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Abstract

A major drawback of conventional wide-bandgap semiconductor lasers consists in the gener-
ally increased lasing threshold owing to the large effective carrier masses. An elegant solution
to this problem could be provided by so-called polariton lasers. They are driven below the
population inversion limit and rely on the spontaneous radiative decay of a highly coherent
polariton condensate. Cavity-polaritons are admixed particles that result from the strong
coupling between an excitonic resonance and a photonic mode in a microcavity. Their energy
dispersion exhibits a well-defined ground state with very low effective mass, inherited from
the photonic component, that allows condensation at elevated temperatures, given that their
bosonic nature is conserved. The latter critically depends on the stability of the excitons. III-
nitride based structures provide a sufficient optical quality, highly robust excitons, and a large
oscillator strength, i.e. properties that allowed the first observation of polariton condensation
at room temperature and beyond. Existent processing infrastructures should facilitate the
realization of an eventual polariton laser diode operating under ambient conditions.

This study aims at an in-depth investigation of the optical response of strongly-coupled planar
microcavities relying on embedded GaN/AlGaN quantum wells as active medium. A refined
analysis of the linear and non-linear emission properties of polariton condensates under non-
resonant optical pumping shall help to deepen the knowledge about the condensate formation
at elevated temperatures, including the determination of the carrier injection regime and
specificities of polariton relaxation and renormalization. In order to comprehensively address
this topic, the present study relies on various optical spectroscopy techniques such as time-
resolved and Fourier-space photoluminescence measurements. The manuscript is divided
into two main parts.

In the first part the high-carrier density emission properties of high-quality GaN/AlGaN single
and multiple quantum wells are examined. They are of specific interest for understanding
the optical response of the eventual microcavity structure and provide furthermore a deeper
insight into the operating conditions of III-nitride based laser and light-emitting diodes. These
conditions are closely related to the so-called Mott-transition, which describes the injection-
induced crossover between an insulating exciton gas and a conductive electron-hole plasma.
The Mott-transition is found to be of continuous type, to be connected to a characteristic
modification of the emission lineshape and to occur at carrier densities around 10'? cm™2,

almost independent of temperature.

The second part focuses on the properties of III-nitride based microcavities. The knowledge of
the high-injection emission characteristics of the quantum wells facilitated the analysis of the



Abstract

polariton renormalization up to the condensation threshold. It is evidenced to be driven by
exciton saturation effects, while the universality of the observations across different material
systems suggests a general operation of semiconductor microcavities only one or two orders of
magnitude below the Mott-transition. Further experimental studies concerned the relaxation
properties along the lower polariton branch toward the condensation threshold. In addition
to the thermodynamic and scattering kinetic limitations, two relaxation channels emerging
from the quantum well dark exciton and biexciton states could be evidenced, which cause the
direct feeding of the polariton ground state population by emission of a longitudinal-optical
phonon. Finally, the optical properties of a non-polar microcavity structure are analyzed. The
uniaxial symmetry of III-nitrides gives rise to a strongly anisotropic light-matter coupling
regime that could be modeled by transfer-matrix simulations and allows different non-linear
emission mechanisms along orthogonal polarization planes.

Key words: Gallium nitride, III-nitrides, quantum wells, excitons, biexcitons, electron-hole
plasma, Mott-transition, microcavities, exciton-polaritons, polariton condensate, strong cou-
pling regime, polariton lasing, Bose-Einstein condensate, polariton relaxation, polariton
renormalization, exciton saturation, exciton oscillator strength, optical anisotropy, non-polar
microcavities, anisotropic light-matter coupling



Zusammenfassung

Ein bedeutender Nachteil konventioneller Halbleiterlaser mit groBer Bandliicke besteht in der,
aufgrund der gréReren effektiven Ladungstragermassen, generell erh6hten Laserschwelle. Eine
elegante Losung dieses Problems kénnte durch sogenannte Polariton-Laser erfolgen. Diese ba-
sieren auf der spontanen, radiativen Rekombination eines kohédrenten Polariton-Kondensats
und arbeiten unterhalb der eigentlichen Inversionsbedingung. Exziton-Polaritonen sind Qua-
sipartikel, die durch die starke Kopplung zwischen einem Exziton und einer optischen Mode
eines Mikroresonators gebildet werden. Durch die photonische Komponente weist ihre Ener-
giedispersion ein wohldefiniertes Minimum mit sehr geringer effektiver Masse auf, welches
unter der Bedingung der Beibehaltung ihrer bosonischen Eigenschaften Kondensation bei
hohen Temperaturen erméglicht. Fiir die bosonische Natur der Exziton-Polaritonen ist die
Stabilitdt der exzitonischen Komponente entscheidend. Halbleiterstrukturen basierend auf
Gruppe-III-Nitriden erreichen eine beachtliche optische Qualitit, bieten extrem stabile Exzito-
nen und eine erhodhte Oszillatorstédrke. Dies sind Eigenschaften, die die erste Beobachtung von
Polariton-Lasing bei Raumtemperatur und dariiber hinaus erméglichten. Die bereits existente
Prozessierungsinfrastruktur sollte die Realisierung einer Polariton-Laserdiode erleichtern.

Diese Arbeit bietet eine umfangreiche Analyse der optischen Eigenschaften stark gekoppelter,
planarer Mikroresonatoren, die auf GaN/AlGaN Quantengrédben als aktives Medium beruhen.
Eine detaillierte Untersuchung der linearen und nicht-linearen Emissionseigenschaften der
Polariton-Kondensate unter nicht-resonanter optischer Anregung gibt Aufschluss iiber den
Prozess der Kondensatbildung bei hohen Temperaturen, sowie tiber das Ladungstragerinjekti-
onsniveau und die Eigenschaften der Polariton-Relaxation und Renormalisierung. Um diese
Themen angemessen zu bearbeiten, beruht die aktuelle Studie auf verschiedenen optischen
Spektroskopiemethoden, wie z.B. zeit- und winkel-aufgeldsten Photolumineszenzmessungen.
Die Arbeit ist dabei in zwei Hauptteile untergliedert.

Im ersten Teil werden die Emissionseigenschaften einzelner und multipler GaN/AlGaN Quan-
tengrdben hoher Qualitédt bei hohen Anregungsleistungen diskutiert. Dies ist von spezifischem
Interesse fiir die nachfolgende Diskussion der optischen Eigenschaften der Mikroresonator-
Strukturen und bietet weiterhin einen interessanten Einblick in die Betriebsbedingungen von
Laser- und Leuchtdioden. Letztere sind eng verbunden mit dem sogenannten Mott-Ubergang:
Wenn die Ladungstragerkonzentration immer weiter erh6ht wird, findet ab einem kritischen
Wert ein Ubergang von einem nicht-leitenden Exzitonen-Gas zu einem leitenden Elektron-
Loch-Plasma statt. Die Experimente zeigen einen Ubergang zweiter Ordnung in GaN/AlGaN
Quantengridben auf, der von einer charakteritischen Verdnderung des Emissionsspektrums
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begleitet wird und, unabhéngig von der Temperatur, bei einer Ladungstriagerdichte von etwa
102 cm™? eintritt.

Der zweite Teil befasst sich mit den Eigenschaften Nitrid-basierter Mikroresonatoren. Das Wis-
sen um die Emissionseigenschaften der Quantengrdben bei hoher Injektion erleichtert die Ana-
lyse der Polariton-Renormalisierung bis zur Kondensationschwelle. Sie wird durch Sattigungs-
effekte der Exzitonen dominiert. Die Vergleichbarkeit der experimentellen Beobachtungen in
anderen Materialsystemen legt einen generellen Betrieb von Halbleiter-Mikroresonatoren nur
ein oder zwei GroRenordnungen unterhalb des Mott-Ubergangs nahe. Weitere Untersuchun-
gen befassen sich mit den Ralaxationseigenschaften entlang der unteren Polariton-Dispersion.
Abseits der thermodynamischen und streukinetischen Restriktionen wurden zwei zusétzliche
Relaxationspfade entdeckt, die von den dunklen Exziton- und Biexzitonzustdnden der Quan-
tengrdaben ausgehen. Sie bewirken die direkte Zufuhr von Polaritonen zum Grundzustand
durch die Emission von longitudinal-optischen Phononen. Im letzten Abschnitt wird eine
neu gefertigte, nicht-polare Mikroresonatorstruktur diskutiert. Die uniaxiale Symmetrie der
Nitrid-Halbleiter generiert ein stark anisotropes Licht-Materie-Kopplungsregime, welches
durch Transfer-Matrix-Simulationen modelliert werden konnte und nicht-lineare Emissions-
mechanismen entlang orthogonaler Polarisationsebenen erlaubt.

Stichworter: Galliumnitrid, Gruppe-III-Nitride, Quantengridben, Exzitonen, Biexzitonen, Elek-
tron-Loch-Plasma, Mott-Ubergang, optische Mikroresonatoren, Exziton-Polaritonen, Polari-
ton-Kondensat, Regime der starken Kopplung, Polariton-Lasing, Bose-Einstein Kondensat, Po-
lariton-Relaxation, Polariton-Renormalisierung, Exziton-Sittigung, Exziton-Oszillatorstirke,
optische Anisotropie, nicht-polare optische Mikroresonatoren, anisotrope Licht-Materie-
Wechselwirkung
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|§ Introduction

With an annual market volume that is only surpassed by that of silicon, III-nitrides represent a
major family of modern semiconductors. In the thermodynamically stable hexagonal phase,
they possess a direct bandgap, that is basically tunable from the infrared (IR) over the entire
visible spectrum up to the ultra-violet (UV) range. The dramatic rise of III-nitride semiconduc-
tors in the past two decades was initiated by the discovery of an efficient and reliable p-type
doping [1, 2], and the subsequent fabrication of the first blue light-emitting diodes (LEDs)
[3, 4]. Their efficiency and output power have set new standards and led in 1996 to the demon-
stration of the first edge-emitting laser diodes (LDs) operating in the blue-violet spectral
range [5]. Nowadays, IlI-nitride based LEDs and LDs are produced by leading optoelectronic
companies worldwide. White LEDs, based on blue/violet LEDs with phosphor-coated pack-
aging, are used for background illumination of LCD screens! and begin to revolutionize the
field of general lighting, while blue/violet LDs dominate the field of high-density optical data
storage. Moreover, based on their large bandgap and their thermal and chemical robustness,
III-nitrides are also successfully used for high-temperature, high-power, and high-frequency
electronics, e.g. for high-electron mobility transistors (HEMTs).

Despite the impressive development of [II-nitrides in the recent past, some unsolved problems
remain to be addressed. One of those is usually referred to as the green gap. Indeed, while
efficient LEDs and LDs exist for the blue and red spectral region, the green spectral range
misses such a solution. Here, the issues for a III-nitride based device consist particularly in the
diminishing structural quality of the InGaN alloy when the In-content increases and further in
the unknown origin for the commonly observed efficiency droop at high driving currents. The
latter is controversely ascribed either to alloy disorder or to the Auger-effect [6, 7]. Eventually,
the exact surrounding parameter characteristics in such optoelectronic devices operating at
high injection near the Bernard-Duraffourg limit are still matter of debate [8]. They are closely
related to the so-called Mott-transition [9, 10], that describes the carrier-injection induced
crossover between an insulating exciton? gas and a conductive electron-hole plasma.

Another problem, that concerns wide-bandgap semiconductor based LDs at large, is given by
the generally increased lasing threshold densities compared to their low-bandgap counterparts
and therfore the increased amount of thermal stress. This issue originates from the large

11.CD - liquid crystal display
2An exciton is a quasi-particle in a semiconductor that is composed of an electron-hole pair coupled by
Coulomb-interaction.



Chapter 1. Introduction

effective carrier masses and the correspondingly delayed Bernard-Duraffourg limit setting
the onset of gain [8]. A smart way to overcome this problem could rely on the realization of
so-called polariton lasers: Imamoglu and co-workers proposed those as ultra-low threshold
coherent light-emitters [11], following the first observation of exciton-polaritons in a GaAs-
based semiconductor microcavity by Weisbuch et al. in 1992 [12]. These quasi-particles arise
from the strong-coupling between an excitonic resonance in a semiconductor active medium
and a photonic mode in an optical microresonator. Considering the simplest case of a planar
microcavity, where the photonic component is confined by two plane-parallel distributed
Bragg-reflectors, the dispersion curve of exciton-polaritons features a well-defined energy
minimum at zero in-plane momentum with very light effective mass. The latter is inherited
from the photonic component and lies typically four to five orders of magnitude below the one
of the free electron mass. Taking additionally into account the bosonic particle nature, this
property should allow the formation of a non-equilibrium polariton condensate at elevated
temperatures, ruled by Bose-Einstein statistics [13-15]. Its spontaneous radiative decay should
share very similar characteristics with a conventional LD in terms of coherence and non-linear
output power scaling, while operating at much lower carrier densities.

Following the first demonstration of polariton-related non-linearities in a strongly-coupled
semiconductor microcavity in 1998 [16], it was evidenced in 2006 that a non-equilibrium
polariton condensate shares major characteristics with a conventional Bose-Einstein con-
densate [17]. Since then several experiments have proven the quantum nature of polariton
fluids, such as the observation of quantized vortices [18], hints for super-fluidity [19], and
Josephson-oscillations [20]. However, the bosonic nature of exciton-polaritons crucially de-
pends on the stability of the excitonic component. Thus, corresponding quantum effects
and non-linearities seem to be limited to a material specific cut-off temperature T, which
is determined by the exciton binding energy Eg [21], i.e. kgTcyt ~ Eg with kg denoting the
Boltzmann constant. When now targeting the fabrication of a polariton-condensation based
device, this requirement should obviously be fulfilled at room temperature. Figure 1.1 displays
exciton binding energies of a variety of inorganic bulk semiconductors as a function of their
bandgap with a marker corresponding to the thermal energy at room temperature. It is obvious
that due to their large effective carrier masses in particular wide-bandgap semiconductor
compounds satisfy this condition, among which GaN leads the way due to its mature fabrica-

————T———T— Figure 1.1: Exciton binding energy
for various inorganic bulk semicon-
ductors: III-V (red), II-VI (green), I-
VII (light blue), chalcopyrites I-I11I-VI,
(orange), and IlI-nitrides (blue). The
right hand side axis corresponds to

100 E 1000

100

Exciton binding energy (meV)
Cut-off temperature T, (K)

cubic -V the cut-off temperature T of exci-

Al visib . rides L tons with binding energy Eg. A guide
; spec -V, to the eye (black solid line) repro-
ran ¢ duces the power-law Eg o< E2 and
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the room-temperature limit.
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tion technology.® Driven by this motivation the first demonstration of polariton lasing in GaN
bulk and quantum well (QW) based microcavities at T = 300K was reported in 2007 and 2008
[22, 23], respectively. Since then the quantum nature of polariton lasing at room temperature
was for instance evidenced by the observation of spontaneous symmetry breaking [24], and
the demonstration of optimum detuning conditions for condensation different from that of a
conventional semiconductor LD [25, 26]. On the other hand, all presently published studies
rely on optical excitation: the fabrication of an electrically-injected polariton laser operating
at room temperature has not yet been achieved. More information about those issues can be
found in Sec. 4.2.

Objectives and Outline

This work aims at addressing the aforementioned issues by a comprehensive study of the
high-injection optical properties of GaN-based QWs and by deepening the knowledge about
polariton condensation at elevated temperatures in IlI-nitride based microcavities. More
precisely, we will specify the mechanisms driving the condensation threshold, examine the
alteration of the polariton properties when the carrier density is raised, and discuss the
complex optical characteristics of a newly fabricated anisotropic IlI-nitride based microcavity.
Therefore, the manuscript is organized as follows.

The subsequent chapter provides a consolidated introduction to the specificities of III-nitride
semiconductor compounds. Starting from the symmetry characteristics of the wurtzite crystal
structure, it will thoroughly describe the electronic and optical properties of bulk III-nitrides
and examine the modifications of the latter occurring in QW structures. This discussion
provides all necessary information for understanding the experimental part. In view of the
latter, it will focus on GaN and Ga-rich AlIGaN compounds.

The first part of the experimental investigations in Ch. 3 deals with the optical properties of
high-quality GaN/AlGaN single QWs under high non-resonant optical injection. After intro-
ducing the experimental setups, this section starts with the description of the investigated
sample structures and their low-density absorption and emission properties. Then a brief
survey about the Mott-transition and previous experimental results is presented. The subse-
quent experimental part begins with the presentation and analysis of the low temperature
data: the high-carrier density emission properties have been probed by time-resolved and
continuous-wave photoluminescence. Afterwards the temperature dependence of the critical
density, the impact of biexcitons, and the similarities of the Mott-transition occurring in multi-
ple QWs are discussed. The time-resolved experiments presented in this chapter have been
performed in collaboration with G. Jacopin and M. Shahmohammadi (LOEQ-EPFL, group
of Prof. B. Deveaud). The discussion is mainly based on two publications, that have been
submitted recently:

G. Rossbach, J. Levrat, G. Jacopin, M. Shahmohammadi, J.-E Carlin, J.-D. Ganiére, R.
Butté, B. Deveaud, and N. Grandjean, High-temperature Mott-transition in wide band-gap
semiconductor quantum wells, (submitted).

M. Shahmohammadi, G. Jacopin, G. Rossbach, J. Levrat, J.-E Carlin, J.-D. Ganiére, R.

3 At this point, it is worth mentioning that the exciton binding energy can be enhanced by approximately a factor
of two in QWs compared to the bulk case. This can partially alter the assortment of eligible compounds in Fig. 1.1.
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Butté, N. Grandjean, and B. Deveaud, Biexcitonic molecules survive excitons at the Mott
transition, (submitted).

Chapter 4 presents the experimental results obtained on III-nitride based microcavity struc-
tures. It begins with an introduction to the physics of optical resonators, the basics of the
strong-coupling regime, and a brief discussion about the field of polariton-condensation as
a whole. Section 4.2 provides a chronological review about III-nitride based microcavities
and summarizes selected results of the past years. It further discusses the physical barriers
that have to be faced and overcome in order to realize an electrically-pumped polariton LD.
Afterwards, the Fourier-space photoluminescence setup, the first sample structure and their
basic optical properties are introduced. The experimental part starts with Sec. 4.4 discussing
the newly-discovered relaxation efficiency enhancement of lower polaritons due to biexciton
states below threshold. Hereafter, the modification of the polariton properties in presence of
a finite carrier density are examined. They lead to the commonly observed blueshift of the
polariton ground state when approaching the condensation threshold. These two sections are
based on the following publications:

P. Corfdir, J. Levrat, G. Rossbach, R. Butté, E. Feltin, J.-E Carlin, G. Christmann, P. Lefebvre,
J.-D. Ganiére, N. Grandjean, and B. Deveaud-Plédran, Impact of biexcitons on the relax-
ation mechanisms of polaritons in III-nitride based multiple quantum well microcavities,
Physical Review B 85, 345308 (2012).

G. Rossbach, J. Levrat, E. Feltin, J.-E Carlin, R. Butté, and N. Grandjean, Impact of satura-
tion on the polariton renormalization in III-nitride based microcavities, Physical Review B
88, 165312 (2013).

They have been worked out in close collaboration with J. Levrat (LASPE-EPFL, thesis 2012), the
time-resolved measurements have been performed by P. Corfdir (LOEQ-EPFL, thesis 2011).

The last section of Ch. 4 focuses on the investigation of a newly-fabricated non-polar micro-
cavity. It contains a comprehensive discussion about the optical and excitonic anisotropy
of the nitride layer stack, and shows the first evidence for polariton condensation in such a
structure. This section is mainly based on two publications, that have been elaborated in
cooperation with J. Levrat:

G. Rossbach, J. Levrat, A. Dussaigne, H. Teisseyre, G. Cosendey, M. Glauser, M. Cobet, M.
Bockowski, I. Grzegory, T. Suski, R. Butté, and N. Grandjean, Tailoring the light-matter
coupling in anisotropic microcavities: Redistribution of oscillator strength in strained
m-plane GaN/AlGaN quantum wells, Physical Review B 84, 115315 (2011).

J. Levrat, G. Rossbach, A. Dussaigne, H. Teisseyre, G. Cosendey, M. Glauser, M. Cobet, M.
Bockowski, I. Grzegory, T. Suski, R. Butté, and N. Grandjean, On the nature of the nonlinear
emission properties of an optically anisotropic GaN-based microcavity, Physical Review B
86, 165321 (2012).

Our Polish collaborators provided the bulk substrates, A. Dussaigne performed the growth,
and G. Cosendey deposited the top Bragg-mirror (both LASPE-EPFL).

Finally, the main results of this work are summarized and classified in Ch. 5. It will further
provide a brief outlook to what could follow in the near future. The subsequent appendix
introduces the algorithms used for band-structure calculations and optical transfer-matrix
simulations.



YA Basics on III-Nitride Semiconductors

[II-nitride based devices, such as white LEDs for general lighting or HEMTs suited for high-
power and/or high-temperature applications are processed in leading opto- and microelec-
tronic companies worldwide. In each of their applications III-nitride based structures profit
(and potentially suffer at the same time) from their unique structural and electronic prop-
erties. This chapter provides an overview of the basic properties of III-nitride materials and
corresponding heterostructures, building up the basis for understanding the experimental
results that are reported and discussed in the subsequent chapters.

2.1 Structural Properties

Fundamental properties of a material can already be inferred from its bare crystal structure
and the allowed symmetry operations. Contrary to other III-V compound semiconductors
such as GaAs or GaP that crystallize in the cubic zincblende lattice, the thermodynamically
stable phase of the conventional III-nitrides (metal atoms Al, Ga and In) is the hexagonal
wurtzite structure. Cubic symmetries such as zincblende and rock-salt configurations can also
be obtained depending on the substrate choice and the growth conditions. However, they are
not subject of this work and will thus not be discussed in the following.

In order to emphasize permutation symmetries, orientations in the hexagonal lattice are,

0 metal atoms

T[0001] Figure 2.1: Representation of the wurtzite
@® N-atoms

c-plane unit cell: metal (gray) and nitrogen (black)
atoms, respectively, occupy a hexagonal close-
packed sub-lattice. Both are displaced by

. the u-parameter along the [0001]-direction.
m-plane

Each atom is tetrahedrally surrounded by four

C B atoms of the complementary species. This ori-

E p_[1010] entation of the nearest neighbors is caused by

the sp®-hybridization of the bonding orbitals.

_ The hexagonal lattice constants a and c are in-

[1210] dicated and the most-common surface planes
a-plane

are highlighted.
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contrary to the cubic case and the corresponding Miller-indices, usually described by four
coordinates [hkil]. The first three define respective axes that are pairwise comprising an angle
of 120° and span the hexagonal basal plane of the unit cell. The surface normal to the latter
determines the c-axis, which is described by the fourth coordinate. As there are only three
degrees of freedom, h,k,i are related via: —i = h + k.

The wurtzite structure, which is schematically illustrated in Fig. 2.1, features Cgy-symmetry
and consists of a hexagonal close-packed lattice with a two-atom basis. In the case of III-
nitrides, this basis consists of one metal and one nitrogen atom. Both are separated by u-c
along the [0001]-axis. Here, c denotes the lattice constant between equivalent basal planes,
while atoms within the latter are separated by the lattice constant a. In an ideal wurtzite
crystal, the internal parameter u and the lattice constants satisfy:

c \/§ 3
—=1/-=1.633 and u=-=0.375. (2.1)
a 3 8

The lack of inversion symmetry in the wurtzite lattice and the consequent interactions occur-
ring between second nearest neighbors leads to a displacement of negative and positive charge
barycenters in the unit cell along the c-axis, giving rise to an intrinsic polarization vector. This
property is usually referred to as pyroelectricity. Its characteristics and related effects emerging
in III-nitride based heterostructures will be discussed in more detail in Sec. 2.3.3. On top of
this, the pyroelectric character in combination with the polarity of the atomic bonds, due to
the different electronegativity values of the involved species, gives rise to a deviation of the
equilibrium lattice constants from the above-mentioned ideal values. Table 2.1 summarizes
unstrained reference values of the lattice parameters and the electronegativity difference Ay
for the most common binary III-nitride representatives. The stronger polarity of AIN com-
pared to InN and GaN leads to larger deviations of © and c/a from the ideal values and the
increasing atom size (in order of increasing atom radius: Al-Ga-In) results in larger lattice
constants. Another consequence of the hexagonal crystal symmetry is the intrinsic uniaxial
anisotropy of III-nitride materials. Focused on the electronic and optical properties, the latter
will be explained in more detail in the forthcoming sections of this chapter.

GaN AIN InN ideal Table 2.1: Lattice parameters of the conven-

c A 5186 4981 5.704 tional binary III-nitride compounds at room
a®) 3189 3.112 3.538 temperature from Refs. [27, 28]. The elec-
u 0379 0387 0377 0.375 tronegativity difference between nitrogen
cla 1626 1.601 1612 1.633 and metal atoms Ay defines the polarity of
Ay 1.23 1.43 1.26 the bonding (following Pauling [29]).

2.1.1 Growth: Issues and Techniques

The structural and optical quality of semiconductor heterostructures - whatever their eventual
appropriation - critically depends on the substrate that is used for the growth. A mismatch
in the lattice constants can cause the formation of dangling bonds, dislocations and strain
at the substrate interface potentially creating unwanted carrier recombination centers and
extended crystal defects, which can detrimentally impact on the device performance. Even
larger strain values, that may ultimately lead to a partial surface delamination or the formation

6
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of macroscopic cracks, can be caused by different thermal expansion coefficients between
substrate and overgrown layer. Indeed, depending on the deposition technique the growth
temperature substantially exceeds the eventual operating temperature of the device. Starting
from almost relaxed layers at the growth temperature, the diverging thermal compression
when cooling the structure down to ambient conditions may result in large shear stress at the
substrate interface. When it comes to devices, certainly additional aspects for the substrate
choice have to be considered, such as availability, thermal and electrical conductivity, good
cleavability and most-importantly the price. They are often leading to compromises that are
not necessarily in favor of the structural quality.

Owing to the lack of reasonably-priced and commercially-available bulk GaN substrates,
early IlI-nitride based structures and devices were usually grown on foreign substrates like
sapphire (a — Al,03), Si, or SiC. Each of those exhibits certain advantages and drawbacks:
sapphire features a very low thermal conductivity and a significant lattice mismatch to GaN.
Nevertheless, it is today’s substrate of choice for the fabrication of white LEDs due to its wide
availability and its competitive price. Those advantages are only surpassed by Si-substrates,
which further exhibit a superior thermal conductivity.! But despite these merits and the huge
research efforts that are spent to make Si compatible with III-nitride technology, the optical,
structural and electrical quality of layers deposited on silicon remains a major issue of III-
nitride heteroepitaxy. This is mainly due to the immense tensile stress that is caused by the low
thermal expansion coefficient of Si. For a review of GaN heteroepitaxy the reader is referred
to Ref. [30]. Nowadays the situation concerning free-standing and bulk GaN substrates is
changing. They become more and more available and their price decreases. Although the
latter remains far above the one of sapphire and Si, homoepitaxy of III-nitrides, minimizing
the thermal and structural mismatch for Ga-rich layers in absolute favor of the material quality,
is rising up and already widely used in research facilities and for the production of laser diodes.

Three different epitaxial growth methods of IlI-nitrides have been established. They shall
briefly be explained hereafter:

Molecular beam epitaxy (MBE): This physical vapor deposition technique requires high or
ultra-high vacuum (UHV) conditions and is limited to rather low growth rates (~ 1um/h).
The bare elements are used as metal precursors, while nitrogen can be supplied either as
a plasma or by ammonia. Due to the UHV conditions, the deposition can be monitored
in situ by RHEED (reflection high-energy electron diffraction) offering an accurate
control of the deposited layer thickness and the surface quality.

Metal-organic vapor phase epitaxy (MOVPE): MOVPE is a chemical vapor phase deposition
technique that commonly uses ammonia and trimethyl- or triethyl-metal compounds
as precursors. Both the growth temperatures and the growth rates are higher than for
MBE (~ 1000°C and up to 10pum/h). In combination with a good reproducibility and
scalability, this makes MOVPE the technique of choice for mass-production.

Hydride vapor phase epitaxy (HVPE): Like MOVPE, HVPE is a chemical vapor phase deposi-
tion technique. It offers very high growth rates, up to 500pum/h, and is commonly used
to grow thick epilayers potentially serving as template for other deposition techniques.

IThe balance between the drawbacks and advantages of the different substrates may be modified when
considering lift-off processes for the active region. These are frequently used to avoid substrate absorption and to
enhance the light-extraction efficiency.
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2.1.2 Mechanical Properties and Strain

Owing to the aforementioned growth issues, deposited layers are often subject to a certain
degree of strain. In the elastic limit, the latter is deforming the unit cell and thus potentially
changing specific properties of the material (e.g. the bandgap energy). Corresponding effects
have to be carefully taken into account when it comes to the device design.

In a cartesian basis, defined by the directions x, y, z and the corresponding unit vectors of the
lattice ej, the deformed lattice vectors e; are obtained via (using Einstein notation):

e; =1lijej+eije;j, with Lj€xyz, @2

where [;; and €; are the elements of the identity matrix and the strain tensor €, respectively.
Neglecting any rotation of the whole structure, the tensor elements of € follow the symmetry
€ij = €j;. While the off-diagonal terms of € stand for shear strain, the diagonal elements
determine a hydrostatic deformation. Positive elements correspond to tensile distortion
potentially leading to cracks, whereas negative ones indicate compressive strain.

For elastic deformation, € and the stress tensor o are connected via Hooke’s law:
Uij=Cijkl€kl with i,jklexyz, (2.3)

where C; ji; denotes the elements of the fourth-ranked elastic modulus C. By respecting the
hexagonal symmetry of the crystal, C and Eq. (2.3) can be simplified to the form:

Oxx Ch Cpo Csz O 0 0 €xx
Oyy C12 C11 C13 0 0 0 €yy
Ozz [_| Cis3 Ci3 Gz 0 0 0 €2z | 2.4)
Oyz 0 0 0 Cu O 0 2€y;
Oz 0 0 0 0 Cu O 26y
Oxy 0 0 0 0 0 Ceg 2€xy
Table 2.2: Elements of the elastic modulus GaN AIN InN
C for IlI-nitrides [31]. For the element Cgg C1, (GPa) 390 396 223
holds: Cg = (C11 - Cr2)/2. C12(GPa) 145 137 115
C13 (GPa) 106 108 92
Cs3 (GPa) 398 373 224
Cy4 (GPa) 105 116 48

When a layer is grown pseudomorphically on a substrate, i.e. without any plastic strain
relaxation, the in-plane lattice parameters are elastically deformed, while the minimization of
the elastic energy is leading to a relaxation of the crystal along the growth direction. The latter
is mainly determined by the substrate choice and corresponds to the crystal direction that is
equivalent to the surface normal of the structure. Without loss of generality, the growth axis
shall be lying in the y-z-plane in the following, forming an angle © with the c-axis (|| z). The
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elements of the strain tensor are then obtained via [32]:

% * sin®
€xx €xx T €xz2050
*
€yy €xx o
* * COS
€zz — €2zt €xz5ne , (2.5)
2€y, 0
3
2€;x 2€,
2€xy 0

where the strain components €}, and €}, are defined by the deformation of the equilibrium
lattice parameters a and c to the strained values a* and c*, respectively:
. a'—-a . _C'—c

€= — and €= - (2.6)

The off-axis strain €7, is given by [32]:

. [(Ci1+Ci2+Cisel /et )sin? @ + (2Cy3 + Cazel, /et ) cos? O] €k, sin® cos @ 27
et = . Q.
i C115in*© + 2 (Cy3 +2Cy4) sin? O cos2 O + C33cos? O

In the following, the two extreme cases for © shall be briefly discussed. The major part of
[I-nitride structures is fabricated with a surface orientation corresponding to one of the
main crystal facets highlighted in Fig.2.1. Among these, c-plane growth corresponding to
© =0 is widely preferred due to the superior crystal qualities obtained. Typically, the uniaxial
symmetry Cgy is maintained in such structures: €xx = €. The condition ¢, = 0 transforms
Eq. (2.4) in this case into:

2Cy3

€zz= —C—33€xx* . (2.8)

By contrast, growth with a- or m-plane surface orientation corresponding to ® = 90° usually
breaks the uniaxial symmetry of the crystal. The basal-plane isotropy is lifted (€xx # €,y) and
the Cgy-symmetry is transformed into a Czy one. The condition oy, = 0 leads to:

C12€;kcx + Clgezz

R TEE (2.9)

2.2 Optical Properties

The interaction between a semiconductor and an electromagnetic light-wave is mainly de-
termined by the electronic properties of the chemical bonds. A detailed knowledge of the
optical properties of a material is of essential importance for the operation and the design of
corresponding devices.

2.2.1 Band Structure

Once their distance is sufficiently small, two hydrogen atoms in free space bind together and
form a molecule. The overlapping valence atom-orbitals interact and split up into bonding and
anti-bonding (occupied and unoccupied, respectively) states - the molecular orbitals. Now,
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the molecule defines the energetically favorable state - the ground state of the system. This
approach can be easily transferred to the solid state. The only difference is that here the huge
number of involved atoms creates quasi-continuous energy bands instead of single orbitals.
The occupied states build the valence band (VB) and the unoccupied ones the conduction
band (CB). In the latter excited electrons are mobile and can freely flow through the crystal,
whereas electrons in the VB are rather localized and can only move via hopping processes
through a limited number of potentially unoccupied states.? The minimum energy separation
in between CB and VB defines the bandgap Eg of the semiconductor.

The band structure of a semiconductor describes the energy eigenvalues of electrons as a
function of their momentum. In a perfect crystal it is defined by the Hamiltonian [33]:

2
Z P' N 1 Z &2 Zje2 N 1 ZiZje
2M] 2#,-, |r; —rj| 0] Ir; — R 2];6], IR; —Rj| (2.10)

—Z

+ Hso + Hss + ths + Hext .

2m,

Electrons are identified by index i, while j corresponds to the nuclei, r and R denote their
respective coordinates. Z and e are the atomic number and the electron elementary charge,
respectively. The first two terms contain the kinetic energy of the electrons and the nuclei,
p and P denote the corresponding momentum operators. The subsequent terms describe
the electrostatic electron-electron, electron-nucleus, and nucleus-nucleus interaction, re-
spectively. Further considered are the spin-orbit H,, the spin-spin Hgg, and the hyperfine
interaction Hg. Potential external perturbations are taken into account via Hex;.

A straightforward solution of the multiparticle-Hamiltonian in Eq. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>