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Abstract

A large number of characterization tools for semiconductor based heterostruc-
tures are available nowadays. Most of these techniques deliver high tempo-
ral resolution (down to hundreds of femtoseconds) or good spatial resolution
(down to sub nanometer resolution), but not both simultaneously.
However, to get a complete picture of carrier recombination and diffusion
processes in heterostructures, one needs a spectroscopic tool which simulta-
neously yields high temporal and spatial resolutions. The same kind of tool
is also needed to obtain local excited carrier lifetimes in a disordered material.

Due to the need of such a characterization tool, we have developed an orig-
inal picosecond time resolved cathodoluminescence (pTRCL) setup using
an ultrafast pulsed electron gun mounted on a scanning electron micro-
scope (SEM). The basic idea of the construction was to replace the original
thermionic electron gun by a pulsed electron gun. Electron pulses are pro-
duced in the gun by the photoelectric effect: ultraviolet (UV) light pulses
illuminate a gold photocathode which leads to electron extraction. This
setup reaches simultaneous spatial and temporal resolutions of 50 nm and
12 ps, respectively.

Motivated by the exceptional luminescence efficiency of nitride based opto-
electronic devices despite of the large defect densities, we first study local
luminescence lifetime in the vicinity of threading dislocations (TDs) on GaN
surface. We show that the effective luminescence lifetime decreases when ap-
proaching a TD. This variation is most probably due to the decrease of the
non-radiative lifetime meaning that non-radiative recombination becomes
predominant when approaching a dislocation.
We measure cathodoluminescence (CL) on InGaN based double quantum
well (QW) structures. The structures are optimized to improve spatial reso-
lution for monochromatic CL measurements. The study of these structures
reveals the particular surface morphology of InGaN QWs by atomic force mi-
croscopy (AFM) and its connection to optical properties: The InGaN QW
exhibits deep valleys oriented in the < 1 − 100 > directions where the QW
thickness almost decreases to zero. TDs populate these valleys. pTRCL
measurements show that excited carriers diffuse away from the TDs in the
valleys which act as energy barriers hindering the excited carriers from non
radiative recombination on the TDs. This possibly explains the high lu-
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minescence efficiency of InGaN based heterostructures despite the high TD
density.
Results on bulk BN samples are presented in the last chapter on experimen-
tal results. BN presents a very high bandgap, estimated around 6 eV , which
makes optical excitation difficult in addition to a very high luminescence
efficiency. These two properties make BN an ideal candidate for future UV
lasers and light sources. Another exciting fact about BN is the possibil-
ity to synthesize multi- and single wall nanotubes. We show that the near
bandgap luminescence peaks have very short lifetimes (between 20 ps and
32 ps) despite the indirect bandgap structure (theoretical prediction) of BN.
Nevertheless, we associate the observed luminescence peak to direct exciton
recombination of the Frenkel type.

Keywords: luminescence lifetime, cathodoluminescence, picosecond time
resolved cathodoluminescence, nitrides, threading dislocations, heterostruc-
tures
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Résumé

De nos jours, un grand nombre d’outils de caractérisation pour les hétérostruc-
tures à base de semiconducteurs sont disponibles. La plupart de ces tech-
niques sont capables de délivrer soit une résolution temporelle élevée (quelques
centaines de femtosecondes) soit une très bonne résolution spatiale (de l’ordre
du namomètre).
Cependant, pour comprendre les processus de diffusion et de recombinaison
de porteurs de charge excités dans les hétérostructures, on a besoin d’un
outil spectroscopique très performant en ce qui concerne la résolution spa-
tiale maiss aussi temporelle. De même, ce type d’outils est indispensable
pour étudier les temps de vie de luminescence locaux dans un matériaux
désordonné.

Pour effectuer les études décrites plus haut, nous avons développé dans notre
laboratoire un outil de caractérisation unique : la picosecond time resolved
cathodoluminescence (pTRCL), employant un canon d’électrons pulsé ul-
trarapide. L’idée de base de la construction était de remplacer le canon à
électrons thermionique original par une source pulsée d’électrons. Les pulses
d’électrons sont générées en utilisant l’effet photoélectrique : un faisceau
pulsé ultraviolet (UV) illumine une cathode d’or ce qui mène à l’extraction
d’électrons. Cet outil est caractérisé par des resolutions spatiale et tem-
porelle simultanées respectivement de 50 nm et 12 ps.

Motivé par le rendement de luminescence exceptionnelle des composés op-
toélectroniques à base de nitrures, malgré la densité de défauts très élevée,
on étudie d’abord des temps de vie de luminescence locaux proches des dis-
locations à la surface (en anglais: threading dislocation ou TD) de GaN. On
démontre que le temps de vie effective de luminescence décroit proche d’une
TD en comparaison avec sa valeur dans le matériau massif. Cette variation
est très probablement due à une diminution du temps de vie non radiative
ce qui signifie que la recombinaison non radiative devient prédominante près
d’une TD.
Nous mesurons ensuite la cathodoluminescence (CL) sur des doubles puits
quantiques (QW) à base d’InGaN, ces structures sont optimisées pour amélio-
rer la résolution spatiale pour des mesures de CL monochromatiques. L’étude
de ces structures démontre la morphologie de surface particulière de l’InGaN
par microscopie à force atomique (AFM) et montre sa corrélation avec les
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propriétés optiques : les QW à base d’InGaN présentent des vallées profondes
orientées selon la direction cristallographique < 1 − 100 > dans lesquelles
l’épaisseur du QW est presque nulle et où la densité de TD est très élevée.
Nos mesures pTRCL montrent que les porteurs excités diffusent hors des val-
lées ce qui prouve le caractère de barrière. Les porteurs excités ne peuvent
donc pas se recombiner non raditivement sur les TDs, ce qui explique prob-
ablement le rendement de luminescence élevé des hétérostructures à base de
GaN malgré la haute densité de TD.
Enfin, dans une dernière partie, nous exposons nos résultats expérimentaux
obtenus lors de l’étude de nitrure de bore (BN) massif. BN présente une én-
ergie de bande interdite élevée, d’environ 6 eV , combiné avec un rendement
de luminescence important. Ces deux propriétés rendent le BN attractif
pour la réalisation de lasers et de sources de lumière UV. Le BN reçoit aussi
beaucoup d’attention de la part du monde scientifique grâce à la possibilité
de pouvoir en synthétiser des nanotubes à parois muliples et uniques. On
démontre que les pics de luminescence provenant de la region proche du gap
fondamental ont des temps de vie très courts (entre 20 ps et 32 ps), mal-
gré la nature indirecte de son gap fondamental tel que prévu par la théorie.
Néanmoins on associe les pics de luminescence observés à la recombinaison
d’Exciton de Frenkel directs.

Mots clés:
temps de vie de luminescence, cathodoluminescence, picosecond time re-
solved cathodoluminescence, nitrures, threading dislocations, hétérostruc-
tures
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Zusammenfassung

Heutzutage existiert eine grosse Auswahl von Charakterisierungs Instru-
menten für halbleiter-basierte Heterostrukturen. Diese Techniken zeichnen
sich meist durch eine sehr hohe zeitliche (Femtosekunden) oder räumliche
(Nanometer) Auflösungen aus, die jedoch nicht gleichzeitig erreicht werden
können.
Um zu einem umfassenden Verständis von Rekombination und Diffusion an-
geregter Ladungsträgern in Heterostrukturen zu gelangen, ist ein Instrument,
das gleichzeitig hohe Raum- und Zeitauflösung liefert, unabdingbar. Der-
selbe Typ von Instrument wird auch für die lokale Ladungsträger Lebzeitmes-
sung benötigt.

Daher haben wir ein einzigartiges Kathodolumineszenz Instrument mit Piko-
sekunden Zeitauflösung (pTRCL) konstruiert. Die pTRCL basiert auf einer
ultraschnellen, pulsierten Elektronenkanone, die wir auf ein Rasterelektro-
nenmikroskop (SEM) angepasst haben. Die grundlegende Konstruktions-
idee liegt in der Ersetzung der originalen, thermionischen Elektronenkanone
durch eine pulsierte Kanone. Elektronenpulse werden durch den Photoelek-
trischen Effekt hergestellt: Ultraviolette (UV) Lichtpulse bescheinen eine
Gold-Photokathode was zur Extraktion von Elektronen führt. Dieses In-
strument erreicht simultan 50 nm räumliche, und 12 ps zeitliche Auflösung.

Motiviert durch die aussergewöhnlich hohe Lichteffizienz von Nitrid basierten
Optoelektronischen Elementen, studierten wir zuerst lokale Lumineszenz
Lebzeiten in der Nähe von Dislokationen (TD) an der Oberfläche von Gal-
liumnitrid. Wir zeigen, dass die effektive Lumineszenz Lebzeit in der Nähe
von TDs reduziert ist. Diese Änderung is mit grosser Wahrscheinlichkeit
einer Abnahme der nicht-radiativen Lebzeit zuzuschreiben. Dies bedeutet,
dass nicht-radiative Prozesse in der Nähe von TDs dominieren.
Danach messen wir die Kathodolumineszenz (CL) von InGaN basierten dop-
pel Quantentrog (QW) Strukturen. Die Strukturen sind für eine hohe Rau-
mauflösung bei CL Messungen optimisiert. Die Messungen von diesen Struk-
turen decken die spezielle Oberflächen Morphologie von InGaN Quanten-
trögen durch Atomkraft-Mikroskopie (AFM) auf, und zeigen deren Zusam-
menhang mit den optischen Eigenschaften: Tiefe Täler, die parallel zu den
<1-100> Richtungen verlaufen, kennzeichnen InGaN Quantentröge. Die
Quantentrogdicke kann in diesen Tälern fast den Wert Null erreichen. Der
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Grossteil der TDs befindet sich in diesen Tälern. pTRCL Messungen zeigen
nun, dass angeregte Ladungsträger sich von den TDs in den TŁlern, die als
Energie Barrieren wirken, durch diffusion entfernen. Dadurch wird nich-
radiative Rekombination an TDs unterbunden. Dies liefert eine mögliche
Erklärung der hohen Lumineszenz Effizienz von InGaN basierten Heterostruk-
turen trotz der hohen TD Dichte.
Resultate der Messungen an BN Proben werden im letzten Kapitel präsen-
tiert. BN besitzt eine sehr hohe Bandlücke (6 eV ), was die optische Exzita-
tion schwierig macht. BN ist ebenfalls ein sehr effizienter Lichtemitter. BN
ist Dank dieser genannten Eigenschaften ein idealer Kandidat für zukünftige
UV Laser und UV Lichtquellen. Die Herstellung von BN nanotubes bietet
zusätzliche, iteressante Möglichkeiten. Wir zeigen hier, dass die Rekombina-
tion in Bandlückennähe, trotz deren indirekten Natur, sehr kurze Lebzeiten
aufweist (zwischen 20ps und 32ps). Wir identifizieren die beobachteten Lu-
mineszenz Zerfälle als direkte Frenkel Exziton Rekombination.

Schlüsselworte:
Lumineszenz Lebzeit, Kathodolumineszenz, Nitride, threading dislocations,
Heterostrukturen, picosecond time resolved cathodoluminescence

vi



Remerciements

En premier lieu, je tiens à remercier mon directeur de thèse, le Dr. Jean-
Daniel Ganière, pour son soutien et son assistance au long de ce travail.

Je tiens également à remercier le Prof. Benoit Deveaud-Plédran pour m’avoir
accueilli au sein de son laboratoire. Je lui remercie en particulier pour
des nombreuses discussions scientifiques et les encouragements pendant ma
thèse.

Je remercie le Prof. Nicolas Grandjean et le Dr. Eric Feltin pour leur
disponibilité et pour une collaboration avec beaucoup de succès.

J’aimerais remercier le Dr. Michele Merano pour son travail excellent qui
consistait à monter la pTRCL.

Un grand merci va aux deux post-docs: Dr. Stéphane Collin et Dr. An-
drea Crottini qui ont suivi mon travail de recherche pendant deux ans. Je
remercie en particulier le Dr. A. Crottini pour m’avoir appris des technique
de spéctroscopie optique et pour m’avoir assisté dans une phase critique du
projet.

Je remercie également la Dr. Jelena Ristic qui est arrivé au laboratoire il y
a quelques mois et qui a repris les mesures que j’avais commencées.

Je remercie le Dr. Rémy Sachot pour son aide précieuse avec certaines
mesures.

Finalement, je tiens à remercier Mr. Hoan Nguyen d’OPEA pour son soutien
et sa disponibilité pour résoudre des problèmes avec la pTRCL. Un grand
merci aussi aux téchniciens Roger Rochat et Nicolas Leiser pour leur assis-
tance. Un grand merci va aussi à Hans-Jörg Bühlmann qui avait tout le
temps une solution pour des problèmes techniques difficiles.

vii



viii



Contents

1 Introduction 1

2 Experimental Setup 3
2.1 Setup description and performance . . . . . . . . . . . . . . . 3
2.2 Scanning Electron Microscope (SEM) . . . . . . . . . . . . . 5

2.2.1 Pulsed photoelectron gun . . . . . . . . . . . . . . . . 7
2.2.2 Two photon excitation . . . . . . . . . . . . . . . . . . 10
2.2.3 xyz precision displacement system . . . . . . . . . . . 12

2.3 Detection line . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Quasi Continuous CL (CWCL) and secondary electron

(SE) images . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Time-resolved detection using the STREAK camera . 16
2.3.3 Alternative Detection Line . . . . . . . . . . . . . . . 18

3 Bulk GaN and InGaN based Quantum Wells 23
3.1 Properties of the III-Nitride materials . . . . . . . . . . . . . 23

3.1.1 Structural properties . . . . . . . . . . . . . . . . . . . 23
3.1.2 Band structure . . . . . . . . . . . . . . . . . . . . . . 29
3.1.3 Dislocations . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Luminescence Lifetime measurement in the vicinity of TDs on
GaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 TDs in InGaN Quantum Wells . . . . . . . . . . . . . . . . . 44
3.3.1 Internal Electric Field . . . . . . . . . . . . . . . . . . 45
3.3.2 Effects of the Internal electrical field on optical properties 49
3.3.3 Sample Structure . . . . . . . . . . . . . . . . . . . . . 52

3.4 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . 52
3.4.1 Continous CL . . . . . . . . . . . . . . . . . . . . . . . 52
3.4.2 AFM measurements . . . . . . . . . . . . . . . . . . . 54
3.4.3 Correlation between CL and AFM measurements . . . 58
3.4.4 pTRCL measurements . . . . . . . . . . . . . . . . . . 60

ix



Contents

3.4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4 Boron Nitride 69

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . 70

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Conclusions and perspectives 77

5.1 pTRCL Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2 GaN and InGaN QW . . . . . . . . . . . . . . . . . . . . . . . 77

5.3 Boron Nitrides . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.4 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Bibliography 80

A Calculation methods 87

A.1 The transfer matrix method to evaluate hole and electron en-
velope functions in a QW . . . . . . . . . . . . . . . . . . . . 87

A.2 Calculation of the Excitonic Rydberg [1] . . . . . . . . . . . . 88

B Technical drawings 91

B.1 Technical drawings of the xyz precision displacement system . 91

B.2 Technical drawing of the achromatic UV objective . . . . . . 91

x



1 Introduction

Ever since the 1970s the semiconductor industry is streaming towards smaller
structures, presently reaching nanometer size. In parallel with the miniatur-
ization in Si based IC technologies new 2D layer deposition technologies are
developed that give rise to development of a whole new range of heterostruc-
tures that present new physical concepts and give rise to new devices. This
miniaturization incited the development of new characterization tools, capa-
ble of accessing microstructures and, nowadays, even nanoobjects and their
properties. In parallel with the development of semiconductor based het-
erostructures, new characterization tools have been developed. Nowadays,
there are scanning probe microscopy (SPM) techniques like scanning electron
microscopy (SEM) and atomic force microscopy (AFM) which are routinely
used to characterize surface morphology of nanostructures. These techniques
offer resolutions down to 1nm for an SEM and sub-nanometer for the AFM.
Optical techniques like scanning near-field optical microscopy (SNOM) or
micro photoluminescene (PL) are used to assess fundamental physical prop-
erties of nanostructures. Thanks to the introduction of easy to use pulsed
laser systems, optical methods yield very high temporal resolution, of some
hundreds of femtoseconds. Such high temporal resolution is essential for
studying nanostructures since luminescence phenomena in such structures
often occur on picosecond to femtosecond timescales. On the other hand,
the spatial resolution of optical tools is often limited by the diffraction limit.
The ideal measurement tool for nanostructures would be the one able to
combine the high spatial resolution of a SPM techniques with the high tem-
poral resolution of optical techniques. These ideas were behind the initiation
of the picosecond Time Resolved Cathodoluminescence (pTRCL) project by
Dr. J.-D. Ganière in 2001. The continuous electron gun of a standard SEM
was replaced by a new pulsed electron gun. Electron pulses are generated
by the photoelectric effect in a gold photocathode using UV laser pulses. To
obtain high temporal resolution, the cathodoluminescence signal is analyzed
with a streak camera. The development of the setup was finished in 2004.
The demonstration of its performance was achieved by transport measure-
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1 Introduction

ments on InGaAs/AlGaAs/GaAs micropyramids [2, 3] grown in the group
of E. Kapon at EPFL. The pTRCL setup is characterized by simultaneous
spatial and temporal resolutions of 50nm and 12 ps, respectively.

The main objective of this thesis work is to use the pTRCL setup to in-
vestigate GaN based nanostructures. Since Nakamura et al. reported the
first candela-class blue light emitting diode (LED) in 1994 [4], GaN based
nanostructures have been the subject of intense research efforts due to their
increasing importance in optoelectronics. These structures present very high
luminescence efficiencies despite high defect densities, which has been an im-
portant puzzle over the last years. These high defect densities are introduced
due to the lack of lattice matched substrates for GaN. GaN based nanostruc-
tures are very inhomogeneous which implies that one needs a local probe to
assess its properties. With the goal to better understand the effects which
lead to the high luminescence efficiency, local pTRCL lifetime measurement
on InGaN based quantum wells (QW) and on bulk GaN were carried out.
We also demonstrated that the pTRCL setup can be used to study high
bandgap semiconductors such as boron nitride (BN). We detected time re-
solved signal up to energies of 5.77 eV (215nm). BN is a very interesting
material since it can be synthesized in the form of nanotubes and its high
luminescence efficiency and high bandgap makes it an ideal candidate for
UV light sources and UV laser.

This work is organized in the following way: We start by introducing and
explaining the pTRCL technique. In the experimental part, we will first
discuss the particularities of GaN and GaN or III-nitrides based heterostruc-
tures before we present and discuss the results obtained on bulk GaN and
on InGaN based QWs. After this, the results obtained on BN are presented
and discussed. We will end by a general conclusion and by discussing some
perspectives of the pTRCL technique.
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2 Experimental Setup

In the first section of this chapter a general description of the Picosecond
Timeresolved Cathodo-Luminescence (pTRCL) setup will be given explain-
ing how the three main components, pulsed laser, electron microscope and
the detection line, are combined to work together in the pTRCL setup. The
succeeding sections expose the parts of the different components in a detailed
way.

2.1 Setup description and performance
The central part of our setup is a JEOL 6360 scanning electron microscope
(SEM) in which the original tungsten source was replaced by an optically
driven pulsed electron gun with high brightness. The electron pulses are
produced by the photoelectric effect in a 20nm thick gold film evaporated
on a fused silica window. The energy spread δE of the electron pulses is
estimated to be δE ≈ 100meV ([5]). The photocathode is backilluminated
by 150 fs UV laser pulses centered around λ = 266nm at a repetition rate of
80MHz. The energy of the exciting photons is above the gold workfunction
φ ≈ 4.2 eV (depending on the crystallographic orientation [6]) thus ensuring
a quantum efficiency of 3.8 × 10−6. The UV laser pulses are generated
through third-harmonic generation. The fundamental beam is produced by
a standard Ti:Sapphire oscillator1. These optically generated pulses are then
focused on the sample surface using the SEM column’s electro magnetic
lenses. We usually work with an average power of Pav ≈ 100mW at the exit
of the third-harmonic generation system. The sample is mounted on top of
a motorized xyz precision displacement system using piezoelectric motors.
The sample holder is connected through a copper braid to a liquid nitrogen
reservoir. At the present, we are testing a liquid helium cryostat adapted for
our microscope and developed in collaboration with Janis, Inc. Luminescence
emitted from the sample is collected with a parabolic mirror and coupled
1Coherent Mira 900 F/P pumped by a Coherent Verdi 8W
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2 Experimental Setup

SE image monochromatic CL 

Time-integrated spectra

photocathode

Frequency 
doubler/tripler
0.25 - 0.5 µm

mode-locked laser
MIRA 900 F
800nm - 1W

80 MHz / 100 fs

CW laser 532 nm
Verdi 8W

cryostat

motorized
x, y, z tables

scan signal

scanning electron microscope
JEOL 6360

sy
nc

hr
o

TR
C

L 
si

gn
al

SE

PD

st
re

ak
-c

am
er

a
Ha

m
am

at
su

 C
56

80
80

 M
Hz

 - 
2p

s
PM

Photon
counting

motion controler
ACS tech80

C
L 

si
gn

al

liq
ui

d 
 N

itr
og

en
re

se
rv

oi
rMonochromator

Spex 270M

102

103

104

 

3.43.23.02.8

10 10 

Spatial filter

Figure 2.1: Picosecond Time-Resolved Cathodoluminescence (pTRCL)
setup.

into a monochromator in order to disperse the signal energetically. The
monochromator has two exit ports: one for the streak camera, for time-
resolved measurements, and another one with a photo-multiplier, used in
the photon counting mode, to record quasi continuous cathodoluminescence2
(CL) maps. A second photo-multiplier operated in continuous mode offers
the possibility to register polychromatic CL maps directly at the optical exit
of the microscope, independently of the alignment of any optical component
after the microscope.
A photograph of the described setup is shown in figure 2.2.

2By quasi-continuous we mean that sample excitation takes place in pulsed mode but the
detection is continuous. The abbreviation CL always designs quasi-continuous mode
unless stated otherwise.
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2.2 Scanning Electron Microscope (SEM)

Figure 2.2: The pTRCL setup in our lab.

2.2 Scanning Electron Microscope (SEM)

A standard SEM column images the electron source (smallest beam cross-
section at the source or crossover) on the sample surface with a demagnifica-

5



2 Experimental Setup

tion factor M varying approximately from M = 10 to M = 5000 depending
on the type of the used electron source.

The diameter of our electron source corresponds to the size of the focused
laser spot on the cathode surface which has a typical full width at half maxi-
mum (FMWH) of 3µm. This means that we were obliged to choose an SEM
column with M ≈ 1000 to get nanometer resolution. Such SEM columns
usually use a thermionic emission gun based on a heated tungsten hairpin.
On the other hand our pulsed electron gun works like a field emission gun
(FEG) usually consisting of two anodes: the first anode extracts the elec-
trons from the metal and the second anode accelerates the electrons to the
final kinetic energy. This means that our FEG like electron source needs
electron optics adapted to a thermionic emission gun.

Finally, a JEOL 6360 SEM with a tungsten hairpin filament was chosen for
the pTRCL setup. The acceleration voltage can be varied between 1 kV and
30 kV and the anode is grounded. An electromagnetic two-stages deflection
unit is employed to align the electron beam before entering the microscope
optical column.

The first microscope lens is an electromagnetic 2-stages zoom condenser lens
system that performs beam demagnification. A conical objective lens focuses
the electrons on the sample. The optimal working distance is 8mm. Three
objective lens aperture pinholes (100 − 30 − 20µm) can be inserted in the
electron beam paths. The smallest one is used for high resolution observa-
tion. The scan coils deflectors allow for image magnifications from 30 to
300000. An astigmatism correction system is also provided.

The microscope is equipped with an Everhart-Thornley detector for sec-
ondary electron (SE) imaging mode operation. The guaranteed microscope
resolution in SE mode is 3nm under ideal conditions3.

The SEM electronics were separated from the column which was mounted
on an optical table to avoid difficulties with the optical alignment. Usually
we use the standard JEOL software to align the microscope column and to
get the optimal resolution. However, as far as scan speed is concerned, the

3acceleration voltage of 30 kV ; 8 mm working distance
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2.2 Scanning Electron Microscope (SEM)

JEOL software is very limited, allowing only for three different settings with
68µs dwell time per pixel for the slowest, which is often not slow enough.
For this reason we connected an external scan generator, fabricated by the
company 4pi Analysis, to the microscope, dwell times of the electron beam
per pixel can be adjusted between 1µs per pixel up to 800µs. More details
can be found below in the section devoted to the detection line.

2.2.1 Pulsed photoelectron gun

The electron gun implemented in our setup was developed in close collabo-
ration with the french company OPEA in Paris. The gun is isolated from
the SEM column by an additional valve and pumped by a ionic pump (Var-
ian VacIon Plus 25) to achieve high vacuum conditions at an approximate
pressure of 5× 10−7mbar.
UV pulses are focused on the cathode surface by a UV microscope objective
optimized for a wavelength of 266nm with a 8.5mm working distance. The
objective is at the cathode potential to avoid electrical discharges and it is
connected to a xyz linear stage through a delrin isolation block. The cath-
ode consists of a 300µm thick fused silica window on which we evaporate a
20nm thick gold film. The extraction anode (pinhole) is mounted at a small
distance (2mm) from the cathode. The voltage applied between the cathode
and the pinhole can be varied between −1 kV and −30 kV. When the valve
is open, a Faraday cup can be inserted to measure the emitted current at
the cathode level for alignment purposes. A photo of the gun is shown in
figure 2.3. A series of test measures were made on a gun prototype before
the actual electron gun could be constructed. An extensive report of the
test setup and results can be found in chapter 3 of Michele Merano’s PhD
thesis work [5], who realized the main developments of the system. The op-
tical properties of the gun are also reported in this work and an abbreviated
version can be found in reference [7]. Here, we will limit ourselves with a
summary of the main properties of the pulsed photoelectron gun.

The spatial resolution [5] in SE mode has been estimated to be 50nm ac-
cording to the study of a sample consisting of gold particles deposited on
an amorphous carbon film. It corresponds to the distance over which the
contrast of the image of a gold particle border varies from 90 % to 10 % (see
figure 2.4). Such a value is in good agreement with what can be estimated
from the brightness of our photocathode. The axial brightness β and influ-
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Figure 2.3: Photo of the electron gun. Dimensions: 23 cm in height and
12 cm in diameter.

ence of space charge effects were measured on the gun prototype. We find
β = 1.8 × 103A/cm2 sterad at an acceleration voltage of 20 kV. This value
is typically 100 times smaller than that of modern thermionic electron guns
yielding a typical resolution of 3nm. This means that there is still enough
current within a spot with a diameter of 3nm to record secondary elec-
tron images. With our gun, we manage to have the same current in a spot
ten times bigger meaning that we can expect a maximal resolution around
30nm. The 50nm resolution is further degraded due to the parabolic mirror,
that obliges us to use a working distance of 12mm which is not optimal for
the microscope. This results in difficulties when focussing the beam on the
sample surface. Moreover, the parabolic mirror also absorbs a portion of
the secondary electron signal thus decreasing the signal to noise ratio of the
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2.2 Scanning Electron Microscope (SEM)

Figure 2.4: Pulsed SEM image of gold particles on a carbon film.

Everhardt Thornley detector.

Space charge effects refer to the longitudinal and transverse broadening of
an electron packet due to Coulomb repulsion between the charged particles.
There are several reports [8, 9, 10, 11, 12] describing the case of electron
pulse broadening during propagation due to space charge effects. In our
case, there clearly is transverse broadening of the electron pulses: cathode
current is around 40nA but we only have 10 pA (corresponding to one elec-
tron per pulse) probe current at the sample level which signifies that 99.9 % of
the electrons are stopped by intermediate pinholes. Longitudinal broadening
directly influences the temporal resolution of the system. The cathode is ex-
cited by 150 fs long pulses and we measure 12 ps long electron pulses. Since
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the photon-electron conversion at the cathode is quasi instantaneous[13], this
fact can only be explained by space charged induced broadening. The 3D
mean field analysis we used to explain the results on the gun prototype[12]
clearly shows that coulomb repulsion between the electrons has to be taken
into account for typical electron densities up to 50/pulse/µm2 on the cathode
level of our gun.

2.2.2 Two photon excitation

Using single photon excitation has the advantage of being very efficient.
However, creating photons at 4.65 eV implies the use of an optical third-
harmonic (or even higher harmonic) generation system (THGS). In the THGS
we use, the laser pulse passes first through a 1.5mm thick LBO crystal for
second harmonic generation and then through a 0.5mm thick BBO crystal
for third harmonic generation. Thus the spatial profile of the laser pulse at
the exit of the THGS is far from being gaussian and has to be filtered. We
use a spatial filter with a 10µm diameter pinhole which cleans the beam but
cuts more than 90% of the power. As a result we work at typical average
powers of 10mW. The photocathode transmits 10% of the incoming light
into the microscope’s column. This stray light adds additional noise to the
signal and can make signal detection impossible if the signal energy overlaps
with the UV pulse energy. The optical components (lenses, mirrors, fibers
etc.) that work at 4.65 eV have also to be chosen very carefully and are
usually more expensive than standard optical components made out of BK7
glass, which exhibits a sharp cutoff for energies higher than 3.5 eV .

Due to these described drawbacks, it would be advantageous to work with
lower energy pulses. This means that electrons inside the cathode have to be
excited via a multi-photon process. We tested two photon excitation with
our gun using using the second harmonic output of the THG at 3.1 eV and
an average power of 22mW. The quality of the output beam is considerably
better since the laser pulses pass only through the LBO crystal.
Figure 2.5 shows a secondary electron (SE) image obtained by exciting the
cathode with a two-photon process. There is no difference between SE im-
ages obtained by single- and two-photon excitation. It would be preferable to
work in the two-photon excitation scheme since the alignment of the optical
system is easier and stays more stable over time. In addition, since we reach
a 30 % efficiency for second harmonic generation, we could work at higher
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Figure 2.5: SE mode image of GaN micropyramids. The cathode is excited
with photon energies below the gold workfunction.

probe current thus improving the signal to noise ratio in all imaging modes
and probably spatial resolution as well.
There’s a fundamental reason why we chose to work with a single-photon
excitation: Two photon excitation at 3.1 eV can overlap with the energy of
the main emission peak of the InGaN/GaN quantum wells studied during
the elaboration of this thesis.
One could also try getting rid of the transmitted light substraction of on and
off sample spectra. The difficulty with this method is that the reflection of
the light might change when moving off the sample which would introduce
errors in the substraction.

For these reasons we chose to carry out all measures using the third harmonic
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to excite.

2.2.3 xyz precision displacement system

One of the basic issues in CL is the light collection using a parabolic mirror.
The exciting electron beam should arrive on the sample surface at the focal
spot of the mirror. In the experiment, when the beam is swept over a surface
of approximately 10 × 10µm2 one already starts to notice intensity varia-
tions due to misalignment. Thus it is advantageous to work with a beam
focused at the correct position, and to move the sample with an xyz precision
displacement system working in closed loop mode to be able to verify the
position. The system should have the following properties:

• speed up to several mm/s

• adapted for vacuum of at least 10−6mbar

• high precision, of the order of microscope resolution (i.e. 50nm)

• no jitter

• non magnetic

• high mechanical stability to avoid vibrations in a compact design

Such a system was not commercially available at the time we needed it so we
chose to construct it in collaboration with the Swiss company Bytics located
in Uster. The final system is depicted in figure 2.6. It contains precision
mechanics from Sulzer-Inotech, piezoelectric motors from Nanomotion, op-
tical position encoder from Numerik Jena and is controlled by a Sppii+
controller from ACS Tech 80. Piezoelectric motors possess all the properties
cited above. The piezoelectric effect in piezoceramics refers to conversion
of electrical field into mechanical strain. Under adequate electrical excita-
tion drive the piezoceramic element can be caused to simultaneously undergo
longitudinal extension and transverse bending. By choosing an adapted ge-
ometry, the simultaneous excitation of the longitudinal extension mode and
the transverse bending mode creates a small elliptical trajectory of the piezo-
ceramic element. Stage movement will occur as a result of friction between
the stage and the piezoceramic element, when these two are put close enough
to be in contact. A ceramic stripe glued on the stage (see figure 2.7) ensures
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(a)
(b)

Figure 2.6: Photographs of the xyz displacement system mounted on a ref-
erence interferometer to verify the precision (a) and in our mi-
croscpe (b). Dimensions: 13.5× 13.5× 7.7 cm3, lwh

good contact between the piezoceramic element and the stage. The periodic
nature of the driving force allows continuous smooth motion for unlimited
travel. If no voltage is applied to the motor, the position is kept stable by the
stiffness of the piezoceramic element. Position is recorded by optoelectronic
position sensors from Numerik Jena GmbH. Figure 2.8 shows a scheme of
the working principle of the detectors. The ruler is glued on the precision
stage and has, in our case, a grating with 20µm spacing between the lines.
The detector head contains an infrared light emitting diode (LED) mounted
behind a transparent glass substrate on which a second grating with a dif-
ferent spacing is deposited. The infrared sensor is also mounted behind the
glass substrate. Infrared light emitted from the LED is reflected on the
ruler and passes through the second grating before being detected. The pas-
sage through the gratings yields a Moiré pattern on the detector with moving
fringes when the stage moves[14]. Interpolation of the measured signal yields
a detector resolution of 0.05µm. The Spii+ controller board sends the sig-
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precision stage

Piezo-
electric
Motor

ceramic stripe

Piezoceramic
element

Top view

Figure 2.7: The upper part of the figure illustrates the coupling between
the piezoceramic element and the precision stage. A photo of a
piezelectric motor coupled to a precision stage is depicted on the
lower part of the figure.

nal to the motor driver and reads the position feedback from the position
sensors. The three axes of the stages can be moved directly by a joystick
or any movement can be easily programmed in ACSPL+, the programming
language from ACS Tech 80. The stand alone controller unit is connected to
the network using the TCP/IP which allows easy access to the board mem-
ory from any computer.

We can sweep the sample in the xy plane over a travel range of 2 cm in each
direction. To displace the sample in height and to keep maximal stability we
chose to move the z stage on a inclined plane by 10 degrees. The unwanted
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Infrared Sensor

Glass substrate

Ruler

Grating

2nd Grating

Figure 2.8: Operating principle of a distance measurement sensor.

displacement in the y direction when the height is changed is compensated
automatically by virtually connecting the z and y axes through the controller.
The maximum travel in z is limited to 2mm. Technical drawings of the stage
can be found in the appendix.

2.3 Detection line

The light emitted from the sample is collected and collimated using the
parabolic mirror. After reflection on two broadband mirrors the lumines-
cence is focused on the entrance slit of a Spex 270M imaging monochromator
using an achromatic UV objective from B. Halle Nachfl. Optik in Germany
(technical drawings of this objective can be found in the appendice). The
objective’s diameter and focal distance are chosen to fit the monochroma-
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tor entrance aperture ratio of f/4. The imaging monochromator we use is
constructed in a standard Czerny-Turner geometry with a focal length of
27 cm. We usually work with a 600 grooves/mm grating blazed at 400nm.
The spectral dispersion for this grating is given as 1.6nm/mm. We typically
work with an entrance slit width of 250µm yielding a passing bandwidth of
0.5nm (image magnification of 1.23 in the monochromator).

2.3.1 Quasi Continuous CL (CWCL) and secondary
electron (SE) images

In order to record CL signal from the photomultiplier and SE signal from
the Everhardt Thornley detector an external scan generator unit from 4Pi
(Spectral Engine II, software version v 1.5.6) was used. This unit controls the
electron beam position, (x, y), on the sample and records up to four signals
in parallel, I(x, y) for each position. Then the software maps the function
I(x, y) using 28 (eight bits) or 216 (sixteen bits) grey levels. The 4Pi external
scan control can also be used to register other signals like EELS, X-ray, etc..
Cathodoluminescence signal is recorded by a H7732P-01 photon counting
photomultiplier (PM) from Hamamatsu Photonics. This PM is optimized
for UV signals in the range of 185nm to 680nm. The current pulses from
the PM are fed into a charge sensitive preamplifier-discriminator (A-101
from Amptek) which converts them into 5V TTL pulses with a length of
220ns. The pulse counter in the external scan unit works up to a frequency
of ≈ 300 kHz and the adjustable dwell time per pixel goes from 1µs to 16 s.
We work with typical dwell times per pixel of a few milliseconds and signal
level of ≈ 100 counts/pixel.

2.3.2 Time-resolved detection using the STREAK camera
Time resolved detection is achieved by using a Universal Streak Camera
C5680 from Hamamatsu Photonics K.K. In general, Streak cameras convert
temporal information into spatial information by using a time-dependent
electric field. Figure 2.9 shows the operating principle of a streak camera.
The photocathode converts the luminescence signal into an electron pulse
which is deviated between the deflection plates. The variable electric field
is generated by applying a sine wave form voltage on the deflection plates
having the same frequency as the pulsed laser repetition rate (synchronisa-
tion signal). The deviated electrons are amplified in the multi channel plate
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(MCP) and are converted back into photons on the phosphor screen behind
which a charged coupled device (CCD) is mounted. Detection takes place

I

t

λ

photocathode

extraction
plate deflection plates

photocathode
MCP

phosphor

CCD

Figure 2.9: Operating principle a streak camera.

only during the almost linear like of the electric field generating sine wave.
It becomes clear that the aperture of the temporal (horizontal) slit directly
influences the time resolution. The intrinsic time resolution of the Streak
camera is 2 ps according to the specifications given by the manufacturer.
This resolution is limited by the jitter introduced by the electronics between
the synchronisation signal and the variation of the time-dependent electric
field. One can choose between several time ranges when working with the
streak camera. To reach maximum temporal resolution one should work in
the fastest time range (0 − 150 ps) and close the temporal slit to a few mi-
crometers. However, in our setup the time resolution is not limited by the
streak camera but by the electron pulse length (see discussion below). When
it comes to temporal range, we can accurately measure maximal signal du-
rations of 2ns. This limit is imposed by the laser repetition rate.

Raw data from the Streak camera consist of two-dimensional maps of 1024×
1024 pixel2. Over the wavelength range covered by the Streak Camera, pixel
number px on the horizontal axes is proportional to the wavelength, λ:
λ = pxα + λ0, where the factor α and the offset λ0 can be determined by
using a spectral calibration lamp to illuminate the monochromator entrance
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slit. The pixel number on the vertical axes is proportional to time and the
calibration factors are given by the Streak camera manufacturer. The point
zero on the time axes can be chosen with an arbitrary offset. Intensities are
color coded with an arbitrarily chosen color scale.

The temporal resolution of the setup was determined by fitting a time re-
solved luminescence signal from a bulk GaN sample. Our results are best
fit by supposing that the excited carriers have two channels to relax which
means that we introduced two different decay times, τ1 and τ2 (see [5], page
50). We find a FWHM of 12 ps ± 1 ps which gives the temporal resolution
of the pTRCL setup.

2.3.3 Alternative Detection Line

The above described detection line is a commercially available standard so-
lution, which has the advantage of being rather easy to use and calibrate.
However, we encountered problems with the signal to noise ratio when we
wanted to detect signal in deep UV (5.77 eV = 215nm) for example from
boron-nitride crystals.

Actually, the system described above is disadvantageous from several points
of view: the image of the sample is formed three times before arriving on the
streak cathode where the detection takes place. This might introduce sig-
nificant signal loss when numerical apertures of the optics are not perfectly
matched. Even with UV optimized optics (mirrors and fused silica lenses)
there is a 4% loss for every reflection and the streak objective has a typical
transmission factor of T = 0.50 at 233nm.

For these reasons the detection line depicted in figure 2.10 minimizing the
number of optical components was designed and mounted. In the case where
CL images are not to be measured (like in the case of boron nitrides), we
can avoid to mount the PM. To record CL images, a PM could easily be
introduced by mounting a retractable mirror ("flip-flop") between the UV
objective and the streak camera to deviated the signal on a vertical slit with
the PM behind. The grating (600 grooves/mm blazed at 300nm for the
1st diffraction order) is mounted directly in the collimated signal beam on a
rotative stage (angles can be adjusted with a precision of one second) with
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UV objective

GratingSample + Parabolic mirror

Figure 2.10: Alternative detection line minimizing the number of optical
components.

two translation stages and a tilt adjustment. Translation stages are needed
to align the axes of the rotative stage with the optical and the grating axes.
Tilt adjustments are used to position the grating grooves perpendicularly to
the optical table ("rocking" adjustment). The UV objective (OUV 430, B.
Halle Optik Nachfl.) is mounted at 45 cm distance from the grating under an
angle of 36.2◦, determined by geometrical restrictions. The photocathode of
the streak camera is directly mounted in the focal plane of the UV objective.

Alignment of the UV objective and the Streak camera is achieved with help
of a HeNe Laser using the 0th order diffracted beam from the grating. The
central wavelength λ is chosen by setting the corresponding angle, φ, on the
rotative stage. The angles are calculated by means of the grating formula
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(see for example [15]):

mλ =
2
N

cosK sinφ (2.1)

where N = 600 grooves/mm, λ is the wavelength, m is the diffraction order
(we work with m = 1) and 2K = 36.2◦ is the angle between the optical
output axes and the UV objective axes.

Since this setup doesn’t include any slit the signal spot size on the Streak
camera should be as small as possible to obtain sufficient spectral and tempo-
ral resolutions. The minimal spot size we were able to observe on the Streak
camera CCD had a FWHM of 54µm. Applying a simplified Rayleigh criteria
stating that two spots can be separated if the distance between their centers
is bigger or equal to their radius and taking into account the geometry of
the detection line, we find a maximal spectral resolution of 15meV (corre-
sponds to approximately 0.55nm) at 5.77 eV (215nm). The spot doubles in
size towards the borders of the Streak camera photocathode (off-axis) which
yields a spectral resolution of 30meV (corresponds to approximately 1nm).
This is still good enough compared to the energy distance between the lu-
minescence peaks we want to observe in the case of boron nitride samples.
Maximal theoretical resolution of our system is given by the resolving power

R =
E

δE
, (2.2)

where δE is the limit of resolution, i.e. the difference in energy between two
lines of equal intensity that can be distinguished. The resolving power for a
diffraction grating is given by R = mN wherem is the diffraction order (here
m = 1) and N is the total number of grooves illuminated on the grating.
The maximal diameter d of the spot on the grating is given by the dimen-
sions of the parabolic mirror to collect CL signal and is equal to d = 26mm.
We use a grating with 600 grooves/mm which yields R = 600× 26 = 15600.
The theoretical maximal spectral resolution is given by 0.4meV at 5.77 eV
(corresponds to 0.01nm at 215nm). The above estimated experimental res-
olution is far above the theoretical resolution given by the resolving power
of the grating.

As far as time resolution is concerned, the spot is slightly more elongated
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in the temporal direction. We consider that the resolution is given by half
the spot size. Application of this criteria yields a temporal resolution of
8 ps which is still shorter than the exciting pulse length. The theoretical
maximum temporal resolution is given by the delay generated at the grating.
This delay is given by δt = R×λ

c , where λ is the wavelength we measure at
and c the speed of light in air. Taking λ = 215nm we find δt = 11 ps. The
overall temporal resolution of the system is thus limited by the electron pulse
length and not by this new alternative detection line.
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3 Bulk GaN and InGaN based
Quantum Wells

3.1 Properties of the III-Nitride materials

3.1.1 Structural properties

Crystalline properties

III-nitrides are direct-band gap semiconductors that usually crystallize in a
wurtzite structure. The zincblende, or cubic phase, is metastable and some-
what less common. Even so, zincblende nitrides can be epitaxially stabilized
by growing on cubic substrates, such as GaAs, 3C-SiC, Si, and MgO, all ori-
ented in the [100] direction. The atomic arrangement in the nitride crystal
structures is formed by hexagonal double layers, one consisting of nitrogen
and the other of metallic group-III element atoms. Each atom (group-III
and N atom) is bound by four sp3-hybridized atomic orbitals to its nearest
neighbour, which results in a tetrahedral 4-fold coordination. The two most
common phases, the hexagonal wurtzite and the cubic zincblende, differ only
in the stacking order of the layers. While the cubic phase results from a pe-
riodic ...ABCABC... sequence of (111) planes along the [111] direction, the
wurtzite structure is formed by ...ABAB... stacks of (0001) planes along
the [0001] direction, as shown in figure 3.1. This is why at the sites where
a change of stacking sequence occurs (stacking faults) inclusions of cubic
material may appear in a wurtzite layer.
The main difference between the two crystal structures (wurtzite and zinc-
blende) lies in the spatial arrangement of the interatomic bonds of the atoms
of the two neighboring stacks (dashed line square in fig 3.1). In the zincblende
structure the second neighbors of the two central atoms have inverted posi-
tions (3.2 (a)), while in the wurtzite structure they occupy symmetric posi-
tions (3.2 (b)).
The zinc-blende unit cell can be represented by two face-centered cubic (fcc)
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3 Bulk GaN and InGaN based Quantum Wells

Figure 3.1: Atomic arrangement in (a) cubic zincblende and (b) hexagonal
wurtzite lattice.

cells, displaced along the cell diagonal 1/4 of its length. In wurtzite, the unit
cell is represented by two interconnected hexagonal close-packed (hcp) sub-
lattices shifted 5/8 of lattice parameter c along the c-axis (direction [0001]).
The most important GaN crystal planes are the c-plane (0001), which is
the most common growth plane. The most relevant structural and optical
parameters of wurtzite binary nitrides are listed in table 3.1.1.

at 300K AlN GaN InN
lattice constant a0 [nm] 0.3112 0.3189 0.3545
lattice constant c0 [nm] 0.4982 0.5185 0.5703

bandgap Eg [eV ] 6.2 3.4 1.9/0.7

Table 3.1: Crystal and band structure parameters for wurtzite nitride
binaries[16].

Mechanical properties

Strain is commonly generated in layers grown on substrates with different
in-plane lattice parameters, where the lattice constant of the grown layer
accommodates to that of the substrate. As a result, the unit cell is deformed
(bond length and angle) and strain energy builds up in the layer during
growth as a function of thickness. There are two types of deformation that
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Figure 3.2: Interatomic bonds in (a) cubic zincblende and (b) hexagonal
wurtzite lattice.

induce two different types of built-in strain. Biaxial compressive strain ap-
pears in the case where the in-plane lattice parameter of the substrate is
smaller than that of the epilayer (3.3(a)). In the opposite case, the lattice
parameter of the grown layer undergoes a biaxial tensile strain (3.3(b)). The
schematic diagram in figure 3.3 represents an ideal case in which the lattice
constant of the epilayer fully accommodates to the corresponding substrate.
Actually, the accumulated strain energy may be released, either partially
or almost completely, through the formation of structural defects (disloca-
tions), which are very common in nitrides. This issue will be discussed in
more detail in another section of this chapter.

The relation between stress, εi, and deformation, σi, is given by Hook’s law,
which takes the following tensor form for a hexagonal crystal ([17], page
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Figure 3.3: Schematic diagram of an epilayer accommodation on a substrate
with different lattice parameters resulting in: (a) biaxial com-
pressive strain, or (b) tensile biaxial strain.
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C13 C13 C33 0 0 0
0 0 0 C11 0 0
0 0 0 0 C44 0
0 0 0 0 0 C11−C12
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ε1
ε2
ε3
ε4
ε5
ε6

 (3.1)

where Cij are the elastic constants given in table 3.2. Due to the hexagonal
crystal symmetry there are only five independent elastic constants (see [17],
pages 136-139). In a planar structure where the z axis is oriented along
the growth direction, the boundary conditions are such that the structure
undergoes zero stress in the z direction, zero shear stresses and strains, and
it has in plane symmetry of x and y directions (xyz build an orthogonal
coordinate system). Consequently, σ1 = σ2, ε1 = ε2 = ε, ε4 = ε5 = ε6 = 0
and σ3 = 0. The last consequence indicates that there is no strain in the
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growth direction which leads to the following relation between ε3 and ε:

ε3 = −2
C13

C33
ε (3.2)

The strain state of the system is characterized by only two stresses, ε and
ε3, which are given by

ε = a−a0
a0

= b−b0
b0

and ε3 = c−c0
c0

where a0 and c0 are the lattice constants of the unstrained crystal, and a
and b those corresponding to the strained layer.

We will see in the next section that in addition to a spontaneous polarization
field a piezoelectric field is induced as a result of stress. The polarization
fields are at the origin of electric fields which also induce strain on the crystal
via the converse piezoelectric effect [18]. However, the effect of the converse
piezoelectric effect is shown to influence the final value of the internal field
by less than 2% which is far above the experimental precision which justifies
that it is not treated here.

Spontaneous Polarization and Piezoelectric Polarization

The wurtzite crystal structure has the highest symmetry compatible with
spontaneous polarization, whose origin lies in the strong ionic component of
the Ga-N bonds in the c-direction ([0001], growth direction for our samples).
In addition to the spontaneous polarization which is a material property
we usually have to take into account piezoelectric components induced by
strain due to either lattice or thermal mismatch between the substrate and
the layer. Piezoelectric fields are oriented in the c-polar (growth) direction.
The piezoelectric polarization is defined in the following way (see for example
[19]):

Pi = eijεj with i = 1, 2, 3; j = 1, . . . , 6 (3.3)

where eij are the piezoelectric constants (for numerical values see table 3.2).
Due to the crystal symmetry the number of independent piezoelectric con-
stants is three [17]. The piezoelectric polarization in the growth direction is
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GaN InN
Spontaneous polarization PSP [C/m2] -0.034 -0.042
Piezoelectric constants e13[C/m2] -0.35 -0.57

e33[C/m2] 1.27 0.97
elastic constants C11[GPa] 390 223

C12[GPa] 145 115
C13[GPa] 106 92

static dielectric constants ε11 9.5 13.5
ε33 10.4 14.4

Table 3.2: Spontaneous polarization, piezoelectric, elastic and dielectric con-
stants for wurtzite group III-nitrides. The values are taken from
[16, 20]. The elastic and piezoelectric constants for GaN are exper-
imental values corroborated by theoretical calculations. The rest
of the parameters were obtained, so far, theoretically. The values
of the predicted spontaneous polarization fields in III-nitrides are
5 to 20 times larger than those for arsenides.

given by:

PPZ = e33ε3 + 2e31ε = 2
(
e31 − e33

C13

C33

)
ε (3.4)

The values of the spontaneous and the piezoelectric polarizations, and the
elastic and dielectric constants for the binary nitridesGaN and InN (Wurtzite)
are listed in table 3.2.

The total polarization is the vectorial sum of the spontaneous and the piezo-
electric contribution. Discontinuities of the polarization vector at interfaces
lead to charge accumulation, which in turn generates internal electrical fields.
The internal electric fields typically reach values of severalMV/cm in nitride
based heterostructures [21]. Such large fields have huge influence on the op-
tical properties of the structure. The most obvious one is the Quantum
Confined Stark Effect (QCSE) which will be analyzed below since it intro-
duces a red shift in the emission energy of quantum wells (QW) [22, 23].
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3.1.2 Band structure
Wurtzite III-nitrides are wide bandgap semiconductors characterized by a
bandgap structure with the valence band maximum (VB) and the conduc-
tion band minimum (CB) located at the center of the Brillouin zone (Γ ,
where k = 0). III-nitrides have a direct bandgap and strong light emission
efficiency at room temperature. These facts, together with the wide spectral
range covered by the whole series of possible alloys, are the major advan-
tages of III-nitrides in the field of optoelectronic devices. The band structure

a)

b)

Figure 3.4: (a) Schematic illustration of the spin-orbit and crystal-field split-
ting in the valence band of the wurtzite nitrides (figure taken
from [16]) and (b) schematic diagram of the valence band struc-
ture of wurtzite GaN near the Γ point with the heavy-hole (HH),
light-hole (LH), and crystal-hole (CH) valence sub-bands (figure
taken from [24]).

of wurtzite III-nitrides, unlike other direct bandgap zinc-blende III-V semi-
conductors, has a non-degenerate VB edge. The hexagonal symmetry of
the wurtzite structure indeed induces a crystal field splitting (4CR) of the
VB into one non-degenerate Γ1 and a two-fold Γ6 branches. Their ordering
is determined by the internal parameter u0 (bond length) and the ratio of
lattice constants c0/a0 (crystal ideality). Additionally, the spin-orbit split-
ting (4SO) lifts the degeneracy of the two-fold Γ6 states into non-degenerate
heavy hole (HH) and light hole (LH) states, further modifying the energy of
the crystal-field split-off (CH) holes. A typical VB diagram for hexagonal
GaN is illustrated in figure 3.4. The energies of the valence sub-bands HH
(Γ9), LH (Γ7) and CH (Γ7) are given by Chuang and Chang [25] using a the-
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oretical model based on the finite difference method and the effective-mass
theory.

III-nitrides with hexagonal structure present different energy band profiles
for the in-plane directions (x− y), that give different values for the effective
mass m‖ (parallel to the growth plane), and for the z direction (c-axis), m⊥
(see for example [16] for numerical values).

Optical properties will be discussed in more detailed way in the next section
dealing with InGaN based quantum wells. Excitons in III-nitrides have very
large binding energies, Eb = 26meV for GaN [26]. According to the three
non degenerate valence band maximum there are three types of free excitons,
A, B, and C. Their energies are given in reference [27] as 3.477 eV , 3.482 eV ,
and 3.499 eV , respectively.

3.1.3 Dislocations

Extended defects usually generate during the heteroepitaxial growth (be-
cause of the differences in lattice parameters between the substrate and the
growing layer), or upon the growth end (during the cooling because of the
difference in expansion coefficients of the two materials) allowing to reduce
the accumulated strain energy. Differences in lattice parameters or thermal
expansion coefficients between the nitride layer and the substrate (sapphire,
SiC or Si) are the key factors to account for the strain build up in the layer.
Growth conditions, substrate preparation, and the use of buffer layers will
also determine whether this strain will relax and how much, thus determin-
ing the density of extended defects in the layer. Dislocation densities in GaN
range from 1010cm−2 in standard layers, down to 106cm−2 in optimized lay-
ers thicker than 1mm grown either using sophisticated buffer layers, or by
epitaxial lateral overgrowth (ELOG).
Since dislocations are believed to be non radiative recombination centers
the high luminescence efficiency of GaN and of GaN based heterostructures
in particular has been an important puzzle. Understanding recombination
dynamics around dislocations is a key issue for explaining luminescence prop-
erties of these structures which is one of the key subjects of this thesis work.

Dislocations are linear defects that can be defined as a shift of lattice planes
due to the introduction of an additional plane. The distortion of the crys-
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3.1 Properties of the III-Nitride materials

tal lattice is therefore located in the vicinity of the dislocation line, which
traces the dislocation propagation through the crystal. The dislocation is
characterized by two parameters:

1. the dislocation line, which separates the unaffected part of the crys-
tal from the shifted region. It represents the line of propagation of the
dislocation.

2. The Burgers vector, b, defined as the vectorial difference between
two closed lattice circuits: one in the deformed crystal that surrounds
the dislocation line, and a similar one in the crystal without defor-
mation. It is invariable around all points of a given dislocation and
independent on the chosen closed circuit. Its module carries informa-
tion about the shift magnitude and the strain energy released by the
formation of the dislocation.

The angle between the dislocation line and its Burgers vector, α, determines
the following dislocation types:

1. Edge dislocation with a Burgers vector perpendicular to the dislo-
cation line (α = 90◦).

Figure 3.5: Dislocation line and Burgers vector for an edge dislocation.

2. Screw dislocation, with a Burgers vector parallel to the dislocation
line (α = 0◦).
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3 Bulk GaN and InGaN based Quantum Wells

Figure 3.6: Dislocation line and Burgers vector in a screw dislocation.

3. Mixed dislocation, a combination of the two previous dislocations, hav-
ing an intermediate angle between the line and the Burgers vector
(0◦ < α < 90◦).

In heteroepitaxial GaN layers, either grown by MBE or MOVPE, the most
common dislocation is the so called threading dislocation (TD). Generated
at the interface with the substrate, they are usually parallel to the [0001]
direction, and propagate upwards ending, in most cases, at the layer surface.
pTRCL, CL and Atomic Force Microscopy (AFM), the experimental tech-
niques used in this thesis, allow detection of threading dislocations (TD) at
the sample surface since TDs influence the luminescence properties on the
surface as well as the surface texture.

TDs can be of edge, screw or mixed type and are characterized by a particular
Burgers vector:

1. pure edge a-dislocations, with Burgers vector b = 1
3 〈11 − 20〉, are
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3.2 Luminescence Lifetime measurement in the vicinity of TDs on GaN

most frequent in epilayers thicker than 1µm with a density that re-
mains constant with the increasing layer thickness. Formed at the early
stages of the growth, they are typically found in the planes of the ini-
tial hexagonal prisms, with the dislocation line parallel to the growth
direction (0001).

2. pure screw c-dislocations, which, just as the edge dislocations, are
found in the (1−100) planes, with coinciding dislocation line and Burg-
ers vector b = 〈0001〉 , are not that common in GaN, since they mostly
interact with edge dislocations giving rise to mixed type dislocations.

3. mixed type a+c-dislocations, with Burgers vector 1
3 〈11− 23〉, are

the result of the interaction between the previous two types of thread-
ing dislocations, being predominant in GaN layers thinner than 1µm.

Both edge and screw TDs nucleate in the early stages of the growth and they
thread to the surface of the crystallites. Therefore, they are believed to arise
from the collisions (merging) of islands during growth.

When an epitaxial layer accumulates elastic energy (as it is the case of het-
eroepitaxial III-nitrides), partial relaxation may occur through dislocation
generation. Then, the inhomogeneous strain field distribution around the
dislocation may lead to surface roughening because of induced changes in
the growth regime.

3.2 Luminescence Lifetime measurement in the
vicinity of TDs on GaN

In this section, we will first expose CL results and a simple model to calculate
CL contrast around TDs. The fitting procedure yields the excited carrier dif-
fusion distance Ldiff . Then we expose local excited carriers lifetime studies
on and far away from TDs. Finally, we calculate an excited carrier diffusion
coefficient and find that it is in good agreement with literature.

By combining CL and AFM techniques [28], TEM and TEM CL techniques
[29], CL and PL techniques [30] and combined CL, SEM and TEM techniques
[31] TDs in bulk-like GaN samples have been shown to be non radiative re-
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3 Bulk GaN and InGaN based Quantum Wells

combination centers.

The main advantage of the pTRCL setup compared to the methods cited
above is that it allows for direct measurements of the local effective lifetime
τ . The absolute values of the radiative and non radiative lifetimes can not
be determined directly. However, we get direct information about changes in
these lifetimes by comparing time resolved spectra from different excitation
points. To be comparable, time resolved spectra must be obtained under the
same excitation condition, i.e. the excited carrier density must stay the same
or vary in a controlled way. For our measurements this implies a constant or
controlled probe current and a constant or controlled acceleration voltage.
Under the same excitation conditions, the variations of the maximum signal
of a time resolved spectrum gives information about changes in the radia-
tive lifetime. By measuring effective lifetime changes one can conclude on
changes of the non radiative lifetime. The interest of the pTRCL system is
that it allows to directly verify the assumptions of the model for describing
luminescence contrast around a TD which is described in detail below.

Figure 3.7 depicts a typical continuous CL spectrum of a standard bulk GaN
sample1 at a temperature of 95K. Comparison with other measurements [32]
allows to identify the main peak to free exciton recombination. The authors
of [32] carry out temperature dependent photoluminescence (PL) measure-
ments on undoped, hexagonal GaN layers. They observe three near bandgap
luminescence peaks which they identify with the A, B, and C exciton recom-
bination. The main argument is that the transition energies of the three
peaks follow the semiempirical Varshni law [33] describing the bandgap evo-
lution in fuction of temperature. Moreover, The fitted parameters according
to the Varshni law in [32] are in good agreement with other measurements
[34]. We observe one excitonic peak which corresponds to a superposition of
the A, B, and C free exciton luminescence.

The grey bar on figure 3.7 indicates the spectral integration range to extract
the temporal traces which are shown later (figure 3.12). The high binding
energy of excitons in GaN of Eb = 26meV [35] suggests that almost all
excited carriers are free excitons at a temperature of 95K. We can estimate

1The sample is a commercially available (LUMILOG) GaN substrate grown on sapphire
by ELOG
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Figure 3.7: CL spectra of the GaN sample taken at a temperature of 95K
and an acceleration voltage of Vacc = 8 keV. The grey bar in-
dicates the integration range for time resolved spectra and the
spectral bandpass for monochromatic CL images. The main peak
is associated to free exciton recombination (see previous page for
explanation). A, B, and C indicate the position of the A, B and
C exciton peaks according to [27].

the ratio between excited carriers ρex and excitons by means of the Saha
equation [36, 37, 38]:

ρ2
ex

ρX
=
(
µXkBT

2π~2

)3/2

exp
(
−Eb
kBT

)
, (3.5)

where 1
µX

= 1
me

+ 1
mh

is the exciton reduced mass in function of the electron,
me, and hole, mh, reduced masses (numerical values are taken from [16]).
The excited carrier density is designed by ρex ≈ 4 × 1011 (estimated below
on page 50) and ρX is the exciton density. We suppose that the we excite

35



3 Bulk GaN and InGaN based Quantum Wells

the same number of electrons, n, and holes, p: ρex = n = p. The dominating
term that determines the ratio ρex/ρX in equation 3.5 is given by an expo-
nential of the ratio between the exciton binding energy Eb and kBT.We find
that 95% of the excited carriers should be free excitons at a temperature of
95K. All measures presented here are carried out at 95K and an excited
carrier density ρex ≈ 4 × 1011. For the interpretation of the results we will
thus consider the excited carriers as free excitons which also dominate the
near bandgap luminescence peak.

In CL imaging, TDs on the sample surface can be seen as dark spots which
makes their localization easy. In figure 3.8 a monochromatic CL image taken
at the free exciton energy of a GaN bulk sample is shown. The density of dark
spots on the surface is in consistency with the TD density of 4 × 107 cm−2

according to the specifications of the sample (LUMILOG). Since TDs are
non radiative recombination centers their apparent diameter (≈ 200nm) in
figure 3.8 should correspond to an optically active zone. Intuitively, the
apparent diameter reflects the size of the electron beam excitation volume2
(d0 ≈ 400nm in diameter at an acceleration voltage of 8 kV ) plus some
excited carrier diffusion length Ldiff . A simple analytical expression for ex-
cited carrier density in function of the radial distance from a dislocation can
be derived following the theoretical considerations in [39]. A TD is assumed
to be a radially symmetric straightline defect (parallel to the growth direc-
tion, [0001] in our sample) characterized by a radial distance r0 within which
the non radiative recombination rate is supposed to be equal to infinity (i.e.
the non radiative lifetime equals zero).

We suppose that the zone r < r0 is influenced by the presence of the TD and
estimate r0 from the following consideration. Electronic properties of a TD
in GaN might be described by a partially filled band of electronic states in
the energy gap [40]. In n-type GaN empty dislocation states are filled with
electrons until the occupation limit Edis reaches the fermi level EF . Then
the TD core can be treated like a negatively charged line [41, 42, 43] or in a
generalized way like a negatively charged space charge zone [40]. The elec-
tronic charge distribution has been determined experimentally by J. Cai and
F. A. Ponce [41] by electron holography. The authors studied edge, screw,

2Simulation with the free available CASINO software which makes use of a MonteCarlo
method to trace the electron paths.
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8 µm

Figure 3.8: Monochromatic CL image taken at the free exciton energy (≈
3.48 eV ) of a bulk-like GaN sample. The TDs can be identified
as dark spots. The following parameters are used: acceleration
voltage Vacc = 8kV and temperature T = 95K.

and mixed dislocations in undoped GaN layers3 (similar to our samples) and
found line charge densities of ≈ 0.3, ≈ 1.0, and ≈ 0.6 e0/c0, respectively.
Electrons in the vicinity of the dislocations are trapped at the dislocations.
This creates a distribution of positive charges in the vicinity of the dislo-
cation core which screen the negative charges on the dislocation core. The
largest depletion length, approximately Ldepl = 200nm, is found for screw
dislocations [41]. To get an estimate of the order of magnitude of r0, we
tentatively assume r0 to be equal to Ldepl. The charge accumulation at the
dislocation core leads to a potential drop (see figure 3.9) of approximately
3the authors study metal organic vapor deposition grown n-type sample with a free
carrier concentration of 5× 1016cm−3
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3 Bulk GaN and InGaN based Quantum Wells

Vdrop = 1.5V (see [41]) over Ldepl which would result in an electric field of
Edis ≈ 0.1MV cm−1. Excited electrons and holes are separated by Edis over
a distance of Ldepl. Furthermore, since Ldepl ≈ 200nm there is no overlap
between the electron and the hole wavefunctions anymore, thus one would
expect an infinite radiative lifetime τrad. This issue will be discussed in more
detail below.
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Figure 3.9: The upper part of the figure shows an illustration of a negatively
charged TD with its depletion region. The lower part shows the
valence band (VB) and conduction band (CB) bending around
a TD and illustrates the separation of excited electron and holes
near a TD. The dotted arrow illustrates the idea of electron tun-
neling.
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To be separated by an electric field the potential difference between the elec-
tron and the hole must be larger than their binding energy. Taking the initial
electron-hole separation as equal to the exciton bohr radius, rb ≈ 3nm, and
Edis estimated above, we find a potential difference between the electron and
the hole of Vdiff = 30meV inside the TD depletion region. Since Vdiff is
bigger than the binding energy Eb = 26meV , the exciton is dissociated near
a TD.

Outside this cylinder, r > r0, the material is characterized by an effective
lifetime τ . Assuming a uniform steady-state generation of carriers and no
charging yields the following equation for n(r), the number of excited carriers
in function of the radial distance r:

0 = D
1
r

∂

∂r

(
r
∂n(r)
∂r

)
− n(r)

τ
+G, (3.6)

where G is the excited carrier generation rate, τ the effective lifetime (or
measured lifetime) given by the radiative lifetime, τrad, and the non radiative
lifetime, τnr, through 1

τ = 1
τnr

+ 1
τrad

and D is the excited carrier diffusion
coefficient. The analytical solution of equation 3.6 can be written [39, 44]
using the zero-order modified Bessel function K0(r/Ldiff ).

n(r) =

{
Gτ
(

1− K0(r/Ldiff )
K0(ro/Ldiff )

)
for r > r0

0 for r 6 r0
(3.7)

It is important to notice that n(r) is a linear function of the generation rate
G. This signifies that the difference between pulsed and continuous excita-
tion lies in the value of G and does not influence the contrast profile around
a TD. The use of the above model for pulsed excitation is justified if our
approximations are valid.

Far away from the TD, r � r0, an approximation to equation 3.7 can be
found to be [28]: n(r) = Gτ

(
1− exp

(
−r
Ldiff

))
. Thus, emitted luminescence

intensity around a TD, I(r) for r > r0, should be given by the following
expression:

I(r) = I0

(
1− exp

(
−r
Ldiff

))
. (3.8)
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Fitting the contrast of twelve dislocations in figure 3.8 according to equation
3.8 yields diffusion distances from Ldiff = 120nm up to Ldiff = 470nm.
The huge uncertainty is due to the low signal to noise ratio (see figure 3.10)
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Figure 3.10: Typical CL intensity profiles extracted from figure 3.8. Thick
lines correspond to the measured data and dotted lines to
fits according to equation 3.8. Fits to Contrast 01 to 03
yield Ldiff = 340nm ± 40nm, Ldiff = 420nm ± 50nm and
Ldiff = 170nm± 50nm, respectively.

of the measurement which makes the fitting difficult. Working with a higher
probe current would increase the generation rate G and thus improve the
signal to noise ratio. The probe current is up to now a fundamental lim-
itation of our setup. In order to get stable working conditions, we use an
average UV laser power of ≈ 100mW which corresponds to an efficiency of
10% for third-harmonic generation. Under stable conditions we generate an

40



3.2 Luminescence Lifetime measurement in the vicinity of TDs on GaN

average probe current of 10 pA, i.e. one electron per pulse.

Continuous CL measurements were carried out on a standard CL setup in an-
other laboratory at EPFL. The following parameters were used: Vacc = 8 kV
and a probe current of 40nA (more than thousand times higher than with
the pTRCL setup) yields a diffusion distance of Ldiff = 180nm ± 20nm.
Using Ldiff and the measured bulk lifetime τ = 40 ps (see below), we can
estimate a free exciton diffusion coefficient of Dex ≈ 4 cm2s−1.

To get a better idea of the accuracy of our value of Dex we want to compare
it with published values. We find that our measured diffusion coefficient,
Dex ≈ 4cm2s−1, and diffusion distance Ldiff = 180nm± 20nm fit well into
the results of Mickevičius et al. depicted on figure 3.11 (using a lifetime of
42 ps). Mickevičius et al. [45] use the transient grating method to measure
diffusion coefficients, D, of GaN epilayers grown under different conditions.
Using Saha’s equation at room temperature we still find that 47 % of the
excited carriers are excitons due to their high binding energy. Thus D is
a mixture between exciton and ambipolar diffusion coefficient. Figure 3.11
shows their measured diffusion coefficient and the diffusion length in function
of the effective lifetime.
For the pTRCL study, the first approach was to measure luminescence life-
times on and far away (≈ 1µm) from TDs. Our results show (see figure
3.12) up to 25 % decrease of the effective lifetime, τ , when displacing the
excitation spot from a dislocation free-zone to a dislocation (42 ps down to
30 ps). One also sees a decrease of the maximum signal intensity between
measurements off and on dislocation. As stated above this normally indi-
cates an increase in radiative lifetime, τrad, equivalent do a decrease of the
radiative recombination probility, prad = 1/τrad. Unfortunately, the pulsed
laser intensity and thus the probe current vary during the measurement.
We can not safely conclude that this observed intensity variation is due to
unstable experimental conditions or to an increase of τrad. The 25 % de-
crease of the effective lifetime is most probably due to a decrease of the non
radiative lifetime indicating that non radiative recombination becomes pre-
dominant when approaching a dislocation. According to the above proposed
model, the presence of a TD will influence the recombination of excited car-
riers in a cylinder around the TD with a diameter of approximately 200nm.
Taking into account the diameter of the excitation volume d0 ≈ 400nm at
Vacc = 8 kV and an excited carrier diffusion length of Ldiff ≈ 180nm we
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3 Bulk GaN and InGaN based Quantum Wells

Figure 3.11: Carrier diffusion length (a) and diffusion coefficient (b) vs car-
rier lifetime in GaN epilayers on sapphire substrates grown un-
der various conditions. The lines are guide to the eye. Figure
taken from reference [45].

can see that only a part of the generated carriers recombines within the TD
depletion region even when exciting directly on the dislocation spot. For this
reason the measured lifetime on the dislocation corresponds to an average
between bulk and on dislocation lifetime.

This might explain why we only observe a small variation of the radiative
lifetime in figure 3.12 despite of the supposed complete separation of the
electron and the hole.
The excited holes will be trapped on the TD core very rapidly and recombine
non radiatively (see figure 3.9). This trapping is very fast and adds most
likely a non radiative recombination channel which would explain a shorter
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Figure 3.12: Time traces showing the decay of the free exciton obtained on
bulk GaN. Traces are obtained by exciting on (2) and far from
a dislocation (1). The dashed and full lines are guides to the
eye. Measurement conditions are Vacc = 8 kV and T = 95K

non radiative recombination time on the dislocation. To establish equilib-
rium conditions, excited electrons will find a way to tunnel to the dislocation
core (see lower part of figure 3.9 ). However, in such a simple model as the
one introduced here this effect can not be addressed and further studies are
needed.

In order to gain more accurate information about carrier lifetimes, we can
try to find ways how to effectively reduce the interaction volume. Three
different ways are proposed to achieve this goal:

1. To work at low acceleration voltage (≈ 1 kV , see [46]) to effectively
decrease the interaction volume to a few nm.
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2. To use samples thin enough so that the electron beam can pass through
the sample. This would reduce the interaction volume to the electron
beam diameter on the sample surface, independent of the acceleration
voltage.

3. To use a heterostructure (for example quantum wells) with a few
nanometer thick structure at the surface exhibiting higher recombina-
tion energy than the rest of the sample. The resolution of monochro-
matic CL images detected at high energy will be limited only by the
electron beam diameter on the sample surface plus some diffusion dis-
tance (see figure 3.13).

The first method was used by Pauc et al. [46] to determine diffusion distances
of excited carriers in GaN by CL. Yamamoto et al. [29] used thin samples
prepared for TEM measurements to characterize dislocations in GaN.

In parallel with the ongoing work on GaN microdisks, having thicknesses
of about 100nm, we have implemented the third method by growing an
InGaN/GaN double QW structure on a GaN template. The surface well
exhibits a higher energy than the well further away from the surface acting
as energy barrier for the carriers generated in and below it. The results ob-
tained on this structure will be presented in the next section.

3.3 TDs in InGaN Quantum Wells

As mentioned above, the idea here is to use heterostructured material to
reach better resolution in CL mode. We chose to grow double InGaN QW
on the GaN template from LUMILOG studied in the previous section. We
grew first a "low energy" QW followed by a thin "high energy" QW near
the surface. High and low energy refer here to the recombination energies of
excitons we are looking at.

InGaN is usually a very disordered material. It is believed that InGaN alloy
composition fluctuates due to In phase separation, giving rise to the forma-
tion of In-rich nanoclusters (see [47]), that may even act as quantum dots
(QDs). Excitons can be localized at such QDs, no longer behaving as free
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3.3 TDs in InGaN Quantum Wells

excitons. We can not distinguish between free or bound excitons in our mea-
surement and will thus just design the excited carriers as excitons.

The QW energy is changed by choosing different well thicknesses (3nm for
the low energy QW and 1.5nm for the high energy QW). The larger part of
the primary electron interaction volume at Vacc = 8 kV is located beneath
the low energy QW. Excited carriers beneath the low energy quantum well
will recombine after diffusion either in the template or they will be captured
by the low energy well [48]. Excited carriers are prevented from diffusing
into the high energy well which would worsen the CL resolution. Figure 3.13
illustrates the idea of a "barrier well". Spatial resolution of monochromatic
CL maps from the high energy well should be given in such a configuration
by the probe beam diameter on the sample surface (≈ 50nm) plus some dif-
fusion distance Ldiff . More detail about optical properties of InGaN QWs
will be given below. The huge piezoelectric and spontaneous polarization (in
InGaN, the total polarization is to 10% spontaneous and to 90% piezoelec-
tric) constants give rise to polarization fields in the QW which induce huge
internal electrical fields [21] of severalMV cm−1. Such electric fields influence
the optical properties of the structures and induce the Quantum Confined
Stark Effect [49] (QCSE) leading to a redshift [22, 23] of the emission en-
ergies and to a separation of the electron and hole wavefunctions resulting
in a decrease of the radiative lifetime. In the next section we will give an
overview on how to measure and calculate the internal electric field. We will
also briefly review how to calculate energy levels in an QW with internal
electric fields including excitonic (i.e., coulomb attraction between electrons
and holes) effects.

3.3.1 Internal Electric Field

To calculate the internal electric field Eint we need to know the total or built
in polarization, P and the electrostatic displacement D. In a QW, the total
polarization is the sum of spontaneous and piezoelectric polarization:

P = PSP + PPZ. (3.9)

We can write for D:

D = ε33Eint + PPZ + PSP (3.10)
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Figure 3.13: Illustration of the "barrier well" principle. A low energy QW sit-
uated below the high energy QW serves as an energetic barrier
to hinder excited carriers from recombining in the high energy
well. The acceleration voltage is set to 8 kV to calculate the
blue electron paths.

where PPZ is expressed in function of strain and the piezoelectric constants
through equation 3.4. Solving for Eint yields:

Eint =
(D−PSP )−PPZ

ε33
. (3.11)

The displacement field is determined by the free-charge distribution in the
material:

∇D = e(p− n) (3.12)
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with e the electron charge, and p and n the hole and electron densities,
respectively. Evaluation of the electric field Eint inside the semiconductor
requires in general a self-consistent solution of equation 3.11 and equation
3.12. However, in the low free-carrier-density-limit (see discussion below)
internal electrical fields can be calculated without explicitly solving the dif-
ferential equation system. To calculate the internal field, we will follow the
approach by Bernardini and Fiorentini [50]. As a starting point, let’s con-
sider the internal electric field in a large bulk sample. Intuitively, if a large
overall internal field existed there would be a constant flow of a net charge
current. This is not the case in massive samples which leads to the conclusion
that the overall electric field is zero. The piezoelectric component is taken
to be zero, we consider a strain free bulk sample. Therefore we deduce4:

D = PSP (3.13)

Let’s suppose that we insert a series of layers in the massive sample. The
electric field in layer j, Ej is given by:

Ej =
D−Pj

εj
. (3.14)

which becomes the following equation if equation 3.13 holds:

Ej =
PSP −Pj

εj
, (3.15)

where Pj is the total polarization field in layer j. The index j runs over
both barriers and QWs. PSP is the spontaneous polarization of the massive
material which will here play the barrier role. If this massive material is also
strained, PSP in equation 3.13 has to be replaced by PSP +PPZ where PPZ

accounts for the strain induced piezoelectric component. Since each QW is
subject to the electrical field Ej a potential drop of ∆Vj =| Ej | lj occurs
where lj is the thickness of the j-th layer. For equation 3.13 to hold nor one

4There is a polarization discontinuity at the surface when going from the sample to vac-
uum. This discontinuity has to be counterbalanced by a surface charge accumulation
of the same magnitude than the polarization field. The electric field has a very com-
plicated behaviour in this surface region which reachs into the sample over a distance
lc which can reach several tens of nanometers. However, at distances in excess of lc
we can savely assume D = PSP .
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of the Vk neither the sum over Vk must exceed the bandgap Egap :∑
k

lk | Ek |< Egap (3.16)

If condition 3.16 is not verified and the potential drop approaches the bandgap,
the Fermi levels also approach the conduction and valence bands which leads
to important charge accumulations [51] on the opposite sides of the sample
and equation 3.13 holds no longer. This can happen for thick layers. The
measured (see below) internal field of the thin InGaN QW (l = 1.5nm) is
Eint = 1.8MV/cm. The critical thickness lc is given by lc = Egap/Eint ≈
10µm which is much larger than the overall thickness of the structure we
study. A convenient approximation to condition 3.16 consists in applying
periodic boundary conditions:∑

k

lkEk = 0, (3.17)

where k runs over all layers. Condition 3.17 signifies that the displacement
field is determined subjected to the condition of zero average electric field in
the QW structure.

Introducing equation 3.14 into equation 3.17 yields the displacement field
D. Reinsertion into equation 3.14 gives a simple expression for the electric
fields in the wells and barriers:

Ej =
∑
n lnPn/εn −Pj

∑
n ln/εn

εj
∑
n ln/εn

. (3.18)

The thicknesses of the InGaN QW we are going to study is very small (1nm
to 1.5nm) compared to the GaN substrate on which they are grown, we
suppose that the GaN remains unstrained and the InGaN adapts its lattice
constant. Thus for GaN, which is the barrier material, we only have to take
into account PSP from table 3.2.

The spontaneous polarization for the ternary alloy InxGa1−xN , where x
corresponds to the In fraction, does not follow a Vegard like interpolation
law taking into account the spontaneous polarizations from InN and GaN .
It has been shown [52] theoretically and experimentally that the spontaneous
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3.3 TDs in InGaN Quantum Wells

polarization of InxGa1−xN is given by:

PSP (x) = −0.042x− 0.034(1− x) + 0.038x(1− x). (3.19)

The first two terms in equation 3.19 correspond to the standard linear inter-
polation between the binary compound, the last term is the bowing param-
eter describing the nonlinearity to quadratic order.

As far as the piezoelectric component is concerned, formula 3.4 is a first
order approximation. To get accurate values, quadratic corrections in the
stress ε have to be taken into account [53, 52]:

PPZGaN = −0.918ε+ 9.541ε2 (3.20)
PPZInN = −1.373ε+ 7.559ε2 (3.21)

where ε(x) = asub−a(x)
a(x) is the basal strain of the InGaN layer, a(x) and asub

being the lattice constants of unstrained InGaN at In composition x and
of the substrate, respectively. Vegard’s law can be used to calculate a(x)
directly as a function of In composition:

a(x) = 3.189 + 0.356x. (3.22)

Contrary to the case of spontaneous polarization, Vegard’s law holds [52] for
the piezoelectric polarization:

PPZ(x) = xPPZ,InN [ε(x)] + (1− x)PPZ,GaN [ε(x)] (3.23)

Here, Vegard’s law holds for the piezoelectric polarization for the ternary
alloy InGaN because the quadratic corrections to the piezoelectric polariza-
tions of the binary alloys InN and GaN are already included in PPZGaN and
PPZInN .

3.3.2 Effects of the Internal electrical field on optical
properties

As described in the previous section, one of the pecularities of InGaN QWs
lies in the presence of an electric field, whenever the growth is performed in a
direction that is not perpendicular to the [0001] direction. Once the internal
electric field is known, it is possible to solve the Schrödinger equation and to
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3 Bulk GaN and InGaN based Quantum Wells

determine the wave functions and the energy level position in the low density
regime, meaning in a regime where the injected free carriers do not screen
the electrical field.

To get an idea about whether or not the internal electrical field is screened
in our sample we might use the following argument: the excited carrier sur-
face density ρex should be much smaller than the surface charge ρpol due to
the change in polarization when crossing a surface, ρex � ρpol. Maxwell’s
equations yield | Dsample | − | Dvacuum |= ρpol for the displacement field
D component normal to the surface (parallel to the [0001] direction). Ac-
cording to the above analysis we assume ρpol =| Dsample |=| PSP,GaN |=
−0.034C/m2 ≈ 2.1 · 1013 elementary charges/cm2 (see table 3.2 for the nu-
merical value of | PSP |). Since we can not exactly estimate ρex we have to
make some simplifying assumptions and try to find a maximal value:

1. We take standard work conditions for this sample: A primary elec-
tron acceleration voltage Vacc = 8 kV and a probe current of 10 pA or
1 electron per pulse.

2. The excitation volume possesses a spherical symmetry with a radius
r = 100nm.

3. To create an electron-hole pair the energy three times that of the gap
is needed.

We find ρex ≈ 4 ·1011 elementary charges/cm2. Considering that the internal
field is not screened in our experiments seems to be a reasonable assumption
since ρex � ρpol.

As already mentioned before the internal electrical field is the origin of a
potential variation within the QW and the barrier in function of distance.
This means that inside a QW the electrons and the holes accumulate at
opposite sides and emission energies will be smaller in comparison to the
field free case. This effect, causing the luminescence redshift (shift towards
smaller energies), is called the Quantum-Confined Stark Effect (QCSE) and
was first observed in GaAs-AlGaAs QW in 1983 by Chemla et al. [54]. Figure
3.14 illustrates the effect of an internal electrical field on the bandstructure
in a QW and the resulting hole and electron wavefunction separation. To
interpret our experimental results we will need to calculate the transition
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a) b)

Figure 3.14: Illustration of the energy band in a QW in the field free case
(a) and with an internal electrical field (b) (Illustration taken
from [19]).

energy in a QW including excitonic effects and the effect of the internal
electric field. We will briefly expose here the used methods. Details can
be found in appendix A. The transition energy E in a QW is given by the
following expression:

E = Egap + Ee + Eh −Ry, (3.24)

where Egap is the strained fundamental bandgap of the well material (here
InGaN), Ee and Eh are the confined electron and hole energies respectively,
and Ry is the excitonic Rydberg term. The internal electric field influ-
ences Ee, Eh, and Ry. Ee and Eh are obtained by solving the one particle
Schrödinger equation for the envelope electron and hole wave functions and
taking into account the internal electric field through potential terms Ve(ze)
and Vh(zh), where ze and zh indicate the electron and hole positions on the
axes perpendicular to the growth plane. To calculate Ry we will follow the
method by Leavitt and Little [1]. They derived an expression for Ry as an
integral (over the coordinates of the electron and hole perpendicular to the
confining layers) of a prescribed function multiplied by the squares of the
electron and hole subband envelope functions. Their main approximation is
based on the fact that the electron and hole distance on an axes perpendic-
ular to the layers is larger than 0.01 rb,X where rb,X = 2.8nm is the GaN
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exciton Bohr radius. Due to the separation of the electron and hole through
the internal electrical field this is always the case. Numerical solution of the
equation described above to calculate E and Ry is executed using a code
developed by B. Damilano, N. Grandjean, and S. Dalmasso [55]. We will use
this code below to calculate the exciton recombination energy in function of
QW thickness and the internal electric field.

3.3.3 Sample Structure

We have studied two types of heterostructures grown by metal-organic vapor
phase epitaxy (MOVPE) in an Aixtron 200/4 RF-S reactor. Sample growth
was carried out at EPFL by E. Feltin in the group of Prof. N. Grandjean.
Both types of samples are grown on 2 inch c-plane sapphire substrates at a
temperature of 740 ◦C. Samples (A) consist of a single InxGa1−xN/GaN
QW (1.5nm thick, x ≈ 15%) with or without any GaN cap layer deposited
on standard 2µm thick GaN templates with TD density of 7× 108 cm−2.

Another sample (B) consists of two InxGa1−xN/GaN (x ≈ 15%) QWs
grown on commercially available ELO substrate we studied in the previous
section on bulk GaN. As already stated, this substrate presents a low TD
density of 4×107 cm−2. In this sample the active structure is composed of a
3nm InGaN/GaN QW, a 10nm GaN barrier, a thin 1.5nm InGaN/GaN
QW and a GaN cap layer (10nm). The structure is depicted in figure 3.15.
The thinner QW is located close to the surface and its luminescence peak
is at higher energy (3.10 eV ) than the the luminescence peak of the second
well (2.92 eV ). The use of a larger well below the thin one improves the
spatial resolution in CL imaging as explained before. Thus CL resolution of
the surface QW is given by the electron beam diameter (≈ 50nm) plus some
excited carrier diffusion distance.

3.4 Experimental Results

3.4.1 Continous CL

We will first present standard (quasi continuous) CL on Sample (B) (see
schema on figure 3.15) which was used to characterize the sample before
doing time resolved measurements on selected spots. CL spectra recorded at
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InGaN 1.5nm
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GaN 10nm

sapphire

GaN ELO

Figure 3.15: Structure of sample (B) consisting of two InGaN QWs of 1.5nm
(near the surface) and 3nm (far from the surface).

95K is shown in figure 3.16. Two main peaks corresponding to the emission
energies of the two quantum wells are clearly distinguished. The high energy
peak (thin QW) is observed at 3.10 eV and the low energy peak is centered at
2.92 eV (thick QW). We recorded monochromatic CL images at 95K in the
energy range from 2.8 eV to 3.2 eV , with a ≈ 15meV step. The bandpass for
CL images is typically 20meV and we use integration times of 1ms to 5ms
per pixel. The acquired image size is 640 px × 480 px yielding acquisition
times per image between ≈ 5min and ≈ 25min. Monochromatic CL images
centered on the high energy peak show a fine line structure (see figure 3.17).
Contrary to our expectations, no dark spots are observed. Interestingly, we
observe a perfect contrast inversion between the CL images in figure 3.17
meaning that the dark lines in figure 3.17(a) turn into bright ones in figure
3.17(b) when changing the detection energy from the low energy side of the
QW emission peak to its high energy side.
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Figure 3.16: Spectra of sample (B). Taken at 95K and with an acceleration
voltage of Vacc = 8 kV. The luminescence peaks corresponding
to the thin (1.5nm) and to the thick (3nm) QW can be seen
centered at 3.10 eV and 2.92 eV respectively.

We would like to correlate the observed fine line pattern on monochromatic
CL images (see 3.17) and the contrast inversion to the particular surface
morphology of InGaN based QWs. The surface morphology was investigated
by atomic force microscopy (AFM) measurements. Obtained results will be
detailed in the next section.

3.4.2 AFM measurements
To understand the surface morphology, AFM imaging of sample A surface
was carried out at different stages of the growth. A scan of the standard GaN
template surface recorded before the growth of the InGaN layer is displayed
in figure 3.18. The density of TD terminations, determined by the number of
dark spots (pits), is about 7× 108 cm−2. The surface morphology is smooth
and characterized by numerous terraces. The terrace step height is 0.5nm
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Figure 3.17: Monochromatic CL images centered at the high energy side (b),
3.13 eV, and at the low energy side (a), 3.07 eV, of the thin QW
luminescence peak. Gray bars on the QW spectra indicate the
detection energy. Their width on the energy scale corresponds
to the energy bandpass we set on the monochromator.

on average and corresponds to a molecular bilayer thickness. The root mean
square (rms) roughness is 0.25nm for a 2× 2µm2 scan area. Another point
of interest is the slight misorientation of the (0001) surface measured from
the AFM image. We measure 0.26±0.02◦, in good agreement with the 0.25◦

misorientation of the sapphire substrate.

The surface morphology of the 1.5nm thick InGaN epilayer deposited on
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Figure 3.18: AFM image of the GaN surface before the deposition of the
InGaN QW.

this surface reveals very interesting features (see figure 3.19 and inset).
The first observation is the strong increase of the surface roughness (from
rms = 0.25nm on the GaN substrate to rms = 0.65nm on the deposited
InGaN epilayer). Actually, the surface is now characterized by deep valleys
oriented in the 〈1 − 100〉 directions. The depth of these valleys is close to
1.5nm, which is the nominal thickness of the InGaN epilayer. It means that,
at least before the GaN capping, the well thickness is quite inhomogeneous
along a direction perpendicular to the valley direction. The typical modu-
lation length of the QW thickness is 0.3 ∼ 0.5µm. Notice that the same
surface feature is observed for the InGaN epilayers deposited on the ELO
templates (figure 3.19 (b)) used for the measurements on bulk GaN presented
in the previous section. The only difference is the modulation length which
is larger for the ELO grown sample. In fact, the valley formation is closely
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Figure 3.19: AFM image of the surface after the deposition of a 1.5nm thick
InGaN layer on a standard GaN on sapphire substrate (a) and
the ELO GaN substrate (b). The inset shows a AFM image of
the standard GaN on sapphire substrate at a higher magnifica-
tion.

related to the presence of dislocations at the growing surface which explains
the lower valley density on ELO samples. The influence of dislocations on
the valley formation will be discussed hereafter in more detail.

The surface of the InGaN epilayers was too rough to allow for the obser-
vation of the dislocation terminations in the AFM images. Figure 3.20(b)
shows an AFM image of the surface after the deposition of a 10nm thick
GaN cap layer. The morphology is very similar to that observed on the In-
GaN surface although slightly smoother after GaN deposition. Consequently,
dislocation terminations are clearly visible again, which enables identifying
their role on the peculiar growth mode of InGaN layers. Figure 3.20(b) is a
magnification of the AFM image displayed in figure 3.20(a). We can see that
dislocations hinder the InGaN step flow growth creating a surface depression
behind them. This is the main difference compared to GaN for which the
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dislocation terminations have weak impact on the growth mode. The reason
for such difference could be related to strain.

We thus tentatively propose that valleys may be formed by the coalescence of
surface depressions induced by dislocation terminations. This means that the
bottoms of the valleys are populated by a significant number of dislocations.
The larger modulation of the QW thickness for the ELO grown sample also
supports this interpretation which was recently published by Grandjean et
al. and our group [56].

Figure 3.20: AFM image of the sample A surface after the deposition of a
10nm thick GaN cap-layer on the InGaN QW and (b) mag-
nification (1 × 1µm2) showing the influence of the dislocation
termination on the step-flow growth.

3.4.3 Correlation between CL and AFM measurements
Comparison of the fine line structure observed on monochromatic CL im-
ages (3.17) and the valley structure on AFM images (3.20 (b)) suggests that
these structures coincide. Figure 3.21 (a) shows an AFM image of the sample
(B) surface at the same magnification than the monochromatic CL images
displayed on figure 3.21 (b) and (c). The observed contrast inversion on
monochromatic CL images can be interpreted in the following way.
The QW width is very inhomogeneous. Due to quantum confinement, ex-
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Figure 3.21: AFM image (a) of the surface of sample (B) and monochromatic
CL images (different location than the AFM images) at 3.13 eV
(b) and 3.07 eV (c). The CL images correspond to the high
and low energy side of the thin InGaN QW luminescence peak,
respectively. I indicates a valley zone while II indicates a zone
outside the valleys.

cited carriers recombine at higher energy in regions where the QW is thinner
than the nominal thickness. Since the QW thickness in the valley regions
is reduced, we expect higher energy emission there. This explains why the
valley regions are seen as bright stripes on CL images when we detect at
the high energy side of the QW emission peak. This result is further sup-
ported by the observation of a perfect contrast inversion on CL images when
changing the detection energy from the high energy side, 3.13 eV , to the low
energy side, 3.07 eV , of the QW main emission peak.
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Since we concluded above that a significant number of dislocations are in-
side the valleys we may ask about the influence of the valley structure on
carrier recombination around dislocations. A TD at the bottom of a val-
ley is surrounded by energetic barriers which might hinder excited carriers
from diffusing towards the TD and recombine non radiatively. This gives
a possible explanation for the high luminescence efficiency of InGaN/GaN
heterostructures: excited carriers do not diffuse towards the TDs in the val-
leys since they are "self-screened" by potential barriers formed during InGaN
growth. This screening hinders excited carriers from non radiative recombi-
nation which explains the high luminescence efficiency in spite of high TD
densities.

To give a further proof of the above assumption, we have to show that excited
carriers effectively diffuse away from the bottom of valleys. We will measure
local pTRCL signal by exciting inside valleys and outside valley regions. We
expect a pronounced spectral diffusion in function of time towards lower
energies inside the valleys compared to the temporal traces from outside the
valleys. The spectral diffusion has its origin in the carrier diffusion away
from the bottom of the valleys (high energy) to lower energy regions.

3.4.4 pTRCL measurements

On figure 3.22 we depict a streak camera trace when the electron beam is
focused at the bottom of a valley (a) and outside the valley (b) of sample B.
The excitation point is targeted by looking at a CL image recorded at 3.07 eV
(the low energy side of the thin QW luminescence peak) while displacing the
sample in the xy-directions using the motorized stage. During targeting the
CL image acquisition rate is approximately 10Hz which can make the task
rather difficult due to low contrast between valley and outside valley regions.
Once the sample is in position, we use the maximal available magnification
of the microscope (300′000X) and we switch the electron microscope to spot
mode (fix position for the electron beam, i.e. no scanning). Then we switch
the monochromator output from the PM to the Streak camera which was
aligned beforehand. Acquiring a streak trace takes approximately 2min.
Once the acquisition is done, we register a "control" CL image to verify
that there was no important sample or beam shift during the measurement.
Figure 3.22 shows typical streak camera traces which are treated numeri-
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Figure 3.22: Streak camera traces (a) in the valley and (b) outside the valley
region. Color coded intensities are in arbitrary units. Black
lines are guides to the eye.

cally to be proportional to energy on the horizontal scale. Black lines on the
streak camera traces are guides to the eye to evidence the observed spectral
diffusion.

When the excitation point is chosen inside a valley (figure 3.22(a)) we ob-
serve a very pronounced spectral diffusion of ≈ 80meV towards lower energy
within 600 ps after excitation. Interestingly, local CL spectra from the val-
leys have a full width at half maximum (FWHM) of 86meV compared to
a FWHM of 57meV outside the valley. In order to understand and inter-
prete these results better, we calculated the energy profile of the thin QW
as a function of the well thickness (see figure 3.23) extracted from the AFM
images on figures 3.18, 3.19(a) and 3.20(a).

3.4.5 Discussion

In order to calculate the electron and hole energy levels we need first to de-
termine the internal electrical field E. This can be done by means of formula
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3.18 using only the structural parameters of the sample given in the section
sample structure. We find E = 2100 kV cm−1. From an experimental point
of view it might be more realistic to use the following method: We measure
by standard photoluminescence (PL) the energy position of the thin QW
luminescence peak. We use the method described on page 51-52 and in the
Appendix A with the internal electric field E as a variable until the energy
position of the QW luminescence peak is reproduced. The thickness of the
well is taken to be constant and equal to its nominal thickness, d = 1.5nm.
This method yields E = 1800 kV cm−1. To calculate the energy profile of
the thin InGaN QW we extract thickness profiles from AFM images along
a direction perpendicular to the valleys. In figure 3.23(a) we present AFM
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Figure 3.23: (a) AFM profiles and (b) calculated energy profiles for the thin
QW. The dotted line represents an averaged energy profile.

section profiles. The first GaN/InGaN interface is extracted from figure 3.18.
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The InGaN/GaN cap layer interface is extracted from figure 3.19(a). If we
assume that the segregation and the diffusion of the indium atoms in the well
is low during the growth, those sections correspond to the two InGaN/GaN
interfaces of the QW. The relative position of the two section profiles in
figure 3.23 is set so that the total InGaN volume, represented here by the
gray surface, stays constant. The total InGaN volume, VInGaN , is given by:
VInGaN = d× l× ρ = 1.5nm × 2µm where d is supposed to be the nominal
QW thickness, l the distance over which the profiles were extracted and ρ a
surface density. It is not necessary to know the absolute value of ρ.

The dark curve in figure 3.23(b) presents the energy variation of the InGaN
QW calculated from the profiles on figure 3.23(a). This was determined by
using the above described method, an average In composition of x = 15%
and an internal electric field of E = 1800kV cm−1. Despite the valley profile
of the InGaN QW, we consider that E = 1800kV cm−1 represents an av-
erage value of the internal field since it was obtained by fitting the energy
position of the thin QW luminescence peak in a standard PL measurement.
Moreover, the exciton energy of a thin QW is not very sensible to the elec-
tric field: the exciton energy of QW with nominal thickness of 1.5nm only
changes by 23meV when the absolute value of the internal electric field is
changed from 1800 kV cm−1 to 2200 kV cm−1. For thinner QWs the energy
change would be even smaller. This energy variation due to internal field
variation influences in no way the argumentation below.

The calculated energy profile inside the valleys shows a variation of≈ 100meV
over a distance of ≈ 100nm. This explains the larger FWHM of the local CL
spectra inside the valleys (we measure an increase of ≈ 30meV ) compared
to local CL spectra outside valleys: the same number of excited carriers has
access to more different energy levels for recombination in the valleys due
to the rapidly changing QW thickness. We can also use the widths of the
temporal trace from the valley (figure 3.22) to estimate an upper limit of the
electron beam diameter arriving on the sample surface: the initial energy
width (meaning at zero delay) of the temporal trace indicates the energy
spread between energy levels to which excited carriers have access before
diffusion. This means that the distance over which this energy spread occurs
inside a valley gives an upper limit to the electron probe diameter. We find
approximately 50nm which is in good agreement with our estimated maxi-
mal spatial resolution in SE mode.
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To be sure that the observed spectral diffusion (redshift) on the streak trace
from the bottom of the valley (figure 3.22(a)) can be associated to carrier
diffusion we have to be certain that the internal electric field is not screened
by the injected carriers. If the injected carrier density is high enough the
electric field might be partially screened at short times (compared to the
pulse length) after the pulse arrival [57, 58]. Due to the QCSE, this leads
to higher recombination energies at the beginning of the signal decay than
at its end also signifying a spectral diffusion to lower energies. We have two
arguments to show that we do not screen the internal electrical field in our
measurements:

1. The effect of the electric field on the luminescence energy of such thin
QW is very small. The energy difference between the electric field free
case and the case with field is < 50meV. Since we observe a spec-
tral diffusion of ≈ 80meV this can not only be due to electric field
compensation by screening through excited carriers.

2. The excitation density ρex ≈ 4 · 1011 cm−2 is approximately one hun-
dred times inferior to the calculated screening density (see page 52).

As a consequence, we attribute the observed spectral diffusion to carrier dif-
fusion towards lower energies.

We can thus conclude that carriers created in the vicinity of TDs inside a
valley effectively diffuse away from the TDs towards lower energies. As a
result, TDs in the valleys are energetically screened by energy barriers in-
duced by the particular growth mode of InGaN. Excited carriers diffuse away
from TDs due to the potential profile surrounding them. Carriers no longer
recombine non radiatively at dislocations. Thus the energy screening of TDs
in the valleys provides an explanation of the high luminescence efficiency of
InGaN/GaN optoelectronic devices. Now, we can also try to explain why we
do not observe dark spots corresponding to the TDs in CL images recorded
at either side of the thin QW luminescence peak. We assume that only
the excited carriers that arrive inside the dislocation core recombine non
radiatively. Lets suppose that the dislocation core has a diameter of a few
nanometers, only about 1 % of the excited carriers recombine non radiatively
in the TD core. This would signify a CL contrast variation of 1 % around a
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TD which is within the noise in CL measurements.

It is important to mention that the particular morphology we observe of
the InGaN QW has already been observed for MOVPE grown InGaN QWs
[59]. Also the effect of a built-in potential barrier around dislocations was
recently proposed by Hangleiter et al. [60]. They proposed that V-shaped
defects formed by threading dislocations act as potential barriers for carriers.
It seems that the effect of "TD self-screening" could be generalized in the
present case, where the interplay between TD terminations and step flow
growth produces potential barriers leading to carrier localization.

We will estimate the diffusion distance, Ldiff , of the excited carriers to see
whether it is consistent with the observed spectral diffusion (energy shift).
Assuming that the movement of the excited carriers is purely diffusive the
diffusion distance is given by Ldiff =

√
τD where τ is the effective life-

time and D the diffusion coefficient of the excited carriers. We assume that
the ambipolar diffusion coefficient D for InGaN well represents the exciton
diffusion coefficient. Ambipolar diffusion coefficient was measured by Alek-
siejūnas et al. [61] for thin InGaN layers by the transient grating method.
Using their value of D = 2.1 cm2/V s we find L ≈ 100nm.

3.5 Conclusion

Bulk GaN

TDs at the surface of bulk GaN can be identified as correlated dark spots in
CL imaging mode. In our model we model TDs in GaN as negatively charged
line with a cylindrical space charge region around them with diameter Ldepl.
To calculate CL contrast around a dislocation we suppose that all excitons
within the space charge region around a TD recombine non radiatively. Fit-
ting contrasts around monochromatic CL images yields an exciton diffusion
distance of Ldiff ≈ 180nm. Local pTRCL lifetime measurements show most
likely an increase in the radiative lifetime of the free exciton luminescence
peak when the excitation spot is moved from a dislocation free zone onto a
dislocation. This increase can be explained by the separation between the
electron and the hole due to the electric field in the space charge region
around a TD. On the other hand, we observe a 25% decrease of the effective
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lifetime indicating that non radiative recombination becomes most proba-
bly predominant when approaching a dislocation. The simple model making
use of a space charge region around TDs can not explain the non radiative
lifetime changes. Using the measured lifetime we can estimate an exciton
diffusion coefficient ofD ≈ 4 cm2s−1 in good agreement with other measures.

In order to gain more detailed information on luminescence lifetimes around
TD we plan to do studies on thin GaN samples (microdisks and mechanically
thinned samples) and we’ve done studies on InGaN based QWs.

InGaN QW

We have successfully implemented a double QW structure with a high energy
QW at the surface and a lower energy QW far from the surface ("barrier"
QW). Thanks to this sample structure we show high resolution in monochro-
matic CL images of the surface QW.

This allowed correlation of morphological information obtained by AFM
measurements with CL measurements of the InGaN QW. The InGaN QW
exhibits deep valleys in the < 1 − 100 > directions where the QW thick-
ness almost decreases to zero. We showed that the valley formation is due
to the hindering of the InGaN step flow through TDs which induces a sur-
face depression behind them. To further support this result we showed that
the valley density diminishes when the TD density decreases. Moreover, we
measure a slight disorientation of the (0001) surface of 0.26± 0.02◦ by AFM
which is in good agreement with the value given by the substrate supplier.

Due to the thinner well in the valley, luminescence peaks are shifted to high
energy in these regions as observed in local CL spectra. A diffusion process is
evidenced in InGaN QWs by time resolved CL measurements and a diffusion
length Ldiff of ≈ 100nm is extracted. This extracted diffusion length seems
to be in good agreement with the observed spectral shift inside the valleys
due to carrier diffusion. We show that carriers effectively diffuse away from
the bottom of the valleys. This signifies that TDs inside the valleys are en-
ergetically screened from non radiative recombination since excited carriers
diffuse away from them.

This main result might explain the high luminescence efficiency of InGaN/GaN

66
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based optoelectronic devices despite the high dislocation density, a major
puzzle over the last years: excited carriers do not "see" the dislocation since
they would have to overcome a potential wall.
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4 Boron Nitride

4.1 Introduction

Due to its very high bandgap, estimated around 6 eV , hexagonal boron ni-
tride (hBN) is a promising material for optoelectronic devices including deep
UV light emitters. Experimental evidence for deep UV lasing has been pub-
lished in 2004 by Watanabe et al. in Nature [62]. The crystal structure of
hBN consists of stacks of two-dimensional hexagonal layers of boron and ni-
tride atoms. Boron Nitride represents a quasi two-dimensional insulator very
similar to stacks of graphite sheets. Interest in hBN has been considerably
renewed recently by the possibility of rolling up hBN sheets to obtain single-
and multiwall nanotubes [63, 64] which are far more resistant to oxidation
than carbon nanotubes and therefore suited for high-temperature applica-
tions.

In the framework of density-functional-theory local-density-approximation
(DFT-LDA) scheme and including the so called GW quasi-particle correc-
tions, sophisticated ab-initio electronic structure and optical spectrum cal-
culations concerning hBN [65, 66] as well as BN nanotubes [67, 68] have been
undertaken. There is still a controversy concerning the direct or indirect na-
ture of the hBN fundamental bandgap. Watanabe et al. [62] state that since
hBN is a very efficient light emitter, the fundamental bandgap is of direct
nature and they interpret their near band-gap luminescence peaks in the
Wannier exciton scheme (delocalized excitons at the atom scale). Whereas
Silly et al. [69] explain the near bandgap luminescence peaks in a quasi two-
dimensional Frenkel exciton scheme (localized excitons at the atomic scale)
and state that the fundamental bandgap is indirect (based on the theoretical
results by Arnaud et al. [65]).

In collaboration with A. Loiseau and P. Jaffrennou from ONERA, we started
to work on hBN. We will present first time-resolved spectra measured on
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commercially available hBN powders from Sigma-Aldrich Corp. The next
step is to try to measure luminescence lifetime in function of temperature
and excitation point on single- and multiwall BN nanotubes. Examination
of hBN in the pTRCL setup has at least three important advantages:

1. Since the acceleration voltage of the electrons is typically a few keV ,
CL is the ideal tool to study wide bandgap semiconductors.

2. The high spatial resolution of the electron microscope is needed to
choose the adequate excitation point. SE images and CL images can
help identify the structure to study.

3. Luminescence decay time in function of different parameters (like ex-
citation point or temperature) gives important information about fun-
damental processes in the sample.

Experimental results obtained on the hBN powder will be presented in the
next section. Streak traces are obtained using the alternative detection line
described in the experimental setup chapter.

4.2 Experimental Results
The samples are cooled to T = 95K and we use an acceleration voltage of
Vacc = 8 kV. Since the alternative detection line is not configured to register
monochromatic CL images we use the SE mode of the SEM to target the
crystallite we want to investigate. Figure 4.1 shows a SE image of the hBN
crystallite under study deposited on an electron microscopy grid. The crys-
tallites have typical diameters reaching from≈ 3µm to 15µm. To record time
resolved spectra we work at the maximal magnification of the electron micro-
scope (x300′000) which means that an area of approximately 0.3× 0.3µm2

is scanned on the sample. Figure 4.2 depicts a streak camera trace of the
hBN crystallite shown in figure 4.1. The streak camera is used in photon
counting mode and measurement times per image are around three minutes.
When looking at the time-integrated spectra on figure 4.3 which is extracted
from the streak traces on figure 4.2, three well distinguished peaks can be
identified: the highest energy and most intense peak is centered at 5.77 eV
(215nm) followed by two less intense peaks at 5.63 eV (220nm) and 5.46 eV
(227nm). The energy position of these peaks shows that hBN is most likely
a high bandgap material with a bandgap around 6 eV. Figure 4.4 depicts the
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10 µm

Figure 4.1: SE image of the hBN crystallite under study, Vacc = 8 kV and
T = 95K.

temporal dependency of the three main luminescence peak. These data is
also extracted from 4.2. Extraction of the temporal traces is done by inte-
grating over a range of ≈ 93meV centered at the luminescence peak energy
under study. The measured luminescence lifetime does not change when we
choose a smaller width for the integration range but the dynamical range
of the signal decreases. This is why we chose 93meV. Interestingly, we ob-
serve very short lifetimes. Already 100 ps after excitation the luminescence
of the three peaks seems to be completely decayed. Fitting the traces with a
monoexponential function yields similar lifetimes of 20 ps, 18 ps, and 32 ps,
respectively for the three peaks in decreasing energy order.
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Figure 4.2: Streak camera trace of an hBN crystallite. Intensity is colour
coded. See text below for discussion.

4.3 Discussion

Our measures were focused on the hBN near bandgap region and the origin
of the three observed luminescence peaks on figure 4.2 can be readily iden-
tified as being excitonic in perfect agreement with other measurements and
calculations [62, 70, 65]. We also observe the so called blue emission band
centered around 4 eV. These transitions, which are not discussed here, have
been identified as transitions between impurity levels [62, 69]. We measure
effective lifetimes of approximately 1ns for the blue emission band.
By comparing monochromatic CL images, TEM images and SEM images
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Figure 4.3: CL spectra of hBN. Three peaks marked with 1 (5.77 eV ), 2
(5.63 eV ) and 3 (5.46 eV ) can be clearly distinguished.

of a hBN crystallite, Jaffrennou et al. [70] identified the highest energy lu-
minescence peak at 5.77 eV as a free exciton peak. The luminescence peak
at 5.63 eV as a structural defect bound exciton and the peak at 5.46 eV as
another structural defect bound exciton or as a phonon replica of the peak
at 5.63 eV. To unambiguously conclude on the free or bound nature of the
excitons we will conduct pTRCL lifetime studies as a function of tempera-
ture. To successfully continue these studies we will use the new liquid helium
cryostat which is actually being tested. The bound exciton lifetime is ex-
pected to be constant with temperature [71].

There have been several ab-initio calculations on the electronic bandstructure
of hBN [65, 66] and of hBN nanotubes [67]. The calculations all show that
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Figure 4.4: Temporal dependency of the three observed luminescence peaks.
1, 2 and 3 correspond to the luminescence peak designation given
in figure 4.2.

the minimum gap is of the indirect type in k space. We use the numerical
values by Arnaud et al. [65] which best fit experimental results, ours as
well as others [62, 70]. They find (see figure 4.3) a minimum band gap of
5.95 eV between the minimum of the conduction band at the M point and
the maximum of the valence band at the T1 point (near the K point). The
minimum direct bandgap of 6.47 eV is located at the H point.
The short effective lifetimes of the excitonic peaks we measure seem to be
in contradiction with the indirect nature of the hBN bandgap. Due to mo-
mentum conservation, an indirect exciton needs to interact with phonons
before its radiative recombination. Thus one would expect very long radia-
tive lifetimes, typically nanoseconds (see [72] about time-resolved photolu-
minescence studies in GaP which is an indirect semiconductor). To simplify,
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Figure 4.5: Calculated electronic bandstructure along high-symmetry lines
for bulk hBN. Energies are relative to the valence band mini-
mum (VBN). The thin solid line shows the LDA results while
the circles show the GW results which we refer to in the text.
Arrows indicate the fundamental direct and indirect bandgaps.
This figure is taken from [65].

lets suppose that the radiative lifetime τrad equals τrad = 10ns and let’s
try to estimate the maximum number of created photons through radiative
exciton recombination. We take one electron per pulse with an energy of
8 keV and we consider that it needs the energy three times the bandgap
(6.57 eV ) to create one electron hole-pair. We create a maximum number of
500 photons per pulse. Since the blue band is approximately 40 times more
intense than the excitonic band [70], we consider that only 10 photons orig-
inate from excitonic recombination. If all these photons get extracted from
the sample we collect only about 3 of them limited by the solid angle covered
by the parabolic mirror. Distributed over τrad = 10ns, such a signal is not
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detectable with the streak camera since the longest time window for signal
acquisition (timerange) is 2ns. Since we clearly detect a signal on the streak
camera we think that τrad is considerably shorter than 10ns. Thus we follow
Arnaud et al. and interpret the exciton nature as beeing direct and of the
Frenkel type, despite the indirect minimum bandgap, at the H point which
accounts for the short lifetimes. This result is further supported by the high
calculated oscillator strength (compared to other possible transitions) for the
excitonic states.
We also have to consider that non radiative channels might be very efficient
and thus limit the effective lifetime. To conclude about this issue one would
need to measure the internal quantum efficiency of the sample.
By measuring time resolved luminescence spectra of hBN bulk crystallites
we have demonstrated the utility of the pTRCL setup for deep UV appli-
cations extending to energies as hight as 5.77 eV (215nm). Furthermore
we observe three excitonic luminescence lines in agreement with other mea-
surements [70]. By estimating the maximum number of photons produced
per electron pulse, we conclude that the excitons are of direct type despite
the indirect nature of the fudamental gap of hBN. To our knowledge, this
is the first observation of effective exciton lifetimes as short as 18 ps in an
indirect semiconductor. Ongoing studies will definitely conclude on the free
or bound character of the observed excitons. Furthermore we plan to do
in-depth studies of multi- and singlewall isolated BN nanotubes.

76



5 Conclusions and perspectives

5.1 pTRCL Setup
We describe the performance and the working principle of the pTRCL setup.
This unique setup is characterized by combined spatial and temporal resolu-
tions of 50nm and 12 ps, respectively. These characteristics make it an ideal
tool to study semiconductor based nanostructures, including high bandgap
materials. The xyz precision displacement system brings an important im-
provement to the setup since controlled sample positioning becomes possible.
Two photon excitation of the gold photocathode and pulsed secondary elec-
tron detection are briefly discussed. These two methods will be implemented
in the setup during the next months. We’ve also received a new liquid helium
cryostat developed in collaboration with Janis, Inc. which is currently under
test.
We successfully mounted and tested an alternative detection line using a
monochromator based on an achromatic UV objective. This detection line
is easy to use and signal loss is lower than with the standard detection line.

5.2 GaN and InGaN QW
After a brief review of the fundamental parameters of GaN and InGaN we
first present luminescence lifetime measurements on bulk GaN. TDs are in-
terpreted as non radiative recombination centers and we show a 25% decrease
of luminescence lifetime when displacing the excitation spot from dislocation
free bulk material onto a dislocation. This result indicates that non radia-
tive recombination most probably become predominant when approaching a
dislocation.
To do high resolution CL, we grew a double QW with a high and a low
energy QW. The low energy acts as an energetic barrier hindering excited
carriers from diffusing to the high energy well thus deteriorating CL reso-
lution. Interestingly, we do not observe any contrast due to TDs when we
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detect monochromatic CL on the high energy well. For the TDs inside the
valleys this is most probably due to the carrier diffusion away from disloca-
tions. This means that only excited carriers directly on the dislocation core
recombine non-radiatively. Assuming a core diameter of a few nanometer,
the number of excited carriers which recombine non-radiatively directly at
the TD core is very small compared to the total number of excited carriers
which signifies that the contrast difference between on and off dislocation
measurement is too small to be detected with our resolution. We observe
a contrast inversion between monochromatic CL maps corresponding to the
high energy side (3.13 eV ) and the low energy side (3.07 eV ) of the QW lumi-
nescence peak. In perfect correlation with CL images, AFM images clearly
show regions where the QW thickness almost decreases to zero.

Pronounced spectral diffusion from high energy thinner regions to low en-
ergy thicker regions is observed in picosecond TRCL, providing an explana-
tion for hindering of non-radiative recombination at dislocations. This main
result gives a possible explanation of the high luminescence efficiency of In-
GaN/GaN based optoelectronic devices, a major puzzle over the last years.

In order to better understand recombination mechanism around dislocation
we are conducting ongoing studies on thinned samples and on microdisks.
The idea of both kinds of samples is to have a maximal spatial resolution in
CL imaging by maximally reducing the interaction volume of the primary
electrons with the structure under study.

5.3 Boron Nitrides

We’ve demonstrated the utility of the pTRCL setup for deep UV applica-
tions as far as 5.77 eV (215nm) by performing time resolved CL measures on
hBN crystallites. We observe three excitonic lines (in accordance with other
measures) with very short lifetimes (20 ps, 18 ps and 32 ps). We interpret
this excitons as being of direct nature and of the Frenkel type despite the
indirect fundamental bandgap of hBN.

We will conduct lifetime studies as function of temperature to conclude about
the free or bound nature of the excitons. The goal of the studies on BN is
to measure luminescence lifetimes of excited carriers in single wall BN nan-
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otubes. So far we have managed to measure very faint signal from multiwall
BN nanotube. The idea of the ongoing experiments is to characterize the
nanotubes by TEM measurements in order to be able to distinguish between
single and multi wall nanotubes. Once the TEM characterization is done,
we will study the same nanotubes by pTRCL.

5.4 Perspectives

We have developed a, to our knowledge, unique measurement tool to char-
acterize nanostructures yielding combined spatial and temporal resolution
of 50nm and 12 ps respectively. We are entirely convinced that the pTRCL
setup is and will be a very valuable tool to study transport properties and
local luminescence properties of semiconductor based nanostructures. Fur-
thermore, there might be other new applications like integrated circuit test-
ing. In this field, our tool could become a very important failure detection
instrument since the present integrated circuit technology goes already down
to 45nm.
The use of electron pulses instead of a continuous electron beam might also
be advantageous to avoid sample charging which is an important problem
for samples presenting bad electrical conductivity. In between the pulses,
additional charges on the sample might evacuate even on a bad conductor.
From the technical point of view, the performances of the setup can be be
considerably enhanced. The temporal resolution is presently limited by space
charge effects at the cathode level. It is however possible to produce single
electrons already at the cathode level which would greatly improve temporal
resolution [73]. There are reports, for example the one by Hommelhoff et
al. [74], about single electron generation by 8 fs laser pulses which predicts
electron pulse lengths of 1 fs. Such a time resolution would open doors to
investigate a wealth of new phenomena. Spatial resolution should also be
improved if we worked with single electrons already at the cathode level.

Based on these motivation and perspectives, the author, with another EPFL
colleague, launched a startup company with the goal to commercialize and
further develop the pTRCL technique. This new venture was launched under
the name Attolight (www.atto-light.com). The project won the Venture
Leader Prize 2007 founded by the Gebert-Rüf Stiftung and we received pre-
seed financing which allows to pay salaries during the first year of activity.
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Presently, the main focus of Attolight concentrates on market survey and
on finding first customers. Attolight’s Business Model is based on sales and
service. By service we understand sample characterization for third parties
which we do on our prototype at EPFL in order to familiarize and confide
customers to our new technique.
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A Calculation methods

A.1 The transfer matrix method to evaluate
hole and electron envelope functions in a
QW

We suppose that the states are described by a single band envelope functions
fei and fhj where i and j are the subband indices and e and h design electron
and hole respectively. The states are described by the following Schrödinger
equations:[

−~2

2
d

dze

(
1
me

d

dze

)
+ Ve(ze)

]
fei = Eei f

e
i (ze), (A.1)

for electrons and[
−~2

2
d

dzh

(
1

mh⊥

d

dzh

)
+ Vh(zh)

]
fhj = Ehj f

h
j (zh) (A.2)

for holes where me and mh⊥ are the electron and hole effective masses in
direction normal to the QW layers (parallel to the [0001] direction). The
effect of the internal electric field Eint is included in the potentials Ve(ze)
and Vh(zh). Inside the QW these potentials are given by:

Ve(ze) = V0,CB + eEintze (A.3)
Vh(zh) = V0,V B + eEintzh (A.4)

where V0,CB and V0,V B are the conduction and valence band offsets between
the well and barrier materials respectively.

The growth axes, z, is divided into steps of length ∆z so that the potentials
V0,CB and V0,V B can be considered constant over ∆z. In each slab ∆z the
solution to the Schrödinger equation (with constant potential) is a plane wave
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A Calculation methods

of the form φ = Aeikz +Be−ikz where k is the wavevector. The confinement
energy in the QW is determined by the continuity of the wavefunctions when
passing from one slab to another and by the conservation of the probability
current [75]:

φi(zi) = φi+1(zi) (A.5)
1
m∗i

d

dz
φi(zi) =

1
mi+1

d

dz
φi+1(zi) (A.6)

where i (1 ≤ i ≤ N) numbers the slabs of thickness ∆z and m∗i is the
respective effective mass. The coefficients Ai+1 and Bi+1 can be connected
to Ai and Bi through the transfer matrix Mi:(

Ai+1

Bi+1

)
=
(

1
2 (1 + α)ei(ki−ki+1)zi 1

2 (1− α)e−i(ki+ki+1)zi

1
2 (1− α)ei(ki−ki+1)zi 1

2 (1 + α)e−i(ki+ki+1)zi

)(
Ai
Bi

)
(A.7)

where α = m∗
i+1
m∗

i

ki

ki+1
. The above system (equation A.7) can be formulated in

function of the starting vector, (A1, B1) and the end vector (AN , BN ) :(
AN
BN

)
=
(
M11(E) M12(E)
M21(E) M22(E)

)(
A1

B1

)
(A.8)

where E is the energy of the electron or hole. Choosing BN = 0and A1 = 0
avoids exponential divergence of the wavefunctions at the border. Energy
levels are determined by M22(E) = 0. The wavefunctions are determined by
starting with (A1 = 1, B1) and by evaluating the transfer matrix in every slab
with the corresponding energy. Finally, the wavefunctions are normalized:∫
φ2(z)dz = 1.

A.2 Calculation of the Excitonic Rydberg [1]

Once the electron and hole envelope functions are known, the exciton binding
energy,Ry , is given by the following explicit formula [1]:

Ry =
∫ ∞
−∞

dzedzh | fei (ze) |2| fhj (zh) |2 E0w(v), (A.9)
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A.2 Calculation of the Excitonic Rydberg [1]

where E0 = µ‖e
4/2ε2~2 and µ‖ = m∗em

∗
h‖/(m

∗
e +m∗h‖) with m∗e the electron

effective mass and m∗h‖ the hole effective mass in a plane parallel to the QW
layer. The function w(v) is given by:

w(v) =
4 + c1v + c2v

2

1 + d1 + d2v2 + d3v3
, (A.10)

with c1 = 12.97, c2 = 0.7180, d1 = 9.65, d2 = 9.24, and d3 = 0.3706.
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B Technical drawings

B.1 Technical drawings of the xyz precision
displacement system

B.2 Technical drawing of the achromatic UV
objective
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B Technical drawings

Figure B.1: Technical drawings of the displacement system.
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B.2 Technical drawing of the achromatic UV objective

Figure B.2: Technical drawings of the achromatic UV objective.
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