planes frone tiop (positive sign) and
bottom (negative sign) of the crystal, respectivdlge vertical line of the symbét
points in the direction of the dislocation linetire extra partial plane. The dislocation
line is a region of high energy than the rest & thystal and the lattice above the

dislocation line is in a state of compression.

PN =" ="
Q==

Dislocation

Figure 3.17: schematic representation of an edge tjislocation in a cubic lattice. The
dislocation line terminates the extra half-plade.(

The technical definition of a dislocation is by ans of Burgers vector. It is
defined as a vector equal to the difference betwBamers circuit made around a
dislocation line and one made around an equivalenlisturbed crystal. That is,
Burgers vector If) represents the magnitude and the direction ofntlaén lattice
distortion caused by a dislocation. Figure 3.18aghthat Burgers circuit is simply a
closed path taken from atom to atom around a cedmda. The Burgers vector of an

edge dislocation is perpendicular to the line efdislocation.
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Figure 3.18: (a) Burgers circuit in a perfect crgsind (b) the same circuit around an edge
dislocation.

Screw-type dislocations present a dislocation lpzeallel to the Burgers
vector. The defect is due to the collinear shifttloé two regions separated by the
dislocation line. That is, here the atoms are disgdl in two separate plane
perpendicular to each other and the distortiorofedl a helical or screw path, both
right hand and left hand screw are possible. Figuit® represents the gliding plane
and the lattice deformation due to a screw dislonat

Dislocation
:

Burgers

Figure 3.19: Screw-type dislocation: Burgers vedias parallel to the dislocation line.

If Burgers vector is forming an angle differenbrfr @ or 90 with the
dislocation line, it is called a mixed dislocatiddost of such dislocations can be

decomposed into an edge-type and a screw-typecdigdm. An example is shown in
figure 3.20.
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Figure 3.20: Mixed dislocation showing a screw comgnt and an edge component.

In 11I-Nitrides which have in general wurtzite gystructure the geometry is
not as simple as for cubic lattices. The smallemtsiation vectors in the wurtzite
structures area-type 1/3<-12-10> ana-type <0001>. They are also the Burgers
vectors of the simplest threading dislocations, dislocations parallel to the c-axis
which penetrate through the thickness of the lajaese simple dislocations are: an
edge dislocation with Burgers vectbr=a and a screw dislocation with=c. A
mixed dislocation is a linear combination of edged esscrew dislocations, eg. a
dislocation in the [-1-101] [Wu96].

1/3<11-20> + [0001}> 1/3 <11-23>

Edge + screw mixed

In most of the case, the edge-type TDs are sduatthin (1-100) planes and
their line is along the [0001] direction. Their Bers vector is typically 1/3 <1-210>,
1/3 <11-20>, or 1/3 <2-1-10> [Wu96]. Edge-type T&® mainly generated at the
first stages of the growth, when the islands caai¢llir91, Hey96].

3.6.3 Planar defects

Planar defects such as stacking faults (SF) aioesein the stacking sequence
of atomic planes when the perfect order of atontamgs of the crystal is disturbed.

The original stacking sequence in the (0001) dwector wurtzite Ill-nitride is
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...ABABABAB.... There are four types of stacking faulpossible in such case
[Sta98]:

» Type-I stacking fault (also called) lcontains one violation of the stacking rule
and is commonly expected to have the lowest foanmatinergy. For this type
of fault two stacking sequences can be consideredBCBCB... and
...ABACAC... But they are equivalent and have the samergy.

» Type-ll stacking fault ¢ containing two violations of the stacking rule:
...ABABCACA...

» Type-lll stacking fault is an intrinsic fault in wdh one of the A or B layers
occupies the wrong C position, eg. ...ABACABAB..., whiaccording to
theoretical predictions has the second lowest ftananergy.

« Extrinsic (E) stacking fault where an extra plamesdded between normal
atomic layers, eg. ...ABCABABA....

Stacking fault do not generate interface levelthim bandgap, but since they
can be regarded as an insertion of zinc-blendeephms wurtzite lattice there is a

bandgap difference to be expected.

3.7 Characterization methods

3.7.1 X-ray diffraction

X-ray diffraction (XRD) is a versatile non-destrivet structural
characterization tool for analyzing a wide rangenafterials. Now XRD has become
an indispensable method to determine identity, ausition, crystalline orientation,

strain state, grain size, and crystalline qualftthe sample.

X-ray diffraction is based on constructive inteeiece of monochromatic X-
rays diffracted by a crystalline sample. These ysrare generated by a cathode ray
tube, filtered to produce monochromatic radiatawllimated to a concentrated beam,
and directed toward the sample. The interactiomefincident x-rays with the sample
produces constructive interference of the diffrdcterays only at certain angles that
satisfy Bragg's Law given by:

d &in6= (3.2
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wheren (an integer)s the order of reflection, is the wavelength of the x-rayd,is
the interplanar spacing of the reflecting planes tars the angle of incidence (Figure
3.21) For any angle other thanthe scattered x-rays undergo destructive interfaren
and hence no signal is perceived by the detectmtefore, determination 6freveals

the interplanar spacing of the crystal phase, andrn the lattice parameter.

Monochromator
4 x Ge (220)

Parabolic

Analyzer
2 x Ge (220)

Soray
S0Urce

Figure 3.21: Photograph and illustration of the Xyrdiffraction system used in this
work.

X-ray diffractometers consist of three main pastdieam generator, a sample
holder (goniometer), and an X-ray detector. X-rags be generated by an X-ray
tube, avacuum tube that uses a high voltage, djpicl5-60 kV, to accelerate
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the electrons released by a hot cathode to avalgitity. The high velocity electrons
collide with a metal target, the anode, creating ¥rays. In this study, XRD
measurements were performed o8efert XRD 3003 PT8ystem (photographed on
figure 3.21) which uses the Cu,vavelengthj.e. A = 0.154056 nm. The Cu X-ray
beam generated by the tube is transformed intoalglabeam (0.01° divergent) by
reflection onto a parabolic mirror with a parametgadient, which additionally

increases its intensity by a factor of 10.

This diffractometer is equipped with two monochroons, each of them
consisting of two Ge(220) monocrystals, are mountedhe so-called “4-crystal”
scheme (-n, +n, +n, -n) (Figure 3.22(c)) [Bow]. Flwonfiguration is important for
reducing the angular (Figure 3.22(a)) and waveleigigure 3.22(b)) divergences of
the beam. The resolution is improved by the diticac of the beam by the crystals.
Generally, the Ge(220) plane family is placed iffraction condition, which leads to
A® = 0.0033 andAMA = 1.4 x 10%,

(a) « + - » non dispersive arrangement (b) « + + » dispersive arrangement
Reference crystal

Reference crystal =

-

4 x Ge (022) or 4 x Ge (044)
Cu-Kay

goniometer

Figure 3.22: lllustration of the effect of Ge mongstals on the beam path.

Another important part of the diffractometer is goneter, the mechanical
assembly that makes up the sample holder, detactorand associated gearing is
referred to as goniometer. The goniometer allowectag the plane family in
diffraction condition by changing the orientatiohtbe sample. It is called “4-circle”

59



goniometer because it is possible to rotate inddgathy the 4 anglesw( 20, o, ¥),
which determine the sample position (Figure 3.2B anglew is the incident angle
of the beam with the surfaced) the angle between the ingoing and outgoing beams,
andy the rotations around the normal of the samplax{s) andx-axis, respectively.
Another part of the goniometer is dedicated torttewvement along, y andz axis, to
center the sample. Two additional anghgsandy,, can be rotated around thexis
and they-axis, independently from the goniometer, in orgteput the normal to the
planes exactly along-axis without using the angle. For each reflection, we can
measuremn, 20 or ®—20 scans. It is also possible to make a two-dimermsisoan
around a reflection,e. draw a local mapping of the reciprocal space, byingpboth

o and @ angles.

The detector has an aperture 8fahich can be reduced by inserting slits in
order to improve the resolution of the diffractedalm. For high-resolution x-ray
diffraction (HRXRD) measurements, an analyzer (t&e (220) monocrystals) is
placed between the sample and the diffracted beampgrove the angular precision
of the diffracted bean(0.001).

Figure 3.23:Schematic representation of the angles and axisciwiallow to
position the sample.

3.7.2 Atomic-force microscopy (AFM)

AFM is one of a family of techniques known as seéagrprobe microscopies
(SPM) in which the lateral position of a probe tarsned across a surface and the
probe-sample interaction or interactions are moedo The AFM probe has a very

sharp tip, usually a couple of microns long arfen less than 100 A diameter, at the
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end of a small cantilever (that is 100 to 200 long). AFM tips and cantilevers are
microfabricated from Si or @\4. The short-range interaction between the sample an
the probe is directly the force between the twonf8]. As this force usually depends
on the distance between the sample and the pvabélook’s law, this can be used to
measure the probe-sample distance and thus thdesamopphology. Schematic of an
AFM measurement setup is shown in figure 3.24. Ascarrent need flow, this
technique effectively remedies one of the limitatoof scanning tunneling
microscopy (STM): it can be used to characterizeulmors. AFM can image

conductors, semiconductors and insulators in vacatimosphere as well as in liquid.

Depending on the needs, the AFM can be operatadiiious modes. The
three common modes are contact, non-contact ampitamode. Figure 3.25 shows
schematically the difference.

Detector

& Laser

== ol
f | / _ Tip

Sample

B Feedback Piezo-

scanner

Figure 3.24: Schematics of an AFM: The bending haf tantilever is measured by the
deviation of a laser beam using a 4-sector detecibe bending will be proportional to the
force on the cantilever and is kept constant irea@bfck circuit. This can be achieved by
changing the tip-sample distance using a piezogtecictuator. The same piezoelectric
actuator is used to generate the lateral scannimyement.

In the contact mode, the cantilever is held leas th few angstroms from the
sample surface, and the interatomic force betwhencantilever and the sample is
repulsive. This mode scans the sample surfaceiby tsedback to keep the repulsive

force constant. Unfortunately, contact mode imagisgheavily influenced by
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frictional and adhesive forces which can damageptesmand distort image data. In
the non-contact mode, the cantilever is held onditder of tens to hundreds of
angstroms from the sample surface, and the int@ratiorce between the cantilever
and sample is attractive Van der Waals forces.hia method, the cantilever is
oscillated at large amplitudes and at frequend@secto or at its resonance frequency
(~kHz). It measures changes in the oscillation &ongbé at a fixed driving frequency
and the probe-sample interactions can be obtairmed the change in the amplitude
of oscillation. Non-contact imaging generally pr®$ low resolution and can also be

hampered by the contaminant layer which can interféth oscillation.

Force on tip '& .
Typical Wan der Waals force curve

: i Contact mode
Repulsive [ L

Zero |—— 1& .
;."'F':.‘,[" ‘::':a‘_ mode |
Attractive ¥ —

Mon-contact mode

il
-

Contact non-contact Distance

Figure 3.25: Force vs. tip-to-sample distance inM\Bperation.Far from the sample, the
cantilever is not affected by interatomic forceslas in its free equilibrium position. But
when brought closer to the surface, attractive ésract upon the tip to bend the cantilever
towards the sample. When the tip is in contact whith surface, repulsive forces dominate,
deflecting the cantilever backwards.

Tapping mode is a key advance in AFM and it is mlgioation of the two
previous modes. It overcomes problems associateth Vriction, adhesion,
electrostatic forces, and other difficulties thah @lague conventional AFM scanning
methods by alternately placing the tip in contadhwhe surface to provide high
resolution and then lifting the tip off the surfatteavoid dragging the tip across the
surface. In this work, the AFM measurements weréopaed in the tapping mode.

In intermittent or tapping mode operation the prabescillated at or near its

resonant frequenayy (Eq.3.3) with a certain amplitude.

w, =vk/m (3.3)
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A high resonance frequencyy >>1 kHz) is generally advantageous, since it

allows to decouple the cantilever oscillations freow-frequency noise induced by

vibrations of the microscope or the building.

When the oscillating tip is close enough to thdaag (less than 10 nm), it is
exposed to a Van der Waals interaction gradiens fince gradient leads to a shift of
the resonance frequency of the tip:

/ 10F
w=w, 1_EE @

In addition to this effect, the oscillation amptii is also damped by
increasing interaction between the probe and thflasl So in this mode, to measure
the surface morphology, the oscillating amplitude kept constant using a
piezoelectric actuator and a PID regulator to ainthe tip-sample distance.
Maintaining a constant oscillation amplitude or ghahift results in a constant tip-

sample force gradient. The minimal detectable fgreglient is given by [Wie94]:

OF _ 1 [4Brk,T 35)
0z A\ wQ '

where A is the rms (root mean square) oscillation ampétuB the detection
bandwidth, andQ = Aw/w the quality factor of the resonance. Hence, thesef@ur

main parameters to optimize the sensitivity:

» The force constart should be small and the resonance frequengcghould

be high. This requires minimization of the cantdemass.

 The quality factor of the resonand® = Aw/w should be high. Size
minimizations of the cantilever generally incre§seAnother way to increase

Q is to work under vacuum.
» If possible low temperatures are preferred.

e The oscillation amplitudeA should be sufficiently large. However, the

oscillation amplitude is generally limited by theperimental setup.
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So basically, tapping mode AFM was developed asthod to achieve high
resolution without inducing destructive frictiorfafces both in air and fluid. With the

tapping mode technique, the very soft and fragila@es can be imaged successfully.

The AFM can be used to study a wide variety of damfi.e. plastic, metals,
glasses, semiconductors, and biological samplet sisc the walls of cells and
bacteria). However there are some issues influencing atomsoluéon in AFM
scanning. In AFM the spatial resolution dependshenshape and size of the tip, as
well as the separation between the tip and sample.

The physical probe used in AFM imaging is not itdeadharp. As a
consequence, an AFM image does not reflect thedangple topography, but rather
represents the interaction of the probe with th@pda surface. This is called tip
convolution. Tip convolution occurs when the radiofs curvature of the tip is
comparable with, or greater than, the size of geure that is imaged. Figure 3.26
illustrates this problem; as the tip scans oversimecimen, the sides of the tip make
contact before the apex, and the feedback mechahegms responding to the

feature.

(@) (b)

Figure 3.26: Examples of tip-sample convolutionga)overestimated convex surface
feature, and (b) an underestimated concave feature.

The effective tip shape may change during an imagehe tip may pick up
impurities as it contacts the surface, this canseaa change in the effective
resolution. Tips with multiple asperities at theeaan result in multiple superposed
images of surface features, if these are suffityiesibse, the resolution is degraded.
Other factors influencing resolution are non-lineasponse of the piezo materials
used in the AFM scanner and environmental noisdrgtion and electrical

interference).
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3.7.3 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a conta¢tlemdestructive method
of probing the electronic structure of materialght is directed onto a sample, where
it is absorbed and imparts excess energy into thtenml in a process called photo-
excitation. One way this excess energy can bepdissil by the sample is through the
emission of light, or luminescence. The intensitg &pectral content of the PL is a

direct measure of various important material proeser

e

A
Conduction band e

=

\f\f\/\» Defect

or

hVeXC 1 thL
A J
=
Valence band —_r
—* -
+ non- radiative
radiative

Figure 3.27: PL mechanism in semiconductors: an incoming phatbrsufficiently high
energy I is absorbed by the material creating an electratelpair (We’). These carriers
quickly thermalize to the limits of the conductiemd valence bands. They can recombine
either non-radiatively on defects or radiatively émwitting a PL photon with an energy close
to that of the band gap.

The general mechanism of PL in solids is describefigure 3.27. When a
photon of energy higher than the so-called bandajape material is absorbed, an
electron-hole pair is created. On a very short sitake the energy is thermalized so
that the energy separation between the electrortrentlole becomes approximately
equal to the energy of the gap. Then the pair adratively recombine, giving rise to
the emission of a photon (luminescence). As a teshe peak position of the
photoluminescence roughly reflects the band gaphematerial. In general, the yield
of PL is governed by a competition between radetiand non-radiative
recombination. The sources of non-radiative recomtion are defects in the material
(for example impurities and disorder sites in astaly or dangling bonds on the

surface). Therefore, the defects are said to quérechhotoluminescence.
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Figure 3.28 illustrates the setup used in this wdtle excitation source was a
frequency-doubled continuous-wave Ar+ laser(488/2 = 244 nm). The signal was
collected into a 45-cm-focal-length Jobin-Yvon mommmator and detected by an
ultraviolet-enhanced charge-coupled device (CCD).

1
Focusing i
Lenses C;D

CCD Camera

Monochromator

Cryostat

Figure 3.28Photoluminescence setup.

Time-resolved photoluminescence (TRPL) has beed tsatudy the carrier
relaxation processes. The principle is to excieesmple with laser pulses and record
the evolution of the emission intensity. The meadurdecay times provide
information about the nature of the transition ined. The excitation source was a
pulsed frequency-tripled Ti-sapphire lasgr< 270 nm) with a pulse width around
200 fs. The repetition rate of the laser could #jeisted from 76 MHz (13 ns period)
down to 0.9 MHz (1.1 us period) by the use of aitgadumper. Thus, the effective
system resolution depends on the time window ueedhk analysis. For the shorter
pulse periods (13 ns), the signal was analyzed aithns window, giving a system
response of about 10 ps. In the case of longeog®r{l.1 us), we used a 20 ns
window, providing a system response of about 500 Ipsthis TRPL setup, the
monochromator had a focal length of 32 cm. In Héthand TRPL experiments the
samples were mounted in a cold finger He cryostdtthe diameter of the laser spot

was about 50 pm.
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Chapter 4

Plasma-assisted MBE of semipolar (11-22)-
oriented 2D layers

This chapter presents my contribution to the PAMBED semipolar layers. The first
sections deal witkthe synthesis of binary AIN and GaN alloys andetfect of doping
on the growth of semipolar GaN. The chapter firssingth the discussion of the
growth details and properties of the ternary AlGai InGaN alloysand finally the
results of the synthesis of semipolar InN.

4.1 Introduction

The growth of nitrides on planes other than ¢h@dane has been explored to
reduce the negative effects of polarization. Theipelar nitride field garnered
scientific interest very recently and most of tesearch efforts on the semipolar IlI-
nitrides were based on the HVPE and MOVPE techsig@AMBE presents
advantages for certain device structures, partiguia terms of dopant incorporation
and nanoscale design. So in the present chaptewjlivgtep into the growth kinetics
of semipolar (11-22) 2D layers by PAMBE. Howevdrjs very difficult to grow
semipolar epilayers on sapphire compared to palarti{e precedinghapter, |
discussed about polar growth) due to the anisotobplye growing surface.

4.2 Semipolar (11-22) AIN

The synthesis of semipolar AIN ansapphire was extensively studied in the
PhD work of Dr. Lise Lahourcade [Lah07, Lah09b]thwhe results that | summarize
in section 4.2.1. During my PhD, | have studied ¢ady stages of growth, trying to
find the origin of the nucleation sites of parasdrystallographic phases. This work is

described in section 4.2.2.

4.2.1 Growth of single-phase (11-22) AIN

During the growth of AIN layers om-sapphire, the RHEED patterns reveal a
different behavior as a function of the Ill/V ratibhe samples grown under Al-rich

conditions present the superimposition of two RHEgdMerns with different period
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(indicated with continuous and dashed lines inriégud.1(a)and (b)), which points
out the coexistence of two AIN orientations. In ttese slightly N-rich conditions
(/v =0.92), the RHEED pattern at the beginniof§ the growth presents also
reflections corresponding to two AIN orientatiorisjt after the growth of about
250 nm only one crystallographic orientation is exgsed (Figure 4.1(c) and (d)).
Finally, under very N-rich conditions (Ill/V< 0.8)ve observe a ring-shaped RHEED
pattern as shown in figure 4.1(e), consistent ywdtycrystalline growth.

<0001> <1120>

Figure 4.1: RHEED patterns of AIN layers grown at=1730° C with 111/vV=1.15 [(a) and
(b)], M/V=0.92 [(c) and (d)] and IlI/V=0.77 (e)as viewed along the <0001> and<11-20>
azimuths of the m-sapphire substrate [Lah07].

AIN layers grown at relatively low temperature$s(U600°C) showed
polycrystalline growth with RHEED patterns similiar figure 4.1(e)regardless the
[lI/V ratio. On the contrary, an increase of théostwate temperature up to 870 °C
does not induce qualitative changes in the cryse#tructure.

XRD measurements were applied to determine the tatkygraphic
orientations involved and the obtained diffractogsaare shown in figure 4.2. The
main diffraction peak corresponds to the (3-30@ection of the sapphire substrate.
The reflection around®= 71.25 is attributed to AIN(11-22), whereas the refleatio
at 0 = 69.72° reveals the presence of AIN(10-10) domains in seswith IlI/V
ratio of 1.15, 1.02 and 0.92. Additionally, a wesaggnal at ® = 65.87° points out the

presence of AIN(10-13) domains in the samples granater Al-rich conditions, but
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in negligible concentration in comparison with AlN(22) and AIN(10-10). When
the IlI/V ratio decreases, the (10-10)- and (10-di3¢nted domains tend to disappear,
which points to moderate N-rich growth conditiond/{ [10.85) as the optimum
conditions to achieve high-quality AIN(11-22) lager

T _ T
ALO, (3300)

AIN (1122)

AIN (2020)

;

AIN (1013)

IN/V ratio

—1.15
—1.02
—0.97
—0.92
—0.84

— 0,77

Intensity [a.u.]

66 67 68 69 70 7 72
20 [degrees]

Figure 4.2: X-ray diffractiond- 26 scan of AIN layers grown on m-sapphire with défer
[I/V ratio [Lah07].
AIN(1122)

—=>
<1100>

AIN(1070)/
<0001>

Figure 4.3: High-resolution transmission electroicroscopy (HRTEM) image of an AIN
(11-22) grown with a lll/V ratio of 0.92[Lah07].
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HRTEM studies (see figure 4.3) performed by theugrof P. Ruterana at
ENSICAEN-CNRS confirm that the AIN(10-10) domain® anostly confined close
to the interface with the substrate, in agreemettit RHEED observations.

4.2.2 AIN nucleation onm-sapphire substrate

High-resolution TEM studies performed by the gradgh. Komninou in the
Aristotle University of Thessaloniki tried to idéfytthe nucleation sites associated to
the AIN(1-100) parasitic crystallographic phase.tihis purpose, | grew samples
with and without substrate nitridation. Figure 4}{s a weak-beam TEM image of
the <00013.pphirezoONe axis recorded on AIN (11-22) sample, growrealy onm-
sapphire. This sample exhibits a polycrystallineeriface with the substrate, with
30nm-high grains. On the other hand figure 4.4¢)ich presents an AIN sample
grown after the nitridation of the substrate, shakes presence of nonpolar domains

higher than 50 nm and often exceeding 100 nm iaratbnes.

__ semiis'ﬁl-;i_’ f

B
'

_nonpolar
" il

Figure 4.4: (a) Weak-beam g/3g dark-field imageagi#d from AIN (11-22), grown directly
on m-sapphire, along the [11-2,8)/[0001]sappnire ZONE axis with g = [-1100], and it

illustrates the nanocrystalline region, manifestgdmoire” fringes at the sapphire interface.
(b)Cross-sectional HRTEM image of an AIN (11-22ngke grown on nitridated sapphire
recorded along the [11-2-F/[0001]sappnie It Shows large nonpolar crystallites and a
distorted heteroepitaxial interface.
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Figures 4.5(a) and (b) present the RHEED pattefnsnsapphire along
<0001 >apphire aNd <11-20zppnire 8zimuths, respectively. Additionally, the RHEED
images of the nitridated substrate are presentdiyumes 4.5(c) and (d), recorded
after 15 min of nitridation, and in figures 4.5@)d (f) after 30 min of nitridation.
After nitridation, the RHEED images present the sgratterns and periodicity as the
RHEED images from AIN(10-10): Figures 4.5(c) andl 4ee similar to those ai+
AIN viewed along <11-20zy azimuth in figure 4.5(g), whereas figures 4.5(d) &
are similar to figure 4.5(h). We can therefore dode that the nitridation induces the

formation of an AIN(10-10) layer at the-sapphire surface.

<0001> <1120>

sapphire sapphire

<1120>,, <0001>,,,

Figure 4.5: RHEED patterns of m-sapphire viewednglda) <0001>appnire and (b) <11-
20>s.00nie and RHEED images illustrating its evolution [(@l)] after 15 min and [(e), (f )]
30 min of nitridation.The RHEED patterns of m-Alidwed along the (g) <11-20> and (h)
<0001> azimuths were included for comparison.
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An interesting feature observed in figure 4.4(b}the presence of v-shaped
defects on the sapphire. Same type of defects wix$ém samples with no nitridation
of the substrate (pointed out by the white arrawigure 4.6). That is, these v-defects
exist independently of the nitridation processfidmre 4.6, the v-defects seem to have
facets aligned with the (10-14) and (10-12) plaiélen viewed along <00033phire
the v-defects are also identified (Figure 4.6(lmy ahey present (11-20)-oriented
facets. We observed that the nonpolar domains arelynpresent at the surrounding
of the v-defects. This is shown in fact in the HRTEnage of figure 4.7, depicting a
nucleus of mplane AIN abutting a sapphire {-12-10} nanofacéh order to
distinguish between the semipolar and nonpolaroregi the geometrical phase
analysis (GPA) map of the relative variation of tattice constants along [-1-12g]

// [0001]a203 has been superimposed on the image. The dislosatibthe sapphire-
AIN and semipolar-nonpolar interfaces are alsortjediscernible by their localized

strain fields.

Figure 4.6: Cross-sectional HRTEM images of therifistce between AIN and sapphire to
show the presence of v-shaped defects on the sapphiface. (a) Viewed along <11-
20>s.ppnire@Xis and (b) along <0001z,pnireXiS. Both images were recorded on a sample with
no nitridation of the substrate before the growth.
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AN

nonpolar

Figure 4.7: Cross sectional HRTEM image of the $épinterface with semipolar AIN
viewed along [-1-123]y / [0001]a20s The corresponding GPA strain map has been
superimposed on the HRTEM image. A nonpolar AlNbregs discernible nucleated near a
v-pit on the sapphire surface.

In order to identify the origin of these v-defectshave performed AFM
characterization of a series of samples, including:

— An as-receivedn-sapphire substrate.

— An msapphire substrate after the standard degreasiogequre before
introduction to the growth chamber, and 5 min of el HCI treatement.

— An m-sapphire substrate after 30 min nitridation tae AIN growth
temperature (N flux = 0.3 ML/g;s = 720°C). Once extracted from the growth
chamber, the substrate was treated with molten K@Hb min in order to
remove any rest of AIN.

— An m-sapphire substrate after deposition of 2 ML ofaAlthe AIN growth
temperatureTs = 720°C) and Al removal with KOH treatment.

— Substrate with 3 nm of AIN deposited at under $tioimetric conditions, after
the deposition of 2 ML of Al and without previougridation. Once extracted
from the growth chamber, the substrate was treatdd molten KOH for 5
min in order to remove any rest of AIN.

— Substrate with 3 nm of AIN deposited at under $tioimetric conditions after
nitridation. Once extracted from the growth chambie substrate was
treated with molten KOH for 5 min in order to reneaany rest of AIN.
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To be sure of the interpretation of the resultprdpared and analyzed two
samples of each kind. The most representativetseatd summarized in figure 4.8.
Figure 4.8(a) shows an AFM image of the barsapphire substrate. No modification
of this surface morphology is observed after clegniwith organic solvents
(trichloroethylene, acetone, methyl alcohol), witk or HCI for 5 min, by treatment
in molten KOH for 5 min, by 30 min nitridation dte growth temperature (N flux =
0.3 ML/s, Ts = 720°C) (Figure 4.8(b)), or by deposition of 2 MELAI at the growth
temperature and Al removal by KOH treatment. Howgdlefects are identified in the
case of AIN overgrowth (Figures 4.8(c) and (d))ingdarger in diameter in the case
of initial nitridation. From these observationspmeduced in two series of samples,
we can conclude that the v-defects at the sapghibstrate seem to be related to a
reaction with AIN, which is enhanced by starting tirowth with N exposure.

Figure 4.8: (a) As-received m-sapphire substratg rfipsapphire substrate after 30 min
nitridation at the growth temperature and treatmémtmolten KOH for 5 min, in order to

remove the AIN. (c) m-sapphire substrate after ghewth of 3 nm of AIN starting by

deposition of 2 ML of Al (without nitridation), folved by ex-situ treatment in molten KOH
for 5 min. (d) m-sapphire substrate after the gitowf 3 nm of AIN starting by 30 min
nitridation, followed by ex-situ treatment in molt€KOH for 5 min. (e) Image of the surface
of a 3-nm-thick AIN deposited on m-sapphire —néedifhice in the surface morphology of
nitridated and non-nitridated samples was observed.
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4.3 Semipolar (11-22) GaN

The growth kinetics of semipolar (11-22) GaN by PBEIwas first described
in the PhD work of Dr. Lise Lahourcade [Lah08, L8h[) and | present an
introductory summary in section 4.3.1. During myDRt have studied the effect of
doping on the growth kinetics and optical and eileak properties of (11-22) GaN

layers. This work is described in sections 4.3@ 43.3.

4.3.1 PAMBE growth kinetics of GaN(11-22)

In the case of GaN layers grown omsapphire, the RHEED pattern reveals
that N-rich conditions (Ill/ V = 0.92) and stoicimetric (I1I/\V=1) conditions lead to
three-dimensional growth, shown in figure 4.9(ad afp). Under a 1lI/V ratio
corresponding to the optimum Ga excess for GaN 1P@Powth at the applied
substrate temperature (lll/V ~ 1.54), the RHEEDdmees completely dark after few
minutes, indicating gallium accumulation on theface. In contrast, the growth under
[1I/V ratio corresponding to one monolayer of gatti wetting the GaN (0001) surface
(/v = 1.24) leads to a stable streaky RHEED eatt(Figure 4.9(c)). However, even
under the most adequate conditions for two-dimeraigrowth (111/V=1.24), GaN
directly deposited om-sapphire settles into at least two crystallineemtations, as
indicated by the superimposition of two RHEED paisewith different periods

(continuous and dashed lines figure 4.9(c)).

Figure 4.9: RHEED patterns of GaN layers grown dthe on m-sapphire with a I11/V ratio of
(a) 0.92, (b) 1 and (c) 1.24, and (d) on top of @IN22) with a lll/V= 1.24.



Lahourcadeet al. have shown that, it is possible to isolate the Z2})-
orientation by using an AIN (11-22) buffer layerah08]. The RHEED pattern of a
GaN layer grown with a llI/V ratio of 1.24 after mesition of a 100-nm-thick
AIN(11-22) buffer layer is presented in figure 4l9(showing only one periodic
streaky pattern (continuous line). Moreover, theimecal space map of these
samples, measured by XRD, only displays the reflestarising from then-sapphire
(33-00), AIN (11-22) buffer layer and the GaN (14)2op layer [Lah07].

To understand the growth kinetics and reproducegtbg/ith conditions, we
have studied the Ga adsorption on GaN(11-22) bysrg the surface to different
Ga-flux at fixed temperature, and analyzing the EBEtransient due to Ga-
desorption after closing the Ga shutter. FigureO4cbmpares the Ga coverage
evolution on GaN(11-22) surface when varying theflawith the situation on GaN
(0001).
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Figure 4.10: Ga coverage of the GaN(11-22) surfaoenpared to that of the GaN(0001)
surface.The maximum Ga coverage that we can stabilize erGAN(11-22) surface is one
monolayer [Lah08].

As described in chapter 3, in the GaN(0001) case, diferentiate four
regimes, corresponding to coverages of <1, ~1,2a8dML and Ga accumulation. In
contrast, in the (11-22) surface, three regimes identified, corresponding to
coverage of <1, ~1.05 ML and Ga accumulation. Thdl® leading to accumulation
on GaN(11-22) is much lower than the one for GaR{1)0
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4.3.2 p-type doping of GaN(11-22)

The effects of Mg on the PAMBE growth kinetics adlgr GaN(0001) are
well documented. It is known that Mg tends to sggte on the surface of GaN,
inhibiting the formation of the self-regulated Glaper which acts a surfactant for the
growth of undoped and Si-doped two-dimensional Jdbn04a, Nor05]. The
growth window is hence significantly reduced. Ow tther hand, the high vapor
pressure of Mg at standard PAMBE growth temperatuesults in a reduced Mg
incorporation efficiency [Guh97, Hau02, Pta01l]. Maver, large Mg doses (>+@.4
ML) lead to an inversion of GaN(0001) to GaN(00QRaxm99], and ultimately to the
formation of 3C-GaN(111) [Mon04b]. In this sectionpresent the effect of Mg
doping on the growth kinetics and optical and strad properties of GaN (11-22)
[Das10].

In order to study the growth kinetics of Mg-dopedN; we first analyzed Ga
wetting of the GaN (11-22) surface during the glovaf Mg-doped layers and
compared with that of non intentionally doped ¢}).layers. Prior to the analysis, a
200-nm-thick AIN(11-22) buffer layer was deposited m-sapphire, followed by a
100-nm-thick n.i.d. GaN(11-22) layer grown with & @xcess of 1 ML. The Ga
coverage was determined by analyzing the evolutfdhe RHEED intensity transient
when stopping the growth after deposition of 3 nimGaN. Measurements were
performed successively for n.i.d. and Mg-doped Ghli\the case of doped GaN, a
thin n.i.d. GaN layer of approximately 3 nm was al&fed in between the different
Ga fluxes, in order to have the same initial candg for each measurement. The
substrate temperature was kept at 686°C for thdemtxperiment, and the Mg flux

corresponded to an atomic incorporation of ~3Xtén .

The calculated Ga coverage on n.i.d. and Mg-dopsd(EGL-22) as a function
of the impinging Ga flux is presented in figure X4.1In the case of n.i.d GaN, a self-
regulated adlayer is formed for Ga fluxes betwedlY®ML/s and 0.101 ML/s. In
contrast, the formation of a Ga adlayer is inhibifer Mg-doped GaN, and Ga
accumulation starts at a weaker Ga impinging flu®7 ML/s). This can be compared
to measurements performed on GaN (0001), showiagthe Ga bilayer cannot be
stabilized in the case of Mg-doped GaN [MonO4a]isTperturbation of the Ga
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kinetics by Mg is attributed to a modification dfet energetic balance of the GaN

surface by the presence of segregating Mg atome)pjo
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Figure 4.11: Variation of the Ga coverage on GaNpgR) as a function of the Ga flux. The
Mg flux corresponds to an incorporation of ~3%16n.

Mg-doped GaN(11-22) layers with a thickness of © Bt have been grown
with a Ga flux at the Ga accumulation limit. Sudamorphology analysis by AFM
shows an increase of the surface roughness whepatorg undoped layers (RMS <
2 nm in 55 pnf) to Mg doped layers (RMS ~ 3-3.5 nm), as illustesin figure 4.12.
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Figure 4.12: Typical AFM images of 800 nm thick fajloped and (b) Mg-doped (11-22)-
oriented GaN layers.

The Mg incorporation is uniform along the GaN lay&or atomic
concentrations up to 1x60”° cm®, as verified by the SIMS depth analysis (Figure

4.13). Moreover, transmission electron microscopgsdnot point out any pyramidal

82



defects or polarity inversion at the investigated bbncentration regime [Lah09].
Indeed, the extended defects observed in theseslagerespond mainly to the usual
basal stacking faults [Pot00] with no detectable 8&gregation. This result is in
contrast to c-GaN, where basal and prismatic Mg-piecipitates have been reported
at comparable doping concentrations [Ven03, Lil9B}type conductivity was

measured in samples with [Mg]7x10™ cm® (see Table 4.1).
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Figure 4.13: Typical SIMS profile of a Mg-doped {23)-oriented GaN sample.

Tvg Ts P M
sample (0 (%) ) fenive] ond
E1l 350 705 1.1x18 1.3 3.4x14°
E2 300 705 1.1x18 2.4 8.5x1¢°
E3 350 685 1.1x1H -- 1.6x16°
E4 350 665 1.1x1H 0.8 1.0x16°

Table 4.1: Growth parameters and electrical propstof Mg-doped GaN(11-22) samples: Mg
cell temperature, g substrate temperature, sT room-temperature Hall carrier
concentration, p; mobility, u; and SIMS Mg concatitn, [M(].

Figure 4.14 compares the luminescence spectraiof GaN(11-22), Mg-
doped GaN(11-22) and Mg-doped GaN(0001), recortiémratemperature (T = 7K).
PL of the Mg-doped samples is dominated by the Blgted donor-acceptor pair
(DAP) line around 3.27 eV. ThR line at 3.47 eV is generally assigned to neutral
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acceptor bound excitons (&) because of its predominance in the band-edge PL

spectrum op-type GaN [Ler99].

The emission related to excitons bound to stackiaglts (SEX) is
significantly attenuated in comparison to the badde emission. The nature of these
transitions has been confirmed from time-resolvead gemperature-dependent PL
measurements. The broad blue band located aro8rel/2which characterizes the PL
spectra of heavily Mg-doped GaN (0001) ([Mglx10* cm® grown by MOVPE
[Ler99, QuO03] has not been observed in any of #meptes under study.

| —— GaN(11-22) n.id.
f —— GaN(11-22):Mg
| —— GaN(0001):Mg

PL Intensity [a.u.]

" " 1 " 1 " 1 "
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Figure 4.14: Comparison of the low temperature (7 &) PL spectra of undoped GaN(11-
22), Mg-doped GaN(11-22) and Mg-doped GaN(0001).

4.3.3 n-type doping of GaN(11-22)

Here also, to study the growth kinetics of Si-do@alN, we first analyzed Ga
wetting of the GaN (11-22) surface during the gtoamd calculated the Ga coverage.
During the RHEED desorption analysis, the substieteperature was kept at 686
and the Si-cell temperature was 1450 corresponding to a dopant atomic
incorporation of about 3x1®cm™. Figure 4.15 presents the calculated Ga coverage
on Si-doped GaN (11-22) surface and comparing @ahcoverage on n.i.d. and Mg-
doped GaN(11-22) surfaces (discussed in sectio@)4.3
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Figure 4.15: Comparison of the Ga coverage dependimGa impinging flux for undoped,
Si-doped and Mg-doped GaN¢{22) surfaces.

In the case of Si-doped GaN a stable regime isrebdesame like in n.i.d
GaN. In both case, it occurs for nearly the sanngeaaof Ga fluxes, 0.072 dGa<
0.107 ML/s. In Si-doped GaN (11-22), the surfaceaims stable for Ga fluxes below
the Ga accumulation threshold & 0.101 ML/s). In Mg-doped layers, the same Ga
impinging flux leads to darker RHEED images whosattggn can barely be
distinguished, which is an evidence of Ga accurrariat

Applying the optimum growth conditions, we have thgsized ~ 800-nm-
thick Si-doped layers containing up to [Si] ~ 6X6m* with a rather flat surface

morphology (RMS = 2.9 nm in a surface of 5x53mimilar to typical undoped GaN
(11-22) surfaces.

4.4 Semipolar (11-22) AlGaN

In order to determine the appropriate growth coodifor the synthesis of 2D
AlGaN(11-22) layers, | have grown simultaneouslgesies of polar and semipolar
AlGa N (x = 0.2, 0.3, 0.4) films at the growth temperataf GaN s~ 720°C) and
under Ga excess conditions. During the growth @al, the RHEED pattern from
the semipolar AlIGaN was darker compared to polat #re optical microscopic
images of the semipolar AlGaN showed droplets @endinface. From this, we can

conclude that in the case of semipolar layers, kanaous growth with polar
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structures results in accumulation of Ga droplétsha growth front. Hence, it is
necessary to reduce the III/N ratio in comparisen polar AlGaN, although
maintaining 1lII/N > 1. With this condition, i.e. dar moderate Ga excess, | have
synthesized a series of 2D semipolar (11-2258i N (x = 0.2, 0.3, 0.4) layers. Note
that x = 0.3 is the Al mole fraction correspondiogthe specifications of the AlGaN
back-contact layer of the chemical sensors targeyethe DOTSENSE project (see
figure 1.1 in chapter 1).

Low-temperature T=10 K) PL measurements of 300-nm-thick semipolar
(11-22) AlGaN layers deposited on 150 nm of AIN@Z)}- on m-sapphire are
presented in figure 4.16. They present narrow leigk emission without significant

radiative contribution from structural or punctdaiffects.
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Figure 4.16: Low-temperature (T = 10 K) PL measueats from 300nm-thick
semipolar (11-22)-oriented &ba; N layers.

The AFM image in figure 4.17 illustrates a 700-rmek Alg:Ga N(11-22)
layer, showing an RMS surface roughness about rB.5man image of 2x2 pm
comparable to that of semipolar AIN layers althostjghtly higher than in the case

of semipolar GaN, as described above.
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Figure 4.17: AFM image of a 700nm-thick semipolkt-@2) Ab :Gay, 7N layer.

4.5 Semipolar (11-22) InGaN

In this chapter, | summarize my investigation oé tim kinetics during the
PAMBE growth of semipolar (11-22) InGaN layers [D@b]. Indium desorption
studies confirm that it is possible to stabilizeotwmonolayers of In on the (11-22)
GaN surface, and the limits of this growth windawtérms of substrate temperature
and In flux lie at the same values for both polad aemipolar material. However, an
inhibition of In incorporation is observed in comigan to polar (0001) InGaN.

4.5.1 Temperature calibration

The In mole fraction in the InGaN nanostructurepeshels critically on the
growth temperature [CheO1, Lim00, Mon03b]. It ieréfore important to establish
the reference parameters that guarantee a reasorggdsbducibility of the substrate
temperature. For the growth of GaN, substrate teatpees in the 700°C to 750°C
range are calibrated by the Ga desorption time (gpee 16 in [Kan08]). For
incorporation of In, the deposition temperatureeuced below 650°C, so that the Ga
desorption rate is negligible. Therefore, | havalgred the effect of In desorption on
the RHEED intensity, to use it as a temperatureregice.

Before moving to find the growth temperatures for semipdiaGaN 2D
layers, | first considered the case of polar InGaid analyzed its growth temperature.
For that, at a fixed substrate temperature, Bg. 670°C, we expose the GaN (0001)
surface to In during a certain time —long enoughattain a steady-state situation.
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When we close the In shutter, we observe a transianation of the RHEED

intensity with a characteristic shape, as describédigjure 4.18.
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Figure 4.18: Evolution of the RHEED intensity dgritn desorption from GaN
after 1 min exposure to the In flux, measured atsate temperaturesF 700°C
and Ts=670°C. The In shutter is closed at t = 0 s. Tight column indicates the
In flux during In exposure. Dashed lines are ey&es to highlight the stability
regions.

In the diagrams in figure 4.18, we can observetwe stability regimes where
small changes in the In flux have no effect onREED desorption transient (see,
for instance, In fluxes between 0.12 ML/S and (MA5s in the case ofs = 670°C).
From the length of the desorption time in this siigbwindow, we can determine
precisely the substrate temperature, independentiie impinging In flux. To give
an idea of the precision of the method, figure al®resents the time of the first
inflexion point of the In desorption transient (degure 4.19(b)) as a function of the

substrate temperature.

For the determination of the substrate temperafiregrowth of semipolar
InGaN, we included in our sample holder a piecpaar GaN(0001). The length of
the RHEED intensity transient during In desorptiimm this polar GaN was used as a

reference.
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Figure 4.19: (a) Time of the first inflexion poioft the In desorption transient as a

function of the substrate temperature. The In gnutt closed att = 0 s. (b)

Evolution of the RHEED intensity during the In dggion measured at different
substrate temperatures.

4.5.2 In kinetics on semipolar GaN

Keeping in mind that 2D InGaN is synthesized underich conditions, it is
important to analyze the wetting of the GaN(11-&2&face with In, to understand the
behavior of the In excess during growth. These exmnts were performed on a
semipolar 125-nm-thick GaN(11-22) layer depositedaol25-nm-thick AIN(11-22)
buffer layer onm-sapphire. For comparison purposes, the same exgetriwas
performed on a 100-nm-thick GaN(0001) layer growmaocommercial 4-pum-thick
GaN-on-sapphire template. The stability and thisknef the In wetting layer on GaN
was evaluated by exposing GaN to the In flux foegain timefex, So that an In film
is deposited on the surface. After shuttering thedll, we record the transient in the
RHEED specular beam intensity during In desorptidme duration of the desorption
transient is related to the thickness of the odbim film. The variation of the
RHEED specular intensity during the desorption mffiom polar GaN(0001) and
semipolar GaN(11-22) was recorded as a functiah@impinging In flux, as shown

in figure 4.20.
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Figure 4.20: Evolution of the RHEED intensity dyyilm desorption from (a) polar
and (b) semipolar GaN after 1 min exposure to th#ux, measured at a substrate
temperature of 654°C. The In shutter is closed=abts. Dashed lines indicate the
stability windows[Das10b].

In order to guarantee that the desorption procestsSrom dynamically-stable
conditions, the sample was exposed to Intfgy= 1 min. For certain ranges of In
fluxes, we can delimit stable regimes where thee®n time (i.e. the In coverage)
remains constant (see dashed lines in figure 48M)igh In fluxes (>0.32 ML/s), the
duration of the transient increases rapidly, whechn indication of the accumulation

of In forming droplets on the surface.

From the measurements of the desorption transiena dunction of the
impinging In flux, we can calculate the In coverameGaN surface [Mon03a]. The
variation with time of the In coverage on the sampift), is the difference between
the impinging In flux®, and the desorption flu®q(t):

ac(t)/at = Dy - Ppna(t) (4.1)

The impinging In flux is determined by the temparatof the In cellj.e.it is
time independent. On the contrary, the In desompfiox depends on both the

substrate temperature and the In coveragetime dependent. In the case of a self-
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regulated In film ¢(t) = constan}, the desorption flux is equal to the impingingxfl
during In exposition:

Qpng(te > tsr) = i (4.2)
wheretg is the exposure time arig rthe time necessary to reach the self-regulated

regime.

Eq. 4.1 can be expressed as the following equatioimg In desorption:
ddt) = - Ojg(t) dt (4.3)
And if the GaN surface is exposed to In flux fotime long enough for the self-
regulated In film to be createde. & > ts-g, at the moment of shuttering the In cell,
we can write:
dqt=0)= - @y dt (4.4)

For a certain substrate temperatufe,and an impinging In fluxd,;, the In
coverage will reach a dynamically stable valge,If we assume that we were in a
situation of dynamical equilibrium just before dlug the In shutteri.e. ®nq4(t=0) =
@, and that the In desorption flud@ng(t) is only a function of the remaining In
coverage, we can approximate Eq.4.4 by

| -1+ Dpoi(toj — toj-1) (4.5)
wheretp; is the desorption time for an impinging In fldk,i. Thus, the total coverage
can be obtained from

| 0o+ 2 Dni(tok — tok-1) (4.6)
wherecy is the In coverage corresponding to the lower.flaxgeneral, we start the

measurement with a sufficiently low In impingingxlso that we can assurog= 0.

Using Eg. 4.6, | have deduced the In coveragefasdion of the In flux for
different substrate temperatur@s, The results for GaN(0001) and GaN(11-22) at
Ts = 654C are illustrated in figure 4.21.
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Figure 4.21: In coverage as a function of the ingomg In flux, measured on a
polar (0001) and semipolar (11-22) GaN layer at 854In the inset, schematic
description of the In adlayer on semipolar GaN(2)fRas10b].

In the case of GaN(0001), we observe two stablenesg) corresponding to an
In coverage oft = 1 ML andc~ 2 ML, in agreement with previous experimental
results [Mon03a, Cho08] arab initio calculations [Nor99, Neu03]. In contrast, for
the case of GaN(11-22), the In coverage increasasuglly with the impinging In
flux, reaching a maximum stable coverage of 1 Mlfole® accumulation. It is
important to remind that in all these experimetits,In coverage represents an atomic
density corresponding to a number of (0001)-oriéntenonolayers, i.e.
9.2x 10" atoms/crf for relaxed InN. On the (11-22) plane, this suefatomic
density corresponds to the distribution of the atamtwo layers, as illustrated in the
inset of figure 4.21. These results are in excellgreement with first-principles

calculations [NorQ9].

4.5.3 Growth details and properties of semipolar IGaN
layers

An important result of the above-described measargsis that the range of
In fluxes corresponding to the stabilization of L Mf In on (11-22)-oriented GaN
(0.09 ML/s to 2.3 ML/s fofTs = 654°C in figure 4.21) fits well with the windoof
2 ML of In on (0001)-oriented GaN. As a result, Bi§11-22) and InGaN(0001) are
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expected to have compatible growth conditions antulsaneous growth of both
orientations should be possible by PAMBE. With thigormation, semipolar
InGaN(11-22) layers were grown on top of a 280-hmk GaN(11-22) layer
deposited on a 140-nm-thick AIN(11-22) buffer laperm-sapphire. Simultaneously,
InGaN(0001) layers were grown on top of 4-um-thtcknmercial GaN-on-sapphire
templates. The N-limited growth rate was fixed t@8ML/s, i.e. ~250 nm/h. To
ensure good reproducibility, the substrate tempesatvas measured by comparing
the duration of the In desorption transient fromN@®001) for an impinging In flux
within the 2 ML stability regime. The Ga flux wasxdd to 0.22 ML/s and the
substrate temperature was varied frogF 616°C toTs = 685°C. The growth time of

the InGaN layer was one hour.

The surface morphology of the growing layers wasnibooed in situ by
RHEED and analyzeéx situby AFM, with the results in figure 4.22. Semipolar
InGaN(11-22) layers present three-dimensional featuwith preferential facets
whatever the Ill/V ratio. This faceted growth idriuted to a modification of the
surface energy balance in presence of In.
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Figure 4.22: AFM image of the surface of ~140 niokttf11-22) semipolar InGaN
showing rhombic and triangular-shaped pits aligrted [1-100] crystallographic

direction. The inset on the right is a magnifiedtpga the image showing a pit with
the morphology of rhombic inverted pyramid. On tet side, RHEED pattern
along the <11-23> and <1-100> azimuths.

<11-23> azimuth

SEM images of the surface of the sample are ititistr in figure 4.23, both the
AFM and SEM images showing that the surface faastsarranged into pits with a
density of approximately 3xi0cm? The pits had the morphology of inverted

rhombic or triangular pyramids with an average ditanof ~200 nm at the surface.
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Figure 4.23:SEM images of the surface of ~140 nm thick (11@&)molar InGaN showing
facetted morphology. The facets are arranged imbic and triangular- shaped pits that are
crystallographically aligned. (Images were recordetl 30 kV using a Hitachi 5000
microscope).

Cross sectional TEM observations were taken bygtbep of Ph. Komninou
at the Aristotle University of Thessaloniki (Gregae order to obtain a better insight
on the 3D morphology of the pits and the relateteas [Lot12]. The bright-field
(BF) CTEM images from the sample is shown in figdt24. The main structural
features observed in the TEM images were the T@s riiainly lie on the inclined

basal planes and the V-shaped pits on the surface.

In order to elucidate the 3D shape of the faceistallographic models were
constructed and were checked against the expernebservations (mordetails
about this in [Lot12]). On one side of the rhomipits the crystallographically
equivalent pairs of facets were identified as eitfie101} or {2-201} pyramidal
planes. When the pits were trigonal pyramids, thtaaes were replaced by the
plane (11-20). On the second side of the pits #ieqf equivalent facets were of the
{1-101} type with| =2 or 3.
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Figure 4.24: (a) Cross-sectional BF CTEM image taldong the [1-100] zone axis. Solid
lines indicate (11-20) surface facets viewed edgefb) Cross-sectional BF CTEM image
along the [-1-123] zone axis. Solid lines indicdtee projections of crystallographically
equivalent facets of surface pits.

Figure 4.25: (a) Enlarged part of Fig. 4.26 (a), &k the nanocrystalline interfacial zone is
indicated by the dotted lines, and the arrows shHd»s generated from this zone, which
propagate upwards towards V-defe¢l§Two beam BF CTEM image taken off the [-1-123]
zone axis. A TD is shown to end at the apex of rlac V-defect after crossing the
InGaN/GaN interface through an interfacial V-defect

The cross-sectional CTEM observations showed that V-defects are
connected to threading dislocations (TDs) that eeitemanate from the rough

GaN/AIN interface or from a nanocrystalline int@itd zone at the AIN/sapphire
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interface. This is shown in detail in figure 4.26¢hich is a zoomed view of figure
4.24(a). Figure 4.25(b) is a cross sectional CTEMge along [-1-123] showing a TD
ending at the apex of a V-defect. These TD thatappystematically associated to
the V-shaped pits were identified as mixed-tyse dislocations by Lotsari et al.
[Lot12]. In the image, it can be seen that the TBppgates from GaN to the InGaN
epilayer through another V-defect at the InGaN/Gatrface.Figure 4.26 illustrates
detailed images of the region depicted in figub4). When viewed along [-1-123],
the line directions of TDs that terminate at V-a¢$ewere often found to follow a zig-
zag trend forming ~65angles with the trace of the (11-22) plane as shiowfigure
4.26. The zigzag configuration must be attribuedhie interaction of the TDs with
the multiple prismatic SFs on the {1-210} planekgeTinterfacial V-defect depicted in
the HRTEM image (Figure 4.26) is much more georoétran the surface one, with
crystallographically equivalent sharp facets thabtend 28 angles with (11-22),
consistent with the (10-11) and (01-11) planes.

Figure 4.26: Cross sectional HRTEM image along [tie123] zon eaxis, showing the area
of Fig. 4.25(b) with V-defects at the surface dmel InGaN/GaN interface. The line direction
of the TD follows a zig-zag mode indicated by whit®ws. On the right side bottom one,
HRTEM image of the V-defect at the InGaN/GaN iatef Both facets subtend’dfgles
with the (11-22) plane, consistent with {10-11}m#a.

The alloy composition of the InGaN films was detered by Rutherford
Backscattering Spectrometry (RBS) measurementsoneeld by the group of K
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Lorenz at the Instituto Tecnolégico e Nuclear inc&eem (Portugal) using a
collimated 2 MeV*He" ion beam. The detection angle was 140° and thectiet
resolution was 15 keV. To avoid channeling effestd increase the depth resolution,
the samples were tilted 20° off the sample norfRBIS spectra simulations and fitting
were performed using the NDF code [Bar97]. Figu&/ Z£ompares the RBS spectra
from the polar and the semipolar InGaN samples grosimultaneously at
Ts = 659°C, showing a remarkable difference in Ironporation. In the inset of figure
4.27, we summarize the In mole fraction as a famctif the substrate temperature for
polar and semipolar samples extracted from sinanatiof the RBS profiles. In the
case of polar samples, the In content at low teatpe¥s remains around 0.20, which
indicates that the In incorporation is limited betGa flux. When increasing the
substrate temperature beyond 670°C, the In moletidra decreases due to In
segregation, in agreement with previous reportolmirast, in the case of semipolar
samples, the In mole fraction remains significardywer —about 5 times lower for
Ts=649°C, where polar samples have well enteredGhdimited incorporation

regime.
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Figure 4.27: Measured and simulated (solid line) SRBpectra of polar and
semipolar InGaN layers grown simultaneously at bsttate temperature of 659°C
[Das10b].

These results are in good agreement with the dpticgoerties of layers. The
low temperature PL spectra from polar and semipol@aN layers grown at various

substrate temperatures are presented in figure 4128 PL from polar InGaN red
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shifts for decreasing growth temperature and fynatiabilizes around 2.1-2.4 eV,
consistent with the measured In mole fraction. Lnescence from semipolar InGaN
presents also a considerable red shift for deargagrowth temperature, but the
emission is systematically blue shifted in compariso the respective polar samples
grown simultaneously, which is consistent with tfiference in In incorporation
detected by RBS. This experimental evidence ofirthéition of In incorporation in
the (11-22) face by PAMBE is in contradiction witieoretical calculations [Nor09].
Moreover, experimental results by MOVPE showed Isimar higher In incorporation
in the (11-22) plane compared to the (0001) plé@pD7, Hir07].
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Figure 4.28: Low-temperature (T = 7 K) PL spectramh polar (dashed lines) and
semipolar (solid lines) InGaN layers grown at diffiet substrate temperature. The
spectra are normalized by the intensity of the INGiae and vertically shifted for

clarity [Das10b].

RBS and PL measurements indicate lower In incatpmy in semipolar
samples. Low temperature PL measurements showed fibare 4.28, for
incorporating more indium in semipolar layers, stimportant to reduce the
substrate temperature below 500°C - the growth ésatpre of InN, where In

desorption is negligible- (the next section dealmtp the growth of InN).
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4.6 Semipolar (11-22) InN

The growth of InN is the most difficult among thé-nitrides because the
equilibrium vapor pressure of nitrogen over the isNeveral orders higher than AIN
and GaN [Amb96]. The low InN dissociation temperatas well as high equilibrium
nitrogen vapor pressure over the InN necessithtesige of a low growth temperature
for the preparation of InN. In PAMBE growth, optimugrowth temperature and
indium-to-nitrogen (In/N) flux ratio are the two partant parameters that determine

the quality of the InN layers.

Before startingto analyze the growth conditions of semipolar (2}-RN, |
first tried to identify reproducible growth parareet of 2D polar (0001) InN. For that,
| considered 1Qum-thick GaN (0001)-on-sapphire as a template aed\iHlux was
corresponding to a growth rate of 0.3 ML/s. Primicalibration of InN growth, | had
deposited 10 nm GaN buffer layer at the growth terajpre of GaNTs~ 720°C).
Then, nitridation was carried out to consume exggdbum, after that the samples
were cooled down tds = 440-460°C. At this low growth temperature rarie
desorption rate of In is lower that the decompositrate of InN. For determining
stoichiometric growth condition, | expose the sanglirface to In during a certain
time (the time of In exposurg, = 30 s, and during In exposure the RHEED intensity
decreases) and after the shuttering the In celktiniace is exposed with nitrogen to

consume the deposited In (time of N exposure reduw consume the Ity).
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Figure 4.29: (a) Evolution in RHEED intensity dugitN exposure, time of In exposure was
30s. (b) Calculated In/N ratio as a function of thdium cell temperature.
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We can easily identify the changes in the surtaggng In or N exposure and
calculatety from the RHEED intensity transient. | repeateds tekperiment with
different In cell temperaturél, = 750-790°C) and systematic changes in RHEED
during N exposure is shown in figure 4.29(a). Heyevaries between 20 s to 50 s and
at a particular cell temperatufi@ the graph, between 7604Dd770°C) | measuréy
=15, that is the stoichiometric temperature. Fromekgosure timety andt,, we can

determine precisely the In/N flux ratio, as showiiigure 4.29(b).

| have grown a series of InN layers on GaN (00Qirfase. Prior to InN
growth, | had deposited 10 nm GaN buffer layerhat growth temperature of GaN
(Ts~ 720°C). InN growth was carried out at a substtainperature of 450°C, with an
In/N ratio of 1.2. This high IlI/V ratio is requideto achieve 2D growth. Since the
desorption rate of In is lower that the decompositiate of InN, it is not possible to
stabilize an autoregulated layer of In on the Iniface, as we demonstrated on GaN.
Therefore, periodic growth interruptions under Nrevperformed to consume the In
excess and prevent the accumulation of In dropletthe surface. At the beginning of
the InN growth (~1 ML) the RHEED shows double lindge to the lattice mismatch
between GaN and InN, that giving a clear indicabbithe immediate InN relaxation
when starting the growth. The surface morphologytted InNN (1um thick) was
examined by AFM (Figure 4.30(a)). Flat surface nmotpgy with atomic terraces is
decorated with a high density of pits.
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Figure 4.30: (a) AFM images from the 1um thick {@01) layer showing the pits on the
surface. (b) Surface morphology of the 1um thidk (®@001) film grown on GaN(0001)
template with InN/InGaN SLs buffer layer.
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In the second attempt, for reducing the pit dgnisitad deposited a 10-period
INN/Ing /GaysN stack before the growth of 1um thick InN layeheTAFM image
from the sample is shown in figure 4.30(b). Thestalfine quality of the InN was
investigated by TEM performed by the group of PtedRana at ENSICAEN-CNRS
with the result presented in figure 4.31. It shawat the SL buffer layer helps to
reduce the density of threading dislocations, whach mostly of edge and mixed
type. The fluctuations in strain induced by thesmation of materials in the SL
probably force many dislocations to bend, formiegraents of misfit dislocations at
the InN/Inp /Ga&y aN interfaces. Moreover, they may react and anridnilehen bending

towards or back the growth direction.

surface -——1

r

Figure 4.31: Dark field (g=0002) TEM micrograph tife 1xm-thick polar InN layer grown
with a MQW buffer layer.

Using the growth parameters (substrate temperanadll/V ratio) optimized
for the (0001) orientation, | have grown a seriesemipolar InN layers on GaN (11-
22) templates. A polar reference sample is alstesytically grown along with the

semipolar. The AFM image from a semipolar InN samplshown in figure 4.32.
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Figure 4.32: AFM images from ain thick InN (11-22) layers grown on GaN (11-22)
template. The rms surface roughness is ~ 9 nm.

Figure 4.33 shows an overall structure of a selarpmN sample along [1-
100]. It can be seen that the film contains highsitees of threading dislocations
(TDs) and stacking faults (SFs) on the inclinedabatanes. The dislocation density is
in the 16* cm? range. Furthermore, the InN/GaN interface exhibittes. From the
zone axis image it is observed that InN exhibitsomewhat smaller defect density
compared to GaN, which shows that the InN/GaN fater could act as a potential
defect stopper. However, one needs to be veryaaiin interpreting this apparent
defect reduction since in fact the top InN is miti@ned down due to the ion milling

leading to an artificial apparent reduction of Téndity.

Figure 4.33: CTEM image along the [1-100] zone axkowing an overall view of the
heterostructure. Holes are visible at the InN/GaMeiface (TEM images by Prof. Ph.
Komninou, Aristotle University of Thessaloniki, €ce).
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Two-beam imaging with the g 11-20 reflection clésdhe [1-100] zone axis
did not show significant reduction of TDs in InGaMowever, this lack of
observation of TD reduction with the g 11-20 refii@e could also be attributed in
part to the fact that under this imaging condittbe SFs are partially inclined, and
thus they are projected as bands which causeserase of apparent TD density. On
the other hand, a rather more noticeable TD redumcivas observed in two-beam
condition using the g 0002 reflection (Figure 4.3Fhis could signify that the
InGaN/GaN interface is more effective in stoppin@sTwith a Burgers vector
component along the c-axis. This includes alsolitt&20-23> partial dislocations
that delimit the 1basal stacking faults. Going to a larger magniitegtit can be seen
in figure 4.35 that in many circumstances the Gdd¢ bBended, probably on {11-20}
prismatic planes, when crossing the InN/GaN int&afand then re-acquired their
orientation along the basal plane inside the InNemnne.

Figure 4.34: CTEM image close to the [1-100] zoxésaunder 2-beam conditions, using g
0002. TDs with ¢ Burgers vector components arebhisiThe TD density appears to be
reduced to some extent after crossing the InN/Gatrface (TEM images by Prof. Ph.
Komninou, Aristotle University of Thessaloniki, €ce).

Figure 4.35: Larger magnification CTEM image talaose to the [1-100] zone axis under 2-
beam conditions, using g 0002. Some TDs (arroweel)saen to bend upon crossing the
interface. (TEM images by Prof. Ph. Komninou, Atist University of Thessaloniki, Greece).
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Overall it can be concluded that the InN/GaN ifstee appears to stop some
of the TDs but its influence is not crucial undee given growth conditions. HRTEM
showed an abrupt InN/GaN interface with a regulraalicity of misfit dislocations.
Figure 4.36 includes a 2D map of the misft strdong@ [0001] obtained from the
INN/GaN interface using geometrical phase analy&&°A), as well as the
corresponding Bragg filtered HRTEM image. The migrhan the c-lattice constant
was ~10% using as GaN as reference, as expectedldaed InN. The arrows in the
Bragg image indicate position of extra half plamgsoduced. The average spacing of
misfit dislocations was ~11 GaN (0002) planes @85 nm).

. \\\\\\

\
\g [

Figure 4.36: (a) Cross sectional HRTEM image of thé&l/GaN interfacial region. (b)
Corresponding map of the misfit along [0001], shogvithe strain component of misfit
dislocations. (c) Bragg filtered image of (0002jtitze fringes corresponding to (a). The
positions of (0002) extra half planes are indicaldarrows. (d) Corresponding GPA phase
map showing phase variations due to the positidriseomisfit dislocations.

From the HRTEM analysis it was found that the IBAN interface sometimes
exhibits roughening manifested by moiré fringes. &uch holes, misoriented
nanocrystalls could be nucleated, as shown in éguB7(a), and these act as defect
sources. The presence of roughness and v-shapedtions at the interface (Figure
4.37(b)) could be attributed to the pre-existingedts in the GaN template as well as
possibly to the MBE GaN interlayer. In v-defectsvds found that one of the facets is
aligned with the (0002) basal planes and the otm@jected facet is almost
perpendicular to them.
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Figure 4.37: (a) HRTEM image along [1-100] from theN/GaN interfacial region, showing

an area which exhibits moiré fringes due to theerifatcial roughness. The black arrow
indicates an area with misoriented InN nanocrystalgcleated on a defected interfacial
region(b) HRTEM image from the InN/GaN interface where-shaped pit is formed.One

facet is aligned with the basal planes while thieeotappears to be perpendicular to them.
(TEM images by Prof. Ph. Komninou, Aristotle Ungigr of Thessaloniki, Greece).

The low-temperatureT(= 7 K) PL spectra from semipolar and polar InN

layers, grown simultaneously, is shown in figurg4.

—— Semipolar |
—— Polar

Normalized PL peak intensity

N 1 N 1 N 1 N 1
1500 1600 1700 1800 1900 2000 2100

Wavelength(nm)

Figure 4.38: Normalized low-temperature (T = 7 Kl. Bpectra from polar and semipolar
InN layers.

Figure 4.39(a) compares the thermal evolutiorhefRL intensity in the case
of polar and semipolar InN layers grown simultargdpult is observed from the
graph that the PL intensity of polar layer dropst feompared to semipolare. the
improved thermal stability of semipolar InN layereo polar InN.
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Figure 4.39: (a) Temperature evolution of the Ptemsity of polar and semipolar InN layers.
Solid lines correspond to fits to equation (4.®) Temperature dependence of the PL peak
position for polar and semipolar InN layers. Thdtdd line represents the evolution expected
applying Varshni’'s equation to InN.

To interpret the variation of the PL intensity kviemperature, we must keep

in mind that the recombination efficiendygi) can be written as:

RE=_ e -1 4.7)
RR + RNR 1+ RNR
Here,Rg andRyr denote radiative and non-radiative recombinataiag, respectively.
Making use of simple rate equations [Ler99] unagti¢al) injection

n_g-n_n (4.8)
ot T Twr

wheren is the minority carrier or exciton density conanG the generation rate,

andzr andyg the radiative and non-radiative lifetimes respagdsi. Considering that
nonradiative recombination centers are thermallyaied, i.e.t1,, =1,e~'*", and

that the steady-state population of minority casrigoverns the PL intensity (i. e.

IpL O n/TR) we arrive to the expression:
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1
RE= E, /KT

= - 4.9
1+ae 49)

where a=r1,/7,. Thus, the recombination efficiency at low tempara should be

close to unity RE0)~1), whereas at high temperature it is expedtede lower

(RET)<1).

From the fit of figure 4.39(a) to equation (4.9)¢ can calculate activation
energies ;) and the prefactors associated to the nonradiatirradiative
recombination ratiod). The obtained values for semipolar and polar lajrs are
Ea=9+1 meV,a = 10+2 andE;= 10+1 meV,a = 37+10 respectivelyThus, the
activation energies are similar, but the nonradeatiecombination paths are less

efficient in the semipolar material, with a lowexlwe ofa.

Figure 4.39(b) presents the evolution of the PLkpeaergy as a function of
temperature in the cases of polar and semipolarsayrhe evolution of the PL peak
energy of the polar sample does not follow Varshmquation for InN (Eg. 2.3 in
chapter 2 witha = 0.414 meV/K and3 = 454 K, dashed curve in figure 4.39(b)),
which can be attributed to potential fluctuatios@sated to structural defects, and to
many-body effects due to the high residual doping 10" cni®). The deviation from
Varshni’'s equation is particularly dramatic in teemipolar layer, with a higher

density of defects, particularly stacking faults.

4.7 Conclusions

In conclusion, semipolar (11-22) oriented AIN, GdN\, AlGaN and InGaN
2D layers have been synthesized by PAMBE. AIN deépdsonm-sapphire arranges
into two main crystalline orientation domains, AlN(22) and AIN(10-10): The ratio
of (10-10)-oriented domains decreases with theVlitatio and with the layer
thickness. | have demonstrated that the nucleatfoklN(10-10) appears associated
to v-defects at the sapphire substrate, which dedme related to a reaction with AIN,

which is enhanced by starting the growth with Nesyre.

Regarding semipolar GaN growth, the comparisonafti@sorption during the
growth of undoped, Si-doped and Mg-doped GaN(114a%grs revealed that Si
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doping does not change the growth kinetics. Whedeasg Mg doping, Mg tends to
segregate on the GaN surface, leading to an indmbdf the self-regulated Ga film
which is used as a surfactant for the growth ofoped and Si-doped semipolar GaN.
Uniform Mg incorporation up to [Mg] = 1.0x¥0 cm™ is obtained, and-type
conductivity was found for [Mg]> 7x10"® cm™. From the estimation of Mg
concentration and its dependence on the subsaatpetrature and the impinging Ga
flux, we found that its incorporation is enhanced GaN(11-22) compared to
GaN(0001). TEM shows no evidence of the pyramiaddeds or polarity inversion
domains that can be found Mg-doped GaN(0001), ieeagent with the interpretation

of the photoluminescence spectra.

| have synthesized semipolar (11-22) AlGaN layerdind their optimum
growth conditions and to compare the propertiesh vgblar layers. The studies
showed that simultaneous growth of the polar andigaar AlGaN layers is not
practicable, since it results in accumulation of @aplets at the semipolar growth
front. It is hence necessary to reduce the Ill/Noran comparison to polar AlGaN,
although maintaining IlI/N > 1. Under these growetbnditions, | have demonstrated
semipolar 700-nm-thick AlIGaN samples displayingroar band-edge PL emission

and with a surface roughness about 3.5 nm.

| have also studied the In kinetics during the PAM&owth of InGaN (11-
22) layers. Similarly to (0001)-oriented InGaN, iamim growth conditions for this
semipolar crystallographic orientation correspamthe stabilization of 2 ML of In on
the growing InGaN surface, in excellent agreemeith Wirst-principles calculations
The limits of the growth window in terms of substréemperature and In flux lie at
same values for polar and semipolar materials. Wewethe In incorporation is
different for polar and semipolar layers grown di@eously. In polar samples, the
In incorporation is limited by the Ga supply at lag@mperature, and decreases for
growth temperatures higher than a certain threslhthld to In segregation. In
semipolar samples, RBS and PL measurements indmae In incorporation, even
for substrate temperatures 40 °C below the sedoggétreshold for polar InGaN.
Semipolar InGaN layers present a characteristifasermorphology with a high

density of faceted pits, which are associated teenitypea+c threading dislocations.
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| have analyzed the growth parameters and propestisemipolar InN layers.
Two-dimensional layers are obtained by growth undexxcess with periodic growth
interruptions to consume with nitrogen the In escéhese growth conditions are
compatible with the synthesis of two-dimensionalapdnN layers. Optical studies
shows better thermal stability of the luminesceatsemipolar layers compared to
polar InN.
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Chapter 5

Polar and semipolar (In)GaN QDs

This chapter focuses on the study of (InN)GaN QDs;iwis needed for the fabrication
of the opto-chemical transducers. The first sedtiateal with the growth and
characterization of polar and semipolar GaN/AIN QD$hen | present my
contribution to the domain of InGaN/GaN QDs, stagtiwith the description of the
synthesis and optical performance of the polar ING2Ds in comparison with polar
InGaN/GaN QWs. After that, | will describe the gtbwand properties semipolar
InGaN QDs.

5.1 llI-Nitride quantum dots

Semiconductor QDs are nanostructures where theoBlilnement of carriers
results in a discrete energetic spectrum. The teogriosion of interest in QDs stems
from their unique physical properties, which haeel | to devices such as low-
threshold lasers [Ara82, StrO6] and improved-penfmmce intraband detectors
[Hof10], in addition to other exciting physical ptemena like the generation of
single and entangled photons [Ste06] or coheremipukation of a quantum bit for
guantum information processing [Li03]. QDs are liegting active objects for light-
emitting devices, since they present enhancedlisyadgainst thermal perturbations
due to the fact that the electronic states arda|yaocalized and the energy is fully
guantized. In addition, the electronic densitytatess near the band gap is higher than
in 3D and 2D systems, leading to a higher prolgbilor optical transitions.
Furthermore, the electron localization may dranadificreduce the scattering of
electrons by bulk defects. So these nanostructoaesplay an important role in
improving the performance of the device when inoaaged in the active region. The
HRTEM images in figure 5.1llustrate the structural difference between GaN/Al
QW and QD superlattices.

| have already discussed (see section 1.3 in chaptinat for the realization
of nano-optical chemical sensor, we need to usgsAN quantum dots as opto-
chemical transducers for the detection of the plevan fluids and/or of hydrogen

and hydrocarbon species in the gas phase. Thatastain this goal, it is necessary to
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investigate first the growth characteristics ofNIIQDs, which will be the focus of
this chapter.

5.2 Polar GaN/AIN quantum dots

Dr. Prem Kumar Kandaswamy synthesized these QD Isanag a part of his
Ph.D. work. | summarize his studies in this secatng with my contribution to the
optical (PL) and structural (AFM) characterizatiohthe samples, in collaboration
with Dr. Gaevi¢ [Gacll].

The synthesis of GaN/AIN QDs can be performed by methods: either by
GaN deposition under N-rich conditions [GuiO6] gr®aN deposition under Ga-rich
conditions followed by a growth interruption [GogO® both cases, GaN QDs are
hexagonal truncated pyramids with {1-103} facetsd ano Ga-Al interdiffusion has
been observed. The application of N-rich growth liegpa reduction of the mobility
of the adsorbed species during growth that resultgeneral, in a high density (£0
10" cm®) of small QDs (1-2 nm high). On the contrary, Gdrconditions enhance
the adatom mobility, leading to lower QD densit@'f410"* cm®) and bigger QDs (2-
5 nm high). The difference between these growthrtiegies is illustrated by the AFM
images in figure 5.2.
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7.5 nm

Figure 5.2: Typical AFM images of GaN QDs grown engh) N-rich conditions and (b) Ga-
rich conditions.

The photoluminescence linewidth of a QD stack ddpenot only on the
lateral homogeneity of the QDs but also on the rpatar fluctuations along the
vertically stacked layers. Two relevant parametérat might cause vertical
inhomogeneities are the strain-induced verticajretient of the QDs, and the strain
relaxation along the structure by introduction ofisfih dislocations. Vertical
alignment of the QDs is attributed to the locahstrinduced in the AIN matrix by the
presence of dots [Sar05], in agreement with the ehbg Tersoff et al. [Ter96].
Studies of vertically-correlated GaN/AIN QD stackseal an evolution of the island
dimension with increasing number of periods (dexeeaf the height, increase of the
diameter, reduction of the density), which resuita red shift and narrowing of the
photoluminescence [Gog04]. However, in the precase of the application to opto-
chemical sensors, the structures will consist ity @5 QD stacks. Therefore, the
vertical correlation trend has no time to get fudlstablished and it would contribute
to increase the size dispersion.

In order to access the vertical arrangement ofiBelayers in the cases of N-
rich and Ga-rich growth, samples were analyzed BRTHM. Figure 5.3 presents
typical micrographs of N-rich GaN QDs, where notiat correlation of the QDs is
observed. This is due to the small size and higisithe of QDs, so that the strain in
the AIN is relatively homogeneous. In contrastthe case of growth under Ga-rich
conditions (Figure 5.4), the vertical correlatidntloe QDs is favored by their larger

size and lower density.
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Figure 5.3: (a) Conventional bright-field TEM imagéa N-rich grown GaN/AIN QD stack.
No vertical alignment of the QDs can be observedat (c) HRTEM image following the
[2-1-10] axis and the [1-100] axis, respectivelyRHEM images by Dr. E. Sarigiannidou,
CEA/INAC/SP2M, France).

Figure 5.4: (a) Conventional bright-field TEM imagéa Ga-rich grown GaN/AIN QD stack,
where we observe vertical alignment of the QDs.HBTEM image following the [2-1-10]
axis (HRTEM images by Prof. Ph. Komninou, Aristbtfeversity of Thessaloniki, Greece).

Typical low-temperatureT(= 7 K) PL spectra from GaN/AIN QDs samples are
presented in figure 5.5(a). The samples considDgberiod SLs with 7 nm thick AIN
barriers and GaN QDs whose height varies from Xam@nm, which corresponds to
emission peak energy varying from 310 nm to 450 fire quantum confinement
blue shifts the PL of the smaller QDs, whereasl#inger QDs, due to the QCSE,
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show luminescence well below the GaN band gapelfcampare this QDs emission
with emission of GaN/AIN QW 40-period structuresthna barrier thickness of 7 nm
and a QW thickness varying between 1.25 nm and ,3wencan see that the QD
emission is broader due to the dispersion of thedyfbensions. In the case of the
GaN/AIN QWs, the spectral structure of the emissgdue to monolayer thickness
fluctuations in the QWs, as described elsewherd(@&t In the QD structures, the
broader linewidth makes it possible to observesiingerimposition of a Fabry-Perot
interference pattern related to the total nitriciekness.
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Figure 5.5:(a) Normalized PL spectra of GaN/AIN QbBsmpared with GaN/AIN QWs
emitting at same wavelength range.(b)Temperatustuéon of the integrated PL emission of
GaN/AIN QW and QD samples emitting at differentelengths.

A signature of 3D carrier confinement in QD struetuis the thermal stability
of the PL. The evolution of the integrated PL isignas a function of temperature,
normalized by the integrated PL intensity at lomperature T = 7 K), is presented in
figure 5.5(b) for GaN/AIN QWs and QDs. Keeping ininch that the emission
intensity remains stable below 25 K for all the p&em, the values presented in this

figure should correspond directly to the internadatum efficiency (IQE) defined as

! Note that this correspondence is only valid if iemradiative recombination is negligible at low
temperature, which in the case of figure 5.5 igpsued by the fact that the luminescence intensity
remains constant between 7 K and 35 K.
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IQE =Rr/(Rr+ Ryr), With Rr and Ryr being the radiative and nonradiative
recombination rates, respectively. These resultsfimo the improved thermal
stability of QDs over QWSs, as a result of the 3Driea confinement, in agreement
with previous reports [Ade00, Dam99, Gui06, Sén07].

Making use of simple rate equations [Ler99] unagtial) injection

n_g-n_n (5.1)
ot T, Twr

wheren is the minority carrier or exciton density conanG the generation rate,
andzr andzng the radiative and non-radiative lifetimes respatyi. Considering that
nonradiative recombination centers are thermallaied, i.e.1, =1,e'*", and

that the steady-state population of minority casrigoverns the PL intensity (i. e.

IpL [0 n/TR) We arrive to the expression:

M - R 1
= T=0 R.+R, 1rac®™ &2

wherea=1,/7,.

The presence of carrier localization in potentiattuations complicates the rate
equation (5.1) by introducing an additional thermi@bendence [Min02]. In this case,

the radiative efficiency can be approximated by

I(T) _ 1
(T =0) - (1+ae—Ea/kT )(1+be—E|oc/kT) (5.3)

with Ejoc being the average localization energy.

Experimental measurements of the PL intensity &snation of temperature
(Figure 5.5) can be well fitted to eq. (5.3). TH#aned activation energiegy) and
localization energieHyc) are listed in Table 5.1. It is important to nttat the value
of E, does not correspond to the band offset —althouigh influenced by it.E,
represents the energetic barrier that the carnmerst surmount in order to reach the
nonradiative recombination centers. In the cas®b§, the confinement in the dot
increases this potential barrier. Higher tempeestare hence required for carriers to
escape, probably via the wetting layer. On therdtlaed, QDs samples are well fitted

assuminggiec = 0.
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Table 5.1: Values of IQE %I(RT)/ k(T =4 K), activation energy of nonradiative
processes E and localization energy & extracted from the analysis of the PL emission of

GaN/AIN QWs and QDs.

Structure GaN/AIN QWs GaN/AIN QDs
Number of samples measurgd 5 3
Emission range (nm) 325 - 460 310 - 420
Ea (MmeV) 15+3 8015

Eioc (MeV) 110+15 --

IQE 0.0001-0.02| 0.3-0.8

" Decreasing for increasing PL peak wavelength.

The thermal evolution of the PL is characterized ooly by the intensity
decline due to the activation of nonradiative reboration processes, but also by a
spectral shift, which can provide information abthé carrier localization in potential
fluctuations. Figure 5.6 presents the evolutiothef PL peak energy as a function of
temperature in the cases of (a) GaN/AIN QWs and5@\/AIN QDs. The evolution
of the PL peak energy from the GaN/AIN QDs fits \tble evolution of the GaN
bandgap calculated using Varshni’'s equation (E3).i2.chapter 2), withh = 0.59
meV/K andfp = 600 K (dashed curves in figure 5.6), which iades that potential
fluctuations inside the QDs are negligible. Thisinscontrast with the intra-dot
localization reported in the case of nonpolar QRsI(7], which can be attributed to

the presence of structural defects.

In the QW samples, the evolution of the emissicakpenergy as a function of
temperature describes an S shape (see QW samptengrat 2.7eV). This S-shaped
variation is associated with potential fluctuatiovisich can be related to variations in
the QW thickness or/and to the presence of strakctdefects. This S-shape is
consistent with the requirement of two activatiorergies to get a good fit of the
thermal evolution of the PL intensity in QWs, aswh in Table 5.1.
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Figure 5.6: Temperature dependence of the PL peakipn for (a) GaN/AIN QWs and (b)
GaN/AIN QDs. Note that both figures have the samsical span. The dashed lines
represent the evolution of the emission with tesijpee following Varshni's equation.

The vertical homogeneity can be assessed by cdthmodeescence (CL)
spectroscopy, the penetration of the electron desing a function of the acceleration
voltage. Figure 5.7 presents the normalized CL tspeaf a QD sample (PL peak
energy at 3.95eV) measured at room temperaturediffdgrent acceleration voltages.
The CL peak energy remains stable when increabimgaltage from 2 kV to 15 kV,
which indicates a good vertical reproducibility thle QD layers. The low energy
shoulder that appears at 15 kV corresponds toutmenkescence from defects in the
AIN buffer layer.
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Figure 5.7: Evolution of the normalized CL spediam a 20-period QD stack measured at
room temperature with different accelerating vottagThe CL spectrum of the AIN template
used as a substrate is included for comparison.
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5.3 GaN/AIN QDs with reduced internal electric fietls

Polar GaN/AIN QDs are, in general, defect-free &trres. However,
GaN/AIN heterostructures grown along the polar d00@xis present an internal
electric field of several MV/cm due to the polatiea discontinuity along this axis. A
strong reduction of the internal electric field hasen demonstrated in nonpolar
GaN/AIN QDs grown on a-plane [FouO5] amdplane [Ams07]. However, the
integration of such nanostructures in complete aeviis challenging due to the
difficulties to achieve nonpolar 2D layers withtflaorphology [Fou05, Ams07] and
the strong dependence of the QD morphology on theukderlayer [Ams07]. So for
reducing QCSE in GaN/AIN QDs, we considered groaftpDs in semipolar (11-22)

plane.

To study the structural properties and optical qrenance of semipolar GaN
QDs, we have fabricated a series of samples corgief 20 periods of GaN QDs
embedded in 10-nm-thick AIN barriers. An additiocdD plane was deposited on the
surface to enable AFM characterization. The QDsvggnthesized by deposition of a
2D GaN layer under Ga-rich conditions, followed Y90 s growth interruption in
vacuum, during which the reflections correspondmghe QD facets become visible
in the RHEED pattern. The nominal amount of GaNeah QD layer varied from
3 ML to 10 ML. These samples were synthesized dratacterized in collaboration

with Dr. Lise Lahourcade.

The AFM micrograph in figure 5.8(a) illustrates tiypical surface of a ~200-
nm-thick 2D AIN(11-22) layer, whereas figure 5.8@mows the surface of the sample
with nominally 5 ML thick GaN QD layers. The isladensity is around 5x1bcm?,
with an average island height of 2064 nm. It is however important to remind the
difficulty to quantify precisely the dimension ofirface corrugations from AFM
characterization, since the measured topograplayasnvolution of the real surface
and the tip shape. Moreover, it is not possibledtermine if a continuous 2D GaN

wetting layer persists between the islands.

Figure 5.9shows overall cross-sectional TEM and Z-contraansmg-TEM
images of the QD heterostructure of the 10 ML sanil is seen that the QD
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superlattices were distorted by the large densityextended defects (TDs and
stacking faults) contained in the MBE-grown temglaihe defects introduced
roughening and depressions at the GaN/AIN interfaeeising many QDs to grow
partially on inclined crystallographic planes. Haee the great majority of QDs sat
on the (11-22) plane, and the QDs were epitaxiti tie (11-22) matrix.

Figure 5.8: (a) AFM micrograph of a typical ~200-fthick AIN(11-22) layer. (b) AFM
image of GaN (11-22) QDs synthesized by deposgitfichML of GaN under slightly Ga-rich
conditions on AIN(11-22) and subsequent anneabn®® s in vacuum.

Figure 5.9:(a) Bright-field CTEM image along thel{123] zone axis and (b)Z-contrast
STEM image along [1-100] of the overall GaN QD hestructure of the 10 ML sample
grown on semipolar (11-22) AIN template. The hetumture is perturbed by TDs, and

depressions are observed at the GaN/AIN interfaftef [Dim10] TEM images by Ph.
Komninou, Aristotle University of Thessaloniki, €ce).
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Figure 5.10 presents cross-section HRTEM imagethefQD stacks with
nominally (a) 5 ML and (b) 10 ML of GaN in the QByers. The GaN islands present
a good epitaxial relationship with the AIN matrikeeping the same (11-22)
crystallographic orientation. By comparing figurBslO(a) and (b) we observe a
significant enhancement of the QD height and diamehen increasing the amount
of GaN in the QD layers. Another important featisréhe presence of a wetting layer,
clearly resolved in the sample with 5 ML of GaN.the sample with 10 ML of GaN,
the wetting layer is not distinguished due to tighér QD density.

1(1132)

[1100] |

[1123]

Figure 5.10: High-resolution TEM images of (11-22)ented GaN/AIN QDs synthesized by
deposition of (a) 5 ML and (b) 10 ML of GaN undighgly Ga-rich conditions on AIN(11-
22) and subsequent annealing for 90 s in vacuuswed along <11-2-3x. axis (After
[Dim10] TEM images by Ph. Komninou, Aristotle Uniity of Thessaloniki, Greece).

— %/// / i i

Figure 5.11: Cross sectional HRTEM image of (11-@2N QDs in the 10 ML sample. (a)
Observed along [-1-123], the facets indicated bydsines are of {10-11} type. (b) Observed
along [1-100], the (11-20) side facets are indichtey solid lines. The dashed lines indicate
facets of average orientation (11-25) or (11-26\ftér [Dim10] TEM images by Ph.
Komninou, Aristotle University of Thessaloniki, €ce).
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Regarding the side facets of the QDs, figure 5)1il{astrates a cross-
sectional HRTEM image along the [-1-123] zone altiss seen that the side facets of
the QDs are aligned with the {10-11} edge-on platied form angles of 26° with the
(11-22) plane. Another possible plane orientationthese side facets is the {10-12}
which is inclined in this projection and forms amgke of 27.4° with the (11-22). The
QDs were either pyramidal-shaped or truncated et top. From figure 5.11(b) we
can note that the QDs exhibit a sharper facetcatdd by solid lines on the right-
hand side, whereas they are more lenticular-shapethe left-hand side (dashed

lines).

Figure 5.12llustrates the resulting delimiting geometricabpbs of the (11-
22) QDs, based on the assigned crystallographicnepla When two
crystallographically equivalent facets, {10-11} {t0-12}, coexist, the QD shape
exhibits mirror symmetry consistent with the (1-L@lide-mirror plane of wurtzite
that is perpendicular to the (11-22) plane. Altékredy, one {10-11} and one {10-12}
facet may coexist in the same QD, leading to twiawés of the QD shape due to the
suppression of the mirror symmetry. The proposelimideng morphologies are

consistent with the plan-view observation of regtdar or trapezoidal shapes.

1011 = 01711
® [1123] (OLY (1120) ey

26" 26°
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Figure 5.12: Schematic illustration, along threerpendicular projection directions, of the
two delimiting QD morphologies of the (11-22)-natéal QDs.The orientation of the (1-100)
glide mirror plane is indicated (After [Dim10] TENMmages by Ph. Komninou, Aristotle
University of Thessaloniki, Greece).
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Figure 5.13(a) presents the low temperature (T K) PL spectra from QD
stacks with nominally 3 ML, 5 ML, 8 ML and 10 ML itme GaN QD layers. The PL
peak energy blue shifts when reducing the amoui@aifl in the QDs as a result of
the improved quantum confinement. The full widthhatf maximum (FWHM) is in
the range of 265 meV to 105 meV, which is compaablthe values obtained from
c-oriented GaN/AIN QDs. However, in contrast widsults in polar GaN/AIN QDs,
the PL energy peak remains systematically aboveGaN band gap, attesting the
reduction of the QCSE.
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Figure 5.13: (a) Low temperature (T = 7 K) PL spactrom GaN/AIN QD stacks with the
amount of GaN deposited in the QD layers varyiogfi3 ML to 10 ML. (b) Evolution of the
PL intensity with the temperature in semipolar G&IN/ multi-QD and multi-QW structures,
both emitting around 3.65 eV. In the inset, timssheed PL measurements of semipolar
GaN/AIN QD stacks at T = 7 K (After [Lah09]).

The attenuation of the internal electric field retsemipolar QDs is further
confirmed by time-resolved PL measurements. In #xperiment, the excitation
source was a pulsed frequency-tripled Ti:sapplaised A = 270 nm) with a repetition
rate of 76 MHz (pulse width of ~200 fs), focusedooa 100 um diameter spot. The
PL signal was analyzed by a streak camera using@ a22window, giving a system
response of about 10 ps. The inset of figure 5)1#(Istrates the time-resolved PL

results obtained for semipolar GaN/AIN QD strucsyrehowing decay times in the
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350-500 ps range, one order of magnitude short@m tlesults on polar QDs with
similar height [SimO03].

The thermal evolution of the PL intensity of sem@goGaN/AIN QDs is
presented in figure 5.13(b). For comparison witmigelar multi-QW structures, we
have chosen QD and QW samples whose luminescemdepasitions occur at the
same energy (~3.65 eV). For instance, in figur&®)l the sample with nominally 5
ML of GaN in the QDs is compared to a GaN/AIN (hih / 5 nm) multi-QW
structure. The PL intensity of the QD (QW) sampilepd by a factor of ~10 (~100)
between T = 7 K and room temperature. The imprdkiednal stability in the QDs is
an indication of the 3D carrier confinement, whicitreases the recombination
efficiency and makes them relatively insensitivelédects in the surrounding matrix.
Experimental measurements of the PL intensity a$urection of temperature
(Figure 5.13(b)) can be well fitted to eq. (5.3heTobtained activation energids;)

and localization energieg () are listed in Table 5.2.

Table 5.2: Values of IQE %I(RT)/ k(T =4 K), activation energy of nonradiative
processes E and localization energy & extracted from the analysis of the PL emission of
GaN/AIN (11-22) QWs and QDs.

Structure GaN/AIN QWs GaN/AIN QDs
Number of samples measurged 2 4
Emission range (nm) 326-342 325 - 355
Ea (MeV) 2+1 77-136

Eioc (MeV) -- 11-24

IQE 0.01-0.007 0.09-0.02

5.4 Polar InGaN/GaN QDs

To investigate the structural and optical perforoganf InGaN QDs, | have
synthesized a series of a series of InGaN/GaN 2@¢€D superlattices on 10-pum-
thick GaN-on-sapphire templates. For the generaifdnGaN QDs, the Ga flux was
fixed at 30% of the stoichiometric value and theflix was tuned close to the
stoichiometry. Therefore, the Stranski-Krastanansition is forced by the lattice
mismatch, in spite of the slightly metal-rich atrpbere and the well-known

surfactant effect of In, which promotes 2D growitte(i03]. For the growth of the
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5 nm spacer, the In shutter was closed and thdu@avias fixed at the stoichiometric
value. We used different Ga cells for the QD and tfee barrier, to be able to
synthesize the superlattice without growth intetians. In order to use as a reference
for characterization, we have fabricated also &searf InGaN/GaN QW 20-period
SLs deposited on 4-pum-thick GaN-on-sapphire terapldh the case of the QWs, the
Ga flux was fixed at 30% of the stoichiometric valand the In flux was tuned to
have two monolayers of In excess at the growthtfielon03]. For the growth of the
3 nm thick GaN barriers, a second Ga cell was aselde stoichometric temperature,
and the In shutter was kept open to guarantee 2iwthr All structures were

synthesized without growth interruptions.

Prior to the growth of each sample, we have cakdoréhe growth temperature
by measurement of the In desorption time, as desdrin section 4.6.1 of chapter 4.
Several samples were grown at various substratpaeatures. Figure 5.14(a) and (b)
compare AFM images of InGaN/GaN QDs and the 2Daserfof InGaN/GaN QWSs.
The AFM image of the QD samples showing a high tiensf small QDs. It is
important to keep in mind that the QDs embedde&aN should be different than
those on the surface, due to GaN/InGaN interdifilusAFM images should therefore
be taken as a reference, but they do not provigetdinformation on the morphology
embedded QDs. In the case of QWSs, the surfacemnisee typical GaN morphology
with hillocks and atomic terraces.

1.2 nm

Figure 5.14: AFM image of (a) InGaN/GaN QDs as canep to (b) InGaN/GaN QWs.

HRTEM and scanning transmitting electron microscd@®fEM) imaging
were implemented in order to investigate the stmattproperties of these samples.

Figure 5.15 presents the overall cross-section&NMsTmage from the InGaN/GaN
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QW heterostructure. The 20 periods of the InGaN/GaWs are clearly visible

(Figure 5.15, left). In the magnified image on tight, atomically sharp GaN/InGaN
interfaces along the growth axis are observed, edsgethe InGaN/GaN interfaces
present interdiffusion with an average value o#0.I nm. Let us remind the reader
that certain degree of interdiffusion is commonbserved in this kind of structures

grown by molecular-beam epitaxy [Wal02, Dus03].

Figure 5.15: Cross-sectional STEM images of InGalN®Ws. Left: Overall view of the 20-
period superlattice, in which the InGaN QWs preseith brighter contrast because they
comprise the heavier element. Right: A magnified pathe image on the left showing the
atomically flat GaN/InGaN interfaces and the intffukion at the InGaN/GaN interfaces
along the growth axis (TEM images by Ph. Komninaustotle University of Thessaloniki,

Greece).

Figure 5.16 shows HRTEM observations of InGaN/Gabs(xaken along the
[11-20]zan zOne axis. Truncated pyramidal-shaped QDs of wartgtructure are
identified. Although the shape of the surface QPwell defined, the embedded QDs
are less clear due to thickness effects from prejematerial overlap and scattered
contrast from beam-induced partial indium clustgrinn general, the projected
diameter of the QDs ranges from 17 to 25 nm, arr theight is measured as
~2.2£0.2 nm. The wetting layers are also visible andgtacking faults were found in

the structures.
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Figure 5.16: HRTEM images of InGaN QDs viewed althreg[11-20] zone axis.(a) Surface
and embedded QDs are detected along with the \geltiyers.(b) A magnified view of a
surface QD depicting its wurtzite structure in atorscale (TEM images by Ph. Komninou,
Aristotle University of Thessaloniki, Greece).

PL Intensity (a.u.)

400 450 500 550
Wavelength (nm)

Figure 5.17: Low temperature PL spectra from InGaBiN QWs grown at different
substrate temperature.

129



The low-temperatureT(= 7 K) PL spectra of the InGaN/GaN QW samples
grown under different substrate temperatures, bmtw610C and 648C, are
presented in figure 5.17. The spectrum shows asteft in the emission with

decreasing growth temperature, as a result of tinareced In incorporation in the

QWs.

Figure 5.18 presents low temperature=(7 K) PL spectra obtained from
InGaN/GaN QD superlattices grown at different stdisttemperature. In InGaN QD
samples, the variation of the PL peak energy withdubstrate temperature does not
follow a monotonous trend (see Table 5.3). Thidus to the fact that the substrate

temperature modifies not only the In content in @@s but also their morphology

(height, diameter, density).

PL Intensity (a.u.)

1 " 1 " 1 " 1 " 1
380 400 420 440 460
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Figure 5.18: Low temperature PL spectra of the INBaaN QDs samples grown at
different substrate temperature.

Sample | Growth temperature PL peak wavelength
E1932 628°C 411 nm
E1930 617°C 420 nm
E1933 609°C 398 nm
E1934 605°C 423 nm

Table 5.3: InGaN/GaN QDs samples grown at diffeseristrate temperature.

Figure 5.19 Presents the low temperatdre ¥ K) PL spectra from a second
series of QDs samples with 20 periods of nominalML, 4 ML, 5 ML and 6 ML of
InGaN QDs embedded in 5 nm thick GaN barriers. Hbeelinewidth is broader than
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in the previous series, indicating larger disper©bthe QD parameters. And also the
PL peak energy red shifts systematically for insimeg amount of InGaN in the QDs
(keep in mind that these samples were grown asdahee temperatur@s = 610C).

Amount of InGaN

3 ML
—4ML
—5ML
—6 ML

PL Intensity (a.u.)

400 420 440 460
Wavelength (nm)

n 1
360 380 480

Figure 5.19: Low temperature PL spectra from 20ipes of InGaN/GaN QD stacks with the
amount of InGaN deposited in the QD layers varyiogh 3 ML to 6 ML.

Figure 5.20 compares the thermal evolution of thenensity for the case of
InGaN/GaN QWs and QDs. From the figure, we obsémaein the case of QDs, the
PL intensity remains constant up to almost 100 Kemgas in QWSs the PL starts to
decay at about 30 K. This is a confirmation of @@ 3D carrier confinement, which
separates the carriers from nonradiative recomibmatenters. The experimental
measurements in figure 5.20 can be well fitted qo(®.3). The obtained values of
activation energiesE,) and localization energieE{,) are listed in Table 5.4.
Similarly to the GaN/AIN case, QDs samples are Widd assumindg,c = O.

Table 5.4: Values of IQE %I(RT)/ k(T =4 K), activation energy of nonradiative
processes E and localization energy & extracted from the analysis of the PL emission of
InGaN/GaN QWs and QDs.

Structure InGaN/GaN QWsInGaN/GaN QDs
Number of samples measurgd 6 8
Emission range (nm) 430 - 530 390 - 410
Ea (MeV) 11+4 50+2

Eioc (MeV) 30-80 -

IQE 0.0004 - 0.01 0.1-0.6

" Increasing for increasing PL peak wavelength.
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Figure 5.20: Temperature evolution of the integdaRL emission of InGaN/GaN QW and
QD samples emitting at different wavelengths.
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Figure 5.21: The temperature dependence of the ¢k position for (a) InGaN/GaN QWs

and (b)InGaNGaN QDs. Note that all of the figureséd the same vertical span. The solid
lines in (a) are fits to Eliseev’s correction [EfPto model InGaN alloy fluctuations. The

dashed lines in (b) represent the evolution of #mission with temperature following

Varshni’'s equation.

Figure 5.21presents the evolution of the PL peak energy asnatibn of
temperature in the cases of (a) InGaN/GaN QWs apdnGaN/GaN QDs. In the
case of InGaN/GaN QDs emitting in the 3.0-2.85 @€cs¢ral range, Lefebvre et al.
reported carrier localization by potential flucioas with a spatial extension much
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smaller than the QD Size [LefOlh our case, a deviation from Varshni’'s equation
associated to InGaN/GaN intra-dot localization &salved, being particularly
important in the QD sample emitting lower energhich points to a more uniform In
distribution in the QDs with a lower In content433.0 eV spectral range).

In the QW samples, the evolution of the emissicakpenergy as a function of
temperature describes an S shape. This S-shapatiorais associated with potential
fluctuations in the QWs: the blue shift at internag¢el temperatures is explained by
the filling of potential valleys with different dés upon excitation [Eli97, Lef01,
Cho97]. The remarkable enhancement of the S-shape in INQ&/S points to alloy
inhomogeneities. For quantification of the potdrftiectuations, Eliseev et al. [Eli97]
proposed a band-tail model assuming a Gaussiardidgteibution of the density of
states, which results in a correction to Varsheitgiation by—¢?/kT, whereos is
dispersion of the Gaussian band-tail density oftestaFrom the analysis of
InGaN/GaN QWs, values of = 40+15 meV are obtained, which are comparable to
typical measurements in InGaN light emitting diodEB97]. In the case of InGaN
QDs, it was not possible to extract a reliable gaito.

5.5 InGaN/GaN QDs with reduced internal electric
field

In order to study the optical and structural perfance of semipolar InGaN
QDs, | have synthesized a series of self-assengdedpolar InGaN/GaN 10-period
QD superlattices. These semipolar samples werergusmg 1um thick (11-22) GaN
template deposited by MOVPE omplane sapphire provided by Dr. Ph. De Mierry
and Dr. G. Nataf (CRHEA-CNRS, Valbonne Frandd)e09]. Identical samples were
simultaneously deposited on commerciald thick polar (0001) GaN substrates, to
allow for comparison. Prior to the growth of eaemgple, | have calibrated the growth
temperature by measurement of the In desorptioa fimm polar GaN on the same
sample holder. During the growth of the QDs, the flaa was fixed at 30% the
stoichiometric value and the In flux was tuned &wén a slight In excess. A growth
interruption for 10 s in vacuum after the InGaN a&pon favors InGaN islanding.
For the growth of the 5nm thick GaN barriers, Ba flux was fixed at the

stoichiometric value, using a second Ga cell. SHwwamples were grown at various
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substrate temperatures ranging from %50 510C, where In desorption is active.
The In incorporation rate is very sensitive to tubstrate temperature, so that we

expect a variation of the In mole fraction in thB)

Figure 5.22is a bright field (BF) cross-section TEM micrograghom a

semipolar sample grown at 560 along the [1-100] zone axis. It shows the
InGaN/GaN superlattice on top of the (11-22) MOVBE&N template, and the defect
structure dominated by TDs lying on the (0002) batne with a measured density
of 3x10° cm®

superlattice on top of the MOVPE GaN template. ifodined TDs lie on the basal plane
(TEM images by Ph. Komninou, Aristotle Universityrbessaloniki, Greece).

InGaN QDs were found to nucleate preferentiallgitets where the nucleating
plane deviated from the exact (11-22) orientatidimese local deviations are
attributed to the facetted surface roughness astsociwith the growth of (11-22)
oriented GaN, and to the effect of the local stfe@hd of the TDs. The HRTEM
image of figure 5.23(a) illustrates QDs viewed gldine [11-2-3] direction, and figure
5.23(b) shows QDs viewed along the [1-100] directidhe latter image shows
wetting layers and QDs nucleated on inclined plandke vicinity of TDs. The QDs
were elongated along their base with an averagthwid~15 nm and their height was
~2 nm. The GaN barriers had a height of 5 nm. Qi2$ hucleated on the (11-22)
plane or on depressions of the GaN barriers exddlatlenticular morphology. On the
contrary, QDs nucleated on inclined planes wereenfacetted and generally larger in
height. Figure 5.23(c) is an enlarged HRTEM imagea dacetted inclined QD. The

preferential nucleation on inclined planes andaagfdepressions is similar to what

134



has been observed for the case of (11-22) GaN @Dani AIN (11-22) matrix
[Dim10]. Inclined planes such as {10-11} can bediable sites of indium adsorption
[Nor99].

Figure 5.23: (a) HRTEM image along the [11-2-3] roaxis showing QDs nucleated on (11-
22) and at depressions of the GaN barriers. Arravdicate some of the larger QDs as well
as an ascending TD. (b) HRTEM image along the [@}1fbne axis, where by arrows

indicate QDs nucleated on (11-22) as well as ottiied planes due to the distortion caused
by TDs. The dashed line follows an ascending TIp.Efdargement of an inclined QD

showing a more faceted shape in contrast to the-2@)igrown QDs. The average

orientations of QD facets are indicated by whiteeB (TEM images by Ph. Komninou,
Aristotle University of Thessaloniki, Greece).

Other than the clearly resolved QD formations, (h&-22) InGaN layers
exhibited corrugated morphology (Figure 5.24(a)icl®s layers were strained and
comprised indium fluctuations leading to self-askkt narrow QDs of diameter
~2 nm as shown in figure 5.24(B)so07]. Although the influence of the electron
beam cannot be excluded as a cause of indium chgptduring TEM observation
[HumO7], precautions were taken in order to minentzeam exposure as much as
possible. Strain relaxation constitutes anothesiptes mechanism causing the indium
fluctuations since the Stranski—Krastanow transitic induced by the lattice
mismatch. Enhanced clustering is observed at tiof intersection of the layers
with the TDs (Figure 5.24(a)) in agreement with er@ic molecular dynamics

simulations [Leil0].
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Figure 5.24: (a) HRTEM image along the [-1-123] eoaxis, showing InGaN layers with
corrugated morphology. TDs indicated by arrows af#served to induce clustering at the
points of their intersection with the layers (ddtteircles). (b) Magnified HRTEM image
along [-1-123] showing that the layers break apato small QDs (arrows). (TEM images
by Ph. Komninou, Aristotle University of Thessatarreece).

The existence of strain in the layers is consisteith the observation of
upward oriented TD semi-loops as in figure 5.24@jch semi-loops could be
introduced by the Matthews—Blakeslee mechanism THjatsince a critical resolved
shear stress is present on the basal plane inageeaf semipolar growth, in contrast
to the polar case. TD introduction would be prordotéen the overall elastic strain
in the InGaN/GaN superlattice exceeds a criticihezaAnother possible mechanism
is the upward climb of threading arms connectedmisfit dislocation segments.
Misfit dislocation formation may be promoted by ttoeighening of the growth front
[Mei07].
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Figure 5.25: Cross-sectional HRTEM images of seffeanbled InGaN/GaN QD
superlattices, grown atsE 510°C: (a) semipolar sample, viewed along thel(D] zone
axis. (b) polar sample, viewed along [11-20]. (TEMages by Ph. Komninou, Aristotle
University of Thessaloniki, Greece)

Figures 5.25 comparing HRTEM images from semipaad polar QDs
samples respectively grown simultaneously at°610n the semipolar case, QDs,
indicated by arrows in figure 5.25(a), were of Iiig2 nm and are elongated at their
base having average width of ~15 nm. Under the ggnowwth conditions, polar QDs
were also well-defined and with elongated lenticglaape. Their height was similar
to the semipolar case, but their projected widtk aproximately double.

The low-temperature PL spectra from polar and selaipinGaN/GaN QD
superlattices grown at various substrate temperaitare illustrated in figure 5.26.
The emission from semipolar InGaN QDs is systeralyidlue shifted in comparison
to the respective polar samples grown simultangoiske figure 5.27). Not
withstanding the variation in the internal electiigld between the two samples, the
observed shift in the PL spectrum can be attribtdetie different In incorporation in
the two crystallographic orientations. From theufs 5.27, we can see that the
variation of the PL peak energy with the substtat@perature does not follow a
monotonous trend. This might be due to the fact tha substrate temperature
modifies not only the In content in the QDs bubailseir morphology.
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Figure 5.26: Low temperature (T = 7 K) PL spectrani (a) polar and (b) semi polar
InGaN/GaN QDs grown at different substrate tempaetThe spectra are vertically shifted
for clarity.
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Figure 5.27: PL emission wavelength vs growth temaipee for polar and
semipolar InGaN/GaN QDs series.

In summary, the PL characterization of the QDs @hsistent with a
significantly lower In incorporation in the semipolQDs, compared with polar
structures. The longer emission wavelength frons gemipolar QDs series was

410 nm. For further red shifting the emission, veed to incorporate more indium in
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semipolar QDs, that is, we must consider the growfttQDs at lower substrate

temperature (below 510).

5.6 Growth of semipolar InGaN QDs at low-Ts

With the purpose of extending the emission wavelefrgm 410 nm to longer
wavelengths, | have synthesis another series oipsdain QDs at significantly lower
substrate temperaturds= 460-446C), where In desorption is negligible. In this
temperature range, | had previously demonstratadthtie synthesis of semipolar InN
was possible (see section 4.6 in the previous ehaptere also for comparison,
similar samples were grown along the polar oriématinder the same condition. As
in this case In does not desorb from the growinfpse, the In and Ga fluxes must be

adjusted to the targeted mole fraction in the QDs.

Figure 5.28, shows the TEM image from the low terapge grown semipolar
sample. In the lows case, the QD layers exhibited a more continuousugated
form compared to higfis growth. The heterostructures were evidently distbiby
the high density of TDs contained in the (11-22) WRE template, which mostly lied
on the (0002) basal planes inclined relative togtmvth direction. The inclined TDs
were found to change their orientation upon enaenimy the superlattice, and to bend
almost straight upwards. This effect was most pgobbanduced during growth and
must be attributed to the influence of the elastiiain in the InGaN layers. As a result
of the interaction with the TD strain fields, theogth front was distorted and
depressions were introduced in the QD layers as sedigure 5.28 and figure
5.29(a). The QDs that were nucleated in such dsjores were larger on average than
the rest. This could be justified if we take inttcaunt that planes such as {10-11}
could act as preferable sites of indium adsorpiidor99]. Same like in highs case,
the QDs had an average height of 2 nm and width5ofim, and exhibited rather

similar lenticular morphology.
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Figure 5.28: TEM image along [1-100] of the lowsEmipolar (11-22) sample. Arrows
indicate TDs initially inclined on the basal platieat change their orientation inside the
InGaN QD superlattice. The orientation of the dgdane is indicated by a dotted line (TEM
images by Ph. Komninou, Aristotle University of §daoniki, Greece).

Figures 5.29(a) and (b) depict HRTEM images of gpahar samples grown at
low Ts. The average height of the InGaN layers is aldmusame as in the highs
case and the QDs are not easily discriminatedfigee 5.29(b)).
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Figure 5.29:(a) HRTEM image along [1-10@Q}n showing a TD that disturbs growth along
the (11-22 ) orientation and resulting in formatiohinclined QDs along orientations
different from the (11-22 ).(b)HRTEM image alonty}-23]:.y Showing continuous InGaN
layers. The QDs are not easily discriminated arellttyers have a corrugated form (TEM
images by Ph. Komninou, Aristotle University of §daoniki, Greece).

Regarding the lows polar sample, the superlattice structure is hgavil
distorted by multiple basal plane stacking faulBSEs) and associated partial
dislocations, shown in figure 5.30. Overlapping tbkse BSFs results in local
transformations of the wurtzite ...ABAB... stacking seqce to the sphalerite
...ABCABC... one and thus formation of cubic ‘pocket$he introduction of the
BSFs should be attributed to the low growth temfoeea which causes low adatom
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mobility for GaN growth. As shown in figure 5.3Q(lclearly resolved QDs could not
be distinguished, due to the structural distortion.

Figure 5.30: (a) HRTEM image of the low-T polar gdenalong [11-20] zone axis. (b) A
magnified view showing the three InGaN layers witisitions denoted by white lines. The
structure is distorted by a high BSF density and @Ds cannot be clearly distinguished
(TEM images by Ph. Komninou, Aristotle Universityrbessaloniki, Greece).

The optical performance of the InGaN QDs was ingastd by PL
measurements. Low temperatuife<7 K) PL spectra from semipolar and polar QDs
grown at variousls are shown in figure 5.31. For ease of understapdimcluded
the PL spectra from the QDs samples grown at reghperature Ts= 650-510C)
along with the PL spectra of lovls grown samples. In general, for high-growth,
we observe a red shift of the emission wavelendtenndecreasings. In the case of
low-Ts growth, same like in highis growth luminescence from semipolar InGaN QDs
is systematically blue-shifted in comparison to thepective polar samples grown
simultaneously. Here the spectral shift of the emis from semipolar QDs is
consistent with the Ga/ln flux ratio. In contrast,this Ts range, the only emission
from polar QDs is a broad band located around 680@vavelength, which correspond
to the spectral location of the yellow band in cuBiaN [Wu97], which is justified in

view of the crystalline structure described in fig.30.
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Figure 5.31: Low temperature (T =7 K) PL spectrani semipolar and polar QDs grown
(@) at low & and (b) at high & In both figures, the spectra have been normalized
vertically shifted for clarity. The oscillations gerimposed to the spectra are due to Fabry-
Perot interference associated to the nitride eplaghickness (~ 1 um for semipolar samples
and ~ 10 um for polar samples).

Figure 5.32(a) compares the evolution of the irgegt PL intensity in polar
InGaN QWs and in polar and semipolar InGaN QDsgialitting around 410 nm. The
improved thermal stability of polar QDs over QWSs agesult of the 3D carrier
confinement has been reported [Dam88n07, Ga&ll]. Similar to polar QDs, the
emission from semipolar QDs remains stable up tH0G-K, which points to a
comparable confinement. However, the faster drop efficiency for higher
temperatures indicates an enhancement of nonnaglieécombination. The thermal
stability of the PL from semipolar QDs improves &nission at longer wavelengths
(Figure 5.32(b)).

By fitting the data in figure 5.32 to the equati@.3) assuming a single
activation energy, | obtained the results summdrie Table 5.5. The values of
Ea = 9515 eV are significantly higher than th&, = 11+4 eV measured in polar
InGaN/GaN QWs (see table 5.4), which is a confiramabf 3D confinement. For

high-Ts growth, the values ofa confirm an enhancement of nonradiative
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recombination in semipolar QDs compared to thelapoounterparts. However, low

Tsresults in an improvement of the semipolar QDcedficy.
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Figure 5.32: Variation of PL intensity with tempearee. (a) Comparison of polar and
semipolar (5= 510°C) InGaN/GaN QDs and polar QWs, all of themitting at ~ 410 nm
wavelength. (b) Semipolar InGaN/GaN QDs grown #ed@nt temperatures

Ts Emission wavelength at Ea
Sample [°C] Orientation T=7K [nm] [meV] a
Semipolar 385 105 1800
E 2251 560
Polar 407 96 190
Semipolar 410 110 780
E2254 510
Polar 450 89 68
Semipolar 515 110 620
E2400 460
Polar - -- --
Semipolar 580 74 280
E2402 460
Polar -- -- --

Table 5.5: Calculated fand a values of polar and semipolar InGaN/GaN Qbgkes
grown simultaneously at various substrate tempeegstu

Figure 5.33 presents the evolution of the PL peskgy with temperature for
semipolar InGaN QDs, showing a clear deviation frégiarshni’s equation, which
points out the relevance of potential fluctuationghin the QDs. In polar QDs, these

143



intra-dot carrier localization is only observed fsamples with high In content
(emission wavelength >440 nm), and is attributedlliwy fluctuations within the QDs
in the scale of the exciton radius (~ 2.8 nm foN{zaas verified by HRTEM. In
semipolar QDs, the presence of defects providestiawal sources of potential

fluctuations.
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Figure 5.33: Temperature dependence of the PL peakion for the semipolar InGaN/GaN

QD stacks in figure 5.32(b). Dashed lines indictite theoretical evolution of the bandgap

with temperature calculated using Varshni’'s equatio

5.7 Lattice strain and indium content in the InGaN
QDs

Strain measurements, from the polar and semipol@s €mples grown at
high and low temperature ranges, were performedArgtotle University of
Thessaloniki, under the supervision of Dr. G.P. iimkopulos [Koul2] and | will

summarize the results in this section.

Figure 5.34 shows HRTEM images of the high and Tosemipolar and polar
samples along with their corresponding latticeistraaps and strain profiles along
the growth direction. The average lattice straiongl the growth direction was
determined using geometrical phase analysis (GR¥P8].
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Figure 5.34: HRTEM images of (a) high-T semipolimg [11-2-3], (b) high-T polar sample
along [11-20], (c) low-T semipolar sample along {243], (d) low-T polar sample along [1-
100]. (e)—(h) Corresponding 2D maps of lattice strand strain profiles along the growth
direction obtained by GPA.

GPA provides a measurement of the deformation ef Itiitice along the

growth axisg,,, with respect to the ideal value for Gabl,_ . The value of strain

along the growth direction for InGaN, ¢,,, Iis obtained using:
Aean (1+5'ZZ):d,nGaN(1+£Z), where d, .., iS the interplanar spacing along the

growth direction for relaxed InGaN. The In conter@n be estimated from the
previous equation assuming biaxial strain. Thia i®asonable assumption given the
small aspect ratio of these QDs. For our calcufatibe lattice and elastic constants of
InGaN were linearly extrapolated from those of laihd GaN [Mor09] and the band
gap bowing parameter was taken as 1.4eV [Mos103. rEsults are listed in Table
5.6, together with the PL energy of the samplesseBaon the estimated In
concentration, the expected band gap and emissiergy was calculated using the
nextnand one-dimensional Schrédinger-Poisson solver. Theegmental PL peak
energy is slightly lower than the calculations gsihe structurally-determined values,
which can be explained by alloy fluctuations. le tase of higi's growth, the lower

In incorporation in the semipolar samples is conéid. A similar conclusion cannot

be attained for the loWws case since the polar sample contains a very ldedect
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density which causes partial strain relaxation, #éedice the In concentration is

underestimated.

High-Tg High-Tg Low-Ts Low-Ts

semipolar polar semipolar polar
Ga/N flux ratio 30% 30% 50% 40%
Emission energy af = 7 K 3.02 276 291 _
(eV)
£ 3.2+0.8% 4'30;‘; 0.6 55+0.7% 4.9%+0.4%
X 0.15+0.04 0.25+0.040.32+0.04 0.29+0.03
Calculatedey (eV) 3.01+£0.15 292+0.142.47+0.13 2.82+0.10
Calculated(g\r;l)lssmn energy 54 283 266 268

Table 5.6: Measurements of lattice streﬂh along the growth direction, and derived indium

content of IpGa,.,N assuming biaxial strain. Calculated,®8;,N bandgap (5 and QD
emission energy obtained using the nextAaadtware with the deduced In mole fraction, an
In,Ga; xN bowing parameter of 1.4 eV, a low temperature haRdgap of 0.7 eV.

5.8 Conclusions

In summary, we have successfully fabricated SLs GAN/AIN and
InGaN/GaN QDs, both in polar (0001) and semipolbt-22) orientations, using
PAMBE. The 3D nature of the structures has beetffiegrusing AFM and TEM. PL
measurements confirm the superior room-temperamngsion efficiency of the QD
structures as compared to the respective QWSs, assat of the 3D carrier

localization.

The synthesis of polar GaN/AIN QDs was possibldviny methods: either by
GaN deposition under N-rich conditions or by GaNpaltion under Ga-rich
conditions followed by a growth interruption. Intbaases, GaN QDs are hexagonal
truncated pyramids with {1-103} facets and opticalidies showed that potential
fluctuations inside the QDs are negligible. Wheréasng semipolar GaN/AIN QDs
growth, two types of QDs, sitting either on the -@2) plane or on the inclined
crystallographic plane, were formed due to thedatgnsity of defects present in the
growth front and is confirmed by HRTEM. The lowrgerature PL measurements
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and time-resolved PL measurements confirmed thecteoh of the internal electric

field in the semipolar GaN/AIN QDs in comparisorttwpolar structures.

The influence of the growth temperature on the aaptiand structural
properties of the polar and semipolar InGaN QDsl&en also studied, considering
growth at high temperaturdd= 650-510 °C, where In desorption is active) and at
low temperature Ts = 460-440 °C, where In desorption is negligibledlaP QDs
grown at high¥s showed better thermal stability of their luminesmethan that of the
semipolar QDs, due to the higher density of stmattulefects in the semipolar
heterostructure. But Lows growth conditions are not compatible with polaarns
(0001) whereas they provide a favorable environnergemipolar plane (11-22) to
enhance the internal quantum efficiency of InGaNas#ructures. | have synthesized
semipolar InGaN (11-22) QDs emitting in the 380—1d0 spectral range and to the
best of our knowledge, this is the first demongiratof semipolar (11-22)
InGaN/GaN QDs.
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Chapter 6

Opto-chemical sensors based on (In)GaN
QDs as optical transducers

The chapter begins by explaining different optorsical transducer structures,
including the polar GaN/AIN QDs, semipolar GaN/AINDs, polar InGaN/GaN QDs
and semipolar InGaN/GaN QDs transducers. Then,scdkee the fabrication of QD
transducer structures and its characterization, mhai the dependence of
luminescence characteristics on electric fieldstale of the integrated chemical
sensor based on InGaN QDs transducer is presenttdteand of this chapter.

6.1 Introduction

The detection of chemical processes using semia@dodnanostructures has
become a field of increasing interest during thst f@w years. The objective of our
project (DOTSENSE)was the application of IlI-nitride QDs as opto-chesh
transducers for the detection of hydrogen, hydiomas and the pH-value in gaseous
and liquid environments. So in this project, we @mbining the optical properties of
llI-nitrides (transparency, direct bandgap, effitituminescence) with their chemical
surface properties in order to develop novel kintigpto-chemical sensor systems.
The characteristics of intense room-temperature inestence from lll-nitride
nanostructures can be altered by chemically-indugadations of the surface
potential. The transparency of the substrate natand the involved buffer layers
allow optical excitation and detection of the chesign QD luminescence from the
substrate backside. These transducers are henableapf operating in harsh
environments (high pressure, explosive media),edther electrical feedthroughs nor
a deterministic current are necessary for the sesgmal read-out. Furthermore,
spatially-resolved detection of variations in tlweface potential is possible, since the
spatial extension of excited nanostructures isradeted by the diameter of the
incident light beam. In this chapter | describe ginewth and characterization of the
transducer structures, which | performed at CEAJ arsummarize the results of
characterization under electrical or chemical stqgsrformed by the groups of Prof.
M. Eickhoff, at Justus Liebig University in Giessemd Dr. A. Helwig, at EADS in
Munich.
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6.2 Description of the opto-chemical transducers

The transducer structure had to fulfil the follogimequirements for their

application in the targeted chemical sensor device:

High luminescence intensity at room temperature

High sensitivity of the luminescence intensity tg ékposure (application in
gas atmosphere) and to changes in the pH of thetralge solution
(application in liquid environment)

High electrochemical stability for application iquids

Luminescence excitable and detectable with commletight emitters and
detectors

Capability for integration into the optical sensonit (spectral separation of

excitation and emission energy)

So during this project work, different transduceustures were investigated

and taken into consideration for the realizatiotheftarget device structure:

Polar GaN /AIN quantum dot superlattices (QDSLS)
GaN/AIN QDSLs with reduced internal electric field
Polar InGaN/GaN QDSLs

INnGaN/GaN QDSLs with reduced internal electricdiel

These transducers will be integrated with comméyesvailable light

emitters and detectors to form a complete senssteisy Therefore, the excitation

wavelength should be commercially available and gaough from the emission

energy. Based on the availability of commerciahtiigmitters, we decided to fix 420-

450 nm as the targeted spectral range for the diegices. Note that this wavelengths
can be attained both by GaN/AIN QDs (thanks to alextric field induced by the
spontaneous polarization) or by InGaN/GaN QDs. &a ather hand, to make it

possible to excite through the transducer substedkeghe buffer and back-contact

layers must be transparent to the excitation wangghe which implies that wider

band gap is desirable for the buffer and contagrka In addition, the formation of

QDs by the Stranski-Krastanow growth method regub@mpressive strain in the QD

layer. As a result, a small lattice parameter isfgagred for the buffer and contact
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layers. However, the contact layer must be condedi guarantee a homogeneous
electric field in the active layer. The conductyvidecreases for increasing band gap,
which sets a limit to the transparency of the conlayer. In view of all these points,

we considered AlGaN with an Al mole fraction in tB8-40% range as a contact

layer.

6.3 Polar GaN/AIN QDs opto-chemical transducers

In a first approach, we studied the behavior of (24N QD opto-chemical
transducers grown on polar surfaces. To analyzerpact of variation in the surface
potential on the luminescence characteristics, @&Nmultilayers were grown on a
highly Sidoped ([Si] = 5x18cmi®) AlGaN layer with an Alconcentration of ~40%,

which served as a backsidentact.

6.3.1 Synthesis and characterization

In a first approach to tune the QD emission todésired wavelength range,
have grown a series of 3-period GaN/AIN QDs sampli#ls 7 nm thick barriers and
cap layer, changing the growth conditions of thesQanhd the amount of GaN
deposited. The QD structures were grown opni thick (0001)-oriented AIN-on-
sapphire templates. Growth was initiated by theodijon of a ~550 nm thick Si-
doped AbsGaysN layer at 680°C using In as a surfactant [Mon@Bg growth rate of
0.3 ML/s. Subsequently, the substrate temperatsirsdgreased to 720°C for the
growth of the QDSL. The formation of self-assemb{@ds on the surface of AIN
spacer is achieved either by deposition of GaN uhdach conditions at a growth
rate of 0.25 ML/s or under Ga-rich conditions &-imited growth rate of 0.3 ML/s.
The amount of GaN in the QD layer varies betwedhN8E. The synthesis of each
GaN QD layer is followed by a growth interruptioor f2 min in vacuum. The
schematic description of the samples is presendéal\b(Figure 6.1 and Table 6.1),
together with their room-temperature PL spectrgyfé 6.2). These results confirm
that Ga-rich deposition of the QDs is a requiremenattain the targeted spectral

range.
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AIN 7 nm
x3
GaN QDs
AIN 7 nm
Al oAseaoAsN:Si 550 nm
AIN 1.1um
c-Sapphire

Figure 6.1: Schematic description of the first getion of GaN/AIN QD transducer
structures.

Sample | Growth conditions Amount of GaN in the QD layer PL peak wavelength

E1760 N rich 6 ML 340 nm
E1763 Garich 5 ML 500 nm
E1767 Garich 3 ML 430 nm

Table 6.1: Description of the growth conditions aRdl peak wavelength of the first
generation of GaN/AIN QD transducer structures.

Normalized PL Intensity

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 6.2: Room temperature PL emission from 3gukGaN/AIN QD sensor
structures.

The structural quality of the samples is charazgetiusing TEM and the
figure 6.3 presents cross-section TEM images froensgamples E1763 and E1767.
Figures, showing the TDs emanate from the AIN tetgdhlGaN interface as well as

the AIN/AI,O3 interface. A good percentage of these TDs antdslas the layer
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thickness increases. The AIGaN/QDSL interface ampemiform and it is not

associated to new TDs.

Figure 6.3: Cross-sectional TEM BF images showimg dverall structure of the samples (a)
from sample E176&nd (b) from sample E1767 (TEM images by Prof. Rbmninou,
Aristotle University of Thessaloniki, Greece).

Figure 6.4: XTEM BF images, the top area of th&@ @&l (left) and E1767 (right) transducer
structures respectively (TEM images by Prof. Ph.mKimou, Aristotle University of
Thessaloniki, Greece).

Figure 6.4 present a zoomed view the top areaeEl¥63 and E1765ensor
structure samples, illustrating the 3 layers of GdN QDs grown on top of the

AlGaN contact layer. The stacking of the GaN QDd #re wetting layer are visible
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in E1763, while in E1767 due to the small nomirtackness of the GaN QDs,
originated from only 3 ML of GaN, the density oet®@Ds that are formed is rather
small compared to that of E1763.

The side-facets of the QDs of E17&2 inclined from 25up to 38 relative to
the basal plane, consistent with {1-103} crystallgghic planes. The average size of
the dots at their base is approximately 17 nm assored from HRTEM images (see
figure 6.5). The average height of the dots is 40ML, while the wetting layer has
thickness of approximately 2 ML.

Figure 6.5: HRTEM images from the sample E1763 [HRTmages by Prof. Ph. Komninou,
Aristotle University of Thessaloniki, Greece).

For the realization of the sensor structure, a gaddrnal quantum efficiency
of the transducer structure at room temperatuneaisdatory, which is at the origin of
the choice of QDs as active structures. To contiie decision, | have synthesized
various QW-based and QD- based structures, to camibeeir performance. The
schematic description of the samples is presergt(Table 6.2 and Figure 6.6).

Sample | GaN nanostructures | AIN barrier thickness
E1962 QW -3 nm 3 nm
E1963 QW -3 nm 5nm
E1964 | QD -5 ML, Ga-rich 5nm

Table 6.2: Description of the growth parameter&aiN/AIN QW vs. QD structures.
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AIN d
x3
GaN nanostructures
AIN d
A|0,35Ga0,65NZSi 700 nm
AIN 1.1 pm
c-Sapphire

Figure 6.6: Schematic description of GaN/AIN QWQ@B. structures.

The PL spectra of these samples have been measuled temperature and
at room temperature, with the results presentehure 6.7. The emission from the
QD structure decreases by less than one order ghitnde when increasing the
measurement temperature. In contrast, the emigsom the QWs well resolved at
T =8 K and remains below the noise level at roompierature. This result supports
the requirement of QDs as active media, in ordezrisance the emission efficiency

thanks to the 3D carrier confinement.
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Figure 6.7: PL spectra of samples E1962-63-64 meab(a) at low temperature and (b) at
room temperature.

6.3.2 Emission characteristics of GaN QDs in exteah
electric fields

In this section, | will briefly describe the eldctrfield dependent PL
characteristics of the GaN/AIN QDSLs. This is aewant step towards the
understanding of the sensor behavior, since chémam@ations in the atmosphere
result in changes of the surface potential of #meser. This work was performed by
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Dr. Jorg Teubert under the direction of Prof. Markickhoff, at Justus Liebig

University in Giessen, Germany. The effect of asthe emission is studied with
variation of different structural parameters, sashQD size, number of QD layers,
and spacer thickness, in order to understand thsirge mechanism and define a

transducer structure with high sensing performance.

The schematic description of the structure to sttly effect of vertical
electric fields on the luminescence properties GladN/AIN QDSL is shown in figure
6.8. The design of the structures allows the appéaof a preferably homogeneous
vertical electric field across the QDSL with a Higlsi-doped AlGaN buffer layer
acting as conductive back contact. After growthhaf QDSL and backside polishing
of the sapphire substrate, reactive ion etching BCk/Cl, mixture is used to gain
access to the AlGaN:Si back contact layer for Oheoittact formation. Ti/Au contact
pads of 10 nm/300 nm nominal thickness are evaporanto the AlGaN surface and
subsequently annealed for 10 min at 650 °C. Fom&bion of the Schottky top-
contact and with respect to one of the target apptins as a hydrogen detector, a
semitransparent 10 nm thick catalytic Pt film isyeerated and patterned on the front
side. As a result, a device as depicted in figug9 is obtained, which allows
application of vertical electric fields along theogth direction of the sample and
across the QDSL.

(b)

(@)

excitation

+
} Pt
ohmic | Faaa—aale I[oom]
contact | [E=a=a=a=a=a—
AIGaNSi | | |-
AIN buffer H spacer

sapphire GaN e
detection

Figure 6.8(a) and (b): Schematic of processed s&sicture for measurements of the field-
dependent luminescence characteristics and foradtarization of the hydrogen sensitivity.
Measurements of the PL characteristics in the Ptrosicope were carried out in upsidedown
geometry, i.e. by excitation and detection of thédrBm the sample backside.
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GaN/AIN QDSLs with different AIN spacer thicknes8 {m, 5 nm, 7 nm,
10 nm) are characterized with respect to the etiean external electric field applied
between the conductive AlGaN:Si back contact anel skemitransparent Pt top
contact. PL spectroscopy was performed by excitatiom the sample front side
using the 244 nm line of a frequency-doubled Ar laser with an estimated power
density of 100 mW/cf The luminescence signal was collected from tHestate
back side using a DILOR XY 800 mm triple monochréonaand a single-channel
photomultiplier. In figures 6.9(a) and (b) the degence of the PL emission on the
bias voltage is displayed for samples with a spalcekness of 7 nm and 3 nm,
respectively. For both samples a blue shift of ¢én@ssion energy with increasing
external field (negative bias) can be observeds Dehavior can be explained by the
external field counteracting the polarization-inédcinternal electric fields and
therefore reducing the emission red-shift due ® plolarization-induced quantum
confined Stark effect. For samples with thick AlNasers, 7 nm, this blue shift in

emission energy is accompanied by an increasesdaditlission intensity.
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Figure 6.9: Bias dependent photoluminescence sp@ttGaN/AIN QDSLs with two different
AIN spacer thicknesses: (a) 7 nm and (b) 3 nm.

In contrast, QDSL samples with thin AIN spacersin® show a decrease in
the emission intensity with increasing externalldfieThe observed decrease in
emission intensity for negative bias cannot be @rpd in terms of the reduction of

the QCSE, which, in contrary, should result in aeréased radiative transition
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probability. The accompanying decrease in emisgitensity is explained by a field-
assisted tunneling current of photogenerated car@s a competitive process to

radiative carrier recombination inside the QDs [U@&i

A study of samples with different number of QD le/eevealed the general
trend that the sensitivity to variations in theezrtl field increases with decreasing

number of QD layers.

6.3.3 Hydrogen sensitivity of GaN QDs transducers

The characterization described in this section wadormed by Dr. Jorg
Teubert under the direction of Prof. Martin Eickihaft Justus Liebig University in
Giessen, Germany. The electric field underneattcait@ytic Pt contact can be altered
by adsorption of atomic hydrogen at the Pt/AIN ifdee after dissociation of
molecular hydrogen at the Pt surface, which leadsdecrease of the effective height
of the Pt Schottky barrier [Lun75Following the considerations described above, this
should lead to an increase of the PL intensitytiercase of thin AIN spacers and to a
decrease for the case of thick AIN spacers, res@bgt This behavior is shown in
figure 6.10, which shows the transient respongbé@PL emission intensity at a fixed
detection wavelength upon exposure to hydrogen (1000%) in nitrogen and

synthetic air for two samples with a spacer thigenef (a) 7 nm, and (b) 3 nm.
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Figure 6.10: Transient hydrogen response of difier@aN/AIN QDSL test structures (a) 5
QD layers with 7 nm spacers, (b) 5 QD layers wittnBspacers.
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In accordance to earlier publications, the devicalready saturated at 10%
hydrogen concentration [Wei03, EriO5i.e., even exposure to pure hydrogen
atmosphere does not lead to a higher responsehéaother hand, a concentration as

low as 500 ppm of hydrogen in a synthetic air esrgas could be clearly resolved
(Figure 6.10(b)).
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Figure 6.11: Response of the PL intensity to intiitbn of 10% hydrogen in a nitrogen
atmosphere for samples with one and five QD layEns. PL intensity was recorded at a fixed
detection wavelength near the emission maximum.

The proposed detection mechanism implies that dseration of dissociated
hydrogen mainly affects the topmost QD layers, psipg a stronger relative
response for structures with a smaller numberydra This behavior is demonstrated
in figure 6.11, where the relative response of mpa with one layer of QDs is
compared to that of the QDSL sample with five layer

6.4 Semipolar GaN QD opto-chemical transducers

| have synthesized semipolar (11-22)-oriented G&N/AD transducer
structures following the design in figure 6.12. TAKSaN contact layer has been
replaced by an AlGaN/GaN superlattice in order twderate the surface roughness
while keeping a small-enough in-plane lattice pa@nto enable QD formation on
top. The PL emission from the sample at low tenipeeaand at room temperature is
illustrated in figure 6.13. In semipolar structyrdee absence of electric field results
in a PL emission at higher energies than the Gaiddpap.
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Barrier 10 nm
x5
GaN QDs 5 ML
AIN 10 nm
Alo,sGao,sNZSi 20 nm
GaN 1.5 nm
] x36
Alo,sGao,sNZSI 20 nm
AIN 100 nm
m-Sapphire

Figure 6.12: Schematic description of the firstisgrof semipolar GaN/AIN QD
transducer structures.

PL Intensity [a.u.]

1
10—=% 35 20 25 5.0
Energy [eV]

Figure 6.13: PL spectra from the semipolar GaN Q&mple measured at low
temperature and at room temperature.

Due to the significantly reduced internal electfields, GaN/AIN QDSLs
grown on (11-22) surfaces show enhanced luminescefiiciency, but the emission
energy remains systematically higher than the GaNdbap. A red shift of the
emission to the spectral regime that can be covieyedommercial LEDs cannot be

achieved by controlling the QD size and requiresiticorporation of indium in the

QDs.
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6.5 Polar InGaN QD opto-chemical transducers

6.5.1 Synthesis and characterization

In order to study the sensing performance of INn@dD$ transducer structures,
| have synthesized various series of polar INnGaNsQ®D In the final transducer, the
QDSL must be deposited on top of an AlGaN contaged with an Al mole fraction
of 30-40%. The presence of this contact layer mitidify the strain state of the QD
structures, and might affect their formation meda$ian In order to assess the effect of
the Al content of the contact layer on the QDSlIclstd have grown a first series of
transducers consisting of four samples with difiér&l mole fraction in the AlGaN
contact layer (0%, 10%, 20% and 33%), as illustratefigure 6.14.

(a) (b)
I N e N
| o omm omm, | === § nm barriers
| = o o | | < T AT |
[ == == = |15nm barriers | o o o V]
| == o o | e N e
| == o o |
GaN 4 um Al,Ga,,N 700 nm
1um
Sapphire AN H
E2173 Sapphire

E2147 (Al~10%), E2204 (Al~20%), E2213 (Al~33%)

Figure 6.14: Schematic description of the InGaN/G@Rs transducer structures
with different Al mole fraction in the AlGaN contéayer.

The room temperature PL emission from these sanplpsesented in figure
6.15. All the samples are emitting in the 410-4@%53spectral range, with comparable
intensity. The slight variation in the PL peak eyerwhich does not follow a
monotonous trend as a function of the contact |ageattributed to slight variations of
the sample growth temperature. The TEM image infitngre 6.16(a) showing the
overall structure of the sample E2173 (GaN contagtr). Low density of threading
dislocations observed in GaN and the arrow in idpaeré indicates the starting point of
the InGaN layersFigure 6.16(b) illustrating the InGaN/GaN QDs stune more
clearly. QD side facets were determined as {10-433l the embedded QDs have an
average width of 15-30 nm and height of 2.3 = G2 n
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Figure 6.15: Room temperature PL emission from ING@D transducers with
different contact layerd.he spectra are vertically shifted for clarity.

PL Intensity (a.u.)

Figure 6.16: TEM images from the sample E2173; (a¥S-sectional TEM image, taken
along [11-20L.n zone axis., showing the overall structure,(b) Gresctional HRTEM image
along [11-20L.n zone axis illustrating the InGaN/GaN QDSL struetu(TEM images by
Prof. Ph. Komninou, Aristotle University of Thessaki, Greece).

166



Figure 6.17 shows TEM images from the sample EZQ213nole fraction in
the contact layer = 33%). High density of threadingjocations observed in both AIN
and AlGaN layers, emanating from the AIN/AIN MOVREd AIN/AlGaN interfaces
respectively (Figure 6.17(a)). The density of digliions decreases with the layer
thickness. Embedded QDs are well identified inhlgih-resolution images in figures
6.17(b) and (c); they present a width of 10-28 mu keight of 2 + 0.2 nm.

. L]
AIN MOVPE 200 nm

Figure 6.17: TEM images from the sample E2213Ja)ss-section TEM image, taken along
[11-20]can zoOne axis, showing the overall structure and sresction HRTEM images, along
[11-20]can zOne axis, (b) showing the GaN/InGaN superlatiicd (c) showing InGaN QDs.
(TEM images by Prof. Ph. Komninou, Aristotle Unsigr of Thessaloniki, Greece).

A second series of InGaN/GaN QDs opto-chemicalsttaners (as described
in figure 6.14(b)) have been synthesized at diffeseibstrate temperature, in order to
get an insight on the reproducibility, limitatioasd critical steps in the fabrication
process. The Al mole fraction in the contact layeis ~ 35% to keep transparency at
325 nm wavelength, and thus enable backside excitatith a HeCd laser. Figure
6.18 illustrates the room temperature PL emissisamples. The In incorporation in
the QDs is strongly influenced by the substratepemature, and hence the PL peak
wavelengths red shifts from 420 nm to 450 nm armah to 530 nm when decreasing
the growth temperature from 550°C to 500°C andllfingo 470°C. From this
experiment we conclude that precise control ofsiiestrate temperature is required to

attain the targeted wavelength. | have verified substrate temperature for the
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growth of the QDs by measuring the In desorptiaretafter the deposition of the first
GaN barrier. The substrate temperature is thenectwmu to obtain a certain In
desorption time before the growth of the QDSL.
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Figure 6.18: Room temperature PL emission from INGRD transducers where the QDs
were deposited at different substrate temperatures.

6.5.2 Emission characteristics of InGaN QDs in extral
electric fields

These studies were carried out by our collaboraiors]. Teubert and Prof.
Martin Eickhoff at Justus Liebig University GiesseBermany. | will summarize

some important results below.

The samples under study were process into the stesetures described in
figure 6.8. A major technological difficulty for ¢happlication of InGaN/GaN QDSLs
as optochemical transducers was the presence lofléédtage currents, between the
conductive AlGaN buffer and the Pt top contact ffue electrolyte solution). This
problem is overcome by introducing a step of anadiclation before the deposition
of Pt. Preferential oxidation of threading dislecas is known to improve the

performance of GaN Schottky contacts [Wei05].

Figure 6.19(a) shows photoluminescence spectra dh@aN-QD transducer
structure recorded at various bias voltages. Thasmrements reveal a superlinear

increase of the PL intensity by more than one oofienagnitude when changing the
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bias voltage by only 600 mV which is accompaniedhiy a weak blue-shift of the
emission energy. In the experimental setup, bidsges are defined with respect to
the electrolyte (reference electrode). Thus, carsid the schematic band diagram in
figure 6.19(b), the results are in qualitative agnent with a bias-induced
modification of the QCSE: Positive bias voltagespensate internal electric fields
in the QDs and reduce the impact of the QCSE, thexrencreasing the intensity and

blue shifting the emission energy.

+1000 mV, bias voltage as indicated

o (@) (b)

+700 mV U > O
+600 mV

l GaN InGaN GaN

% — A M

10*

+900 mV

+500 mV

PL-Intensity [a.u.]

+400 mV

10 I .

2.8 3.0 3.2 34
energy [eV]

Figure 6.19: (a) PL spectra of an InGaN QD transeustructure recorded for different bias
voltages. (b) Schematics of the QD-band structutie the surface to the right and the back
contact to the left. Positive bias voltages leadatband flattening as indicated by the red

arrow.

However, comparing the results of the InGaN-transdstructures to those of
GaN/AIN QDs (Figure 6.20) important differencessari For GaN/AIN QDs the
intensity variations were much less pronounced aswbmpanied by a clear shift in
emission energy. In the case of InGaN-structurectimparatively weak blue-shift is
accompanied by much stronger intensity variationsorder to clarify the origin of

these quantitative difference, numerical simulaioh the electronic band structures

were carried out.
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These band structure calculations considered theh@bht and In-content,

obtained from TEM analysis. The boundary conditidos solving the Poisson

eguation were chosen to represent an externabbldgas= 0 V.
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Figure 6.21: Simulations of the band structure gsihe nextnano3 software. (a) Band-
structure of the overall simulated area includirge tback contact.(b) Influence of different
bias voltages on the confinement potential fortebes in the conduction band. Additionally
electron wave functions are shown: FoglJ= 0 V significant tunneling can be identified
which is reduced for positive bias (+1 V). In these of negative bias (-1 V) there are no
confined states.

Figure 6.21(a) shows the overall transducer stractocluding the highly

doped AlGaN buffer layer. Due to polarization inddacharges at the interface to the
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GaN matrix, strong interface band bending effectsuo that also tilt the bands in the
QDSL region. This effect leads to a strongly asyimmeonfinement potential that

favors tunneling of electrons towards the surface laoles towards the buffer layer.
By application of an external bias the shape & tlonfinement potential can be tuned
as shown in figure 6.21(b). As the bias potentialshe experimental setup are
defined with respect to the reference electrode,ta the electrolytic bulk, positive

bias flattens the band structure in the QDSL redpaiding to a better confinement of
carriers. As a consequence the probability foratk recombination is enhanced
leading to a higher PL-intensity. On the other harefative bias further weakens the

confinement which results in improved tunneling aeduced PL-intensity.

6.5.3 pH-sensitivity of InGaN QDs transducers

This characterization was performed by Dr. JorgbBeuunder the direction of
Prof. Martin Eickhoff, at Justus Liebig University Giessen, Germany. The strong
response of InGaN-QDSLs towards application of ek electric fields is very
promising for the fabrication of pH-sensitive des¢ since protonation or
deprotonation of the semiconductor surface in aintath a liquid environment as
well as charge transfer processes modify the seirfatential resulting in similar

effects as external electric fields.

Figure 6.22(a) shows the transients of the PL-sitgrunder variation of the
pH-value within pH = 7 and pH = 1 applying a fixbths voltage of 500 mV and
using Phosphate Buffer Saline (PBS) as electroAtelear response can be observed
with a maximum variation in intensity of 80% fapH = 6. Figure 6.22(b) shows the
pH-induced PL-response for various bias voltagesnduthe pH-cycle. It is found
that the strongest sensitivity is achieved betws#hmV and 700 mV. At higher bias
the sensitivity is significantly reduced. Both gos bias and acidic pH add to the
surface potential and lead to a flattening of taedstructure in the QDSL section i.e.
to a better confinement in the QDs. The weakeriteityg at higher bias voltages may

be interpreted as a saturation of the proposedrament effect.
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Figure 6.22:(a) Transients of the PL-intensity undariation of the pH-value within pH=7
and pH=1 applying a fixed bias voltage of 500 m¥thBacidic pH and positive bias lead to a
stronger PL intensity. (b) Relative variations ih-Ritensity (with respect to pH=7) for
various bias voltages.

6.6 Semipolar InGaN QD opto-chemical transducers

6.6.1 Synthesis and characterization

In a first attempt to compare the chemical resparfspolar and semipolar
InGaN QDs, | have fabricated AlGaN-free semipolensor structures, i.e. the
InGaN/GaN QDSL is deposited on top of a 1-um-the&N(11-22) layer deposited
on msapphire. In these samples, the 5 periods of IiGaN (5 ML /5 nm) QDs
were deposited on top of a 1.2 um thick GaN(11e2@)act layer. | have synthesized
a series of 3 samples at different substrate tesmyoer ranging between 650°C and
500°C, with the photoluminescence results illustlan figure 6.23, and demonstrate
the feasibility of the approach to reach a spectiagje (420-500 nm wavelength) that

can be excited using commercial LEDs.

For the elaboration of the AlGaN:Si contact layershave studied and
identified the growth conditions for the synthesfs2D semipolar (11-22)-oriented
AlGa N (see section 4.5 in chapter 4). Although the axef roughness is
significantly higher than in the case of polar ANGdhe quality is reasonable enough

for the fabrication of the transducers.
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Figure 6.23: Room temperature photoluminescencectspedrom AlGaN-free semipolar
InGaN/GaN sensor structures grown at different snalbs temperatures.

A complete semipolar opto-chemical transducer strechas been fabricated
on m-sapphire, following the design in figure 6.24@igure 6.24(b) presents the low-
temperature PL emission from the active regionhaf structure, peaking at 450 nm
wavelength. The oscillations superimposed to thession are the result of a Bragg
interference associated to the total nitride thedan Unfortunately, the PL emission
decreases markedly with temperature, so that desization at room temperature

was not possible.
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Figure 6.24:(a) Schematic description of the setaptnGaN QD transducer structure (b)
Low-temperature (T = 10 K) PL measurements froraraipolar InGaN QDs transducer.

In conclusion, although a first complete opto-cheahiransducer structure has
been synthesized, further work would be necessarthe optimization of the room-

temperature emission.
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6.6.2 Emission characteristics of semipolar InGaN Qs in
external electric fields

This characterization was performed by Dr. JorgbBeuunder the direction
of Prof. Martin Eickhoff, at Justus Liebig Univagsin Giessen, Germany. For this
characterization we used the AlGaN-free semipotgBaN-QD transducers. The
general conclusion of these measurements is thatmaar InGaN QDSL structures
cannot compete with their polar counterparts. Tikishown in figure 6.25 which
compares the electric field characteristics of shendard polar transducer structure
(Figure 6.25(a)) to that of a QDSL on semipolar sttdie (Figure 6.25(b)). This
experiment supports the association of the sensiaghanism in polar InGaN QD

transducers to the polarization-induced internetteic fields.
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Figure 6.25: Electric field response of (a) polaDQL structure and (b) semipolar QDSL
structure. The latter exhibits a much weaker resgowoltage steps are barely visible in the
variation of the signal.

6.7 Chemical sensor system based on InGaN QDs

For making a complete sensor system, the transslnwest be integrated with
commercially-available light emitters and detectdree design and implementation
of the sensor system has been realized by Dr. Asdrelwig and Dr. Sumit Paul
(European Aeronautic Defence and Space Companym&wsy), within the
framework of the DOTSENSE project.

A conceptual design for fiber based sensor readaiitis shown in figure

6.26. The system consists of three major subasssnidensor holder with QD
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transducer, illumination unit, and detection unithe connection between
illumination, detection and sensor unit is realizesihg a four way light fiber setup.
The illumination assembly is needed to couple ttmtation energy produced by the
UV LED into the light fiber (Figure 6.27(a)). An tpal band pass filter device filters
the transmitted excitation wavelength. The detecamsembly consists of a
photomultiplier tube, an optical filter device atveb UV lenses that focus the emitted
light onto the photomultiplier detector and the ewfdthe light fiber respectively
(Figure 6.27(b)). The sensor holder unit, figur27¢c), contains the QD transducer
and couples the head of the reflection probe tottAesducer. The measurement
chamber has an inner volume of a few millilitersfféent electronic devices are
necessary driving excitation LEDs, powering anddieg the photomultiplier tube
and controlling flow of the pump and the multipasitvalve of the fluidic system.

‘Sensor holder unit

Figure 6.26:Design of fiber based sensor readout system.

Figure 6.27:(a) lllumination assembly containing E(b) Detection unit containing the
photomultiplier module and (c) Sensor head unitaiming the QD transducer.

Figure 6.28 shows a picture of the assembled DOTSEBEensor system. In
this system, a multi-position valve selects therddsfluid (water or hydraulic fluid)
from sample bottles and guides them into the measemt chamber. A micro pump

routes the different fluids from the multi-positiealve to the measurement chamber.
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The measurement chamber contains the optical ti@es@nd the optical fiber probe.
The optical fiber probe guides the excitation lifltm the LEDs to the transducer
and directs the luminescence signal from the tnacedto the detector.

Figure 6.28:Assembled DOTSENSE Demonstrator system.

As an example, | describe here the applicationhef gensor system to the
monitorization of the pH value of water (experineperformed by EADS). Before
starting the actual pH sensing experiments the @Dstucers were analyzed with
regard to their intrinsic luminescence bahavionrprder to determine the optimum
bias condition. To this end, the transducers weoainted inside the DOTSENSE
demonstrator system and the measurement chamberfieas with pH7 buffer
solution. Results obtained with this arrangement different QD transducers
(samples E2438, E2291 and E2344) are shown in€figu29. These experimental
data showed that all samples show a substantiedase in luminescence when the

external voltage is raised from zero to 1.4 V.
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Figure 6.29: Variation of luminescence with extdiynaapplied potential of quantum dot
transducers (samples E2438, E2344 and E2291).
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After determination of optimum bias conditions, tQd® transducers were
exposed to different liquids with varying pH valueshile recording their
luminescence signal. The results of these measutsnaee displayed in figure 6.30.
The QD transducers react to decreasing pH withnarease in their luminescence

output.

7.5
| Bias 1.0V pH4
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Figure 6.30: Luminescence signal of a QD transdu¢tgample E2291) in response to
different pH values.

6.8 Conclusions

In summary, | have synthesized a number of GaN/afd InGaN/GaN QD
optical transducers, grown in polar and semipolaentations. In each case, the
growth conditions to attain the targeted spectmalge were identified. The behavior
of the devices under electrical and chemical stvess studied by our collaborators:
the group of Prof. M. Eickhoff, at Justus Liebigilrsity in Giessen, and Dr. A.
Helwig, at EADS in Munich.

With the feedback from sensor experiments, theipattons of the targeted
opto-chemical transducer structures have been ls$teth, as described in figure
6.31(right). The Al mole fraction in the contacyéa should be high enough to keep
transparency at 325 nm wavelength (~35% Al). FiguBd (left) illustrates the room
temperature PL emission of samples where the QBbs haen deposited at various

substrate temperatures. | have synthesized a nuafb@GaN/GaN opto-chemical
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transducers in order to get an insight on the ysribility, limitations and critical

steps in the fabrication process.
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Fig. 6.31. Room temperature PL emission from InGaN sensor structures
where the QDs were deposited at different substextgperatures. On the right,
schematic description of the model InGaN QD sersoicture.

From the various samples characterized in thisystudan extract the following

conclusions:

— For the especifications (QDs emitting in the 4204h® range), the substrate
temperature during the growth of the QD structweeritical in a range of
+20°C (precise callibration by measurement of thddsorption time for an In
excess of 2 ML).

— The In cell temperature during the growth of the Q&an fluctuate +10°C

(operating value fixed by the In accumulation liltithe growth temperature).

— The Ga cell temperatures during the growth of tibes @nd the barriers should
be fixed within a range of £3°C (operating valudedmined from RHEED
oscillations during the growth of GaN).

— The growth of the AlGaN:Si contact layer is thmst critical parameterA

slight deviation of the IlI/V ratio towards metatin would imply the
inhibition of the QD formation. It is therefore muomended to finish the
growth of the buffer layer under slightly N-richratitions.
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The influence of an external electric field on fle characteristics of QDSLs
was analyzed in detail by our collaborators, anthpp@DSLs structures showed
excellent performance compared to semipolar. Besilts were obtained in the case
of polar InGaN QD-structures, where a superling@raase of the PL intensity is
accompanied by only a weak blue-shift of the eroissnergy is observed when
changing the bias voltage. The strong responseotdr dgnGaN-QDSLs towards
application of external electric fields is very pmsing for the fabrication of pH-
sensitive devices. We have achieved an integraéedos system based on polar

InGaN QDSLs, and the system was useful for momébion of the pH value of
water.
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Chapter 7

Conclusions and perspectives

This thesis work has focused on the PAMBE growitlflm)GaN-based QD
structures, deposited in both polar (0001) and gelai (11-22) crystallographic
orientations, for application as optical transdader chemical sensors for detection
of pH levels, and hydrogen or hydrocarbon concéotta in gas or liquid

environments.

In the first part of this work, | have synthesizamipolar (11-22) oriented 2D
layers: binary alloys (AIN, GaN and InN) and teshalloys (AlGaN and InGaN).
AIN deposited orm-sapphire arranges into two main crystalline oagoh domains,
AIN(11-22) and AIN(10-10). The ratio of (10-10)-ented domains decreases with
the IlI/V ratio and with the layer thickness. | lragdemonstrated that the nucleation of
AIN(10-10) appears associated to v-defects at #pplsre substrate, which seem to
be related to a reaction with AIN, which is enhahbty starting the growth with N

exposure.

Regarding semipolar GaN growth, the comparisonafi€sorption during the
growth of undoped, Si-doped and Mg-doped GaN(114a9grs revealed that Si
doping does not change the growth kinetics. Whedeasg Mg doping, Mg tends to
segregate on the GaN surface, leading to an imbrbdf the self-regulated Ga film
which is used as a surfactant for the growth ofoped and Si-doped semipolar GaN.
Uniform Mg incorporation up to [Mg] = 1.0x¥0 cm™ is obtained, and-type
conductivity was found for [Mg]> 7x10® cm™. From the estimation of Mg
concentration and its dependence on the substaiperature and the impinging Ga
flux, we found that its incorporation is enhanced GaN(11-22) compared to
GaN(0001). TEM shows no evidence of the pyramiadéects or polarity inversion
domains that can be found in Mg-doped GaN(0001),agreement with the

interpretation of the photoluminescence spectra.

The studies of semipolar (11-22) AlGaN showed #iaultaneous growth of

the polar and semipolar AlGaN layers is not prattie, since it results in
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accumulation of Ga droplets at the semipolar grofuht. It is hence necessary to
reduce the IlI/N ratio in comparison to polar AlGadthough maintaining III/N > 1.
Under these growth conditions, | have demonstragdipolar 700-nm-thick AlGaN
samples displaying narrow band-edge PL emission waitid a surface roughness

about 3.5 nm.

Indium kinetics during the PAMBE growth of InGaN¢22) layers showed
that, similarly to (0001)-oriented InGaN, optimunrogth conditions for this
semipolar crystallographic orientation correspamthe stabilization of 2 ML of In on
the growing InGaN surface, in excellent agreemeith Yirst-principles calculations
The limits of the growth window in terms of substréemperature and In flux lie at
same values for polar and semipolar materials. Kewethe In incorporation is
different for polar and semipolar layers grown ditameously. In polar samples, the
In incorporation is limited by the Ga supply at Id@mperature and decreases for
growth temperatures higher than a certain threstthld to In segregation. In
semipolar samples, RBS and PL measurements indmaex In incorporation, even
for substrate temperatures 40°C below the segumegdkireshold for polar InGaN.
Semipolar InGaN layers present a characteristifasermorphology with a high

density of faceted pits, which are associated teedhitypea+c threading dislocations.

| have analyzed the growth parameters and propestieemipolar InN layers.
Two-dimensional layers are obtained by growth urndexxcess with periodic growth
interruptions to consume with nitrogen the In esceBhese growth conditions are
compatible with the synthesis of two-dimensionalapdnN layers. Optical studies
shows better thermal stability of the luminesceatesemipolar layers compared to
polar InN.

In the second part, we have successfully fabric&es of GaN/AIN and
InGaN/GaN QDs, both in polar (0001) and semipoldr-22) orientations. The 3D
nature of the structures has been verified usintl And TEM. PL measurements
confirm the superior room-temperature emissioncifficy of the QD structures as

compared to the respective QWSs, as a result ddEhearrier localization.
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The synthesis of polar GaN/AIN QDs was possibldviny methods: either by
GaN deposition under N-rich conditions or by GaNpaition under Ga-rich
conditions followed by a growth interruption. Intbaases, GaN QDs are hexagonal
truncated pyramids with {1-103} facets and optistiidies showed that potential
fluctuations inside the QDs are negligible. Wheréasng semipolar GaN/AIN QDs
growth, two types of QDs, sitting either on the -@2) plane or on the inclined
crystallographic plane, were formed due to thedatgnsity of defects present in the
growth front and is confirmed by HRTEM. The lowrgerature PL measurements
and time-resolved PL measurements confirmed thectexh of the internal electric

field in the semipolar GaN/AIN QDs in comparisorttwpolar structures.

The influence of the growth temperature on the aaptiand structural
properties of the polar and semipolar InGaN QDsl&en also studied, considering
growth at high temperaturdd= 650-510 °C, where In desorption is active) and at
low temperature Ts = 460-440 °C, where In desorption is negligibledlaP QDs
grown at high¥s showed better thermal stability of their luminesmethan that of the
semipolar QDs, due to the higher density of stmattulefects in the semipolar
heterostructure. But Lows growth conditions are not compatible with polaarns
(0001) whereas they provide a favorable environnergemipolar plane (11-22) to
enhance the internal quantum efficiency of InGaNas#ructures. | have synthesized
semipolar InGaN (11-22) QDs emitting in the 380—A@® spectral range.

| have synthesized a number of GaN/AIN and InGalWGD optical
transducers, grown in polar and semipolar oriemati In each case, the growth
conditions to attain the targeted spectral rangeiggon at 420-450 nm with buffer
transparent for wavelengths shorter than 325 nmé veentified. The influence of an
external electric field on the PL characteristid¢stlee transducers was analyzed in
detail by our collaborators, and polar QD structusbowed excellent performance
compared to semipolar. Best results were obtainetthe case of polar InGaN QD-
structures, where a superlinear increase of thmtehsity is observed when changing

the bias voltage.

Therefore, with the feedback from sensor experigetite specifications of

the targeted opto-chemical transducer structures haen established (5 InGaN/GaN
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QD layerson Aly3sGaygd\:Si). Then, | have synthesized a number of InGaWNG
opto-chemical transducers in order to get an insighthe reproducibility, limitations
and critical steps in the fabrication process. gshrese samples, we have achieved an
integrated sensor system based on polar InGaN Q#fsidsthe system was useful for

monitorization of the pH value of water.

This thesis work open perspectives in three rebediglds, namely the
development of quantum dot structures, the apphicatof semipolar nitride-

semiconductors and the implementation of new chalnsiensors.

In the domain of quantum dots, the optical perforoeaachieved at room
temperature is promising for the development of rgtoelectronic devices. Thus,
extending the knowledge developed in GaN/AIN QDsy host laboratory has
initiated a project on UV emitters using GaN/AINdaAlGaN/AIN as active media.
At longer wavelengths, it is not realistic to thioka competition for light emission
with other well-established technologies. Howetbe application in detection, and
particularly as active element in nitride-basedsoklls, its possibility is under study.
There, the QD structures should make it possiblshiét the absorption band-edge

with a reduced defect density in comparison to tivoensional growth.

On the other hand, a relevant part of my thesiskweas devoted to the
understanding of growth mechanisms and propertiessamipolar Il nitride
structures, in comparison to the well-known (00pdlar crystallographic orientation.
In spite of numerous advantages offered by the tira# optoelectronic devices on
semipolar llI-nitride substrates, it is so far wiéfit for device manufacturers to fully
realize the expected inherent advantages. Thetsesam my thesis work indicate
that a reduction of the extended defect densityitecal to significantly improve the
optical properties of the overlying quantum hetgradures. The reduction of
dislocation density can be done by using free-stansubstrates for growth, although
the high price and reduced surface are still alprbfor their introduction in the
market. Therefore, semipolar IlI-Nitride technology still relatively immature.
Although this thesis presents some progress in Egari (11-22) heterostructure

growth, further studies are important to obtairetgyhaving device quality.
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Finally, this thesis has set a first basis for & rkend of chemical sensors
based on transparent substrates and with the padgsif optical probing. In
collaboration with the University of Guissen and [E3, research on this line will
continue with a perspective of extending the appibn to the biological domain and
achieving a two-dimensional sensor matrix by coratidm of the nitride opto-

chemical transducer and a microscope-based readout.
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Annex

Details of the complete sensor structures thagwgiuring the DOTSENSE project.

Sample | Basic Structure Substrate

10 nm AIN + 500 nm AlGaN + 5 x (5 nm AIN /3 ML N

E1352 | .t GaN QDs) + 5 nm AIN "AIN on c-sapphire
cisss | 1T A S000m ACAN + 5T M AN TS W o sappni
E1355 aonrll;]'l ég\lN+Q5§3()) rln}_OArLcr?anIIl:lr > x (10 nm AIN/3 ML AIN on c-sapphire
£1357 10 nm AIN + 500 nm AlGaN + 5 x (2 nm AIN/ 3 ML N "AIN on c-sapphire

rich GaN QDs) + 2 nm AIN

10 nm AIN + 500 nm AlGaN + 3 nm AIN + 3 ML N- ,
E1442 rich GaN QDs + 3 nm AIN AIN on c-sapphire

10 nm AIN + 500 nm AlGaN + 3 x (3 nm AIN/3 ML N

E1444 | o QDs) + 3 nm AIN "AIN on c-sapphire
cirs | AL 1000 X ETAN L |
cira | 1AL 00T A X ETANTH  orar
cire | 1AL 00T A XA S ot
cise | A 100 AT X TN S it
cies | AR 200w AT XA S | ot
E1767 10 nm AIN + 500 nm AlGaN + 3 x (6 nm AIN /3 ML AIN on c-sapphire

Ga-rich GaN QDs) + 6 nm AIN

E1951 | 100 nm AIN + 500 nm AlGaN + 5 x (5 ML Ga-rich GalNm-sapphire
QDs /10 nm AIN)

E1952 | 100 nm AIN + 500 nm AlGaN + 5 x (5 ML Ga-rich GalNm-sapphire
QDs /10 nm AIN)

E1957 | 10 nm AIN + 700 nm AlGaN + 5 x (7ML InGaN QDs / BAIN on c-sapphire
nm GaN)

E1959 | 10 nm AIN + 700 nm AlGaN + 5 x (7ML InGaN QDs / BAIN on c-sapphire
nm AIN)

E1962 | 10 nm AIN + 700 nm AlGaN + 5 x (3 nm GaN /3 nm | AIN on c-sapphire
AIN)

E1963 | 10 nm AIN + 700 nm AlGaN + 5 x (3 nm GaN /5 nm | AIN on c-sapphire
AIN)
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Sample | Basic Structure Substrate

E1964 | 10 nm AIN + 700 nm AlGaN + 5 x (5 ML Ga-rich GaN| AIN on c-sapphire
QDs /5 nm AIN)

E2000 | 10 nm AIN + 500 nm AlGaN + 3 x (3 ML Ga-rich GaN| AIN on c-sapphire
QDs /5 nm AIN)

E2001 | 10 nm AIN + 500 nm AlGaN + 3 x (5 ML Ga-rich GaN| AIN on c-sapphire
QDs /5 nm AIN)

E2020 | 10 nm AIN + 500 nm AlGaN + 5 x (4ML InGaN QDs / BAIN on c-sapphire
nm AIN)

E2021 | 10 nm AIN + 500 nm AlGaN + 5 x (4ML InGaN QDs / BAIN on c-sapphire
nm AIN)

E2073 | 100 nm AIN + 700 nm AlGaN + 3 x (4 ML Ga-rich GalNAIN on c-sapphire
QDs /5 nm AIN)

E2075 | 100 nm AIN + 700 nm AlGaN + 3 x (4 ML Ga-rich GalNAIN on c-sapphire
QDs /5 nm AIN)

E2076 | 100 nm AIN + 700 nm AlGaN + 3 x (4 ML Ga-rich GalNAIN on c-sapphire
QDs /5 nm AIN) + 5 nm AIN

E2078 | 100 nm AIN + 700 nm AlGaN + 3 x (4 ML Ga-rich GalNAIN on c-sapphire
QDs /5 nm AIN) + 1nm GaN

E2173 10 nm GaN + 5 x (ML InGaN QDs / 5 nm GaN) NAIn c-sapphire

E2174 | 10 nm AIN + 700 nm AlGaN + 5 x (5ML InGaN QDs / BAIN on c-sapphire
nm GaN)

E2204 | 10 nm AIN + 700 nm AlGaN + 5 x (5ML InGaN QDs / BAIN on c-sapphire
nm GaN)

E2213 | 10 nm AIN + 700 nm AlGaN + 5 x (5ML InGaN QDs / BAIN on c-sapphire
nm GaN)

E2215 | 10 nm AIN + 700 nm AlGaN + 3 x (4ML GaN QDs /5| AIN on c-sapphire
nm AIN)

£2291 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)

£2292 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)

£2293 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)

£2329 éOnOmngaﬁ;\\lll)\l + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire

£2331 éonomnga,?\ll;\l + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire

E2344 éonomnga,?\ll;\l + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire

E2387 éonomnga,?\:;\l + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire

£2390 éonomnga,‘;\\zl)\l + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire

£2392 éonomnga,‘;\\zl)\l + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire

E2437 200 nm GaN + 5 x (5 ML InGaN QDs /5 nm GaN) | GaN onm-sapphire
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Sample | Basic Structure Substrate
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2438 5 nm GaN) AIN on c-sapphire
E2439 200 nm GaN +5 x (5 ML InGaN QDs /5 nm GaN) | GaN onm-sapphire
E2441 200 nm GaN + 5 x (5 ML InGaN QDs /5 nm GaN) | GaN onm-sapphire
E2444 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2502 5 nm GaN) AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2504 5 nm GaN) AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2505 5 nm GaN) AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2507 5 nm GaN) AIN on c-sapphire
E2514 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)
E2515 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)
E2516 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs /AIN on c-sapphire
5 nm GaN)
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2517 5 nm GaN) AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2518 5 nm GaN) AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2519 5 nm GaN) AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ ,
E2520 20 nm GaN) + 30 nm GaN cap AIN on c-sapphire
100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/ . :
E2521 5 nm GaN) + 30 nm GaN cap AIN on c-sapphire
E2587 100 nm AIN + 700 nm AlGaN + 5 x (5 ML InGaN QDs|/AIN on c-sapphire

5 nm GaN) + 30 nm GaN cap

GaN onmsapphire
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Glossary

2D Two Dimensional

3D Three Dimensional

a in-plane lattice parameter

AFM Atomic Force Microscopy

b Burgers vector

BF Bright-Field

C Lattice parameter along the [0001] axis
CBED Convergent Beam Electron Diffraction
CCD Charge-Coupled Device

CL Cathodoluminescence

DAP Donor-Acceptor Pair

GPA Geometrical Phase Analysis

HEMT High Electron Mobility Transistors
HRTEM High-Resolution Transmission Electron Microscopy
HVPE Hydride Vapor Phase Epitaxy

IQE Internal Quantum Efficiency

LED Light Emitting Diode

LD Laser Diode

LPE Liquid Phase Epitaxy

MBE Molecular Beam Epitaxy

ML Monolayer

MOCVD Metal-Organic Chemical Vapor Deposition
MOS Metal-Oxide-Semiconductor

MOVPE Metal-Organic Vapor Phase Epitaxy

NW Nanowires

PAMBE Plasma-Assisted Molecular Beam Epitaxy
PL Photoluminescence

QCSE Quantum Confined Stark Effect

QD Quantum Dot

QDSL guantum Dot Superlattice
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QW Quantum Well

RBS Rutherford Backscattering Spectroscopy
RF Radiofrenquency

RHEED Reflection High Energy Electron Diffraction
SF Stacking Fault

SK Stranski-Krastanow

SL Superlattice

SLPT Scanningd.ight-Pulse Technique

STM Scanning Tunneling Microscopy

T Temperature

Ts Substrate temperature

TD Threading Dislocation

TEM Transmission Electron Microscopy
TRPL Time-Resolved Photoluminescence
UHV Ultra-High Vacuum

XPD X-ray Photoelectron Diffraction

XPS X-ray Photoemission

XRD X-ray Diffraction
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This thesis work has focused on the synthesis iGAN-based quantum dot (QD) structures by moleddam
epitaxy, deposited in both polar (0001) and semaip@dll1-22) crystallographic orientations, for apation as optical
transducers for chemical sensors for detectiontbfgwvels, and hydrogen or hydrocarbon concentrationgas or liquid
environments.

In the first part of this work, | describe the dyesis of semipolar-oriented two-dimensional laybisary alloys (AIN,
GaN and InN) and ternary alloys (AlGaN and InGaMjjch are required for the reference contact oftthasducers and
set the basic know-how to understand the transitimm two-dimensional growth to three-dimension& @Qanostructures.
It is particularly relevant the study of indium ktits and indium incorporation during the growthrmBaN(11-22) layers.
Similarly to (0001)-oriented InGaN, optimum growtbnditions for this semipolar crystallographic otetion correspond
to the stabilization of 2 ML of In on the growingGaN surface, in excellent agreement with firstipiples calculations
The limits of the growth window in terms of substréaemperature and In flux lie at same values fdapand semipolar
materials. However, | observe an inhibition of theincorporation in semipolar layers even for stdist temperatures
below the segregation threshold for polar InGaN.

In a second stage, | report the successful falwitatf superlattices (SLs) of GaN/AIN and InGaN/G&WDs, both in
polar and semipolar orientations. Photoluminescemzktime-resolved photoluminescence confirmed¢dection of the
internal electric field in the semipolar GaN/AIN ®@Dn comparison with polar structures. On the otieand, semipolar
InGaN QDs must face the challenge of In incorporatn this crystallographic orientation. To overeothis problem, the
influence of the growth temperature on the propertif the polar and semipolar InGaN QDs has begtiest, considering
growth at high temperatur§4{= 650-510 °C, where In desorption is active) antbattemperatureTs = 460-440 °C,
where In desorption is negligible). | demonstraig fow-Ts growth conditions are not compatible with polaarp whereas
they provide a favorable environment to semipolang to enhance the quantum efficiency of InGaNosamnctures.

Finally, | have synthesized a number of GaN/AIN dnGaN/GaN QD optical transducers, grown in polad a
semipolar orientations. In each case, the growtiditions to attain the targeted spectral range gsion at 420-450 nm
with buffer transparent for wavelengths shortentB25 nm) were identified. The influence of an ex&t electric field on
the luminescence of the transducers confirmedtieabest performance (larger variation of the lesgence as a function
of bias) was provided by InGaN/GaN QD structuresthWhis feedback, the specifications of the taegedpto-chemical
transducer structures have been established (SNfGzN QD layerson Alg:Gay¢JN:Si). Then, | have synthesized a
number of InGaN/GaN opto-chemical transducers @eoto get an insight on the reproducibility, liatibns and critical
steps in the fabrication process. Using these sanple have achieved an integrated sensor systeed loa polar InGaN
QD SLs, and the system was useful for monitoriratibthe pH value of water.

Keywords: Nanostructures, nitrides, molecular beam epitgyuantum dot, sensor

Ce travail de thése a porté sur la synthése desbgitentiques (BQs) de semi-conducteurs nitruresitésg(11-22) ou
(0001) par épitaxie par jets moléculaires, pouragdications aux capteurs chimiques pour la déectu niveau de pH,
d’hydrogene ou des hydrocarbures dans des envinggmis gazeux ou liquides. Dans la premiéere paetieedmanuscrit, je
décri la synthése des couches bidimensionnellesmaaires (11-22) : des couches binaires (AIN, Gahd InN) et des
ternaires (AlGaN et InGaN), qui sont requises dewontact de référence dans les transducteunssst pour établir une
base pour comprendre la croissance des BQs.

Un résultat particulierement relevant est I'étudela cinétique de croissance et I'incorporation’’ielium dans les
couches d’InGaN(11-22). De méme que pour InGaN i@ol€001), les conditions optimales de croissapoer
I'orientation cristallographique semi-polaire capendent a la stabilisation de 2 ML d'In sur lafsce, en excellent accord
avec des calculs théoriques. Les limites de latfertie croissance en termes de température duaubistie flux d’In sont
les mémes pour les matériaux semi-polaire et mdai€ependant, j'ai constaté une inhibition de diporation de I'In
dans les couches semi-polaires, méme pour une tatapEeen dessous du seuil de la ségrégation oGaN polaire.

Dans une deuxieme étape, j'ai fabriqué des supeark de BQs de GaN/AIN et InGaN/GaN, a la fois dans
I'orientation polaire et semi-polaire. Les mesus photoluminescence et de photoluminescence epstedsolu
confirment la réduction du champ électrique intetaps les boites semi-polaires. D'autre part, @s §mi-polaires a base
d’'InGaN doit relever le défi de l'incorporation W'Hans cette orientation cristallographique. Poumsnter ce probléme,
I'influence de la température de croissance supiepriétés des boites quantiques InGaN polaireemi-polaires a été
étudiée, en considérant la croissance a haute tatnpe s = 650-510 °C, ou la désorption d’'In est activepdiasse
températureTs= 460—440 °C, ou la désorption d’In est négligenldlai démontré que les conditions de croissarfeghée
Ts ne sont pas compatibles avec le plan polairejsaqdils fournissent un environnement favorablepkin semi-polaire
pour améliorer I'efficacité quantique interne dagsructures InGaN.

Enfin, j'ai synthétisé un certain nombre de traeselurs a BQs de GaN/AIN et InGaN/GaN selon les dresroissance
polaire et semi-polaire. Dans chaque cas, les tiondide croissance pour atteindre la fourchetsetsple ciblée (420-450
nm d’émission a avec une couche contact transganeoir des longueurs d'onde plus courtes que 325onmété
identifiés. L'influence d'un champ électrique eméesur la luminescence des transducteurs ont ouifijue la meilleure
performance (plus grande variation de la luminesea@m fonction de la polarisation) a été fourniedss structures a base
de BQs d’'InGaN/GaN. Avec ces données, les spédditaides transducteurs opto-chimiques ont été dixéeperides de
BQs d’'InGaN/GaN sur une couche contact g&Ga, ¢g\:Si). Puis, j'ai synthétisé un certain nombre g ttansducteurs
afin d'obtenir un apercu sur la reproductibilii&ites et les étapes critiques du processus décéion. En utilisant ces
échantillons, nous avons réalisé un systéme captegré qui a été utile pour le suivi de la valdumpH de I'eau.

Mots clés :Nanostructures, nitrures, épitaxie par jets md&ms, boites quantiques, capteurs



