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Its black gates are guarded by more than
just orcs. There is evil there that does
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It is a barren wasteland, riddled with

fire, ash, and dust. The very air you
breathe is a poisonous fume. Not with ten
thousand men could you do this. It is folly.
— Boromir

(J. R. R. Tolkien, The Fellowship of the Ring)
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Abstract

Over the past decade, III-nitride semiconductors have proven to be of the highest interest
for optoelectronic applications in the short-wavelength range. White, blue and green light
emitting diodes as well as violet and blue laser diodes are nowadays used in mass consumer
products such as domestic solid-state lighting sources or outdoor displays. More sophisticated
devices like electrically-driven vertical-cavity surface-emitting lasers (VCSELs) and optically-
pumped vertical external cavity surface-emitting lasers (VECSELSs), which are both microcavity-
based lasers, have also been recently demonstrated. VCSELs are well-known to offer several
advantages compared to conventional edge-emitting lasers, e.g. single longitudinal mode, low
operating current and power consumption, circular emission beam, high-speed modulation
ability, and the possibility to easily process them into 2D arrays. Additionally, the VECSEL
external cavity enables the insertion of intracavity elements such as saturable absorbers or
absorption cells, which opens the way for compact atomic clocks or absorption spectroscopy
devices.

Nevertheless, blue VCSELs still suffer from many issues, like challenging current injection
schemes and a lack of suitable distributed Bragg reflector (DBR) system. We face either
defective AlGaN/GaN DBRs or implement a bottom dielectric DBR that requires challenging
processing steps. In this context, the use of a bottom lattice-matched InAIN/GaN DBR grown
on a free-standing (FS) GaN substrate would allow improving both the device lifetime and
thermal management while keeping the process flow simple. Such DBRs would also greatly
benefit to VECSEL devices, enabling the overgrowth of a high crystalline quality active region
and an efficient thermal management.

The goal of the present work was the realization of such blue microcavity-based lasers, by
making use of high-quality highly-reflective InAIN-based DBRs. Consequently, the first step
consists in the study and optimization of the key elements constituting microcavity-based
laser devices. Thus, the growth mechanisms of InAIN layers are addressed. Such layers are
shown to be subject to kinetic roughening, which yields a huge degradation of the crystalline
quality of InAIN layers exceeding a critical thickness. The InAIN growth conditions are then
optimized in order to minimize this effect. Subsequently, the optimized growth parameters are
used for the realization of high-quality highly-reflective InAIN-based DBRs grown on FS GaN
substrates, exhibiting a reflectivity value exceeding 99.5%, and several parameters impacting
on the quality of such structures are discussed. The second key element required for the
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realization of electrically-driven VCSELs, namely transparent conductive oxide(TCO)-based
contacts to p-type GaN, is then considered. The plasma used in several TCO deposition
techniques is shown to have a strong negative impact on the electrical properties of such
contacts. Thus, different TCOs and deposition techniques are compared, and the effect of a
thin metallic interlayer in-between the p-type GaN layer and the TCO contact is discussed.
Low-resistance indium tin oxide-based transparent contacts to p-type GaN layers, suited for
VCSEL applications, are eventually described.

In the last part of this PhD dissertation, the realization of microcavity-based devices is ad-
dressed, making use of the optimized building blocks. The epitaxial structure and process flow
of our VCSELs are presented. Lasing is demonstrated in electrically-driven VCSELs at room
temperature under pulsed injection. The characteristics of such devices are detailed, and
several improvements that should allow achieving CW lasing are addressed. The development
of the active region of VECSELSs is then described, and two different designs are compared
in terms of sample surface morphology and photoluminescence intensity. The best one is
subsequently integrated in our VECSELSs devices, which are characterized under optical pump-
ing in VCSEL configuration in order to validate our approach. The VECSEL samples are then
mounted in external cavity configuration, and lasing under optical pumping is demonstrated
with an external cavity length up to 50 mm, enabling the insertion of intra-cavity elements.
This opens the way for the realization of compact III-nitride based atomic clocks.

Keywords: III-nitrides, gallium nitride, vertical-cavity surface-emitting laser, vertical external
cavity surface-emitting laser, indium aluminum nitride, indium tin oxide, microcavity, laser
diode, light-emitting devices, distributed Bragg reflector.



Résumé

Au cours de la derniere décennie, les semiconducteurs a base de nitrures d’éléments III
ont prouvé leur intérét pour la réalisation de dispositifs optoélectroniques émettant dans
la gamme des courtes longueurs d’onde. Les diodes électroluminescentes blanches, bleues
et vertes, ainsi que les diodes lasers violettes et bleues sont aujourd’hui utilisées dans de
nombreux produits de consommation de masse, tels que I'éclairage domestique, les écrans de
télévision ou les panneaux d’affichage lumineux. Des dispositifs plus sophistiqués comme les
lasers a cavité verticale a émission par la surface (VCSELs) injectés électriquement et les laser
a cavité verticale externe a émission par la surface (VECSELs) pompés optiquement, tous deux
étant des lasers a microcavité, ont également été réalisés récemment. Les VCSELs présentent
certains avantages reconnus face aux lasers a émission par la tranche conventionnels, comme
une émission monomode longitudinale, un faible courant de fonctionnement, une faible
consommation électrique, I’émission d'un faisceau circulaire, la possibilité d’étre modulé a
haute fréquence et d’effectuer la microfabrication de matrices bidimensionnelles de dispositifs.
De plus, la cavité externe des VECSELs permet 'insertion d’éléments intracavités comme
des absorbants saturables ou des cellules d’absorption, ce qui ouvre la voie a la réalisation
d’horloges atomiques compactes et de dispositifs pour spectrométrie d’absorption.

Néanmoins, les VCSELs bleus souffrent de plusieurs problemes, comme une injection élec-
trique délicate et un manque de miroirs de Bragg adaptés. En effet, nous devons faire face
soit a des miroirs de Bragg utilisant des bicouches AlGaN/GaN défectueues, soit il faut utiliser
un miroir de Bragg inférieur a base de diélectriques, ce qui complique la microfabrication.
Dans ce contexte, I'utilisation d'un miroir de Bragg inférieur utilisant des paires InAIN/GaN
en accord de maille criis sur des substrats de GaN permettrait d’améliorer sensiblement la
durée de vie ainsi que la dissipation thermique tout en gardant le procédé de microfabrication
aisé. De tels miroirs de Bragg seraient également d'une grande utilité pour les VECSELs en
permettant la croissance d’'une zone active de grande qualité cristalline et une dissipation
thermique efficace.

Le but de ce travail est la réalisation de tels lasers bleus a microcavité, en utilisant des miroirs
de Bragg hautement réfléchissant et de grande qualité a base d’ITnAIN. En conséquence, la pre-
miere étape consiste en I’étude et 'optimisation des éléments clés constituant les dispositifs
lasers a microcavité. C’est pourquoi les mécanismes de croissance des couches d’InAIN sont
abordés. De telles couches sont sujettes au phénomene de rugosité cinétique, ce qui conduit
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a une importante dégradation de la qualité cristalline des couches d’InAIN dépassant une
épaisseur critique. Les conditions de croissance des couches d’InAlIN sont par conséquent
optimisées afin de minimiser cet effet. Par la suite, ces conditions de croissance optimisées
sont utilisées afin de réaliser des miroirs de Bragg hautement réfléchissant et de grande qualité
composés de bicouches d'InAIN/GaN et criis sur des substrats de GaN, dont la réflectivité ex-
cede 99,5%, et plusieurs parameétres influancant la qualité de telles structures sont discutés. Le
second élément clé requis pour la réalisation de VCSELs injectés électriquement, c’est-a-dire
les contacts de type p a base d’oxydes transparents conducteurs (OTCs), est ensuite considéré.
Les plasmas utilisés par de nombreuses techniques de déposition d’OTCs ont un impact néga-
tif important sur les propriétés électriques de tels contacts. C’est pourquoi différents OTCs
ainsi que différentes techniques de déposition sont comparés, et les effets de la déposition
d’une fine couche métallique entre la couche de GaN de type p et et le contact d’OCT sont
discutés. Finalement, des contacts au GaN de type p a base d’oxyde d’'indium-étain ayant une
faible résistance, adaptés pour des applications VCSELs, sont décrits.

Dans la derniére partie de ce travail de these, la réalisation de dispositifs a microcavité est
abordée en utilisant les éléments clé précédemment optimisés. La structure épitaxiale ainsi
que le processus de fabrication de nos VCSELSs sont présentés. Le lasage de nos VCSELSs est
démontré sous injection électrique pulsée a température ambiante. Les caractéristiques de
ces dispositifs sont détaillées, et plusieurs améliorations devant permettre a ces dispositifs
de laser sous injection électrique continue sont abordées. Le développement de la zone
active des VECSELSs est ensuite décrite, dont deux géométries différentes sont comparées
en terme de morphologie de surface et d’'intensité de photoluminescence. La meilleure des
deux géométries est ensuite intégrée dans nos dispositifs VECSEL, qui sont caractérisés sous
pompage optique en configuration VCSEL afin de valider notre approche. Les échantillons
VECSELSs sont ensuite montés en configuration cavité externe, et le lasage sous pompage
optique est démontré pour des cavités externes dont la longueur atteint 50 mm, ce qui permet
I'insertion d’éléments intracavités. Ceci ouvre la voie a la réalisation d’horloges atomiques
compactes a base de nitrures d’éléments III.

Mots-clé : Nitrures d’éléments III, nitrure de gallium, laser a cavité verticale a émission par la
surface, laser a cavité verticale externe a émission par la surface, nitrure d'indium-aluminium,
oxyde d’indium-étain, microcavité, diode laser, dispositifs émetteurs de lumieére, miroir de
Bragg.
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Introduction

Thanks to their direct bandgap and the broad range of wavelengths that can be covered
using their ternary alloys, III-nitride semiconductors are of high interest for optoelectronic
applications. In this introduction chapter, a brief overview of nitride-based optoelectronic
devices is first presented. The interest of microcavity lasers is then discussed. Finally, the
outline of this PhD dissertation is detailed.

Overview of III-nitride based optoelectronic devices

For a long time, the main drawback towards the realization of GaN-based optoelectronic
devices was the achievement of efficient p-type doping, which has been eventually reported
by Amano et al. in 1989 [1]. In 1991, Nakamura and coworkers used a GaN buffer in order to
improve the p-type GaN crystalline quality [2], enabling the demonstration of high power GaN-
based light emitting diodes (LEDs) [3] followed three years later by candela-class blue LEDs
[4]. The first blue laser diode (LD) was then reported in 1996 by Nakamura et al. [5]. Nowadays,
both GaN-based LEDs and LDs are widely introduced in mass consumption applications
like domestic solid-state lighting, high density optical data storage systems or displays [6].
Lately, more advanced nitride-based optoelectronic devices have been demonstrated, such as
superluminescent light emitting diodes (SLEDs) [7, 8, 9], which are devices based on amplified
spontaneous emission exhibiting properties in between those of LEDs and LDs, namely a
large spatial coherence (highly directional light beam) and a small temporal coherence (broad
emission spectrum), and vertical-cavity surface-emitting lasers (VCSELs) [10, 11], which
benefit from several advantages when compared to standard edge-emitting LDs that will be
summarized hereafter. Schematic drawings of these devices are depicted in Fig. 1.

Other advanced IlI-nitride based optoelectronic devices have also been reported recently,
such as photonic crystal surface-emitting laser diodes [12, 13]. Besides, our laboratory is
currently spending great efforts on the realization of polariton LDs [14, 15]. Finally, a few
optically pumped devices are worth mentioning: vertical external cavity surface-emitting
lasers (VECSELSs) [16] and polariton lasers [17].
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Figure 1: Schematic drawings and photographs of (a) an LED, (b) an LD, (c) an SLED, (e) a
VCSEL.

On the interest of microcavity lasers

As conventional semiconductor lasers, microcavity lasers are compact sources of coherent
light, which can efficiently convert electricity into light. Indeed, the wall-plug efficiency of
semiconductor-based LDs is of the order of 50%, whereas that of gas-based laser only amounts
to 1%. In addition, microcavity lasers exhibit many specific features: surface emission that
permits on-wafer testing and the realization of 2D arrays of devices, a small active volume
yielding a low threshold and enabling high-speed modulation and a circular emitted beam
with a low divergence angle allowing an efficient coupling to optical fibers. Moreover, the short
cavity length of VCSELs leads to single longitudinal mode emission, and intracavity elements
such as saturable absorbers for mode locking can be introduced into VECSELs. Standard
III-V microcavity lasers have proven or could be useful in many applications, such as optical
communications (e.g. Ethernet protocol), optical mice, printers, displays and projectors, or
gas and biomedical sensing. Properties and applications of VCSELs and VECSELs will be
described in further details in chapter 2.

Thesis objectives

The objectives of this thesis deal with the development of III-nitride based microcavity lasers,
in particular VCSELs and VECSELs. The work on the former focused on the development of
highlyreflective DBRs, made either of InAIN/GaN (for the bottom one) or dielectric bilayers (for
the upper mirror), on the improvement of the electrical properties of transparent conductive
oxide (TCO)-based hole spreading layers, and in the design of an efficient VCSEL structure
and process flow, in order to achieve lasing in electrically-driven VCSEL diodes at room

2
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temperature (RT). The aim of the work on VECSELs was the development of an optically
pumped device including a long external cavity suited for the insertion of intracavity elements
such as a saturable absorber, using the knowledge acquired on highly-reflective distributed
Bragg reflectors (DBRs). It involved the optimization of the active region and the growth
conditions of the whole cavity in order to ensure high quality samples compatible with these
objectives.

Outline of this PhD dissertation

The aim of this PhD dissertation is the description of the development and realization of two
types of blue nitride-based surface-emitting lasers, namely electrically-driven VCSELs and
optically pumped VECSELs.

A brief overview of the main structural, optical and electrical properties of the wurtzite III-
nitride material system is reviewed in chapter 1. In particular, the effects arising from the
lattice-parameter mismatch as well as the total polarization mismatch between the different
binary alloys are addressed. The impact of this polarization mismatch is discussed in terms of
radiative efficiency. Finally, the impact of plasma damage on p-type GaN is presented, as it
proved to be a key element in the realization of our VCSELs, for both the TCO deposition and
current confinement.

The basics of LDs and semiconductor-based planar microcavities are summarized in chapter 2.
VCSEL and VECSEL features are presented, as well as an overview of standard III-V (arsenide-
, phosphide- and antimonide-based) devices and their commercial applications. Finally,
the specificities of such devices made from III-nitride materials are given and the current
state-of-the-art is reviewed.

The large in-plane lattice constant mismatch between the different III-nitride binary com-
pounds makes the realization of high-quality highly-reflective DBRs challenging. In this
context, InAIN is a material of choice to realize such structures, thanks to its ability to be grown
lattice-matched to GaN. Consequently, InAIN-based DBRs, which represent a key building
block for the realization of both VCSELs and VECSELSs, are discussed in chapter 3. A particular
attention has been brought to the growth and structural properties of InAlIN layers. The thick
InAIN layer quality degradation mechanism is explained in terms of kinetic roughening. The
realization of highly-reflective InAIN-based DBRs grown on sapphire and free-standing (FS)
GaN substrates is described, and the impact of several parameters affecting the overall quality
of the DBRs is considered.

Highly transparent intra-cavity current spreading layers are a requirement for the realization
of IlI-nitride based VCSELS, because of the low conductivity of p-type doped GaN. As TCOs
exhibit both an efficient electrical conduction and a low absorption in the blue-violet range,
they are candidates of choice for the realization of such current spreading layers. However,
because of the large work function difference between TCOs and p-type GaN and the high
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sensitivity of the latter to any plasma damage, obtaining low resistivity TCO-based contacts
to p-type GaN is challenging. The development of such contacts is presented in chapter 4.
First, the basics about metal-semiconductor contacts and TCO properties are recalled in
order to better understand the issues related to the formation of such contacts. Then, several
TCO materials and deposition techniques are investigated. Finally, high-quality ITO contacts
to p-type GaN exhibiting a low contact resistance and enabling efficient VCSEL intracavity
electrical injection are described.

The careful study and development of InAIN-based DBRs and TCO-based contacts to p-type
GaN enables the realization of complete VCSEL diodes. Such devices are presented in chapter 5.
First, the building blocks are summarized and dielectric DBRs and their deposition technique
are detailed. Then, the most promising current confinement schemes are described. Our
final VCSEL design is given, and the process flows are presented. Finally, the electrical and
optical characteristics of our electrically-driven VCSELs are detailed, their current limitations
are addressed and an outlook for further improvements is discussed.

The 6" and last chapter deals with the development of VECSEL devices. First, two different
active region designs are studied and developed. Then, the characteristics of both types of
device are compared. The most efficient one is first used in a VCSEL configuration in order to
validate the approach. Eventually, the sample is mounted in a VECSEL configuration with an
external cavity length up to 50 mm and results are presented.

Finally, the main experimental results are briefly summarized and an outlook on possible
future work is proposed, including further improvements of the structures/devices presented
in this PhD dissertation, but also perspectives on other photonic devices.



1§ [II-nitride compound properties

In this first chapter, the structural, optical, and electrical properties of the group III-nitride
materials system are reviewed. In particular, the different binary compound lattice parameters
are given and resulting strain issues are addressed. Polarization-related features are discussed
and growth properties as well as available substrates are presented. Bandgap values and
refractive index are detailed. Finally, the n- and p-type doping of GaN layers is considered.

1.1 Structural properties

In this first section, we present the structural properties of III-nitride compounds.

1.1.1 Crystalline structure and mechanical properties

[II-nitride compounds can be found in either hexagonal (wurtzite) or cubic (zincblende)
crystalline configuration. However, only the first one forms a stable phase, whereas the latter
is metastable and can be obtained only under particular conditions [21, 22]. The wurtzite
phase of GaN is actually made of two imbricated hexagonal close packed structures, one for
the anions (the nitrogen atoms) and one for the cations (the metal atoms), which means that

Table 1.1: Lattice parameters, thermal expansion coefficients and densities of III-nitride binary
compounds.

GaN AIN InN

In-plane lattice constant a (A) at300K[18] 3.189 3.112 3.545
Thermal expansion dlna/dT (1078/K) [19] 5.6 4.2 3.8

Lattice constant ¢ (A) at 300 K [18] 5.185 4.982 5.703
Thermal expansion dInc/dT (107%/K) [19] 3.2 5.3 2.9

Internal parameter u [20] 0.376 0.380 0.377

Density (g/cm?) [19] 6.15 323 6.81
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c-plane
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c € Metal atoms (Ga, In, Al)

Figure 1.1: Wurtzite structure of III-nitride compounds. The polar c-plane and non polar m-
and a-planes are depicted. Courtesy of G. Rossbach.

such crystals are anisotropic. A schematic drawing of III-nitride crystals is shown in Fig. 1.1,
where the main polar and non polar planes are depicted. The present work focuses only on
wurtzite material grown along the c-axis, which means that the lattice-matching condition for
heterostructures implies identical a lattice parameters for the different materials. The internal
parameter u gives the relative distance between nitrogen and metallic atoms along [0001].
The lattice constants a and ¢, and the internal parameter u for the different III-nitride binary
compounds are given in Table 1.1, as well as the corresponding thermal expansion coefficients
and their densities. The lattice parameter p (p = a or ¢) for a ternary alloy M; xMp ;- xN, where
M, and M; are two different metal species amongst Al, In and Ga, can be deduced from the
lattice parameters of the binary compounds using Vegard’s law:

pMi Mz 1-xN) =x- p(M1N) + (1 - x) - p(M2N). (1.1)

Because of the large lattice parameter mismatch existing between the different I1I-nitride alloys
as well as the use of foreign materials substrates, a large strain builds up in heterostructures.
On the one hand, this strain strongly impacts on the optical properties of the epitaxial structure.
On the other hand, it results in important stress forces that eventually lead to the formation of
cracks and/or dislocations, which strongly impair the performances of optoelectronic devices
[23, 24, 25]. The stress field o is proportional to the strain field € in the linear elastic theory
limit according to Hooke’s law, which writes:

o=C-¢ (1.2)
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Table 1.2: Elastic coefficients of wurtzite III-nitride binary materials [18].

Cij (GPa) GaN AIN InN

Cn 390 396 223
Ci2 145 137 115
Cis 106 108 92
Cs3 398 373 224
Cus 105 116 48

where C is the elastic coefficient tensor that can be expressed, in the case of a hexagonal
symmetry (wurtzite) crystal as:

Ci Cip Gz O
C2 Cnh Csz 0
Cis Cz Cx3 O
0 0 0 Cyq4 O
0 0 0 0 Cy
0 0 0 0 0 icCi-Cw

o O O

@)
1l

0
0
0 (1.3)
0
0

The elastic coefficients C;; for the different binary compounds are given in Table 1.2. The
values for ternary alloys can be obtained using Vegard’s law (Eq. 1.1).

In the case of an epitaxial layer pseudomorphically grown along the c-axis, the in-plane strain
resulting from a lattice mismatch between this layer and the underlying structure is given by:

a—dy
Exx :gyy = a— (1.4)
0

where ap and a are the in-plane lattice constants of the relaxed material and strained layer,
respectively. As no force is applied to the sample top surface, which is consequently stress
free, the stress along the growth direction is null, which writes o, = 0. This implies that the
in-plane €, and vertical €, strains are linked according to:

€, = =B (1.5)

where ¢y and c are the lattice constants along the c-axis of the relaxed material and strained



Chapter 1. III-nitride compound properties

layer, respectively. Thus, in the case of biaxial stress Hooke’s law becomes:

O xx Cii Ci2 Ci3 Exx
Oxx |=| Ciz Cu1 GCi3 Exx |- (1.6)
0 Ciz Ciz Cs3 €2z

As aresult, the in-plane stress o, as a function of the in-plane strain €y is simply expressed
as:

Oxx =

oo 200
11 +Ci2 Exx - (1.7)
Cs3

This in-plane stress can eventually result in the formation of misfit dislocations through plastic
relaxation when the epitaxial layer thickness exceeds a critical value and the strain can no
longer be elastically accommodated [26]. Holec and coworkers proposed a model comparing
the energy E; of a misfit dislocation when added to the system with the work W relieved by
the misfit stress field during the introduction of the dislocation [27, 28]. The latter can be
expressed as, per unit length of the dislocation:

W= (Cr1 + Ci2)Ca3 — 2C3,
Cs3

Sxxl’)ey”h (1.8)

where £ is the layer thickness and b, | is the edge component of the dislocation Burgers vector
in the layer-substrate interface plane. The energy of the dislocation E; = E¢jgstic + Ecore 18
given by the sum of the elastic energy outside the dislocation core E,;4s¢;c, described by the
inner and outer cutoff radius r. and R, respectively, and the dislocation core energy E.,e.
Within an hexagonal approximation, E.;;s;c Writes:

R
Eelastic=A-In— (1.9)
T'e

where A is a numerical constant related to the elastic properties. Consequently, when W
eventually exceeds E, it is energetically favorable for the system to plastically relax the strain
through misfit dislocations. The different parameters for III-nitride binary compounds are
given in Table 1.3, and the parameters for ternary alloys can be obtained through Vegard’s law.
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Table 1.3: Parameters involved in the estimation of the critical layer thickness for heterostruc-
tures under biaxial strain [28].

Material Dislocation Te Ecore A
(mm) (eV/A) (eV/A)

GaN (a+c)-type 0.72 3.12 2.12

GaN a-type 0.60 1.61 0.81
AIN a-type 0.83 1.71 0.90
InN a-type 0.54 1.66 0.41

1.1.2 Polarization

As previously stated, the wurtzite structure of III-nitride compounds is made of two imbricated
hexagonal close packed structures, one for the anions and one for the cations. This results in a
shift between the barycenters of positive and negative charges. In addition the nitrogen-metal
bonds exhibit a strong polarity, yielding a huge spontaneous polarization Py, oriented along
[0001]. Thus, the c-plane is referred to as the polar plane. In addition to this spontaneous
polarization, applying a biaxial strain in the c-plane to any wurtzite III-nitride materials leads
to a displacement of the atoms along [0001] (Eq. 1.5), which generates a direct piezoelectric
polarization P, that adds up to the spontaneous one, resulting in a macroscopic polarization
field P = Py, + P).. In the general case, the piezoelectric polarization field is given by:

P,.=é0 (1.10)

where € is the piezoelectric tensor and o is the stress-field resulting from a deformation
according to Eq. 1.2. In the specific case of biaxial strain, the piezoelectric polarization has a
single component along the c-axis, which writes:

Cise
sz=(2e31+2 L 33)gxx. (1.11)
Cs3

The spontaneous polarization values and piezoelectric coefficients e;; for the different III-
nitride binary compounds are listed in Table 1.4. The total polarization field P in a single
layer will thus depend on the layer material and the layer strain state, and is usually different
within two contiguous layers i and j. Therefore, the polarization discontinuity at the interface
creates a charge plane, which charge density is given by:

0ij==(Pj=Pi)-ni; (112
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Table 1.4: Spontaneous polarization ||Py), | and piezoelectric coefficient e; ; of IlI-nitride binary
materials.

GaN AIN InN

[Pspll (C/m?) [30] 0.034 0.090 0.042
e3; (C/m?) [30]  -0.37 -0.62 -0.45
e33 (C/m?) [30] 0.67 150 0.81

where n;; is the unitary surface vector pointing from layer i to layer j. The accumulated
charges can be either positive, e.g. in the case of an AIN layer deposited on GaN, or negative, e.g.
in the reverse case of a GaN layer deposited on AIN. Considering an infinite interface between
those two layers, this charge plane yields an electric field F;(; in layer i(j), respectively, which
are expressed as:

0',']'
Fi= -, (1.13)
2€0€;
Fi= 2 g (1.14)
7™ 260 '

where € is the vacuum permittivity and €;(j) is the relative permittivity of material i(j), respec-
tively. However, in a bulk material (thick layer), this field is screened by free carriers. It is only
in thin double heterostructures such as quantum wells (QWs) that a large electric field appears.
For instance, the electric field in typical GaN/Al,Ga;_,N QWs with 0.1 < x < 0.2 amounts to
1-2MV/cm [29]. This large electric field leads to the so-called quantum confined Stark effect
(QCSE), which will be described in a forthcoming section. More details about polarization
effects can be found for instance in Ref. [29].

1.2 Growth

The three most commonly used techniques for the epitaxy of III-nitride materials are hydride
vapor phase epitaxy (HVPE), molecular beam epitaxy (MBE) and metal-organic vapor phase
epitaxy (MOVPE). HVPE allows growing thick high quality layers with a high growth rate, which
can exceed 500 yum/h, and thus usually serves to produce thick buffers with low dislocation
densities [31]. It is also used for the production of epitaxial lateral overgrown free-standing
(FS) GaN substrates, which is a technique allowing decreasing the threading dislocation
density (TDD) of GaN buffers grown on sapphire [32] or GaAs [33] substrates. MBE is a
growth technique performed under ultra high vacuum conditions, with an operating pressure
typically of the order of 10~ Pa, which presents a relatively low growth rate, usually not
exceeding 1 um/h. Thanks to the ability to monitor the growth with a submonolayer (ML)
precision using reflection high energy electron diffraction, this is a technique of choice for

10



1.2. Growth

Table 1.5: Precursors for group-III metals, nitrogen and dopants used at LASPE for the MOVPE
growth of [II-nitride compounds.

Element Precursor Acronym or Phase
chemical formula
Ga Trimethyl-gallium TMGa liquid
Ga Triethyl-gallium TEGa liquid
In Trimethyl-indium TMIn solid
Al Trimethyl-aluminum TMAI liquid
Si Silane SiHy4 gaseous
Mg Bis(Cyclopentadienyl)- Cp2Mg liquid or solid
magnesium
N Ammonia NH; gaseous

research applications, in particular concerning nanostructures. In addition, the lower growth
temperatures when compared to the two alternative growth techniques is of high interest
for the growth of indium rich InGaN alloys and subsequent overgrown p-type layers [34],
which could be beneficial for the realization of green LDs [35]. However, so far the dominant
technique for I1I-nitride optoelectronic applications is MOVPE, which offers a much better
reproducibility and is well-suited for large scale production, enabling growth on wafers with
diameters up to 12".

All samples studied in the present dissertation have been grown using this technique, in a 200/4
RF-S low pressure MOVPE reactor from Aixtron. This technique allows performing growth
close to the thermodynamical equilibrium between the heated substrate and the precursor
vapor phase. The typical growth temperature of GaN layers is about 1000°C, enabling a large
adatom diffusion length. The different metal-organic precursors for the group-III metals as
well as precursors for the dopants and nitrogen are listed in Table 1.5. Ammonia and silane are
directly injected to the gas mixing system from pressurized bottles, whereas the metal-organic
compounds are delivered using a carrier gas that passes through temperature controlled
bubblers containing the group-III metal sources. This carrier gas can be either Hy and/or N».
Actually, H, should not be used as carrier gas for growing indium containing alloys, as it has
been reported to reduce indium incorporation in both InGaN [36] and InAIN [37]. The layer
growth rate r is controlled using an in situ reflectivity measurement monitoring system, which
consists of a laser beam reflected at normal incidence on the wafer. The wavelength of this
laser is A = 950 nm. Thereby, for standard growth conditions (temperatures ranging from 750
to 1100°C), the refractive index of III-nitride compounds is estimated to be n = 2.3, which
leads to this expression for r:

A1 206 nm
r=——=
2n At At

(1.15)

11
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Table 1.6: Lattice parameter mismatch to GaN Aa/ a, thermal expansion coefficient mismatch
to GaN Aa and thermal conductivity x of commonly used substrates for the epitaxy of III-
nitride crystals [38].

Al,O3 (0001) 6H-SiC  Si (111)

Aala (%) -13.9 -3.5 17
Aa (107%/K) 1.7 -1.14 -3
x (Wem™ 1 K1) 0.25 3.8 1.56

where At is the growth time period corresponding to one oscillation of the measured reflectiv-
ity. This measurement is of the highest importance to precisely control the layer thicknesses
for the realization of highly-reflective DBRs.

One of the main issues concerning the growth of IlI-nitride compounds is the lack of actual
bulk GaN substrates, despite some promising techniques such as the ammonothermal method
[39, 40]. This means that foreign substrates such as sapphire, silicon carbide or silicon have
to be employed, which exhibit both quite large lattice parameter and thermal expansion
coefficient mismatch to GaN. Their properties are listed in Table 1.6. Thereby, the resulting
GaN buffers grown on such substrates suffer from a quite large TDD. Amongst those, sapphire,
being cheap and widely available, is the most commonly used material. However, the fact that
sapphire is an insulator, its poor thermal conductivity and the large TDD of GaN buffers grown
on sapphire are critical drawbacks for the realization of advanced optoelectronic devices such
as LDs and SLEDs. Interestingly, LEDs seem to be less sensitive to dislocations [41]. Thus, the
growth of epitaxial structures for LD applications are usually performed on FS GaN substrates,
which are not truly bulk substrates but offer the best characteristics at reasonable costs: a
TDD< 107 cm™2, a good thermal conductivity enabling efficient device thermal management,
and a good conductivity allowing device back contacting. Therefore, all growth performed in
this study were performed on c-plane FS GaN substrates (unless otherwise stated).

One last point which is worth being mentioned is the wedge inherent to our MOVPE reactor.
Indeed, the inhomogeneity of both the precursor fluxes and the temperatures along the wafer
radius during growth yields a variation of the material growth rate along the sample radius,
and thus also to a thickness gradient, which is referred to as a wedge. This wedge has a strong
impact on the stopband position of epitaxial DBRs, as the central wavelength A of such
DBRs, which is defined by the Bragg condition Ay = t- (4n) with ¢ being the thickness of a
quarterwave layer whose refractive index s r, is sensitive to the thickness of those quarterwave
layers. Therefore, the wedge along the sample radius leads to a shift of the stopband position
along the DBR sample radius, which is usually parabolic.

12



1.3. Optical properties
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Figure 1.2: Bandgap of wurtzite III-nitride compounds versus their in-plane lattice constant a.
The bowing parameter for the bandgap of ternary alloys is neglected. Values are taken from
Tables 1.1 and 1.7.

1.3 Optical properties

In this section, the optical properties of IlI-nitrides are presented, including energy bandgap
values, their variation as a function of the temperature and refractive index values. Finally, the
QCSE is described, as well as its effects on the radiative efficiency and transition energy.

1.3.1 Bandgap

In addition to exhibiting a direct bandgap, one of the main interests of IlI-nitride compounds
lies in the fact that the energy bandgap values of their ternary alloys cover a broad range
of wavelengths from the near infrared to the deep ultraviolet, spanning across the whole
visible spectrum (Fig. 1.2). The energy bandgap values Eg at low temperature (0 K) and room
temperature (RT, 300 K) of binary compounds are given in Table 1.7. A modified version of
Vegard’s law (Eq. 1.1) gives the bandgap value of any ternary alloy M; xM> 1N, where M; and
M, are two different metal species amongst Al, In and Ga, from those of the corresponding
binary materials:

Eg(Mj,xMy1-xN) = x- Eg(M1N) + (1 — x) - Eg(M2N) — x(1 — X) - bag, u1, (1.16)

where by, n, is the so-called bowing parameter, which accounts for the deviation from an ideal
linear interpolation between binary alloys. For III-nitride materials, this bowing parameter
is always positive, which reflects a reduction of the alloy energy gap. Once more, one has to
stress the large lattice parameter mismatch between the different binary compounds that
limits the actual wavelength window that can be reached. Bowing parameter values for the
different gallium containing alloys are given in Table 1.7. The bowing parameter of In,Al; _ N

13
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is dependent on the x value and will be discussed in section 3.2.

Obviously, the energy bandgap value Eg; depends on the temperature 7. This dependence is
described by Varshni’s semi-empirical law [45]:

aT?

T+p

Eg(T) = Eg(T=0) - (1.17)

where @ and § are empirical independent parameters, whose typical values are given in
Table 1.7. However, those values can strongly vary from one sample to another due to the
thermal expansion coefficient mismatch between the different alloys and the substrate, giving
rise to a temperature dependent strain affecting the temperature variation of the energy
bandgap value of heterostructures. Thus, those Varshni parameters should be determined
individually for each sample using reflectivity and photoluminescence (PL) measurements.
The latter yields actual values for the bandgap energy around RT, whereas reflectivity should
be used to probe the band-to-band transition energy at low temperature, as the PL emission
properties at low temperature are dominated by localized states.

1.3.2 Refractive index

The dependence of the real part of the refractive index n(A) of IlI-nitride compounds as a
function of the wavelength A below the bandgap can be approximated by the first-order
Sellmeier equation, which writes:

ApA?

2
=1+
A TR

(1.18)

where Ay and Ay are fitting parameters. Kawashima et al. [46] obtained the following relation

Table 1.7: Band-to-band bandgap values Eg and Varshni parameters a and f for III-nitride
binary compounds, and bowing parameters b for GaN-containing ternary alloys.

GaN [18] AIN [18] InN [42]

Eg(T =0K) (eV) 3.51 6.25 0.69

Eg(T =300K) (eV) 3.43 6.14 0.64
a (meV/K) 0.909 1.799 0.414

B (K) 830 1462 454
b(GaN and...) - 0.6 [43] 1.4 [44]

14
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for the refractive index of GaN below its bandgap as:

4.37)2

2
N=14+ 50——.
@) +/12—0.088

(1.19)

Baldanzi and coworkers [47] found the following best-fit parameters Ay and A for In,Ga; N
and Al,Ga;_N alloys:

Ag(InyGa;_N) = 3.187 +0.962 - x + 0.948 - x>

Ao(In,Ga;_N) = 177.374 + 64.144 - x — 13.737 - x°

Ap(AlyGa;_,N) =3.193—1.219- x +0.533 - x*

Ao(Al;Ga;_;N) = 177.545 — 83.565 - X +29.285 - x° (1.20)

Another commonly used approximation for the refractive index M, Ga,_ N (E) of a Ga-
containing ternary alloy (M being Al or In), initially proposed by Bergmann et al. [48], relies on
the shift of the dispersion curve reported by Kawashima for GaN (Eq. 1.19) by the difference
between the bandgap of this alloy and that of GaN. Subsequently, "M, Ga;_,N(E) can be
expressed as:

"M, Ga,_ NE) = nGan [E — (Eg(MxGai1-N) - Eg(GaN))] . (1.21)
The refractive index of InAIN will be discussed in section 3.2.

1.3.3 Quantum confined Stark effect

We have discussed in section 1.1.2 the electric field resulting from the polarization along [0001]
inherent to the anisotropy of the wurtzite III-nitride crystal. Whereas this electric field is
screened in bulk material, it becomes a quite strong effect in narrow double heterostructures
such as QWs, with theoretical estimates giving values up to 10 MV/cm in a single GaN/AIN QW
[20]. Charge planes with an opposite sign build up at each interface of a QW made of material
j surrounded by thick barriers made of material i, according to Eq. 1.12. Those charge planes
induce an electric field Fow in a single QW given by:

Oii—0ii Oii P.—P;
FQW = 2 ]lnij = Y n;j= ! ] . (1.22)
2€0€QW €o€Qw €o€Qw
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Figure 1.3: Illustration of the QCSE in a GaN/AlGaN QW. Courtesy of G. Rossbach.

This strong electric field yields a tilt of both the conduction and valence bands resulting in a
triangular potential QW, which is known as the QCSE [49]. It is illustrated in Fig. 1.3, and has
two major impacts on the radiative properties of the QW. On the one hand, the so-called Stark-
shift originates from the triangular shape of the QW and decreases by a factor —eLqw ||Fow ||
the fundamental transition energy E,, 5, inside the QW, where e is the charge of the electron
and Lqw is the QW thickness. As a first approximation, E,, _jj, can be expressed as [29]:

Ee,—nn, = Egw +e1+ hh —Eg—eLow |Fow| (1.23)

where Eg w is the bandgap energy of the QW material, which is usually strained, e; and
hh; are the confinement energies of the electron and the hole, respectively, and Ep is the
exciton binding energy. Ep values in the range ~ 10 — 50 meV for GaN/Al,Ga;_N QWs, which
depends on x, on the QW thickness and on the electric field, have been reported [50, 51]. As
a result, the large carrier energy confinement may dominate the transition energy of very
thin QWs, yielding E,, _jp, (thin QWSs) > Eg i despite the QCSE. On the other hand, the term
—eLow || Fow || in the case of thick QWs decreases the QW transition energy below the bandgap
of the well material, which means E,, _j,, (thick QWSs) < Eg 1.

The second effect is a spatial separation of the electron and hole wavefunctions inside the QW
(Fig. 1.3), which yields a decreased oscillator strength f,s. according to [52]:

2

————|deyl? (1.24)
mehwy

fosc =

where m, is the free electron mass, fiw., is the energy of the interband transition and d., =
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(clpelv) is the dipolar matrix element with |¢) and |v) the final and initial states of the optical
transition, p is the electron momentum operator and e is the unitary polarization vector.
This dipolar matrix element d,, is proportional to the square modulus of the overlap integral
between electron and hole envelope wave functions f.(z) and f},(z) [52]:

2

|dCU|20( ‘ffe(z)fh(z)dz (1.25)
The oscillator strength f,s. is linked to the radiative lifetime 7, through [53]:
2 3
o TEYMC (1.26)

r= 2
ne2ws, fosc

where c is the speed of the light in vacuum, 7 is the refractive index and e is the charge of the
electron. The QW internal quantum efficiency 7;, defined as the ratio between the radiative
carrier recombination rate and the total recombination rate, can be expressed as:

Tnr

ni= (1.27)

Tr+Thr

where 7,,; is the non-radiative lifetime. Note that n; is experimentally approximated by the
ratio between the integrated QW PL intensity measured at RT and that measured at 4 K,
assuming that n; equals unity at 4 K [54, 55]. Thus, an increase in 7, yields a decrease in the
internal efficiency ;. Thereby, the QCSE leads to a decrease in the optical transition energy
and the QW internal efficiency. The larger the QW thickness, the bigger this effect.

1.4 Electrical properties

Non-intentionally doped (nid) GaN layers grown using by the MOVPE technique exhibit an
electron background concentration of about ~ 10'® cm™3. This residual n-type doping is
ascribed to either nitrogen vacancies or residual oxygen impurities [56, 57, 58], with activation
energies of 30 meV and 10 meV, respectively, although in some more recent studies it is
considered that the conductivity of nid GaN solely comes from the unintentional incorporation
of donor impurities such as oxygen [59].
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1.4.1 n-type doping

The most commonly used donor impurity for achieving n-type doping of GaN layers is Si
[60, 61, 62]. Si donors have an activation energy of about 20 meV [63], which means that nearly
all donor impurities are ionized at RT, as kpT = 26 meV at T = 300 K. The GaN crystalline
quality starts dramatically decreasing at a doping impurity concentration of [Si]=~ 102° cm™3.
The electron mobility strongly depends on each sample characteristics (carrier concentration,
crystalline quality, temperature, ...). Typical values are around 500 cm?V~!s™! at 300 K for
nid GaN. A RT mobility value as high as 1425 cm?V~!s™! for [Si]= 1.76-10'® cm™3 has been
reported [64]. The electron effective mass of GaN is ~ 0.20 my [18]. Germanium has been
proposed as an alternative GaN donor impurity [60, 65]. However, it has been only seldom
used, despite some recent studies that suggest the superiority of Ge doping when compared to
Si regarding achievable carrier concentration, sample surface smoothness and strain impact
[66]. Indeed, Si doping has been reported to induce tensile strain, which is not the case for Ge
doping even at [Ge] in the high 10'® cm™3 range.

1.4.2 p-type doping

Achieving satisfactory p-type doping of GaN layers has been for a long time the main challenge
preventing the realization of III-nitride based optoelectronic devices. Mg has been quickly
proposed as a possible acceptor impurity, but the use of low-energy electron beam irradiation
has been required in order to obtain p-type conductivity in Mg-doped GaN layers [1, 67].
However, it is only in the early 1990s that Nakamura et al. proposed an annealing treatment
to achieve efficient conduction in p-type doped GaN using Mg impurities [2]. Indeed, in
MOVPE as-grown layers Mg impurities have been reported to form Mg-H complexes that are
electrically inactive. Rapid thermal annealing is now commonly used in order to break the
Mg-H bonds, which activates the acceptor behavior of Mg impurities [68]. However, the large
activation energy E4 of Mg impurities, which is around 170 meV [68], means that the actual
hole concentration p at RT is only about p = N4/20, where N4 is the acceptor concentration
(i.e. [Mg]-[Mg-H]), according to [69]:

N
A (1.28)

- 1+g-exp(EAk_TAE)

where AE is the difference between the Fermi level and the valence band maximum and g is
the degeneracy factor, which is assumed to be equal to 2. Indeed, the heavy and light hole
valence bands are not degenerate in III-nitrides. As GaN layer crystalline quality degrades at
[Mg]= 5-1019 cm™3, the maximum achievable hole concentration is limited. Indeed, Kaufmann
et al. reported on a maximum hole concentration equal to ~ 6-10'7 cm™3 for Ny =~ 2-101?

cm ™3, which then decreases for larger N4 and drops to very small values at N4 =~ 1-10%° cm™3
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[70]. A typical value for the hole mobility in nitride-based devices at RT is about 10 cm?V~!s~1,
for a hole concentration of about 7-10'7 cm™3 [71]. Calculations lead to an effective hole mass
value of 1.4 my for heavy holes, and 0.3 m, for light holes and 0.6 m, for holes in the split-off
valence band [72].

As a result, p-type GaN layers exhibit a large resistivity, which is detrimental for the realization
of bipolar optoelectronic devices such as VCSELs. In order to circumvent this drawback,
transparent conductive electrodes are usually employed in order to improve the lateral current
spreading across device mesas (see chapter 4).
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4 Microcavity lasers

In this chapter, basics about semiconductor LDs are reviewed. Specificities about planar
microcavity lasers are then introduced. Finally, VCSEL and VECSEL structures are presented.
A brief review of standard III-V devices is stated, and specificities and the state-of-the-art of
III-nitride based devices are presented. The aim of the RbGaN project, which involves the
development of blue VECSELSs for atomic clock applications, is also outlined.

2.1 Semiconductor laser diodes

Laser is an acronym standing for Light amplification by stimulated emission of radiation. Such
devices are based on two key building blocks:

* an active medium, providing optical gain,

* a cavity, providing optical feedback.

Basically, optical gain in the active medium is obtained by inverting the population, enabling
the extinction coefficient (imaginary part of the refractive index) to become negative. In
such a system, the light is amplified through stimulated emission. This phenomenon is
called amplified spontaneous emission (ASE) [73, 74]. The population inversion is reached
through energy pumping, which can be optical, electrical or chemical. This active medium is
placed in a cavity, providing optical feedback. The most commonly used cavity is the Fabry-
Perot resonator, made of two mirrors facing each other. Subsequently, the light travels back
and forth in this cavity, experiencing amplification through ASE during each crossing of the
active medium. When the gain eventually reaches and exceeds the cavity optical losses, the
spontaneous emission rate is clamped, the stimulated emission rate increases and the onset of
lasing is observed. The first demonstration of electromagnetic radiation amplification inside
a cavity was made in 1955 by Gordon, Zeiger and Townes [75]. Actually it was based on the
amplification of microwave radiations, and was thus called a maser. A couple of years later,
the concept was extended to the infrared and optical frequencies by Schawlow and Townes
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Chapter 2. Microcavity lasers

(a) (b)

Figure 2.1: (a) An edge-emitting LD and (b) a VCSEL.

[76], which are considered as the inventors of the laser. They were awarded the Nobel Prize in
Physics in 1964 and 1981, respectively.

In a semiconductor LD, light is usually generated through radiative recombinations of electrically-
injected electron-hole pairs in a p-n junction. The first LD was demonstrated in 1962 by R. N.
Hall et. al in a bulk GaAs-based p-njunction [77]. The first GaN-based LD was then demon-
strated more than 30 years later, in 1996 by S. Nakamura and coworkers [5]. As discussed
in section 1.4.2, the main challenge preventing the development of nitride-based optoelec-
tronic devices was achieving an efficient p-type doping. Nonetheless, there are other types of
semiconductor-based lasers that are not truly diode-based devices. The quantum cascade
laser is based on intersubband transitions in a MQW structure and is actually a unipolar
device, where a single electron can generate many stimulated photons, unlike devices based
on band-to-band transitions. This principle was first proposed in 1971 by Kazarino and Suris
[78] and demonstrated in 1994 by J. Faist et al. at Bell Laboratories [79]. Another possibility
for semiconductor-based lasers relies on optical pumping for the generation of electron-hole
pairs in the active region, which is no longer necessarily placed in the space charge region of
a p-njunction. For instance, optical pumping is common for high power VECSELSs [80, 81],
whose output power can eventually exceed 100 W [82].

The cavity of the first LD was parallel to the p-njunction plane, with mirrors simply formed
by the cleaved facets of the device [77]. Such devices are called edge-emitting LDs, whose
emitted beam is perpendicular to the sample growth direction, but parallel to the active region
[Fig. 2.1 (a)]. VCSELSs are another important family of LDs, which were first demonstrated in
1979 by Soda et al. [83]. However, CW operation at room temperature has only been reported
in 1988/1989 by Koyama and coworkers [84, 85]. Such microcavity lasers make use of DBRs as
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2.1. Semiconductor laser diodes

mirrors and emit light perpendicularly to their p-n junction plane, i.e. to their active region
[Fig. 2.1 (b)]. Their specificities are detailed in the forthcoming sections.

As previously said, lasing requires fulfilling two aspects: getting optical gain and feedback.
First, let us recall how gain is obtained in semiconductors.

For energies higher than the bandgap, the intensity of the light transmitted I, through a slab
of a semiconductor, whose thickness is equal to /, is given by Beer-Lambert law [86]:

I; = (1-R)?Ipe *@! 2.1

where R is the reflectivity of the air/semiconductor interface, I is the initial intensity of the
light and a(w) is the absorption coefficient of the semiconductor at the energy fiw.

The absorption coefficient a(w) can be written [87]:

a(hw) = ay(hw) [ f, (hw) - f.(hw)] 2.2)

where f, (fiw) and f,(Aw) are the Fermi-Dirac distributions applied to quasi-Fermi levels Er,
and Er. in the valence and the conduction band, respectively, and a(w) is given by [87]:

ao(fiw) =

¢ Xy (Zmr )3/2 w8 2.3)
2neohnepc\ h h '
where c is the speed of light in vacuum, e is the charge of the electron, x, is the dipolar matrix
element, &g is the vacuum dielectric constant, Eg is the energy bandgap of the semiconductor,
Nop is the refractive index of the semiconductor and m;, is the reduced mass given by m% =
m% + m%,' with m, and my, the effective masses of electrons and holes, respectively. Note that
ap(w) x Eg/ 2 close to the bandgap.

Quasi-Fermi levels descript the band filling of semiconductors out of equilibrium. Basically
ap(w) gives the absorption in the case of thermodynamic equilibrium, and it is the maximal
possible value of the absorption coefficient.

Under large carrier injection, f.(fiw) can eventually exceed f;, (fiw), i.e. Erc — Ery > fiw. It then
implies that a(w) < 0, the absorption becomes negative and gain g(w) = —a(w) is obtained.
The inequality Er. — Er, > fiw is called Bernard-Duraffourg condition [88], and the inversion
of population is reached when f,(fiw) > f, (Aw).
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Chapter 2. Microcavity lasers

Equation 2.2 indicates that the gain in a semiconductor is limited to ay(w). Moreover, equation
2.1 shows that the amplification of the light in a semiconductor when Bernard-Duraffourg
condition is fulfilled, i.e. when the inversion of population provides gain, is exponential.

Optical feedback in LDs is usually provided by a Fabry-Perot resonator. In the case of edge-
emitting LDs, the reflectors are formed by the facets of the device. Their reflectivity R due to
the refractive index contrast between air and the semiconductor material is given by [87]:

(nop — 1)
Lo 2.4)
(nop +1)
whichyields R = 18% for a GaN-based LDs emitting at A = 420 nm. It could be further increased
by using reflective coatings on the diode facets.

Another element of relevant interest deals with the finite portion of the optical mode interact-
ing with the gain region. This is accounted for by the confinement factor I' = 'y I';, where xy
and z refer to the plane perpendicular to and the direction of the beam propagation direction,
respectively. Iy, and I'; can be expressed as [87]:

2
_ ffactive |E(x,y)| dxdy

) ’ 2.5)
Xy
ffcuvity|E(x’J/)\2dxdy
and
o |E(2)%dz
z = faCtlve - . (2.6)
fcavity|E(Z)| dz

These expressions correspond to the ratio between the electric field intensity in the active
region and the total electric field intensity along the cavity, where the electric field can be
written E(x, y,z) = E(x, y) - E(z). In an edge-emitting LD, I'; equals unity if the active region
extends to the whole cavity, which is usually the case.

The losses @, due to photon leakage through the mirrors are given by [87]:

1 1

=—In——r-o 2.7)
2L RRy

Am
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2.1. Semiconductor laser diodes

where L is the length of the resonator and R; and R» are the reflectivity of each reflector
forming the resonator. The total losses are given by a,, + a;, where a; corresponds to the
internal losses due to absorption, scattering, etc... Thus, the threshold condition for the onset
of lasing can be written [89]:

<gth>:rz<gth>xy:rxyrzgth:a’i"‘am (2.8)

where (g;;,) is the modal gain and g, is the material gain at threshold. The light intensity I(z)
crossing a laser cavity can then be expressed within a single pass as:

I(z) = Iye8? 2.9)

where Iy is the initial light intensity and g =I'g — a; is the net modal gain.

The differential external efficiency 1, of a LD operating above lasing threshold is:

Me=MiN: (2.10)

where 7; is the internal quantum efficiency and n; = a:ra,- is the extraction efficiency con-
sidered only for the lasing mode. The optical output power P, of a lasing device can be

written:

hiw
Pout:ne7(1_1th) (2.11)

where I, is the threshold current and I is the operating current. 1, is called the differential
external efficiency because it only takes into account the current above threshold and not the
entire current flowing through the device. 1, can be obtained by measuring the optical output
power versus the injected current:

e dPOth
= — 2.12
Me=tho dl (212
where % is taken above threshold.
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The wall-plug efficiency (nw pg), measuring the overall power conversion, is given by:

(2.13)

_Pout_ hw( Ith)
NWPE = — |-

P, Teev| T

where P,,; is given by equation 2.11, P, = IV is the electric power injected into the device and
V is the operating voltage.

For an operating current well above threshold, i.e. I > I;;, and for iw = eV, we obtain
NwpE = Ne. For semiconductor-based lasers, n pr is of the order of 30 — 60%, whereas it only
amounts to ~ 1% for gas-based lasers.

Finally, the carrier density in the active region is clamped above threshold, i.e. any further
carrier brought into the active region above threshold is converted into a photon through
stimulated emission. Thereby, the material gain is also clamped above threshold:

gU>1tp) = gen - (2.14)

2.2 Planar microcavities

The longitudinal z axis of a planar microcavity is perpendicular to the plane of the active
region. Thus, a few discrepancies from standard edge-emitting lasers arise. Firstly, the active
region does no longer extend to the whole cavity length. Indeed, the active region thickness
is very small compared to the cavity length. This means that the gain per pass is quite low
(~ 1%), which is much lower than in an edge-emitting LD. Thereby, according to Eq. 2.8, lasing
requires total losses below this value. Subsequently, the bare semiconductor/air interface
reflectivity (~ 20%) is no longer sufficient to obtain lasing, and highly-reflective mirrors are
required. Indeed, planar microcavity mirrors are made of highly-reflective DBRs (R > 99.5%).
Consequently, planar microcavities exhibit a large cavity quality factor Q, which is defined as
[89]:

Ey _2ncLc /1 _ Ao
AE~ A 1-VRR Mo

Q= (2.15)

where Ej and AE are the cavity optical mode energy and FWHM, respectively, L. is the cavity
length, n. is the cavity refractive index and R) » are both DBR reflectivity values. The second
equality implies no other losses than a,,, and the last approximation stands for high quality
factors, i.e. Ey >> AE. The Q factor is related to the photon lifetime in the cavity T through
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2.2. Planar microcavities

Q =2nvt, where v is the photon frequency.

Secondly, due to their short cavity length (~ 1 um, whereas the edge-emitting LD cavity
length is usually ~ 500 um long), their mode spacing is often larger than their gain bandwidth,
resulting in single mode operation. The mode spacing or free spectral range 61 can be
approximated by:

AZ
o= 0
2ncL;

(2.16)

where A is the central wavelength of the nearest transmission peak.

2.2.1 Distributed Bragg reflectors

As discussed previously, the low gain-per-pass in a microcavity laser, which is about 1% [89],
means that the photons have to perform several round-trips across the cavity, i.e. across the
gain medium, in order to achieve lasing in such a structure. Thus, microcavity lasers need
highly-reflective mirrors, exhibiting a reflectivity over 99%. In addition, at least one of the two
reflectors should present a non zero transmission in order to let the laser beam out of the cavity.
As metal mirrors are limited to reflectivities ~ 95%, DBRs are required as reflectors. They are
made of periodic stacks of multiple layers, alternating high and low refractive index. The
optical thickness of each layer is set to a quarterwave A¢/4, i.e. each layer physical thickness is
equal to Ay/(4n), where A is the wavelength satisfying the Bragg condition, thus called the
Bragg wavelength, and n is the refractive index of the layer. The DBR reflectivity can then
eventually reach a value exceeding 0.99 thanks to the constructive interferences between the
light reflected at each interface of the multiple layer stack, if it comprises enough pairs. For
this reason and unlike metal mirrors, the reflectivity spectrum of a DBR exhibits a high value
plateau only within a narrow spectral window, which is centered at the DBR Bragg wavelength.

The peak reflectivity Rj.qx at the Bragg wavelength 1y of a DBR made of layers with a low
refractive index n; and a high refractive index ny is given by [89]:

1- ﬂ)27}1 2
n
Rpeak = — 2.17)
np
1+ (2]

where m is the number of quarter-wave pairs. More generally, if the DBR is made of m bilayers,
each of them composed of a low refractive index (n;; material and a high refractive index (nyy;
material, with i = 1,..., m, then the reflectivity at the Bragg wavelength is expressed as [89]:
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1-b)?
Rypeak = 35 (2.18)
2m R
b=]] ZL’ , (2.19)
1 Hi

In the case of m identical bilayers made of materials with a low n; and a high ng refractive in-
dex, surrounded by media with a refractive index n;, and n,,; on the incident and transmitted
side of the DBR stack, respectively, the peak reflectivity at the Bragg wavelength writes:

2
1 — Nout (ﬂ)zm

Nin

1+ Nout (ﬂ)zm

]

Rpeak = (2.20)

Nin H

The stopband width AAoppana of @ DBR, which is the wavelength span ensuring a high
reflectivity, is then given by [89]:

2A0(nyg — ny)
AAstopband = Oﬂanf_L (2.21)
e

where n,¢y is the effective refractive index contrast of the mirror defined as:
2 ( 1 + 1 )_1 (2.22)
Nefr=2—+—1] . .
eff ng | np

Unlike for metallic mirrors, the electric field intensity partially penetrates into DBR structures.
The penetration depth L., of the optical power into the DBR is written [89]:

(Lu+Lp) ng+ng
ta

Lpen = (2.23)

ng+nyg (Lg+Lp) ng+ng
nh|2m =

4 ng—nj, nyg—nj 4 nyg—nj,

where Ly = Ag/(4dng) and Ly = Ay/(4ny) are the high and low refractive index layer thickness,
respectively. The last approximation stands for large numbers of pairs (m — o).

Examples of the minimal number of quarter-wave pairs m,;;, for obtaining a reflectivity
over 0.99 (using Eq. 2.20), the stopband width AA;oppana and the penetration depth Lye,
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2.2. Planar microcavities

Table 2.1: Minimal number of pairs m,;, for achieving a reflectivity R > 0.99, AAs;ppana and
Lpen for various DBR systems.

DBR type Ao ni nz Mmin Aastopband Lpen
(nm) (nm) (nm)
GaAs/AlAs [89] 980 3.52 295 14 ~110 ~ 430
Zr0,/Si0» 420 21 147 7 ~ 100 ~170
GaN/Alo_goGao_goN 420 249 240 68 ~10 ~ 1170
GaN/Ing 17Alp.g3N 420 249 2.32 36 ~20 ~ 620

for various DBR systems are given in Table 2.1. Simulated reflectivity spectra and electric
field intensity profile of a 10-pair SiO,/ZrO, DBR and a 42-pair Ing ;7Aly g3sN/GaN with Bragg
wavelength 1y = 420 nm are shown in Fig. 2.2, together with the simulated reflectivity spectrum
and the standing wave electric field intensity distribution across a GaN A cavity sandwiched
between those two DBRs. The curves have been obtained using the transfer matrix method,
which is described in the next section.

2.2.2 The transfer matrix method

The approach considered here is the transfer matrix formalism [90] to solve the Maxwell
equations (classical treatment of the electrical field) in a given layered structure. As this set of
four equations is linear, one can treat separately the propagation of each Fourier component
across the structures. Each layer is defined by its dispersion (energy dependence of the
refractive index) and its thickness. In the frame of the present work, only the description of
the propagation of light through dielectric materials will be discussed.

We define a planar structure as made of different layers of different thicknesses and with an
infinite lateral extension (implying a translational invariance along the plane). The direction
perpendicular to this plane is aligned with the z-axis. The dielectric layers are assumed to be
made of homogeneous materials with a uniform frequency-dependent dielectric constant,
different from layer to layer. This stepwise function is the dielectric profile ¢(w, z) of the
structure, where w is the propagating electromagnetic wave angular frequency. The Maxwell
equation reads:

2
V2E(r, ) + (%) e(w, 2)E(r,2) =0 2.24)

where r is the in-plane position. Because of the in-plane invariance, the solution is of the
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Figure 2.2: (a) Simulated reflectivity spectra and (b) electric field intensity profile of a 10-
pair SiO2/ZrO, DBR with Ay = 420 nm. (b) Simulated reflectivity spectra and (c) electric
field intensity profile of a 42-pair Ing ;7Alg g3N/GaN DBR with 1y = 420 nm. (e) Simulated
reflectivity and (f) standing wave electric field intensity profile of a A GaN cavity sandwiched
between those two DBRs, exhibiting a cavity mode at 1o = 420 nm.

form:

Ey, (r,2) = ey, Uy, (2)e'F1" (2.25)
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2.2. Planar microcavities

where ey, is the polarization vector. Replacing Eq. 2.25 into Eq. 2.24, one finds the 1-D equation
for the mode function Uy, (2):

d* Uy, (2) 2
d—z;+((%) e(w,z)—kﬁ)Ukl(z)zo. (2.26)

This equation may be separately solved in each homogeneous layer. For a layer with dielectric
constant €(w, z), one finds the following solution:

Uk, (2) = Ejett (ky) €' + Exighe (ky) e 7%%, (2.27)

k, = (%)ze(w) Ny 2.28)

which is the sum of a left-traveling and a right-traveling waves. This solution describes a
propagating wave for (w/c)? e(w) > kﬁ and an evanescent wave along the z-axis otherwise. Eje;
and Ejjgne are complex coefficients to be determined by the Maxwell boundary conditions at
each interface between two layers. This is done within the transfer matrix formalism. For each
Eieft

right
the field in the form of Egs. 2.27 and 2.28 for two points z; and z, at the boundaries of the

position z in space, we define the vector ( ) . For an arbitrary structure, one can write

structure [Fig. 2.3 (a)]. Maxwell boundary conditions across the structure result in a linear
relation between the coefficients in z; and z;:

(2.29)

2
Eet™ | [ mn m
, |=
Etight My My

Ejetc*
Eaadd |~
right

1

Eleft
1

Eright

where M is the transfer matrix of the structure. For a stack of different structures 1,2,3,..., the
total transfer matrix M., reads:

Mot =... M3 Mo M; . (2.30)

Starting from the matrix of the homogeneous layers of given thicknesses, one can derive the
wave propagation for arbitrarily complex planar structures by writing the elementary transfer
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Figure 2.3: (a) Schematic representation of the left- and right-traveling waves at positions z;
and zp. (b) The transmitted ¢ and reflected r waves are given by the transfer matrix M of the
system.

matrices corresponding to the propagation from z; to zy:

eikz(z2-21) 0
Mhom = 0 o-ikiz2-2) (2.31)
For an interface transfer matrix, one has to consider separately TE and TM modes:
D+ k? k-2
2k% 2k%
Mrg = k;”—zkf) kD Jfkg) ) (2.32)
2kY 2kY
2k +n2k?  n2k-n?k?
_ 2}’11 ny k;z) 2n1 ny k;z)
Mrm = 2k -n2k?  n2k+n?k? (2.33)
2nny k;z) 2nyny k;z)
where:
. w\2
k,(Zl) = (_) €i_kﬁ,
c
ni =+€;. (2.34)

In the following, we consider waves originating from a wave of unitary amplitude coming from
the left [Fig. 2.3 (b)]. Considering the transfer matrices under time inversion, one can derive
the complex reflectivity and transmittivity coefficients:
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2.2. Planar microcavities

ma1

M
maz

det(M)
r=- . (2.35)
my2

In the absence of absorption, the transmittance and reflectance are given by the following

relations:
R=|r*,
T= ik (2.36)
~ det(M) '

2.2.3 Optical field distribution and related features

According to Eq. 2.8, the confinement factor I' = 'y, I'; is a critical parameter that governs
lasing threshold in LDs. In edge-emitting LDs, I'; ~ 1 as previously stated. Thus, the important
parameter in such devices is I'y), which can be increased by using proper claddings for vertical
confinement of the propagating mode and a ridge structure for lateral confinement of the
propagating mode. In a VCSEL structure, the lateral confinement factor I'yy, can be assumed
to be ~ 1 and the critical parameter becomes I',, as the active region plane is perpendicular to
the cavity axis. I'; can then be expressed as I'; = I';jI'epn, where I ¢y is the filling factor and
I'enp is the gain enhancement factor, which are given by:

r da (2.37)
il = .
T Legs
and
L |E(2)I>dz
Tenn = 2L Ja 2.38)

da [1,p7E(@)Fdz

where Lefsr = Lo+ Lpen,1 + Lpen,2 is the effective cavity length given by the sum of the cavity
length L. and the penetration depths in both DBRs Lpep 1,2, d, is the active region total
thickness and E(z) is the standing wave electric field distribution along the cavity. Thus, given
a cavity length and an active region thickness, the only way to improve the I'; factor is tuning
the active region position with respect to the electric field. Indeed, by placing a single gain
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segment in an antinode of the standing wave, where the electric field can be well approximated
by E(z) = Eycos(2nnz/y) we obtain [91]:

sin (2nmd,/ Ao)

2.39
2nndgl Ay ( )

l“enh =1+

where 7 is the spatially averaged refractive index of the cavity. Thereby, a thin QW placed at an
antinode of the optical field yields I',,,;, — 2. For d, = mAy/(2n) with m an integer, we obtain
[enn = 1. This can be generalized in the case of M, active sections (i.e. MQWs) with equal
gain, located at positions z;; < z < z;;, with i = 1,...M, resulting in [91]:

Z?{"l sin(dnnz;,/Ag) —sin(@nnz;;/ Agy)
Topn=1+—== = . (2.40)
2 Zin— Zil

For instance, Eq. 2.40 yields I, = 1.52 for five 5 nm thick Ing ;0Gag 99N QWs separated by 5
nm thick Ing ¢; Gag 99N barriers centered at an antinode of the optical field standing wave for
Ao =420 nm such as found in devices presented in section 5.4.

2.3 The VCSEL

VCSELs are planar microcavity-based LDs, making use of highly-reflective DBRs as mirrors
and emitting light vertically, i.e. perpendicularly to their gain region plane. Thanks to these
particularities, they benefits from several advantages compared to standard edge-emitting
LDs:

¢ Unlike edge-emitting LDs that require laser bar cleaving in order to define facets acting
as reflectors, VCSEL vertical emission enables direct on-wafer testing.

* For the same reason, VCSELs can be processed as 2D arrays, whereas edge-emitting
lasers can only form 1D arrays.

* As previously said, due to their short cavity length resulting in a large free spectral range,
VCSELSs usually exhibit single longitudinal mode operation.

* Thanks to their circular symmetry, VCSELSs emit circular beam that are easier to collimate
than elliptical beams emitted by edge-emitting lasers [Fig. 2.1].

* VCSELs exhibit a low operating current and power consumption thanks to their small
active volume.
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Table 2.2: Applications of VCSELs (adapted from [98]).

Technical fields Systems

Optical communications Local area networks, optical links, ...

Computer optics Computer links, optical interconnects, high
speed/parallel data transfer, computer mice ...

Optical memory CD, DVD, near field, multi-beam, initializer, ...

Optoelectronic equipments Printer, laser pointer, mobile tools, home
appliances, ...

Optical information processing Optical processors, parallel processing, ...

Optical sensing Optical fiber sensing, bar code readers, encoders, ...

Displays Array light sources, multi-beam search light, ...

[Mluminations High efficiency sources, micro illuminators, adjustable
illuminations, ...

Biomedical sensing [97] in vivo molecular monitoring, label-free biosensing, ...

* VCSELs can be modulated at high speed at low operating currents, also thanks to their
small active volume.

Thanks to those unique properties, VCSELs found numerous applications, such as optical
interconnects [92, 93], gas sensing [94, 95], pumping of atomic clocks [96], biomedical sensing
[97] and many others that are summarized in Table 2.2.

The low gain per pass in VCSEL structures means that such devices require rather large
operating current densities, which are obtained by confining small currents into small current
apertures. The most common approaches used for such current confinement are ring or
circular electrodes, proton implant, buried heterostructures, air-post, oxide confinement or
oxide DBRs [98].

2.3.1 Standard ITI-V VCSELSs

Standard I1I-V VCSELs are based on arsenides, phosphides or antimonides. "Short-wavelength"
GaAs-based VCSELSs operate between 650 and 1300 nm, the most common and well-established
device emitting at 850 nm, with an annual production volume of the order of 100 million units
for high-volume applications like data communications, computer mice, finger navigation
engines for mobile devices [99]. Such devices are based on a GaAs MQW active region, doped
AlGaAs DBRs and lateral oxidation as current aperture. Using strain engineering in InGaAs
QW [100], adding dilute concentration of N [101] or using InGaAs QDs [102], the emission
wavelength can be extended nearly up to 1300 nm. Red-emitting (650-700 nm) VCSELSs can be
realized using InGaP QWs [103], which find application in plastic optical fiber communica-
tions. Finally, VCSELs emitting at 980 and 1060 nm arouse growing interest thanks to enabling
more efficient data transfer and higher operating temperatures [104].
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Long-wavelength InP-based VCSELSs emission ranges between 1.3 and 2.3 ym and are based on
a buried tunnel junction (BJT) aperture for current confinement and strained InAlGaAs QWs
as gain medium. The mirrors of such devices can be either monolithic InP-based DBRs [105],
dielectric DBRs [106] or wafer fused GaAs-based DBRs [107], and they are usually made single-
mode in order to fulfill requirements in applications such as optical fiber communications
and gas sensing. Output power over 6 mW has been demonstrated in VCSELs emitting at 1.55
pum [108].

Finally, the InP-based VCSEL emission range has been extended to 2.3 ym [109]. Such de-
vices are single mode and thermally tunable. However, because of strain considerations, the
mid-infrared range (2.3 to 3.5 um) is usually targeted using antimonide alloys. CW room
temperature GaSb-based edge-emitting LDs have been recently reported with emission wave-
length over 3.6 yum [110]. Nevertheless, single-mode CW VCSELs emitting at 2.3-2.6 ym
were demonstrated only lately [111]. They exhibit higher tuning rates and better thermal
conductivity than InP-based devices, and find applications in gas sensing.

2.3.2 IlII-nitride based VCSEL specificities

The two main specificities of the III-nitride material system related to VCSEL devices are:

¢ the large lattice parameter mismatch between the different III-nitride binary com-
pounds (see section 1.1.1),

¢ the low p-type GaN conductivity (see section 1.4.2).

This makes the realization of nitride-based DBRs challenging because of the build up of strain
in non LM superlattices, unless using LM InAIN/GaN bilayers [112]. In addition, the low p-type
GaN conductivity makes the use of current confinement mandatory in order to avoid light
absorption by the metallic top contacts. Moreover, no p-type doped nitride-based epitaxial
DBR has been reported up to date, which means that intracavity p-type contacts are required.
In addition, proton implant of p-type GaN is quite challenging and nitride-based VCSELSs
suffer from the lack of efficient GaN-based tunnel junctions, which prevents the use of BJT.
As a result, the viable current confinement schemes for blue VCSELs are scarce. They are
presented in section 5.3.

However, such blue VCSELs would find numerous applications, e.g. for high density optical
data storage system, laser printing, laser mice, and micro- or picoprojectors [113].

2.3.3 Nitride-based VCSEL diodes: state-of-the-art

Only few groups have reported on blue/green nitride-based electrically-driven VCSELs so far
[114, 11, 115, 116]. Amongst them, Nichia Corporation (Japan) is clearly dominating the field,
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and has reported CW operation at RT of VCSELs emitting at 451 nm with 0.7 mW output power
and 1.5 mA threshold current [117], and pulsed operation of VCSELs emitting at 503 nm with
22 mA threshold current [118]. Nichia, as well as Panasonic [115] and UCSB [114], proposed
a device based on a fully hybrid microcavity using both top and bottom mirrors made of
dielectric DBRs. They all use a thin dielectric aperture together with a TCO current spreading
layer on top of the device mesa to achieve current confinement. UCSB specificity relies on the
growth of their VCSEL cavity along the non polar m-axis, yielding no QCSE and polarization-
locked emission. On the other hand, T.-C. Lu et al. developed monolithic VCSELs based on
AIN/GaN DBRs [116], while also using the dielectric/TCO bilayer current confinement scheme.
However, they report a low output power ascribed to the large dislocation density of the active
region due to the large strain that builds up in such an epitaxial DBR.

2.3.4 Our approach

In this context, we propose an innovative and monolithic approach relying on a LM highly-
reflective InAIN/GaN DBR. Such structures are extensively discussed in chapter 3, and present
the advantage over other nitride-based DBRs to exhibit a much lower dislocation density
when grown on high-quality FS GaN substrates. On the other hand, our devices also make
use of a TCO layer as p-type contact for hole spreading. The development of such contacts is
addressed in chapter 4. Finally, our final VCSEL structure is presented in chapter 5.

2.4 The VECSEL

VECSELSs, also known as semiconductor disk lasers, are structures quite similar to VCSELs, with
two noticeable differences: the microcavity is completed by a top external mirror rather than a
DBR surmounting the epitaxial structure, and they are usually based on optical pumping rather
than electric injection [119], even if there are a few reports of electrically-driven VECSELSs
(120, 121]. Although such devices were first reported in 1966 [122] and used on various
occasion since then [123, 124], their potential has only be fully recognized in the late 1990s
[125, 126]. They have been developed in order to overcome some conventional semiconductor
laser limitations: generating watt-level and higher optical powers with a high quality circular
beam exhibiting single lateral mode lasing. Indeed, VECSELSs basically benefit from the same
advantages than VCSELs, i.e. a high quality low divergence angle circular beam, on-wafer
testing and ability to easily realize 2D arrays, while presenting two main advantages on VCSELs
[127]:

* power scaling,

* ability to insert intracavity elements.

Power scaling is made possible by the laser mode and pump spot size scalability. In a standard
electrically-driven VCSEL, the achievable lateral mode size is limited by the lateral current
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spreading efficacy, which is no longer an inconvenience in the case of an optically pumped
VECSEL. Indeed, VECSELSs with output powers exceeding 100 W have been recently reported
[82]. In addition, the external mirror enables the insertion of intracavity elements, such as
spectral filters [128, 129], saturable absorber elements so as to achieve passive mode-locking
[130, 131] (the cavity length defining the pulse repetition rate), transparent intracavity heat
spreaders [132], intracavity absorption cells for intracavity laser absorption spectroscopy [133]
or nonlinear optical elements [134].

Thanks to those specific properties, VECSELs are suited for several applications [119], like
visible sources for television or projectors, spectroscopy, fluorescence-based bio-imaging (mi-
croscopy) or search for fingerprints (forensics), photodynamic therapy, or laser engineering.

2.4.1 Standard III-VVECSELSs

Basically, the different material systems used in VCSELs to achieve various wavelengths can be
also used for VECSELSs. Indeed, such devices emitting in the 660-1300 nm wavelength range
have been realized using GaAs-based compounds [135], the optical fiber communication
window, which is around 1.5-1.6 um, has been achieved using InP-based materials [136], which
could also be combined to the wafer fusion technique [137], and GaSb-based alloys allowed
reaching the 2.0-2.3 um range [138]. In addition, group IV-VI semiconductor PbTe/PbEuTe
and PbSe/PbEuTe-based materials systems have been used to demonstrate VECSELs emitting
in the 4.5-5.0 um region [139]. Finally, the emission wavelength range can be increased as
previously said through the use of intracavity nonlinear optical elements for generating light
at harmonics, as well as summing or differencing frequencies of the incoming light beams
[119, 127].

2.4.2 Nitride-based VECSELSs: state-of-the-art

The reports on nitride-based VECSELSs are quite scarce and only concern optical pumping
[16, 140, 141, 142]. The threshold power densities range between 100 and 700 kW/ cm? for
optical pulse durations of 1.7 to 5 ns, and optical output peak power as high as 300 W has
been demonstrated. However, the published literature on GaN-based VECSELSs only reports
on external cavity lengths of the order of 2 mm, or even sample substrates used as the external
cavity [16, 140], which would both prevent inserting any intracavity element, which cancels
one of the main interests of VECSEL devices. In this context, the development of VECSELSs
with long external cavities of the order of several tens of millimeter is of high interest.

2.4.3 Nitride-based VECSELs for atomic clocks (the RbGaN project)

The RbGaN project is a collaborative work between LASPE and CSEM funded by the Swiss
National Science Foundation. The purpose of this collaboration is the development of an
active atomic clockwork based on a mode-locked GaN-based laser using an intracavity Rb
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(a) Output beam: (b)
A =420.2 nm, 3.04 GHz

6°P
External
mirror
420.2 nm 421.5 nm
85Rb vapor
cell
328, 3.04 GHz

VECSEL half cavity sample

Figure 2.4: (a) Schematic drawing of the RbGaN clockwork device. (b) Detail of the 8°Rb
hyperfine structure, corresponding to the two optical transitions of ®Rb in the blue wavelength
range.

atomic vapor cell absorber. The laser is made of an optically pumped VECSEL, so as to enable
the introduction of intracavity elements, such as a Rb vapor cell absorber. However, this
requires the development of VECSELSs with long external cavities, unlike those reported so far
in the literature [16, 140, 141, 142]. The VECSELs will then operate in the self mode locking
regime, the spectral separation of modes in the generated optical comb being intrinsically
tuned to the ground state hyperfine structure splitting in the Rb atoms. A schematic drawing
of the RbGaN device is shown in Fig. 2.4 (a). The Rb hyperfine structure optical transition
of interest is the 52S1,2-62P3,» at 420.2 nm [Fig. 2.4 (b)], which is the Rb transition line with
the strongest intensity in the blue range. The Rb cell will exhibit saturation if the atomic
populations of the two hyperfine ground states (F= 2 and F= 3 levels in 8°Rb) are coupled to
the two adjacent components of the periodic frequency comb. In this way the pulse repetition
rate will be locked to hyperfine splitting of the ground states. We choose the 8Rb isotope
with 3.04 GHz splitting of the hyperfine ground states. The cavity length required for stable
mode-locking at 3.04 GHz pulse repetition rate is 49.965 mm, i.e. the pulse round-trip time
inside the VECSEL cavity should correspond to the inverse of this repetition rate.

The VECSEL half-cavity sample is based on a LM InAIN/GaN bottom DBR such as those
developed for our VCSELSs (see chapter 3) and an InGaN QW-based active region emitting at
420 nm. Initially, the desired laser pump beam wavelength was A = 405 nm, as LDs emitting
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at this wavelength are commercially available at reasonable low costs. However, as will be
discussed in chapter 6, the low absorption of the active region at this wavelength resulted in
the use of a pulsed frequency-tripled Nd:YAG laser emitting at 355 nm.
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In this chapter, LM InAIN/GaN DBRs grown by MOVPE are studied. Once the motivations
for such DBRs are given, InAIN growth challenges are discussed. The structural and optical
properties of InAIN layers nearly LM to GaN are then presented. Visible and UV DBRs grown
on sapphire are briefly discussed. The growth of such epitaxial stacks on FS GaN substrates is
then thoroughly addressed. Finally, further improvements for such DBRs are proposed.

3.1 Onthe interest of InAIN for Bragg mirrors

As seen in section 2.2, one of the main building blocks for semiconductor microcavities are
DBRs. They can be either III-nitride-based epitaxial or dielectric DBRs. Whereas the former
usually suffer from strain resulting from the lattice parameter mismatch between the two
different semiconductor materials constituting the bilayers and require rather long growth
times, the latter usually exhibit a larger refractive index contrast between the two different
dielectric materials, which are usually amorphous or polycrystalline and thus suffer much
less from strain, while being much easier and quicker to deposit (e.g. via evaporation or
sputtering). However, the realization of fully hybrid microcavities (i.e. using both top and
bottom dielectric DBRs) requires some challenging processing steps in order to remove the
epitaxial cavity from the substrate, which furthermore makes the control of the cavity length
delicate.

Early approaches for the realization of IlI-nitride-based Bragg mirrors relied on the use of either
AlGaN/GaN [143, 144] or AIN/GaN [145] pairs. The main critical drawback of such epilayers
is the large in-plane lattice parameter mismatch (Aa/a) between the different materials
composing the DBR stack. Increasing the number of pairs, the build-up of the stress eventually
leads to the formation of cracks and misfit dislocations, as shown in Fig. 3.1 (a). A strain
compensation technique based on superlattice interlayers has been proposed in order to
avoid cracks in AIN/GaN DBRs [146]. Such DBRs have been successfully used to achieve CW
lasing in blue electrically-driven VCSELs grown on sapphire [116]. However this method is
not suited for growth on low dislocation density FS GaN substrates. Indeed, as the stress
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Figure 3.1: (a) Optical microscope image of strain-induced cracks. (b) Refractive index contrast
|An/n|vsin-plane lattice parameter mismatch Aa/a to GaN for InAlN layers (blue curve) [147]
and AlGaN (violet curve) [148] at a wavelength A =480 nm. The shaded blue area corresponds
to InAIN or AlGaN layers nearly LM to GaN, i.e. [[Aa/al < 0.5%.

accumulated within the epilayers would eventually generate additional threading dislocations,
the use of such high quality substrates partially decreases its interest over sapphire ones.

In this context, the use of InAIN for the realization of highly reflective DBRs is of high interest.
InAIN with an indium content of about 18% indeed exhibits a refractive index contrast to
GaN |An/n| = (”InAlN - ”GaN) InGaN of about 7% [112] in the blue-violet wavelength region
while being lattice-matched to GaN. For comparison, Alj 46Gag 54N would have the same
refractive index contrast to GaN but would then suffer from a lattice parameter mismatch
to GaN of about 1.20%. The refractive index contrast to GaN at a wavelength A1 = 480 nm is
shown in Fig. 3.1 (b) as a function of Aa/a for InAIN (blue curve) and AlGaN (violet curve).
InAIN and AlGaN refractive index values as a function of the aluminum content are taken
from Carlin et al. [147] and from Brunner et al. [148], respectively, whereas in-plane lattice
parameter constants come from the review article by Vurgaftman and Meyer [18]. Note that
the refractive index contrast to GaN for Al,Ga;_,N layers should obviously never be positive,
which is in fact the case in Fig. 3.1 (b) for small values of x. Actually, the curve comes from
a fit of measurements made on several Al,Ga;_.N layers without x values between 0 and
0.1, which causes strong inaccuracy within this range. Thus, in simulations, the Al,Ga;_N
refractive index is usually taken as that of GaN with an offset given by the difference of their
bandgaps for 0 < x < 0.1 (Eq. 1.21).

LM InAIN/GaN quarterwave layers are serious candidates for the realization of high quality
nitride-based epitaxial DBRs. Indeed, highly reflective InAIN-based DBRs have been success-
fully demonstrated on sapphire substrates in both the visible [149] and UV [150] regions as
well as on FS GaN substrates [151]. They have been used in nitride-based polariton lasers
[152], optically pumped [153] and electrically driven [154] VCSELs, as well as in optically
pumped VECSELSs [155]. In the next sections, the growth, structural and optical properties of
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Figure 3.2: RT PL and reflectance spectra measured on a LM InAIN layer grown on sapphire,
and corresponding Stokes shift. Inset: enlarged view of the reflectance spectrum close to the
InAIN band edge [156].

LM InAlN layers are described. Finally, InAIN-based DBRs are presented along their structural
and optical properties, and several critical issues are addressed.

3.2 Optical properties of InAIN

The In,Al, ;N refractive index contrast to GaN, An/n = (npA|N — "GaN) / "GaN> at @ wave-
length A =480 nm has been determined to be [112]:

An
— (InyAl;_4xN/GaN) = —-0.127+ 0.35x (3.1
n

within the explored In content range of 6% < x < 21%. Eq. 3.1 is a fit to experimental data
acquired through in situ reflectivity measurements performed during InAIN growth. In par-
ticular, LM In,Al;_,N grown on sapphire (x = 17%) exhibits |[An/n| = —6.8% at A = 480 nm.
A—n” (In,Al; - N/GaN) and A—n” (Al,Ga;_,N/GaN) curves as a function of the lattice parameter
mismatch to GaN have been plotted in Fig. 3.1 (b).

The RT bandgap of nearly-LM InAlN layers has been estimated through reflectance measure-
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ments performed on sapphire/GaN/InAIN samples. The extracted fitted linear relationship
between the nearly-LM In,Al;_ N bandgap and its indium content 0.12 < x < 0.20 at 300 K is
[147]:

Eg(IneAl;_,N)=6.2—11x. (3.2)

RT PL and reflectance spectra measured on a LM InAIN layer grown on sapphire are shown in
Fig. 3.2 [156]. The position of the InAIN band edge is determined to be at 4.47 eV according to
the reflectance measurement. From the PL and reflectance curves, a Stokes shift value as large
as 800 meV is deduced, which could possibly be ascribed to indium composition fluctuations
or to the presence of deep defects or impurities acting as preferential recombination centers.

Equation 3.2 corresponds to Eq. 1.16 with a bandgap bowing parameter b of ~ 6 eV, which is
in good agreement with the value determined via a k- p model including the strain-induced
energy shift that allows deriving the unstrained bandgap for the whole indium composition
range [157]. In this study, the InAIN bandgap is expressed as:

Eg (InyAl;_xN) = x- Eg (InN) + (1 - x) - Eg (AIN) = b(x) - x - (1 - X) (3.3)

where b(x) is a modified bowing parameter given by:

b(x) = (3.4)

1+Cx2’

The best fit to the experimental data is obtained for the values A =6.43+0.12 eV and C =
1.21 +0.14, which gives the value b (x = 17%) = 6.2 eV, close to that extrapolated from Eq. 3.2.
The use of a composition-dependent bowing parameter is ascribed to the significant charge
transfer occurring in the InAIN alloy accross the whole indium content range owing to the
large electronegativity difference between aluminum and indium.

3.3 Growth and structural properties of InAIN layers

The InAIN alloy is arousing a growing interest thanks to the unique possibility to be grown
lattice-matched to GaN while exhibiting both a large refractive index contrast and a huge spon-
taneous polarization discontinuity leading to the formation of a two-dimensional electron gas
at the InAIN/GaN interface. LM InAlIN has found a use in many applications, such as cladding
layers in LDs [158, 159, 160, 161, 162] and in high electron mobility transistors [163]. However,
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Figure 3.3: InAIN indium content measured by Rutherford backscattering spectrometry as a
function of the InAIN growth temperature. A 10°C increase in the growth temperature yields a
decrease of 2% in the indium content.

the growth of high quality InAIN layers remains quite challenging. The main growth param-
eters are reviewed and several issues are addressed hereafter, focusing on MOVPE growth,
which has been used throughout this work.

3.3.1 Growth parameters

The growth of InAIN layers remains rather challenging although it has been quite extensively
studied during the past few years. The huge growth temperature difference between AIN
(~1100°C) and InN (~600°C) requires an intermediate growth temperature for InAIN layers
restrained to a narrow window, limited on the upper side by the indium desorption rate and
on the lower side by the aluminum adatoms diffusion length. Moreover, the large difference
between the length and the energy of In-N and Al-N bonds is responsible for indium surface
segregation [164] and phase separation [165], respectively. As surface segregation effect mainly
occurs at interfaces between layers, it has a strong impact on InAIN-based superlattices.
After a given thickness surface segregation reaches a steady regime where the indium atoms
segregating from one layer to the upper one are fully replaced by the indium atoms segregating
from the lower layer. In particular, this effect has to be taken into account when growing
InAIN-based DBRs, as will be discussed in section 3.4.2. On the other hand, phase separation,
related to spinodal decomposition, has a strong negative effect on the crystalline quality and
the surface morphology of thick In-rich InAlN layers [166]. However, this issue is not relevant
in the present work as it focuses on nearly LM In,Al;_N layers.

InAIN growth parameters have been widely studied during the past few years [37, 167, 168, 169,
170, 171, 172]. As can be seen in Fig. 3.3, increasing the growth temperature also enhances
the indium desorption rate, resulting in a reduced indium incorporation [37, 167, 168, 171].
The growth temperature is actually the key parameter in order to tune the indium content
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in InAIN layers. As a rule of thumb, a growth temperature rise of 10°C reduces the indium
content by 2% [Fig. 3.3]. Moreover, the temperature is measured on the susceptor and thus
it is not the actual sample temperature. Thereby, the temperature setpoint should take into
account the thermal conductivity of the different types of substrate used. For our specific
growth conditions and reactor, if the temperature setpoint corresponding to the LM condition
on sapphire is Tsapphire' then the temperature setpoints for samples grown on 1/6" of single
side polished FS GaN substrate, on full single side polished FS GaN substrate and on full double
side polished FS GaN substrate are +15°C, T +30°C, and Tg +40°C,
respectively.

Tsapphire apphire apphire

At a given growth temperature, increasing the indium precursor flux also favors indium
incorporation until reaching a plateau [173, 174, 167]. However, we also found that a low TMIn
flux favors the formation of V-shaped pits and accelerate the crystalline quality degradation
mechanism (see section 3.4.2). Surprisingly, increasing the aluminum precursor flux also leads
to an indium incorporation increase, without the saturation effect reported for the TMIn flow
rate for the range of TMAI fluxes investigated [167]. This is ascribed to an InAIN growth rate
increase resulting in a reduced indium desorption rate. The InAIN surface morphology can be
improved by introducing a small quantity of H,. However, a large hydrogen flux also reduces
indium incorporation [37]. Another way to improve surface morphology is to increase the
ammonia flux, and thus also the V/III ratio, which decrease both the surface roughness and
the V-shaped pit density [37]. At first sight, the influence of the nitrogen flux seems identical to
that of NHs [37]. The indium incorporation is improved when increasing the growth pressure,
but this is detrimental to the surface roughness [37]. It has also been shown that no noticeable
effect on the growth rate, the indium incorporation and the surface morphology occurs for a
substrate miscut angle varying between 0 and 0.5° [172]. The carrier gas flows have a great
impact on the InAIN quality. When performing growth with a low carrier gas flow, InAIN
layers LM to GaN, whose absorption edge should lie in the UV range (at ~4.45 eV), exhibit a
brownish aspect, indicating that light absorption occurs at visible wavelengths. Eventually the
transparency of the layers is improved and thus the residual absorption is decreased when
growth is carried out using a sufficiently high carrier gas flow [147].

Another highly interesting aspect deals with the residual doping in nid InAIN layers LM to
GaN since the latter will have a strong impact on the ability to intentionally dope such an alloy,
which is crucial for the fabrication of optoelectronic devices making use of n- or p-type doped
layers. R. B. Chung and coworkers have studied the carbon and oxygen impurity incorporation
and its dependence on the growth conditions of optimized InAlN layers, i.e. layers where
no relaxation or degradation occurred, by performing secondary ion mass spectrometry
measurements [167]. As far as carbon incorporation is concerned, it appears that [C] values in
the 3—4x10'” cm~3 range are obtained for low growth pressures (< 100 Torr). It was concluded
that carbon mainly originates from the methyl groups from the decomposition of TMIn since

017 cm™3. In addition,

AIN grown under identical conditions resulted in [C] values in the low 1
for a given pressure, the InAIN alloy is more sensitive to carbon contamination compared

with the InGaN one likely due to a binding energy between Al and C atoms stronger than that
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between Ga and C. On the other hand, the incorporation of oxygen does not appear to be
affected by growth parameters such as the growth pressure, the growth rate, the V/III ratio and
the addition of H; as carrier gas to N». In any case, InAIN layers exhibit high [O] values (in
excess of 1 x 10'® cm™3), which is ascribed to the strong affinity of oxygen atoms to aluminum
ones and the low growth temperatures.

3.3.2 The lattice-matched condition to GaN

The indium content fulfilling the LM condition between In,Al;_,N and GaN layers is an
important parameter, which has generated a great interest. It amounts to about 17% for
structures grown on c-plane sapphire substrates [175] and about 18% for those grown on
c-plane FS-GaN substrates [176]. This discrepancy is ascribed to the different residual strain
state of GaN buffers grown on the two types of substrate. Furthermore, it is worth pointing
out that an indium content satisfying the LM condition at room temperature for InAIN layers
grown on any type of substrate will result in tensile strain at the InAIN growth temperature
because of the difference between InAIN and GaN thermal expansion coefficients. This has
to be kept in mind when growing InAIN-based structures in order to avoid cracks and/or
dislocation generation.

When growing InAIN/GaN DBRs, a small strain resulting from slightly non LM InAIN layers
can result in a rather large stress after the growth of more than 40 pairs. Whereas slightly com-
pressively strained stacks of layers are pretty much stable against cracks and/or dislocations
(at least up to a certain extent, as will be discussed in section 3.4.2), slightly tensely strained
epilayers exhibit cracks. Actually, such cracks are widely reported for InAIN layers with an
indium content below 17% [173, 174, 177]. Thus, the indium content in LM InAIN DBR stacks
is usually targeted to be between 19 — 20%.

3.3.3 Structural properties, defects, and critical thickness

The InAIN layer quality has been widely reported to dramatically degrade and exhibit phase
separation after a given critical thickness, despite being nearly-LM to GaN [165, 178, 179].
Moreover, the presence of V-shaped pits, not always related to threading dislocations, are
usually observed, whose origin is still uncertain [177, 180, 181, 182, 183]. The pit density seems
to increase with the InAIN thickness. Finally, the presence of hillocks is systematic in such
layers [37, 167, 173, 174, 177, 178]. The aim of this section is to study those structural issues in
(nearly-)LM InAlN layers [184].

Nearly LM InAIN samples with different thicknesses have been grown on FS GaN substrates
in order to study the surface morphology changes. Precursor gas flows were set to 100 sccm
(TMA), 350 sccm (TMIn) and 400 sccm (NH3s), which are our standard growth parameters
for InAIN layers used in optoelectronic devices. The growth temperature is around 850°C.
AFM scans of samples whose thicknesses are 2 nm, 50 nm, 100 nm, 240 nm and 500 nm are
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Figure 3.4: 2 x 2 um? AFM scans of nearly LM (x = 19 — 20%) In,Al; ;N layers grown on FS
GaN substrates, whose thicknesses are (a) 2 nm, (b) 50 nm, (c) 100 nm, (d) 240 nm and (e) 500
nm. (f) TEM cross-section view of a V-shaped pit on the 100 nm thick InAIN layer without any
underlying defect or threading dislocation (courtesy of Dr. G. Périllat-Merceroz). 2 x 2 um?
AFM scans of (g) 100 and (h) 210 nm thick In,Al; N layers grown on FS GaN substrates with
x = 14% (tensely strained layers). (i) 2 x 2 um? AFM scans of a 50 nm thick LM InAIN layer
grown on sapphire substrate.

shown in Fig. 3.4 (a), (b), (c), (d) and (e), respectively. XRD w — 26 rocking curve measurements
yield indium contents around 19 — 20% for those layers. The surface degradation mechanism
can be divided into 3 overlapping phases. During the first step, hillocks are formed and
they align along the atomic steps. This feature starts right at the beginning of the InAIN
growth [Fig. 3.4 (a)], and results in quite regular hillocks aligned along the atomic steps after a
thickness of 50 nm [Fig. 3.4 (b)]. At this thickness hillock width and height are about 100 nm
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Figure 3.5: In-situ reflectivity measurement of a 500 nm thick InAIN layer grown on a FS GaN
substrate. The decrease of the reflectivity maximal value, which is equal to ~ 1.5%, reveals
a surface roughness that increases with the layer thickness. Equation 1.15 can be used to
determine the InAIN growth rate r, which amounts here to 148 nm/h.

and 0.7 nm, respectively. Then the second step occurs: starting at a thickness of 50 nm (or
even slightly before), V-shaped pits are appearing. Their density increases and finally stabilizes
around 3 — 5 x 108 cm™? at InAIN thicknesses ranging between 100 and 240 nm [Figs. 3.4 (c)
and 3.4 (d)]. Donut-like features also appear around the V-pits, and eventually smaller V-pit
rings are formed around those donuts [Fig. 3.4 (d)]. The V-pits grow and reach a diameter of
about 70 nm at a thickness of 240 nm [Fig. 3.4 (d)]. However, during those two first phases the
surface roughness remains fairly constant apart from the pits. The rms roughness measured
on small areas (~ 200 x 200 nm?) free of pits is around 0.3 — 0.4 nm up to a thickness of 240 nm.
However, during the third phase the V-pits completely coalesce yielding a strong increase in
the rms roughness up to 21 nm as can be seen in Fig. 3.4 (e). The InAIN surface roughness that
increases with the layer thickness is evidenced by in-situ reflectivity measurements, as shown
in Fig. 3.5. Indeed, the maximal value of the reflectivity decreases from 15% to 13.5% after two
oscillations (corresponding to about 400 nm), which can be ascribed to an increased surface
roughness. This reflectivity curve yields an InAIN growth rate r = 148 nm/h, owing to Eq. 1.15.
This coalescence phase seems to begin already around a thickness of 100 nm, and coalescing
donuts generating new V-pits can be seen in Fig. 3.4 (d) for an InAIN thickness of 240 nm. To
summarize, hillocks are formed at early stages of InAIN growth. After a thickness of about 50
nm, V-pits appear, which are growing and eventually coalescing, yielding a strong degradation
of the surface morphology.

So, where do the V-pits come from? V-pit formation has been mainly ascribed to threading
dislocations in this material system [180, 181, 182]. However, FS GaN substrates were used in
order to ensure a low dislocation buffer (TDD ~ 4 x 107 cm™2 or less) so as to minimize their
impact on the structural properties of the overgrown InAlN layers. Indeed, a TEM cross-section
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view of a 100 nm thick Ing 29Algy goN layer shows a V-pit without any underlying defect such
as threading dislocation or stacking mismatch boundary at its bottom [Fig. 3.4 (g)]. A few
studies also report on the formation of V-pits not related to threading dislocations. Miao
and coworkers ascribed those V-pits to compressive strain [177], whereas Vennégues et al.
observed similar features in tensely strained layers [183]. In order to exclude strain effects from
the possible V-pit formation mechanism, tensely strained InAIN layers were grown on FS GaN
substrates under the same growth conditions, except for a slightly higher growth temperature
so as to obtain an indium content of 14%. In fact, hardly no V-pits are visible after a thickness
of 100 nm as can be seen in Fig. 3.4 (g). The hillock morphology can though be recognized,
with slightly larger hillocks (diameter ~ 130 nm). However, V-pits are visible after a thickness
of 210 nm as shown in Fig. 3.4 (h), although no donut-like features appear. This means that
both hillocks and V-pits cannot be ascribed to strain-related effects. In particular, Stranski-
Krastanov island formation cannot account for those mechanisms as proposed by Krost et
al. [185]. For comparison, a 50 nm thick LM In,Al;_,N layer has been grown on sapphire
(x = 17.6%). It also exhibits V-pits and hillocks as shown in Fig. 3.4 (i). Its V-pit density is
~8x 108 cm™2, which is a bit higher than the TDD of a GaN buffer grown on sapphire. We thus
ascribe hillock formation to kinetic roughening [186, 187], likely related to the small diffusion
length of aluminum adatoms in this temperature range. We then propose that hillocks are
at the origin of the V-pits: the hillock height and diameter increase when the InAIN layer
thickness increases, and the hillocks eventually reach a height beyond which inclined facets
between hillocks become stable, giving rise to V-defects. This is consistent with the fact that
V-pits appear later for tensely strained layers, as their higher growth temperature yields an
increased aluminum adatom diffusion length. This also accounts for the larger hillock size
found in Fig. 3.4 (g).

Having explained the hillock and V-pit formation mechanism, we still have to describe into
further details the critical crystalline quality degradation mechanism, which takes place at
a thickness between 50 and 200 nm. This is illustrated in Fig. 3.6 (a), showing a high angle
annular dark field scanning transmission electron microscope (HAADF STEM) cross-section
image of a 500 nm thick LM InAlN layer. This is the same sample than that shown in Fig. 3.4 (e).
As previously said, the V-pit diameter increases with the thickness, as the basal growth rate
is faster than that on inclined facets. The indium incorporation is enhanced on the inner
edges between facets of the V-pits, and decreased on the top of the outer edges of those V-pits,
which is ascribed to a stronger bonding of indium adatoms on concave surfaces yielding a
lower desorption rate, and vice-versa [184]. When V-pit coalescence occurs, columnar growth
of In-rich V-pit edges and Al-rich V-pit sides is enabled, resulting in a layer with 4 different
features: In-rich walls on the top of the inner V-pit edges, Al-rich walls on top of the V-pit outer
edges, voids on top of the V-pits and nominal In composition elsewhere. An energy dispersive
x-ray (EDX) cross-section mapping of aluminum (green) and indium (red) atoms in such a
degraded InAlN layer is shown in Fig. 3.6 (b), evidencing the In-rich and Al-rich regions. A
schematic drawing of this mechanism is shown in Fig. 3.6 (c). The huge surface roughness
increase is evidenced in Fig. 3.6 (d), showing a HAADF STEM plan-view of the sample surface.
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Figure 3.6: (a) HAADF STEM cross-section view of a 500 nm thick LM InAIN layer grown
on FS GaN substrate. (b) Corresponding EDX map of indium (red) and aluminum (green)
atoms and (c) schematic drawing. (d) HAADF STEM plan-view of the same sample at low
magnification and (e) associated EDX mapping of indium (red) and aluminum (green) atoms
at higher magnification. Courtesy of Dr. G. Périllat-Merceroz.

On an enlarged EDX mapping corresponding to this HAADF STEM plan view, green Al-rich
walls and red In-rich edges are supporting this assumption, as can be seen in Fig. 3.6 (e). (All
TEM images and EDX mapping have been performed by Dr. G. Périllat-Merceroz.)

However, as this critical crystalline quality degradation mechanism occurs only after a thick-
ness larger than 50 nm, it does not impact on the quality of InAIN-based DBRs, though other
parameters do affect their quality. They will be discussed hereafter.

3.4 Distributed Bragg reflectors

In this section InAIN-based DBRs are studied. First, DBRs grown on sapphire are introduced.
Then, high quality highly reflective DBRs grown on FS GaN substrates are presented. Several
parameters that strongly impact on the quality of such DBRs are addressed. Finally, DBRs for
UV applications are described. Such DBRs are no longer strictly LM, as AlGaN layers replace
GaN ones as the high refractive index material in order to achieve DBRs with a stopband
position at wavelengths below the GaN bandgap without dramatically increasing absorption.
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Figure 3.7: (a) InAIN-based DBR reflectivity spectra spanning the UV-blue wavelength range
and GaN absorption (red curve) at 300 K as a function of the wavelength. (b) Schematic
drawing of the V-W absolute reflectivity measurement. The fixed mirrors, movable mirror and
sample of reflectivity Ry, R» and R respectively, are depicted in blue, green and red,
respectively.

sample’

InAIN-based DBR reflectivity spectra with stopbands ranging from the UV to the blue regions
are shown in Fig. 3.7 (a) together with the GaN absorption spectrum as a function of the
wavelength at RT.

The reflectivity of the different DBRs are measured with a Varian Cary 500 spectrophotome-
ter in V-W configuration, as schematically represented in Fig. 3.7 (b). Such a setup allows
measuring the absolute value of the reflectivity at nearly normal incidence (~7°) without
the need for a reference mirror of known reflectivity. It is made of one white light beam of
intensity Iy directed towards two fixed and one movable mirrors of reflectivity R; and R,
respectively. First, the intensity of the light beam I; is measured in V-mode after reflecting on
the 3 mirrors. Its value is given by I; = Rf - Ry - Iy. Then, the sample of reflectivity Rsample is
introduced into the setup, which is set in W-mode [Fig. 3.7 (b)]. The intensity of the output
beam I, after reflecting once on each mirror and twice onto the sample, is now given by
I,=R?-R,-R? - Iy. The sample reflectivity is finally simply obtained by taking the square

sample
root of the ratio between intensities I, and I;:

L

Rsample = I

(3.5)

Thereby, this setup allows measuring the absolute reflectivity value of the sample. Moreover,
the Cary tool has two separate channels. The output value is then not the intensity of one
beam but the ratio between the beams of both channels, which improves the measurement
accuracy by taking into account lamp intensity fluctuations. However, such a measurement
requires quite large and homogeneous samples, as the two reflections on the sample are about
1 cm apart, and each beam spot size on the sample is about 0.5 cm?. Besides, transmission
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Figure 3.8: (a) Reflectivity spectrum measured on a 40-pair InAIN/GaN DBR grown on sapphire
(blue curve) and corresponding transfer matrix simulation curve (violet curve). (b) Transmis-
sion spectra measured along the wafer radius exhibiting DBR stopband blueshift due to the
growth wedge. (c) 10 x 10 um? AFM scan and (d) SEM cross-section view of this DBR.

measurements can also be performed using the Cary 500. Those measurements can be
performed on much smaller samples as the beam spot size can be decreased down to a couple
of mm?. This has been used for instance for measuring the DBR stopband central wavelength
as a function of the relative position to the center of the wafer.

3.4.1 DBRs grown on sapphire substrates

Standard InAIN-based DBRs on c-plane sapphire are grown on top of a 2 um thick buffer with
a TDD of the order of ~ 8 —10- 108 cm™2 using TMIn and TMAI as metal precursors for InAIN,
TEGa as metal precursor for GaN, and NH3. The InAIN and GaN growth temperature (rate) is
835°C (~ 140 nm/h) and 1065°C (~ 700 nm/h), respectively. Ny is used as carrier gas for both
GaN and InAlIN layers. The growth rates are calibrated in a separate run performed prior the
the DBR growth using in situ reflectivity measurements to determine the thicknesses of thick
InAIN and GaN layers.
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The reflectivity of such a DBR made of 40 Ing ;3Alg.goN/GaN bilayers is shown in Fig. 3.8 (a)
(blue curve), together with the corresponding theoretical reflectivity spectrum obtained using
transfer matrix simulation (violet curve). The indium content has been determined by XRD
w — 20 rocking curve measurements. The sample exhibits a peak reflectivity of 99.7% at
a wavelength of 410 nm and a 26 nm wide stopband. This latter value might be slightly
overestimated due to the fact that the reflectivity measurement probes two distinct areas on
the sample whose stopbands are not exactly matching with each other, resulting in a slightly
wider measured stopband value. This effect also accounts for the absence of side lobes on
the reflectivity spectrum. As discussed in section 1.2, the wedge inherent to MOVPE growth
results in a shift of the stopband central position along the wafer radius from 415 nm near the
center to 380 nm near the edge, as shown in Fig. 3.8 (b). Note that the absorption value for this
structure as could be deduced from the relation A=1- R — T yields a large, overestimated,
value because of the inhomogeneity of the area probed by the Cary setup. This results in a
mean reflectivity value averaged over a broad area, that blurs the Bragg oscillations which
should be visible on each side of the DBR stopband, as can be seen on the simulated reflectivity
curve.

10 x 10 um? AFM scan and SEM cross-section view of this DBR are depicted in Fig. 3.8 (c)
and 3.8 (d), respectively. The interfaces between the different layers are nice and regular, but
the top surface exhibits a rms roughness of ~ 1.0 nm due to the large TDD inherited from
the GaN buffer. Whereas such structures are well-suited for RC-LED applications, their large
TDD, important surface roughness and the low thermal conductivity of sapphire substrates
are dramatically detrimental to the realization of VCSEL devices despite the high peak reflec-
tivity achieved. Therefore, LM InAIN-based DBRs have been developed on c-plane FS GaN
substrates.

3.4.2 DBRs grown on free-standing GaN substrates

DBR growth parameters on c-plane FS GaN substrates are exactly the same than that of
DBRs grown on sapphire, except for a small tuning of the InAIN growth temperature setpoint,
required as discussed previously. They are grown on 1 pm thick GaN buffer with a TDD of
~4x10" cm™2.

The reflectivity of a 42-pair Ing 20Alg 5oIN/GalN DBR grown on a FS GaN substrate is shown
in Fig. 3.9 (a) (blue curve), together with the corresponding theoretical reflectivity spectrum
obtained using transfer matrix simulation (violet curve). Its peak reflectivity and stopband
width amount to 99.6% at 424 nm and 26 nm, respectively. The wedge causes the same
stopband position shift along the wafer radius as for DBRs grown on sapphire, as shown in
Fig. 3.9 (b). Its central wavelength near the wafer center and the edge is 440 nm and 405 nm,
respectively. As previously discussed for DBRs grown on sapphire, an estimation of the DBR
absorption using the relation A=1- R — T would yield an overestimated value, because of the
inhomogeneity of the broad area probed by the reflectivity measurement setup.
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Figure 3.9: (a) Reflectivity spectrum measured on a 42-pair InAIN/GaN DBR grown on FS
GaN (blue curve) and corresponding transfer matrix simulation curve (violet curve). (b)
Transmission spectra measured along the wafer radius exhibiting a DBR stopband blueshift
due to the growth wedge. (c) 4 x 4 um? AFM scan and (d) SEM cross-section view of this DBR.

4 x 4 um? AFM scan and SEM cross-section view of the DBR are shown in Fig. 3.9 (c) and (d),
respectively. Whereas the interfaces between the different layers are as smooth as those of
DBRs grown on sapphire, the top surface now exhibits a much lower roughness. The rms
roughness value is ~ 0.3 nm, which is almost that of a GaN buffer grown on FS GaN. Very
regular monolayer steps can be seen in Fig. 3.9 (c). Moreover, the TDD, measured on a 10 x 10
,um2 AFM scan, equals that of the substrate nominal value. Thus, no further dislocations have
been introduced during the DBR growth.

Another aspect of the growth of such DBRs on FS GaN substrates is worth being mentioned.
As previously stated, the growth rates are calibrated through the growth of thick InAIN and
GaN layers. When doing so, it could seem interesting to recycle the FS GaN wafer used for the
calibration run. However, the required InAIN layer thickness is exceeding that at which critical
degradation occurs. Thus, a DBR overgrown on such a calibration layer would exhibit a poor
crystalline quality. An SEM cross-section view of such an InAlN calibration layer overgrown
with a DBR is shown in Fig. 3.10 (a). Sawtooth-like features characterize the interface between
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Figure 3.10: (a) SEM cross-section view of a 240 nm thick InAlN calibration layer grown prior
to a DBR. (b) 10 x 10 um? AFM scan of the top surface of the DBR overgrown on the thick InAIN
calibration layer.

this InAIN layer and the overgrown GaN layer. Finally, a 10 x 10 um? AFM scan of the top
surface of the overgrown DBR is shown in Fig. 3.10 (b) and exhibits a huge TDD (~ 1010
cm™2) as well as a large rms roughness (~ 1.0 nm). This cancels all the benefits of using a
low dislocation density substrate. Therefore, the recycling of growth rate calibration samples
should be avoided.

Effect of the indium precursor flux

The TMIn gas flow has been observed to have a critical impact on the crystalline quality of
DBRs [151]. Indeed, a 42-pair LM InAIN/GaN DBR has been grown on a FS GaN substrate
using standard growth parameters except for a lower indium precursor gas flux (180 instead of
350 sccm). The indium content has been determined to be 19.8% through XRD w — 260 rocking
curve measurement. The resulting sample peak reflectivity is decreased to only 98.6%, which
is about 1% less than that of standard DBRs, corresponding to the value given by transfer
matrix simulations. When having a closer look at the epitaxial structure using SEM for imaging
the sample cross-section, the interfaces between InAIN and GaN layers reveal being very rough
[Fig. 3.11 (a)]. On the other hand, the GaN-to-InAIN interfaces are much smoother thanks to
the higher GaN growth temperature leading to a longer diffusion length of Ga adatoms that
smoothens the surface. Moreover, the DBR stack exhibits a rough top surface (rms value of 1.2
nm) with a TDD of ~ 7 x 108 cm™2 (more than one order of magnitude larger than that of the
FS GaN substrate used for the growth), as shown in Fig. 3.11 (b). In addition, a careful study
of the sample using a Nomarsky microscope reveals cracks, unlike standard LM InAIN/GaN
DBRs.

Those discrepancies have been first tentatively ascribed to indium surface segregation. This
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Figure 3.11: (a) SEM cross-section view and (b) 10 x 10 um? AFM scan of a DBR grown on a FS
GaN substrate using a TMIn flux of 180 sccm. (c) 2 x 2 pmz AFM scan of a 50 nm thick InAIN
layer grown on a FS GaN substrate using a TMIn flux of 180 sccm. (d) Simulation of the indium
content profiles in InAlN layers for different segregation coefficients R. (e) Corresponding
work W done by the misfit stress field during the introduction of a misfit dislocation (per unit

length of the dislocation) for each R value. The dotted line corresponds to the dislocation
energy E, itself.

phenomenon is well known to occur in indium-containing I1I-V ternary alloys [164] and can

be described by a simple model [188]. The indium composition profile in In,Al;_xN layers
can be calculated from the expression

xn=x(1-R"),(1<n<N) (3.6)

where x, is the indium content in the n'" ML, x, is the nominal indium content, R is the
segregation coefficient, which gives the probability for an indium atom of the topmost ML
to hop to the next ML, and N is the total number of MLs composing the InAIN layer. It has
furthermore been assumed that indium atoms do not segregate to the GaN layers because
of their larger growth temperature resulting in the evaporation of any indium excess at the
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surface. Subsequently, the in-plane strain €., and in-plane stress o,y (see Eq. 1.7) can be
computed for each ML from the lattice parameter of the FS GaN substrate, the relaxed lattice
parameter of each In,, Al;_,, N ML (with x, given by Eq. 3.6) and the elastic coefficients of
InAIN, determined using Vegard’s law from those of AIN and InN [18] (see section 1.1 for
more details). The simulated indium composition profiles for several R coefficients calculated
through Eq. 3.6 have been plotted in Fig. 3.11 (d). Due to the thermal expansion coefficient
difference between InAIN and GaN layers, an average indium content of 19% is required
in order to obtain an overall stress o, a1\ = 0 at INAIN growth temperature. Note that the
actual segregation coefficient has not been determined experimentally but it is likely very high
(R ~0.8-0.9) if one considers the different hopping rates and atom sizes of Al and In species
[189]. According to Fig. 3.11 (d), the first few InAIN MLs exhibit a very low indium content,
resulting in a sublayer with a high built-in tensile strain, whose thickness strongly depends on
the R coefficient. Thus, for large R values, the low In containing sublayer might eventually
exceed the critical thickness at which plastic relaxation occurs. Thereby, an estimate of this
critical thickness has been made using the model proposed by Holec and coworkers [27],
which compares the work W done by the misfit stress field during the introduction of a misfit
dislocation to the energy of the dislocation Ej; itself. The critical thickness is thus reached
when W exceeds E;. As the larger R the thicker the low In containing InAIN sublayer, the
critical thickness can eventually be reached in the case of large segregation coefficients, e.g.
for R =0.9 as shown in Fig. 3.11 (e). The poor crystalline quality of the DBR grown with a low
TMIn flux could therefore be ascribed to a larger indium surface segregation phenomenon.

In order to further investigate this effect, a 50 nm thick LM InAIN layer has been grown on a
FS GaN substrate using standard growth conditions except for a lower TMIn flux (180 sccm).
A2x2 ,um2 AFM scan of this sample is shown in Fig. 3.11 (c). It exhibits the same surface
morphology made of hillocks aligned along ML steps as that of a similar sample grown using
a 350 sccm TMIn flux [Fig. 3.4 (b)], although it suffers from a much larger V-pit density of
~5x10% cm™2. However, a careful TEM investigation reveals that those V-pits are not related
to dislocation terminations, and that the TDD of the sample is of the same order of magnitude
than that of the underneath FS GaN substrate. Therefore, another explanation could be related
to the surfactant effect of In adatoms that reduces the kinetic roughening of InAIN layers
[190, 191, 192, 193]. Thereby, the lower the TMIn flux the lower the In surfactant effect and
thus the thinner the InAIN layer before the formation of V-pits. This is consistent with the fact
that hillocks are smaller for the sample grown using a TMIn flux of 180 sccm (~ 90 nm) than
those of the sample with a similar thickness using standard growth parameters (~ 100 nm).

Actually, both explanations could be partially correct and further experiments are required in
order to fully understand the precise mechanism behind the effect of the TMIn flux on the
crystalline quality of LM InAIN layers.
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Figure 3.12: (a) SEM cross-section view, (b) 2 x 2 um? and (c) 10 x 10 um? AFM scans of a
compressively strained 42-pair In,Al;_,N/GaN DBR with x = 21.3%.

Excess of indium in InAIN layers

It has been said previously that In,Al; - N-based DBRs grown under tensile strain (i.e. with x <
18% on FS GaN substrates) suffer from cracks. Conversely, an excess of indium in In,Al;_ N
layers is also detrimental to the crystalline quality of the DBR stack. As an example, a DBR has
been grown with an indium content x = 21.3%. Although an SEM cross-section view reveals
homogeneous layers and smooth interfaces as shown in Fig. 3.12 (a), and the top surface
exhibits a rms roughness of 0.25 nm measured on 2 x 2 um? and 10 x 10 um? AFM scans as
depicted in Figs. 3.12 (b) and 3.12 (c), respectively, those AFM measurements also reveal a
high TDD (~ 2 x 108 cm™2), which is nearly one order of magnitude larger than that of the FS
GaN substrate used for the growth. This high TDD is thus ascribed to the compressive strain
resulting from an indium content x = 21.3%. Thereby, indium content in LM InAlN-based
DBRs grown on FS GaN substrates should be kept below 20.5%, as for that composition the
DBR growth has proven to still avoid the formation of additional dislocations.

Substrate quality and photonic disorder

An element of relevant interest concerns the photonic disorder found in such DBRs. Actually,
we found that this photonic disorder is strongly impacted by the quality of the FS GaN substrate
used for the growth. In order to evidence this, two 42-pair InAIN/GaN DBRs have been grown
on two different c-plane FS GaN substrates, one high quality wafer (TDD ~ 1 x 10% cm™2) and
one intermediate quality wafer (TDD ~ 4 x 107 cm™2). The same standard growth conditions
were employed for both samples, except for a slight variation in the layer thicknesses resulting
in a stopband shift of ~20 nm. In order to quantify the photonic disorder, a dielectric 7-pair
Zr0,/Si02 DBR has been deposited via e-beam evaporation (see section 5.2 for more details)
resulting in 1/2 GaN-ZrO, cavities. Afterwards the in-plane photonic disorder, which is directly
linked to the DBR structural and optical properties, has been probed through two-dimensional
micro-transmission mappings using the continuous spectrum of a xenon lamp as the incident
light source. The light was focused in a ~2 ym wide circular spot onto the sample using a
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Figure 3.13: (a) and (d) micro-transmission mappings (50 x 50 um?) of the cavity mode wave-
length, (b) and (e) corresponding cavity quality factor Q, and (c) and (f) transmission spectra
recorded every 2 um along the continuous and the dashed arrow on a cold cavity formed on
top of a DBR structure grown on a high quality FS GaN substrate (left-hand side column) and
on an intermediate quality FS GaN substrate (right-hand side column), respectively. Courtesy
of M. Glauser.

long working distance near UV microscope objective (x100) with a numerical aperture of
0.5. The transmitted light was then collected by a UV fiber in far-field configuration ensuring
an angular selection of ~0.6°. Transmission spectra of the cavities have been acquired every
micron over a 50 x 50 um? area (Fig. 3.13). For the DBR structure grown on the low dislocation
density substrate (Fig. 3.13, left-hand side column) a low photonic disorder is observed. The
cavity mode position is fluctuating by +0.45 nm (~0.1%) and can be related to cavity thickness
variations of +1 nm, which is similar to the rms surface roughness determined by AFM. The
quality factor (Q) for the microcavity grown onto the high-quality FS GaN substrate reaches
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Figure 3.14: (a) Transmission spectrum of the A/2 GaN-ZrO, cavity obtained using transfer
matrix simulation and (b) the corresponding electric field intensity distribution along the
cavity axis.

values up to 800 matching those deduced from transfer matrix simulations [Fig. 3.14]. On the
other hand, for the DBR structure grown onto the intermediate dislocation density substrate
(Fig. 3.13, right-hand side column), the photonic disorder is considerably increased. The Q
factor only amounts to half that of the former one whereas an identical value was expected a
priori. The difference between both samples is ascribed to different surface preparations and
deficient miscut angle control over the whole wafer for the intermediate quality substrate.

Impact of a temperature ramp on InAlN layers

Another point that has to be stressed once more concerning the growth of InAIN-based DBRs
is the large growth temperature difference between GaN (about 1065°C) and InAIN (about
850°C). This means that when considering the most basic approach for growing such DBRs
the surface of each InAlN layer is subject to a temperature ramp up to 1065°C. Gadanecz et al.
reported that LM InAIN layers are stable at temperatures exceeding InAlIN growth temperature
[194], which is confirmed by our experiments. Indeed, the growth of GaN-based cavities
subsequent to that of InAIN-based DBRs is performed at temperatures higher than that used
for growing InAlN layers. Nevertheless, we have not seen any sign of InAIN layer degradation
once capped with a GaN layer. However, such an annealing step has a strong impact on the
InAIN surface morphology [195]. Even if DBR interfaces between the different layers seem
smooth and homogeneous using SEM [Fig. 3.9 (d)], a closer look using HAADF STEM reveals
some dark lines at the InAIN/GaN interfaces, suggesting that indium desorption occurs during
this temperature ramp. In order to further evidence this fact, a 50 nm thick LM InAIN layer has
been grown on a FS GaN substrate under the same growth conditions than for those inserted
in DBRs. This layer was subject to an in situ annealing step up to 1065°C for two minutes.
Figure 3.15 (b) shows a 2 x 2 um? AFM scan of the surface of this layer and can be compared to
the unannealed sample presented in Fig. 3.4 (b). The surface morphology changed from small
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Figure 3.15: (a) Detailed HAADF STEM cross-section view of InAIN/GaN interfaces in DBRs
(courtesy of Dr. G Périllat-Merceroz). (b) 2 x 2 pmz AFM scan of a 50 nm thick LM InAIN after
in situ annealing.

hillocks aligned along the atomic steps to a mesh of small cracks. To circumvent this drawback,
Sadler and coworkers proposed two solutions for the growth of GaN layers used in DBRs [196].
The whole GaN layers can be grown at low temperature but it results in a finger-like GaN
surface morphology, which is detrimental to the reflectivity of the DBRs. The second approach
relies on the low temperature growth of a thin GaN sublayer followed by a temperature ramp
and the subsequent growth of GaN at high temperature. This latter method seems much more
promising since it should not alter the GaN surface morphology while preventing indium
desorption at each InAIN/GaN interface. We have not experimented this technique yet but
it is thought to enable further improvement of the quality of our DBRs and will be tried out
during the growth of forthcoming DBR samples.

3.4.3 UV DBRs for cavity polariton study and UV VCSELs

UV DBRs proved to be key building blocks in order to achieve lasing in III-nitride microcavities.
In such structures the coupling strength between the cavity photon mode and the excitons in
the active material overcomes their damping rates, allowing the system to enter into a non-
perturbative regime, the so-called strong-coupling regime (SCR). The new eigenmodes of the
system are then the lower and upper polaritons. In the low density limit, these quasiparticles
behave as bosons and polariton condensation is triggered when the ground state occupancy
exceeds unity. The spontaneous decay of this macroscopic quantum state results in a nonlinear
coherent emission often referred to as polariton lasing which is expected to happen at a lower
threshold current density than in the case of the conventional stimulated emission ruled by the
Bernard-Durrafourg condition as it is the case for VCSELs [197]. An appropriate choice for the
active medium to perform SCR studies is the spectrally narrow excitonic transition of bulk GaN
or that of GaN/AlGaN QWs [198]. Such an active medium requires UV DBRs. However, as the
GaN absorption edge is around 375 nm [Fig. 3.7 (a)], AlGaN has to be substituted to GaN in UV
DBRs. Indeed AlGaN can be grown LM to In,Al;_xN by decreasing the indium content in the
latter material (x < 18%). A 35-pair Ing.15Alp.85N/Aly 2Gag gsN DBR exhibiting a peak reflectivity
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Figure 3.16: (a) Reflectivity spectrum of a 40-pair InAIN/AlGaN UV DBR, exhibiting a peak
reflectivity of 99.5% at 370 nm. (b) SEM cross-section view and (c) 2 x 2 um? AFM scan of this
DBR.

0f 99.3% at 340 nm has been reported [150]. As the DBR is not LM anymore to the GaN buffer
layer a strain engineering solution relying on the use of short period GaN/AIN superlattices
has been successfully employed to avoid the formation of cracks [150]. Moreover, the strain
inherent to the use of AlGaN/InAlN bilayers grown on GaN buffers invalidates the use of
high quality FS GaN substrates, meaning that the growth of such UV DBRs are performed on
sapphire substrates. Nevertheless, when completed by a top dielectric DBR, high quality factor
cavities can be formed. This way polariton lasing under optical pumping has been observed in
such cavities using either bulk GaN as active medium [17] or GaN/AlGaN MQWs [152], which
offer the advantage of a larger exciton binding energy and oscillator strength compared with
their bulk counterpart.

Another active medium of interest for achieving RT polariton lasing is ZnO [199, 200]. Thanks
to a lattice parameter close to that of GaN, ZnO-based microcavities can be grown on nitride-
based epitaxial DBRs, which makes UV AlIGaN/InAIN DBRs suitable candidates as bottom
mirrors. In the frame of a collaboration with the CNRS-CRHEA in Valbonne (France), a 40-pair
AlGaN/InAIN UV DBR has been grown on sapphire so as to be used as the bottom DBR for
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such a ZnO microcavity. It exhibits a peak reflectivity of 99.5% at 370 nm and a stopband width
of 21 nm [Fig. 3.16 (a)]. The DBR stack interfaces are smooth and the layers regular, as can be
seen in Fig. 3.16 (b). However, the strain resulting from the use of AlGaN/InAIN bilayers result
in a rather large TDD of ~ 1 x 10!? cm™2 despite a rather smooth surface (rms roughness of
0.60 nm) as determined with a2 x 2 umz AFM scan [Fig. 3.16 (c)]. Such UV DBRs would be
also suited for the development of nitride-based VCSELs emitting in the UV range, e.g. using
n- and p-type [201] doped InAlN to realize the p-njunction.

3.5 Further improvements

We have demonstrated high quality highly reflective LM InAIN/GaN DBRs grown on low
dislocation density FS GaN substrates. Such epitaxial structures exhibit a high peak reflectivity
above 99.5% while preserving the high crystalline quality of the underlying FS GaN substrate,
which makes them candidates of choice for the realization of monolithic microcavities for
VCSEL, VECSEL and polariton laser applications. However, further improvements can be
introduced. As previously discussed, the temperature ramp up to 1065° after the growth of
each InAIN layer degrades the quality of the corresponding interfaces. By introducing an
additional low temperature GaN growth step at those interfaces, the overall quality of our
DBRs could be further improved. This would most probably reduce the photonic disorder in
our DBR cold cavities. Another interesting progress would be to introduce InAIN doping in
order to obtain conductive DBR stacks, which would be a critical advance for microcavity-
based optoelectronic devices as it would prevent the need for intra-cavity contacts. Whereas
InAIN n-type doping seems quite straightforward as InAlN is intrinsically n-type because
of the residual impurities, the main drawback in n-type DBRs would be to achieve efficient
vertical transport of carriers through InAIN/GaN interfaces, because of the large conduction
band offset between InAIN and GaN [202] as well as the free charge planes appearing at the
interfaces due to the polarization mismatch between InAIN and GaN layers. This is actually an
issue shared with InAIN layers used as claddings in LDs [158, 159, 160]. On the other hand,
achieving efficient p-type doping of InAIN-based DBRs would be much more challenging,
although p-doped InAIN has been demonstrated recently in our laboratory [201]. Finally,
another route to explore would be the development and study of semi-polar and/or non-polar
InAIN layers. Devices using such DBRs would have the noticeable property to exhibit a reduced
QCSE in their QW-based active region. This would not only increase the oscillator strength of
the QWs, but it could also result in new device properties. Thus recently, a non-polar VCSEL
has been demonstrated, which exhibits polarization-locked light emission inherited from
the in-plane crystalline anisotropy of the QWs [114]. In addition, a non-polar microcavity
has been reported to exhibit the coexistence of strong and weak coupling regimes owing to
the anisotropy of the active region [203]. However, the in-plane lattice parameter anisotropy
along such an orientation would not allow for perfectly LM conditions to GaN contrarily to
the situation occurring along the c-axis. We would rather refer to strain minimization instead.
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Transparent conductive oxides as
p-type contacts

In this chapter, TCO contacts to p-type GaN are studied. The basics about metal-semiconductor
contacts are first summarized. Then, the properties of the main TCO materials are listed. Fi-
nally, the issues and challenges when using TCOs as p-type contacts to GaN are addressed.
Several TCOs and deposition techniques are investigated, the effect of inserting a thin metallic
interlayer on the contact properties are discussed and finally high quality transparent con-
ductive sputtered ITO contacts developed by Evatec are presented as potential candidates for
being used as current spreading layers in VCSEL structures.

4,1 Metal-semiconductor contacts

Metal-semiconductor contacts are a key element for the realization of many types of electronic
and optoelectronic devices. The energy required for an electron to be extracted from of the
metal, or in other words the work that the outside system has to do in order to remove one of
the electrons out of the metal, is called the metal work function g¢,. It is defined as:

q¢m = Eo— EF 4.1)

where Ej is the vacuum energy level and Er is the Fermi energy level of the metal. When two
metals with different g¢ s are brought in contact with each other, at thermal equilibrium the
energy levels of both metals must coincide. As a consequence, a potential difference called
contact potential will appear at their interface. This will cause free carriers to redistribute in
both layers in order to equalize potentials on each side of the interface, in other words so as
to align Fermi levels. However, as the free carrier density in metals is very large, this carrier
redistribution is done within a very short distance called the Debye screening length, and the
free carrier density variations on either sides of the interface are not significant in terms of
electrical conduction (no depletion or accumulation region appears).
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Figure 4.1: Energy-band diagrams of a metal-semiconductor system (a) before and (b) after
being contacted.

Similarly, the same phenomenon happens when a metal and a semiconductor are brought
into intimate contact. The semiconductor work function g¢s is defined as:

qs=q(xs+Va) (4.2)

where gys is the semiconductor electron affinity, measured from the top of the conduc-
tion band E¢ to the vacuum level Ey, and gV, is the difference between the top of the con-
duction band Ec and the semiconductor Fermi level Er. Therefore, a contact potential
qdm— g (xs+ V) will build at the metal-semiconductor interface.

4.1.1 Band alignment

The contact potential causes charges with opposite signs to build up on each side of the
interface. While the free carrier concentration in metals is large, that in semiconductors
is relatively low. Thus, a depletion or an accumulation region appears at the surface of
the semiconductor within a distance W. This accumulation of positive or negative charges
(depending on the semiconductor type, p or i, and the contact potential sign) will cause energy
band bending. This effect is illustrated in Fig. 4.1 for a contact potential g — q (xs+ Vi) >0
in the case of a n-type semiconductor. This band bending leads to the formation of an energy
barrier at the metal-semiconductor interface whose height g¢p, is given by:

qés, = q(dpm—xs) (4.3)

which is simply the difference between the metal work function and the semiconductor
electron affinity, in the limiting case where there is no surface state at the semiconductor
surface. The barrier height g¢p, in the case of an ideal contact between a metal and a p-type
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Figure 4.2: Energy-band diagrams of metal-n-[(a) and (c)] or p-[(b) and (d)] type semiconductor
contacts. Depending on the difference between work functions of the metal g¢); and of
the semiconductor q¢s, the band bending results in either a depletion [(a) and (b)] or an
accumulation [(c) and (d)] of charges at the metal-semiconductor interface.

semiconductor is given by:

q¢s, = Eg—q(dpm—xs) (4.4)

where Eg is the bandgap energy of the semiconductor. Therefore, for a given semiconductor
and any metal, the sum of the barrier heights on n- and p-type semiconductor is expected to
be equal to the bandgap:

q(¢s, +¢p,) = Eg . (4.5)

Henceforth, several cases may arise depending on the sign of the contact potential and on the
semiconductor doping type, which are depicted in Fig. 4.2. A depleted region W appears when
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dp > ¢s (n-type semiconductor) or ¢y < ¢s (p-type semiconductor), as shown in Figs. 4.2 (a)
and 4.2 (b), respectively. On the other hand, a charge accumulation region will build up
if pr < ¢ps (n-type semiconductor) or ¢y > ¢s (p-type semiconductor), as can be seen in
Figs. 4.2 (c) and 4.2 (d), respectively. In the depletion cases, carriers will have to overcome an
energy barrier in order to pass through the metal-semiconductor interface. This results in
so-called Schottky contacts, which behave like diodes, i.e. they exhibit a rectifying behavior.
On the other hand, a perfect ohmic behavior is obtained in the accumulation cases.

In the case ¢y > ¢s (n-type semiconductor), the depletion width W is given under the abrupt
approximation that p = gNp (i.e. donors are assumed to be fully ionized) for x < W and p = 0
and dV/dx = 0 for x > W by:

(4.6)

where Np is the donor impurity density, €s = €,€¢ is the semiconductor permittivity, and kT
is the thermal energy. Thus, increasing the doping level eventually decreases the depletion
width.

In the second limiting case, a large density of surface states is present on top of the semicon-
ductor surface. If this density of surface states is large enough to accommodate all additional
charges resulting from the contact potential, the space charge in the semiconductor remains
unaffected and the barrier height is determined solely by the semiconductor surface properties.
Thus, surface preparation prior to the formation of metallic contacts to any semiconductor is
a key parameter.

According to Eq. 4.4, the barrier height on a p-type semiconductor is proportional to its
bandgap E; and is not affected by the doping level. Therefore, the realization of ohmic
contacts to wide bandgap p-type semiconductors is quite challenging, as the highest work
functions amongst metals are around ~ 5.5eV. Table 4.1 gives the values of the work functions
for several metals often used as contacts to n- and p-type GaN [204].

Table 4.1: Work functions for several metals [204]. All values are given in eV.

Metal q¢um
Al 4.28
Au 5.1
Ni 5.15
Pd 5.12
Pt 5.65
Ti 4.33
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Table 4.2: Typical values for the electronic properties of n- and p-type GaN [205]. All values are
given in eV.

qaxs qos

n-GaN 35+0.1 4.3%0.1
p-GaN 35+0.1 5.9+0.1

In this context, obtaining ohmic contacts to p-type GaN is rather challenging. Electron affinity
g s and typical values of the work function g¢s for n- and p-type GaN are given in Table 4.2
[205]. Note that the semiconductor work function depends upon its doping level. Aluminum,
titanium or multilayers made of both metals are often used as ohmic contacts to n-type GaN
(206, 207, 208]. On the other hand, no real ohmic contacts can be achieved with p-type GaN.
Nevertheless, by using proper cap layer and contact post-deposition annealing, contacts
to p-type GaN with quasi ohmic behavior can be obtained using palladium, gold, nickel or
platinum [209, 210, 211, 212, 213]. The optimization of ohmic-like contacts to p-type type GaN
has been extensively studied. Typical values for the specific resistance of metallic contacts
to p-type GaN are in the range of ~ 2- 107 upto~4-— 51074 Qcm? [214, 215]. The effect of
a heavily doped cap layer on carrier transport through the metal-semiconductor Schottky
contact will be discussed in the next section.

4.1.2 Transport processes

As previously said, the barrier height in a Schottky contact between a metal and a semicon-
ductor is determined by the metal work function, the semiconductor electron affinity and, in
the case of a p-type semiconductor, its bandgap (cf. Egs. 4.3 and 4.4). Thus, the barrier height
cannot be influenced by the doping level. However, as will be discussed in this section, the
latter can indeed impact on the carrier transport through a Schottky contact, and thus ohmic
behavior can be achieved using a proper doping profile.

Unlike p-n junctions, the current transport in metal-semiconductor Schottky contacts is
mainly due to majority carriers, and is ascribed to four main basic transport processes under
forward bias [216]. Those processes are depicted in Fig. 4.3 for an n-type semiconductor and
are (1) the transport of carriers from the semiconductor over the barrier into the metal, which
is the dominant mechanism for moderately doped semiconductors operated at moderate
temperatures, (2) quantum-mechanical tunneling of carriers through the barrier, which is
important for heavily-doped semiconductors, (3) recombination in the space-charge region
and (4) recombination in the neutral region, which can be seen as hole injection from the
metal to the semiconductor. The inverse processes occur under reverse bias.

In a Schottky diode, the first process will be the most important one resulting in a nearly ideal
behavior, the three other processes causing departure from this ideal behavior. On the other
hand, the dominating mechanism in a quasi-ohmic contact will be tunneling through the
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()

Figure 4.3: Schematization of the four basic transport processes at play in a Schottky barrier
diode under forward bias V: (1) transport of carriers over the barrier g¢p, , (2) tunneling of
carriers through the barrier or (thermionic-) field emission, (3) recombination of carriers in
the space-charge region and (4) recombination in the neutral region [216].

barrier. Field emission and thermionic-field emission theory in Schottky barriers has been
pioneered by Padovani and Stratton [217]. The tunneling current density J; is a quite complex
expression, but essentially it has the form:

Jr o< exp (L('DB") , 4.7)
00
h | N
with Egg= 12, [ 2P 4.8)
4\ egm*

where Np, is the donor density, & is Planck constant, €5 = €€ is the permittivity of the semicon-
ductor and m* is the effective mass of the carriers. Thereby, the tunneling current increases
exponentially with v/Np, meaning that ohmic behavior can be obtained using a proper doping
level in the semiconductor. Practically, a thin heavily doped cap layer, whose thickness is
~ 10 nm, is grown over the normally doped semiconductor layer in order to achieve ohmic
contacts when the corresponding band alignment at the metal-semiconductor interface leads
to a Schottky barrier.

4.2 Transparent conductive oxide properties

Several applications such as solar cells, liquid crystal displays, flat panel displays, photode-
tectors or LEDs require transparent electrodes made of thin films of TCO semiconductors.
Since the first report of a transparent conductive CdO film by Badeker in 1907 [218], such
materials have undergone a tremendous development. They are usually made of pure or
doped wide bandgap semiconductor metal oxides, most often based on SnO3, In,O3 or ZnO.
Commonly used doping impurities are Sb and F for SnO, [219, 220, 221], Sn for In,O3 [222],
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Table 4.3: TCO semiconductors for thin-film transparent electrodes [225].

Material Dopant or compound

SnO, Sb, E As, Nb, Ta

In, 03 Sn, Ge, Mo, E Ti, Zr, Hf, Nb, Ta, W, Te
7n0O Al, Ga,B,In, Y, Sc, EV, Si, Ge, Ti, Zr, Hf
CdoO In, Sn

Zn0-Sn0O, ZnySn0y4, ZnSnOg

ZHO-IHZO3 ZHZIH205, Zn31n206

IIlz 03 -SIlOz In4Sn3012

CdO-Sl’lOg CngnO4, CdSn03

CdO-Inz 03 Cdlng 04

MgIIlg 04

GalnOs, (Ga,In)»,03 Sn, Ge

CdSb,0¢ Y

ZnO-Il’lzog—SnOz Zn21n205-1n48n3012

CdO-Il’lz 03 -SIlOz Cdlnz O4-Cd281’104

ZnO-CdO-In203Sn02

and Al or Ga for ZnO [223, 224], although other dopants or compounds can be found, as
shown in Table 4.3 [225]. CdO-based TCOs [226, 227, 228], despite their low resistivity, are of
no practical use nowadays because of the toxicity of Cd. Besides, reports on emerging TCOs
such as Ta- or Nb-doped TiO, [229, 230, 231] as well as on oxide multilayer films [232, 233]
offer interesting alternatives, as indium is a scarce and thus expensive material, and ZnO is
quite sensitive to moisture [234]. Most of the reported TCO electrodes are made of n-type
degenerate semiconductors, despite a few studies on p-type TCOs [235, 236, 237].

Electrical and optical characteristics strongly depend on the deposition technique and on the
choice of material. In the general case, TCO thin films used as electrodes are polycrystalline
or amorphous, except for single crystals grown epitaxially, and exhibit a resistivity of the
order of 1073 Q-cm or less and an average transmission above 80% in the visible range [225].
Highly transparent thin films made of metal oxides without intentional impurity doping can be
obtained [238, 239]. In such layers, electrical transport is enabled by oxygen vacancies, which
act as double ionized donors [240, 241]. However, those undoped oxide films are unstable at
high temperature, explaining why binary compounds without impurity doping proved to be
not suited for transparent electrode applications [223]. For this reason, doping metal atoms
are introduced inside the oxides in order to act as donor (Table 4.3). The conductivity that
can be achieved in this way is nevertheless limited by impurity scattering, which reduces
the mobility of carriers. Subsequently, a compromise between carrier density and carrier
mobility has to be found [225]. Absorption in TCOs comes from three different contributions:
band-to-band transitions above the bandgap in the UV region, free-carrier absorption in the
visible and IR range and phonon-related absorption in the far IR region. Thus, increasing the
carrier density, which results in a decrease in the resistivity, also leads to larger absorption in
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the visible range [242], which is detrimental to many applications.

As previously said, the characteristics of TCO thin films is strongly affected by the choice of
the deposition/growth technique, e.g. vacuum e-beam or thermal evaporation, magnetron
sputtering, reactive sputtering, chemical vapor deposition, pulsed laser deposition (PLD),
atomic layer deposition (ALD) or sol-gel processes. The post-deposition treatments also
have a great impact on the properties of TCOs, e.g. plasma treatment [243, 244] or annealing
[245, 246]. In particular, the work function of ITO layers can be increased via an ICP treatment
[247].

4.3 TCO contacts to p-type GaN

Common TCOs such as ITO or Al-doped ZnO (AZO) exhibit work functions around 4.3 -5.0 eV
[248, 249, 250] and 3.7—4.6 eV [251, 252], respectively, depending on the deposition parameters.
Work functions up to ~ 5.5 eV have been reported for rf magnetron sputtered oxides [253].
Thereby, transparent contacts to p-type doped GaN made of those materials will suffer from a
Schottky barrier, because of the high work function of p-type GaN (Table 4.2). Several studies
on ITO- and ZnO-based transparent contacts to p-type GaN and on post-deposition treatment
for improving their contact resistance have been published [254, 255, 256, 257]. The use of
superlattices as contact layers has also been proposed in order to improve the tunneling
current across the Schottky barrier [258]. The main application of such transparent electrodes
in the field of IlI-nitride optoelectronics deals with the increase in the light extraction efficiency
of LEDs, using for instance textured ITO as the top p-type electrode [259, 260]. On the other
hand, ITO-based current spreading layers have proven to be a key component in order to
achieve lasing in IlI-nitride based electrically driven VCSELs [116, 154, 114, 11, 118, 115]. For
this latter application, a high transparency and a flat and smooth surface are mandatory in
order to minimize cavity losses (see section 5.1).

The choice of the deposition method for TCO-based contacts to p-type GaN is crucial, as the
latter is extremely sensitive to any plasma damage, as will be discussed in section 4.3.1. The
TCO material itself should be chosen wisely, as it should be highly transparent, and exhibit both
alarge conductivity and a low contact resistance to p-type GaN while being able to sustain high
current densities. The study of several materials and deposition techniques is discussed in the
subsequent sections. The main purpose consists in developing high-end transparent p-type
electrodes suitable for being used as intracavity contacts in VCSEL applications, which is not
trivial. Indeed, current vs voltage characteristics of VCSEL devices using defective ITO current
spreading layers are shown in Fig. 4.4 (a), evidencing critical failure of devices at threshold
current densities below 2 kA/cm?, which is not sufficient to reach lasing in our III-nitride
VCSELSs, as the lowest threshold current density reported up to date is about 3 — 4 kA/cm?
after an extensive structure optimization [118]. This critical failure is due to the defective ITO
contacts that burn under large currents, as shown in Fig. 4.4 (b).
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Figure 4.4: (a) Current vs voltage characteristics of a VCSEL with a defective TCO current
spreading layer with a mesa diameter of 80 um for different SiO, current aperture sizes. (b)
Optical microscope image of such a device after critical failure.

4.3.1 Plasma damage effects on p-type GaN

p-type GaN is very sensitive to plasma damage, and many common TCO deposition techniques
make use of a plasma, such as sputtering and ion assisted e-beam or thermal evaporation.
Thus, the impact of plasma on the electrical properties of p-type GaN layers are of relevant
interest when discussing the use of TCO-based contacts to p-type GaN.

Two plasma-related mechanisms have been reported to affect the electrical properties of
p-doped GaN layers. Polyakov et al. investigated the H, plasma passivation effects on p-type
GaN [261]. The passivation mechanism was ascribed to the introduction of hydrogen in the
layer, which subsequently passivates the Mg acceptor impurities by forming Mg-H complexes,
eventually reducing the hole concentration, and thus also the layer electrical conductivity.
The second mechanism, as described by Cao and coworkers, is related to the creation of
nitrogen vacancies in the upper 4-5 nm of the p-type GaN layer caused by a H, or Ar plasma
treatment [262, 263]. These nitrogen vacancies act as donor impurities, which partially (or
totally) compensate the acceptor concentration. Indeed, under high energy flux the electron
concentration can exceed 10'® cm™3 and eventually yields p-to-n-type conversion. They have
also reported that post-etch thermal treatment at a temperature ~ 900°C in an N, atmosphere
effectively cures the plasma damage and restores the initial electrical properties of the p-type
GaN layer.

4.3.2 The quest for the right material/deposition method

There are few deposition systems for TCOs at EPFL. Since Zn pollutes deposition chambers,
ZnO is banned from nearly all deposition systems. In the cleanrooms of the center of Micro-
NanoTechnology (CMi) at EPFL, two systems offer the possibility to deposit ITO thin films:
an e-gun evaporator, that is used for the deposition of dielectric DBRs, and an rf magnetron
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Figure 4.5: Transmission spectra measured on several TCO layers as deposited (as dep.) and
after annealing: (a) 120 nm thick sputtered ITO at CMi (EPFL), (b) 100 nm thick sputtered ITO
at TP (EPFL), (c) 90 nm thick AZO and 100 nm thick ITO deposited by PLD and (d) 220 nm
thick AZO deposited by ALD (see text for details).

sputtering tool. The former uses an ion beam in order to densify the deposited oxide thin films.
As this ion gun is started prior to the deposition itself, the p-type GaN surface is exposed to ion
bombardment that proved to completely passivate its surface. As a result, no current could
flow through the deposited ITO contacts. On the other hand, turning off the ion beam during
the deposition led to ITO layers exhibiting very poor characteristics, namely a large absorption,
a grayish aspect and a large resistivity. The sputtering tool is much more adapted for our
purpose, allowing obtaining high quality layers. However, the different deposition parameters
could not be optimized. In particular, the target-to-substrate distance is about 50 mm without
the possibility to be modified, meaning a possible contact between the p-type GaN surface
and the plasma despite the magnetron. Finally, a home-made rf magnetron sputtering tool
built for teaching purposes (TP) was also available for ITO deposition. However, the overall
quality of the deposited layers was not matching that of layers deposited with CMi systems.
Nevertheless, ITO contacts deposited using both sputtering machines were studied, hereafter
referred to as ITO-CMi and ITO-TP. Besides, ITO deposited by PLD (ITO-PLD) at University of
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Table 4.4: Thicknesses and sheet resistances of different TCO layers for different annealing
procedures.

Sample  Annealing procedure Sheetresistance Thickness

in Ny Q/0O) (nm)
ITO-CMi - 34 120
ITO-CMi 90 s at 800°C 34 120
ITO-TP - 117 100
ITO-TP 90 s at 500°C 91 100
ITO-TP 90 s at 600°C 81 100
ITO-TP 90 s at 800°C 70 100
ITO-PLD - 23 100
ITO-PLD 90 s at 400°C 10 100
AZO PLD - 112 90
AZO PLD 90 s at 400°C 68 90
AZO-ALD - 40 220
AZO-ALD 90 s at 300°C 54 220
AZO-ALD 90 s at 400°C 81 220
AZO-ALD 90 s at 500°C 550 220

Palermo by Dr. Mauro Mosca, and ITO and AZO deposited by ALD at Unipress Warsaw by Dr.
Henryk Teisseyre (ITO-ALD and AZO-ALD, respectively) were studied at the same time. All
TCO layers were deposited at RT in order to be compatible with the lift-off technique: as TCO
etching is quite challenging, selective deposition of TCO layers is much easier and convenient
when using a pre-patterned photoresist. However, it requires deposition temperatures below
150°C in order not to burn the photoresist.

The different TCO layers were deposited on double-side polished sapphire substrate and on the
same LED wafer after being cleaved into 6 pieces. The thickness of each TCO layer was ~ 100
nm. The first step was then to characterize the TCOs on sapphire and to test different annealing
procedures on those samples, in order to determine the optimal annealing that would be
subsequently applied to LED samples. In order to do so, the two main characteristics of
those TCO layers were measured as deposited and after annealing, namely their transmission
spectrum and their sheet resistance. The sheet resistances as a function of the annealing
procedures are summarized in Table 4.4 and the transmission spectra are shown in Fig. 4.5. All
sheet resistances are measured using an in-line 4-probe setup, and have been verified using
3 other measurement methods (another in-line 4-probe setup, a 4-probe setup in diamond
configuration and transfer length method (TLM) measurements).

According to these results, all TCO layers exhibit improved characteristics after proper anneal-
ing except for AZO-ALD, whose both electrical and optical characteristics strongly decrease
after annealing. Finally, all LED samples were annealed according to those results: ITO-CMi
and ITO-TP at 800°C, AZO PLD and ITO-PLD at 400°C, all under N, ambient for 90 s, and
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Figure 4.6: (a) Current vs voltage curves measured on 400 x 400 um? LEDs using different TCOs
as p-type electrode. (b) Transmission spectra of these TCOs deposited on sapphire. (c) Pictures
of the different LEDs under 2 mA bias. (d) 2 x 2 /.tm2 AFM scan and (e) SEM image of CMi
sputtered ITO before annealing, and (f) 2 x2 pmz AFM scan of the same sample after annealing.
TLM measurements of (g) standard Pd/Au contacts to p-type GaN used as reference, of (h)
ITO contacts to the same sample, and of (i) standard Pd/Au contacts to the same sample after
ITO removal.

AZO-ALD was left non annealed. The resulting I-V curves are shown in Fig. 4.6 (a) together
with that of an LED using a standard Pd/Au p-type contact, and the measured transmission
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4.3. TCO contacts to p-type GaN

Table 4.5: TLM measurement results on the ITO-CMi LED sample. The given values have been
determined under a current bias of 2 mA.

Sample Specific contact resistance Sheet resistance
(1073 Q- cm?) kQ/0)
Ref. Pd/Au 2.1 3.91
ITO-CMi 1.5 12.5
Pd/Au after ITO 1.0 12.8

spectra are shown altogether for comparison in Fig. 4.6 (b). As no metallic contacts were
deposited on top of the different TCO layers, the current spreading efficacy was easily checked
using an optical microscope. Pictures of the different TCO LEDs under 2 mA bias are shown
in Fig. 4.6 (c). According to those results, the most promising TCO is the sputtered ITO from
CMi. A 2 x 2 um? AFM scan and a SEM image of such an ITO layer deposited on sapphire are
shown in Figs. 4.6 (d) and 4.6 (e), respectively, and a 2 x 2 um? AFM scan of the same layer
after annealing can be seen in Fig. 4.6 (f). The corresponding rms roughness values before and
after annealing are 1.54 and 1.80 nm, respectively. This is actually neither optimal nor strongly
detrimental. However, despite being the most promising TCO out of these measurements,
the ITO-CMi LED sample still exhibit an increase in the forward voltage of about 2 V under
a current bias of 100 mA when compared to the reference sample. This could be due to two
different phenomena: either the work function discrepancy between p-type GaN and this ITO
gives rise to a large Schottky barrier, or the small target-to-substrate distance of the sputtering
tool results in plasma damage of the p-type GaN surface, which dramatically increases the
contact resistance. In order to settle this point, TLM measurements have been performed
on the p-type contacts of the reference sample [Fig. 4.6 (g)], on the ITO-CMi LED sample
[Fig. 4.6 (h)], and finally on this latter sample after removing the ITO layer using wet etching
and subsequently depositing standard Pd/Au contacts [Fig. 4.6 (i)]. The resulting specific
contact resistances and p-type GaN sheet resistances are summarized in Table 4.5.

According to those results, despite similar values for their specific contact resistance under a
current bias of 2 mA, the ITO-CMi sample exhibits a much larger p-type GaN sheet resistance
than the reference sample, as well as a strongly non ohmic behavior, which is evidenced by
a voltage step of about +1 V around 0 mA. This barrier is then also found in LED structures
[Fig. 4.6 (a), ITO-CMi]. Interestingly, both features are still present after ITO removal and
the deposition of Pd/Au contacts. Thereby, we ascribe those effects to p-type GaN surface
plasma damage resulting from an insufficiently confined plasma during the ITO deposition
process despite the magnetron. Indeed, the samples displayed in Fig. 4.4 were processed using
ITO-CMi as the current spreading layer. Therefore, other TCOs/deposition methods have to
be studied in order to achieve satisfactory characteristics for VCSEL applications.

Seeking for other TCO sources, we approached former LASPE PhD student Sylvain Nicolay,
who is currently working at PV-LAB (Photovoltaics and thin film electronics laboratory), which
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Figure 4.7: (a) Transmission spectra of I0 and ITO layers deposited on sapphire measured
before and after annealing. (b) Current vs voltage curves measured on 400 x 400 um? LEDs
using sputtered 10 or ITO as p-type electrodes. (c) Current density vs voltage measured on
100 x 100 um? LEDs using sputtered IO or ITO as p-type electrodes. 2 x 2 um? AFM scans of 10
before annealing (d) and ITO before (e) and after (f) annealing.

is part of the IMT in Neuchatel and focuses, inter alia, on TCOs. This way, ITO (ITO-IMT)
and indium oxide (I0-IMT) were sputtered on sapphire and LED samples. Once again, the
first step was to determine a proper annealing procedure for both TCOs. According to Dr.
Nicolay, a standard annealing procedure is performed under N, ambient at a temperature
of 350°C for 10 minutes. The effects of such an annealing on the TCO layer sheet resistance
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4.3. TCO contacts to p-type GaN

Table 4.6: Thicknesses and sheet resistances of the TCO layers from IMT before and after
annealing.

Sample Annealing procedure Sheetresistance Thickness

in Ny (Q/0O) (nm)
ITO-IMT - 57 130
ITO-IMT 350 s at 350°C 40 130
I0-IMT - 28 140
10-IMT 350 s at 350°C 2250 140

are listed in Table 4.6, and the corresponding transmission spectra are shown in Fig. 4.7 (a).
Whereas the transparency and sheet resistance of ITO-IMT is improved, the IO-IMT sheet
resistance is dramatically increased by this annealing procedure. For this reason, the thermal
treatment has been applied to the ITO-IMT LED sample, while the IO-IMT LED sample was
left non annealed. I-V curves measured on those LED samples are shown in Fig. 4.7 (b). The
ITO-IMT sample exhibits outstanding I-V characteristics, matching those of the reference
sample, whereas the IO-IMT sample suffers from a voltage increase of about 1 V under 100
mA bias. Nevertheless, critical failure is observed below 5 kA/cm? and 3 kA/cm? for ITO-IMT
and I0-IMT samples, respectively, as shown in Fig. 4.7 (c). However, the same critical failure is
observed for the reference sample, which indicates a non-optimal epitaxial structure. 2 x 2
um? AFM scans of the I0-IMT layer, non annealed and annealed ITO-IMT layer, all deposited
on sapphire, are shown in Figs. 4.7 (d), 4.7 (e) and 4.7 (f), respectively. Whereas the IO-IMT
layer exhibits a smooth surface (rms value of 0.60 nm), the ITO-IMT layer both before and
after annealing exhibits a quite rough surface (rms values of 3.4 and 3.8 nm, respectively). This
unfortunately disqualifies ITO-IMT for VCSEL applications, as such a large roughness would
cause critical scattering losses. On the other hand, IO-IMT LED critical failure is observed at
half the current densities the reference sample sustains, which therefore makes it improper to
be used for VCSELs.

4.3.3 Inserting a metallic interlayer

The insertion of a very thin (~ 10 A thick) metallic interlayer between the p-type GaN and
the TCO contact impacts on the band alignment and thus can lower the contact resistance.
Therefore, 5 LED samples were processed using the following contact schemes: standard
Pd/Au as reference, 10 A In/100 nm ITO, 10 A Ni/100 nm ITO, 10 A Pd/100 nm ITO, and 100 nm
ITO. The resulting I-V curves measured on 400 x 400 um? LEDs are shown in Fig. 4.8 (a). The
insertion of those interlayers improves the LED I-V characteristics when compared to the bare
ITO contact. Interestingly, the Pd/ITO LED eventually equals the reference LED performances.
However, none of the ITO-based contacts sustains large current densities. Even the Pd/ITO
LED suffers from critical failure at a current density ~ 4 kA/cm?, whereas the reference sample
exceeds 5 kA/cm? without any damage, as shown in Fig. 4.8 (b). This could be ascribed to
the weakness of the bonds between the metal and the oxide, yielding important structural
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Figure 4.8: (a) Current vs voltage curves measured on 400 x 400 um? LEDs using sputtered ITO
and different 10 A thick metallic interlayers as p-type electrodes. (b) Current density vs voltage
measured on 100 x 100 um? LEDs using the same p-type electrodes.

damage under large current densities. Moreover, all samples including a metallic interlayer
exhibit a grayish aspect, evidencing a large absorption in the visible range. Consequently, this
approach also proved unsuccessful.

4.3.4 Optimized sputtered ITO contacts to p-type GaN from Evatec

Evatec is a leading supplier of thin film deposition products and services to the global semicon-
ductor and optics industries. In particular, they are selling sputtering systems devoted to the
deposition of ITO as transparent p-type electrode for blue and white LEDs. Such systems are
an alternative to the dominant technology in the domain, which is e-beam evaporation. They
present the advantage of an easier automation of the deposition process, which results in an
increase of the device mass-production yield. However, Evatec has no experience in the field of
[II-nitride-based devices despite their huge knowledge concerning thin film deposition. In this
context, a partnership between this company and our laboratory was agreed in order to further
develop and improve their ITO deposition parameters in order to realize state-of-the-art ITO
contacts to p-type GaN.

I-V characteristics of LEDs using either a standard Pd/Au contact or ITO from Evatec are shown
in Fig. 4.9 (a). The latter nearly matches the former. In addition, an ~ 70 nm thick Evatec ITO
layer exhibits an absorption of only 0.8% at 420 nm as shown in Fig. 4.9 (b), which corresponds
to ;7o = 103 cm™!, while being highly conductive with a sheet resistivity of only 24 Q/0. Akey
point relies on the absence of any plasma damage to p-type GaN during the sputtering of ITO.
Indeed, Figures 4.9 (c), 4.9 (d) and 4.9 (e) show TLM curves measured on contacts to p-type
GaN made of Pd/Au, ITO, and Pd/Au after removing the ITO layer, respectively. Interestingly,
the ohmic behavior of Pd/Au contacts to p-type GaN is recovered after removing the ITO layer
using wet etching, despite the non-ohmic behavior of the ITO contacts themselves. The results
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Figure 4.9: (a) Comparison of the current vs voltage curves measured on LEDs using either a
standard Pd/Au p-type contact or a sputtered ITO layer from Evatec. (b) Reflectivity, transmis-
sion and absorption spectra measured on an ~ 70 nm thick ITO layer from Evatec deposited
on sapphire. TLM measurements of (c) standard Pd/Au contacts to p-type GaN as reference,
(d) Evatec ITO contacts to the same sample, and (e) standard Pd/Au contacts to the same
sample after ITO removal. (f) 2 x 2 um? AFM scan of the ITO layer deposited on sapphire
before annealing and (g) of ITO deposited on p-GaN. (h) Picture illustrating the undercut
effect when performing HCl-based wet etching on ITO layers.

of those TLM measurements are displayed in Table 4.7, evidencing the absence of any plasma
damage caused by the sputtering step: both the Pd/Au specific contact resistance and the
p-type GaN sheet resistance values are not affected by the ITO deposition. Regarding the ITO
work function, it has been determined using Kelvin probe measurements to be in the range of
4.8-5.1 eV, depending on the deposition parameters and on the annealing procedure.
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Table 4.7: TLM measurement results obtained on the ITO Evatec LED sample. The given values
have been determined under a current bias of 2 mA.

Sample Specific contact resistance Sheet resistance
(1073 Q- cm?) Q/0)
Ref. Pd/Au 14 4320
ITO Evatec 7.9 4430
Pd/Au after ITO 1.6 4500

Finally, 2 x 2 um? AFM scans of ITO layers deposited on sapphire and on p-type GaN are
shown in Fig. 4.9 (f) and (g), respectively. The corresponding rms roughness values are 1.22
and 1.03 nm, respectively. Actually, the surface morphology of the ITO layers from Evatec is
quite similar to that of ITO-CMi [Fig. 4.6 (d)]. Another element that is worth pointing out is
the large undercut of ITO layers when performing wet etching. This effect is evidenced in
Fig. 4.9 (h), where an undercut of about 5 um can be seen after dipping the sample in HCI for
only 3 minutes. Therefore, lift-off should be preferentially used in order to pattern ITO layers.

Thanks to those promising characteristics, ITO from Evatec has been selected as transparent
current spreading layer for VCSEL devices. A comparison between I-V curves measured on
VCSELSs using non optimized (dotted lines) and optimized (solid lines) ITO current spreading
layers is shown in Fig. 4.10. Results on such VCSELs are presented in the next chapter.

10 Mesa diameter: 80 um

Current (mA)

10

Figure 4.10: Comparison between I-V curves measured on VCSELs using non optimized
(dotted lines) and optimized (solid lines) ITO current spreading layers.
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Vertical-cavity surface-emitting lasers

In this chapter, InAIN-based blue VSCELs are studied. It is organized as follows: first, the
different building blocks are presented. Amongst those, two have not been detailed yet:
dielectric DBRs are thus discussed, including a brief description of their deposition process
and the choice of the dielectric materials. Then, the current confinement issue is addressed,
and the most promising methods are described. Finally, our optimized VCSEL design is
presented, followed by the processing steps and the optical and electrical results.

5.1 Building blocks

As described in chapter 2, lasers are made of an active medium sandwiched between two
mirrors. Whereas standard edge-emitting lasers have a high gain-per-pass due to their long
cavity entirely filled with this active medium, which is of the order of several hundreds of mi-
crons, and thus can accommodate low reflectivity mirrors made of cleaved semiconductor/air
facets, VCSEL active region is much shorter (only a few tens of nanometers), and consequently
it exhibits a very low gain-per-pass. Therefore, highly-reflective DBRs are required in order
to achieve lasing in such devices, as such highly reflectice DBRs would increase the cavity
photon lifetime, yielding an increased number of passes before that the photon exits the cavity.
Two different kinds of DBRs can then be used: nitride-based epitaxial DBRs and/or dielectric
ones. Because of the difficulty to obtain high-quality highly-reflective nitride-based DBRs
(as discussed in section 3.1), many groups focused on fully-hybrid VCSELs [114, 11, 118, 115].
Nevertheless, such fully-hybrid cavities present several drawbacks: it requires substrate re-
moval and wafer bonding, rendering the process flow much more challenging. It is an issue
for scaling up the production, and it also makes the precise control of the cavity length chal-
lenging. Moreover, such fully hybrid VCSELs exhibit multimode longitudinal lasing according
to Eq. 2.16 because of a long cavity, required to be safely removed from the substrate, together
with the large stopband width of the DBRs, yielding a short free spectral range. This thus
cancels one of the advantages of VCSELs over edge-emitting lasers, namely exhibiting single
longitudinal mode lasing. Another approach relied on the use of a bottom AIN/GaN DBR
grown on sapphire substrate together with a top dielectric one [116], which simplifies the
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Light absorption by the contacts

Intracavity annular contacts

Current path

Figure 5.1: VCSEL structure without current confinement. Because of the large p-type GaN
layer resistivity, the current flows directly below the top metallic contacts that then absorb the
emitted light.

process flow. Notwithstanding, a large strain builds up in such structures, which would not
make their growth on FS GaN substrates an asset. Indeed, such a geometry cannot benefit
from the advantages of the use of FS GaN substrates, namely: a better crystalline quality that
enables improved device characteristics and a better thermal management that improves
device lifetime [23, 24, 25].

In this context, we based our approach on the use of a bottom InAIN/GaN DBR grown on a FS
GaN substrate. This combines the advantages of high crystalline quality epitaxial structures
together with a simple and straightforward process flow. Nevertheless, vertical electrical
transport through such DBRs is quite challenging, due to the charge planes at the GaN/InAIN
interfaces and to the difficulty to achieve efficient InAIN doping, especially p-type doping.
Therefore, intracavity contacts are required for electrical injection and a top dielectric DBR
is used, as it saves growth time and opens the way for the use of an intracavity TCO current
spreading layer as well as for any surface treatment for current confinement. This latter point
is a key factor required in order to achieve lasing in VCSEL structures because of the large
resistivity of p-type GaN. The current has to be confined in the center of the device, otherwise
it would directly flow below the metallic contacts, which would then absorb the emitted
light as depicted in Fig. 5.1. In addition, confining the current into a small aperture allows
achieving large current densities with small currents, which drastically limits device heating
and prevents device breakdown.

Therefore, the key building blocks of our VCSELs are the following ones:

a top dielectric DBR,

an efficient current injection scheme, especially regarding hole spreading,

¢ acurrent confinement aperture,

a QW-based active region,
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Top dielectric DBR

Electrical injection
scheme

Current confinement
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QW-based active region

Bottom InAIN/GaN DBR

Figure 5.2: The key building blocks of our VCSEL structures: a top dielectric DBR, an efficient
current injection scheme, a current confinement aperture, a QW-based active region and a
bottom InAIN-based epitaxial DBR.

* abottom InAIN-based epitaxial DBR.

Schematic drawings of a VCSEL structure where those different building blocks are depicted
are shown in Fig. 5.2. InAIN-based DBRs have been extensively discussed in chapter 3 and the
use of a TCO as intracavity p-type electrode for current injection has been studied in chapter 4.
Dielectric DBRs and current confinement schemes will be presented in the forthcoming
sections. A thorough study of the active region is beyond the scope of this thesis. Indeed, the
QWs have been adapted from those used in the LDs developed by our laboratory. Figure 5.2
shows laser beams emitted through both top and bottom mirrors. Indeed, our VCSELs are
grown on double side polished substrates. Thus, emitted light can be analyzed from both
sides of the devices. The actual intensity ratio for the two laser beams will thus be given by the
transmission ratio between the top and bottom DBRs.

5.2 Dielectric DBRs

As previously stated, our VCSEL structures make use of a top dielectric DBR. They present
several advantages over epitaxial ones. First, a much larger refractive index contrast can be
achieved between the different layers, which means that fewer pairs are required to obtain
a high reflectivity, the optical field penetration depth is shorter and the stopband width is
broader. Second, their deposition is usually much quicker and easier than the growth of
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Figure 5.3: Refractive index n and extinction coefficient k of e-beam evaporated (a) TiO,,
(b) SiO2 and (c) ZrO,. Different curves shown on the same graph are measurements issued
from different samples. Reflectivity R, transmission T and absorption A measured on (d) a
7-pair SiO,/TiO; and on (e) an 8-pair SiO,/ZrO, DBR. Peak reflectivities are equal to 99.7%
and 99.6%, respectively. The absorption is obtained through the relation A=1-R-T. (f)
and (g) comparison between the measured and simulated (using transfer matrix simulation)
reflectivity spectra of the DBRs depicted in (d) and (e), respectively.

epitaxial multilayers. Moreover, it can be performed at room temperature on amorphous
materials, which enables the introduction of a TCO intracavity current spreading layer as well
as p-type GaN surface treatment for current confinement. Third, by properly choosing both
layer materials, their absorption edge can be set at a higher energy than that of nitride-based
DBRs. This latter point is critical when the microcavity structure is non-resonantly optically
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pumped in order to ensure that the pump beam will not be absorbed by the top DBR stack.

The dielectric deposition is performed in a Leybold Optics LAB 600H e-beam evaporator.
The tool comprises an ion beam for thin film densification that improves density, hardness
and refractive index of the deposited materials. The evaporation rate is monitored in situ
using quartz crystals, enabling a precise control of the layer thicknesses. However, the ion
beam being not interrupted in-between the different layers during DBR deposition, a careful
calibration had to be performed in order to take into account the deposited layer thinning
while switching crucibles and e-gun ramping up and down when depositing stacks of layers
such as DBRs. The base pressure, which is of the order of 1.5 x 10~ mbar, limits thin film con-
taminations. Moreover, the nearly directional deposition makes this tool lift-off compatible,
which is essential for the microstructuration of the DBRs.

Three different dielectric layers were used for our DBRs. SiO, was used as low index material
in all DBR stacks. The second, high index, layer was then either made of TiO, or ZrO,. The
former has a higher refractive index, but also an absorption edge occuring at lower energy than
the latter. SiO,, TiO, and ZrO,, films have a refractive index at 420 nm of 1.48, 2.60 and 2.09,
respectively, and nearly no absorption at that wavelength. The TiO, absorption edge is around
360 nm, while that of ZrO, only occurs around 270 nm. The Refractive index and extinction
coefficient of TiO,, SiO, and ZrO; thin films for wavelengths spanning from 200 to 600 nm are
shown in Figs. 5.3 (a), 5.3 (b) and 5.3 (c), respectively. Those measurements were performed
by spectroscopic ellipsometry on 100 nm thick single layers deposited on silicon wafers. Thus,
Si0,/TiO2 DBRs are mainly used for electrically-driven devices operating in the blue-violet
region, where the absorption of TiO; is negligible. On the other hand, for non-resonantly
optically pumped microcavities, where the pump beam should not be absorbed by the top
dielectric stack, SiO,/ZrO, DBRs are preferred, despite a longer penetration depth and a
narrower stopband width.

A minimum of about 7 to 8 pairs is required in order to achieve highly-reflective DBRs with a
peak reflectivity over 99.5%. Typical reflectivity and transmission spectra measured on a 7-pair
§i02/Ti0O; and on an 8-pair SiO,/ZrO, DBR are shown in Figs. 5.3 (d) and 5.3 (e), respectively.
Their peak reflectivity is equal to 99.7% at 415 nm and 99.6% at 385 nm, respectively. The
first DBR was deposited as top reflector on a VCSEL structure whereas the second one was
used in an optically pumped flip-chiped microcavity. The reflectivity measurements have
been performed in V-W configuration using a Cary 500 spectrophotometer, ensuring the
determination of absolute values (see section 3.4 for more details). The absorption edge of
the SiO,/TiO, DBR can be seen around 360 nm, whereas that of the SiO,/ZrO, DBR only
occurs around 270 nm, which is consistent with ellipsometry measurements. Note that the
absorption curve oscillations above the absorption edge are due to the fact that transmis-
sion measurements are performed at perpendicular incidence while reflectivity spectra are
measured with an incidence angle of about 7°, which causes a slight shift of the Bragg modes.
The simulated reflectivity curve of the SiO,/TiO, DBR matches well the measured reflectivity
spectrum [Fig. 5.3 (f)]. The simulated and measured reflectivity spectra of the SiO,/ZrO, DBR
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exhibit a slight discrepancy on the low energy side of the stopband [Fig. 5.3 (g)], which can be
ascribed to a slight difference between the optical thicknesses of both material quarterwave
layers.

Besides VCSELs and VECSELs (as will be discussed in chapter 6), such DBRs were widely
used for all microcavity applications in our laboratory, as for instance light-matter coupling
anisotropy studies in a non-polar nitride-based microcavity [203], the development of InGaN
QWs for blue-violet polariton LDs [14], and flip-chip fully hybrid microcavities.

Another element of relevant interest deals with oxide-based conductive DBRs. Such structures
can be made either from only one material, whose refractive index is tuned by varying the
deposition parameters [264], or from two different TCOs, e.g. Nb-doped TiO, and Al-doped
7ZnO [265]. However, such TCO stacks do not exhibit a refractive index contrast large enough
so as to benefit from very short penetration depths that would be required in order to avoid
critical light absorption. Indeed, such DBRs do not exhibit a reflectivity over 90%, which is far
from enough for VCSEL applications.

5.3 Current confinement scheme

A critical point concerning VCSELs is the confinement of the electrical current, required in
order to obtain current densities high enough to achieve lasing while limiting device heating.
As discussed in section 2.3, the current confinement schemes that are commonly used in
regular III-V VCSELs are not necessarily suited for III-nitride VCSELs. In the subsequent
sections, the most promising current confinement schemes are presented. Although only
some of them have been successfully used to demonstrate lasing, they could definitely be
further developed and combined in order to improve forthcoming devices.

5.3.1 InAIN lateral oxidation

One of the commonly used current confinement schemes in arsenide-based VCSELs is the
lateral oxidation of an aluminum-rich layer positioned near the active region. As one of the
main strengths of our laboratory is the mastery of LM InAIN layers, which are Al-rich, our
early approach relied on the partial lateral oxidation of an Ing 17Alg g3N layer placed below the
active region in the n-type GaN part of the cavity [266, 267]. A schematic drawing depicting
the structure is shown in Fig. 5.4 (a). This scheme is quite efficient regarding the confinement
of the current, but it suffers from several drawbacks. First, the insertion of an InAIN layer in
the n-type GaN region results in a drastic increase in the series resistance. This is illustrated
by an increase in the forward voltage of about 4 V under a current bias of 10 mA, as can be
seen on Fig. 5.5 (a). This is due to the fact that InAIN acts like a barrier because of its large
bandgap, combined to the larger InAIN resistivity when compared to that of n-type GaN. This
increase in the forward voltage is actually stronger when adding the InAIN layer than when
performing the lateral oxidation of the InAIN layer (reduced current path diameter). Moreover,
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Figure 5.4: Current confinement schemes for VCSELs. (a) Lateral oxidation of a LM InAIN
layer (section 5.3.1), (b) TCO current spreading layer on a dielectric current confinement layer
(section 5.3.3), (c) TCO current spreading layer and RIE-based surface passivation of p-type
GaN (section 5.3.3), and (d) buried AIN or InAIN current confinement layer (section 5.3.4).

the InAIN oxidation process is challenging to perfectly control and usually results in InAIN
partial etching, which leads to a dramatical reduction of the device mechanical robustness.
This effect is illustrated in Fig. 5.5 (b), where a void can be seen instead of the presence of an
oxidized InAIN layer. Nevertheless, cavity effects have been observed on devices using this
current confinement scheme. Electroluminescence (EL) spectra measured on such a device
are shown in Fig. 5.5 (c), where the emission comes from a narrow cavity mode. A slight cavity
mode emission redshift reveals device heating.

Thus, this current confinement scheme has been temporarily left aside in favor of another
approach that has been in the meantime successfully used by other groups to achieve lasing
in nitride-based electrically-driven VCSELs.

5.3.2 TCO and dielectric current confinement layer

Another current confinement scheme relies on the use of a dielectric (usually SiO2 or SigNy)
layer deposited on top of the VCSEL mesa. This layer has a small aperture (around 4 to
20 pum) at its center that confines the current. However, it requires an intracavity current
spreading layer made of a TCO on top of the dielectric layer in order to inject the current.
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Figure 5.5: (a) I-V characteristics of a standard LED (black curve), an LED including an InAIN
layer (red curve), and an LED including an InAIN layer after partial lateral oxidation. (b) EL
spectra below threshold for different driving currents measured on a VCSEL including an
InAIN:Ox layer for current confinement. (c) Non intentionally etched InAIN layer in a VCSEL
structure. Courtesy of Dr. A. Castiglia.

This scheme is depicted in Fig. 5.4 (b). The TCO layer should exhibit both excellent optical
and electrical characteristics so as to be suitable for VCSEL applications: it should exhibit
a low sheet resistance as well as a low contact resistance to p-type GaN while ensuring an
extremely low absorption. Thus, a trade-off has to be found concerning the thickness, as the
thicker the layer the lower the sheet resistance but at the same time the larger the absorption.
Nevertheless, the TCO layer thickness has to be sufficient in order to cover the dielectric
current confinement layer sidewalls around its central aperture.

So far, this is the only method that allowed achieving lasing in electrically-driven nitride-based
VCSELs [116, 114, 11, 118, 115]. The purpose of the work on TCO contacts to p-type GaN
presented in chapter 4 was to develop such an approach in our laboratory.

5.3.3 TCO and plasma-based surface passivation

The plasma damage effects on the electrical properties of p-type GaN have been addressed in
section 4.3.1. It has been reported to be detrimental in the case of parasitic effects during the
development of TCO-based contacts to p-type GaN layers. However, this effect has also been
used in nitride-based LEDs in order to improve light extraction [268, 269]: by using a plasma
treatment to increase p-type GaN resistivity straight below the metallic p-type pad while using
a TCO current spreading layer, the top-emitted light absorption by the metal pad is drastically
decreased. Thus, this is an alternative approach to the dielectric current confinement layer:
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the top p-type GaN layer of the VCSEL mesa is exposed to a plasma except for a small diameter
in the center of that mesa, which will act as the current aperture. Then, the mesa is covered
with a TCO current spreading layer similar to that used in the previous scheme, as illustrated
in Fig. 5.4 (c). Both schemes could seem very similar, but the latter has the main advantage of
preserving a flat mesa surface, preventing additional scattering losses at the dielectric layer
edges. Moreover, as the TCO layer no longer needs to cover the dielectric aperture sidewalls,
there is no requirement for a minimal TCO layer thickness.

The idea of using plasma treatment for the surface passivation of p-type GaN came from early
experiments on TCO deposition on p-type GaN. When using the e-gun evaporator presented in
section 5.2 for the deposition of ITO p-type contacts on LED structures, the ion beam used for
oxide densification, which is started prior to the oxide deposition itself, dramatically damaged
the top surface of the samples. As a result, no current could then be injected in the resulting
LED devices, despite evaporated ITO exhibiting good electrical characteristics.

5.3.4 Buried current confinement layer

The last main current confinement scheme as proposed by B.-S. Cheng and coworkers [270]
relies on a buried AIN current aperture placed in the p-type GaN region [Fig. 5.4 (d)]. Its main
benefit over other methods is that it also acts as a lateral optical confinement layer. It has been
successfully used in microcavity LEDs with quality factors exceeding 800. However, no lasing
action has been reported in a VCSEL using such a current confinement scheme up to now.

In order to decrease the strain in such devices, the AIN layer could be replaced by a nid LM
InAIN current aperture, which would act as a current barrier by creating a reverse bias p-n-
junction. This approach would be quite similar to that using lateral oxidation of an InAIN
layer, with the exception that the oxidized InAIN layer is placed in the n-type GaN region.
However, each of these two methods would have their own strengths and weaknesses: the
oxidation-based process makes the growth much easier but usually results in devices with a
defective mechanical robustness, whereas the buried AIN (or InAIN) current aperture scheme
requires a 3-step growth and a careful mask alignment for mesa etching.

Finally, the different approaches could be combined together. Indeed, any of the TCO-based
scheme could be combined with one of the two buried (In)AIN current confinement layers.
The buried current aperture would be specially interesting by the fact that it would provide
lateral optical confinement to the cavity mode.

5.4 Final VCSEL design

The final VCSEL design [154] consists in: a bottom highly-reflective LM 42-pair InAIN/GaN
DBR grown on a double-side polished high-quality FS GaN substrate (see section 3.4.2), a 74
cavity made of a pin GaN diode structure comprising an electron blocking layer (EBL) and
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Top DBR: 7x TiO,/SiO,
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Figure 5.6: Schematic drawings of the VCSEL structures with (a) a plasma treated p-type GaN
surface or (b) a dielectric layer for current confinement.

an active region made of 5 Ing 19Gag.goN/n-Ing 91 Gag 99N QWs. The top mirror is made of a
7-pair TiO,/SiO, DBR such as shown in Fig. 5.3 (d). An ITO intracavity p-type contact forms a
current spreading layer (see section 4.3). Metal pads deposited on ITO and n-type GaN are
used for electrical injection. Two different current confinement schemes have been tested: the
dielectric current confinement layer and the plasma-based p-type GaN surface passivation.
Schematic drawings of the VCSEL designs are shown in Fig. 5.6.

The layer structure is detailed in Fig. 5.7 (a). The n- and p-type GaN layer doping levels ([Si]
and [Mg]) are 5x 10! cm™2 and 2x10" cm™3 and their thicknesses are 944 nm and 97 nm,
respectively, which ensures the positioning of the active region in an antinode of the optical
field. As intracavity contacts are used, the rather thick n-type GaN layer ensures a good lateral
electric injection. Both QWs and barriers are 5 nm thick, with a thicker (10 nm) final barrier.
The EBL is made of a 20 nm thick p-type doped Al 20Gag goN layer. A 20 nm thick heavily
doped (net acceptor concentration of 5x10'% cm™3, as determined using C-V measurements)
p*-type GaN cap layer ensures an optimal contact to a quarterwave ITO current spreading
layer. The latter is placed to act as the first half-pair of the top dielectric DBR. This means that
the positioning of the ITO layer is not optimal in term of absorption (it should be placed at a
node of the optical field), but the purpose was to ensure a sufficient current spreading while
increasing the top DBR reflectivity. The negative effects related to the large absorption due to
the ITO layer will be discussed hereafter in the result section.

Transfer matrix simulation of the electric field intensity distribution along the VCSEL cavity
is shown in Fig. 5.7 (b). As can be seen, the penetration depth is much shorter in the top
dielectric DBR than in the bottom epitaxial one. The field distribution in the QWs and the ITO
layer is detailed in Fig. 5.7 (c). As previously said, the QWs are centered at an antinode of the
optical field in order to maximize the gain enhancement factor (see section 2.2). Moreover,
the ITO is placed to act as a reflective layer.
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Figure 5.7: (a) VCSEL detailed layer structure. (b) Electric field intensity distribution along the
VCSEL cavity. (c) Detail of the field distribution in the QWs and the ITO layer.

5.4.1 Process flow

The process steps of a VCSEL using p-type GaN plasma treatment for confining the current
are shown in Fig. 5.8. First, mesas are etched using chlorine-based ICP down to the n-type
GaN [Fig. 5.8 (a)]. Then, RIE using a CHF3/Ar plasma is used for surface passivation of p-type
GaN, while a small circular photoresist cap protects the current aperture [Fig. 5.8 (b)]. After
this treatment, the ITO current spreading layer is sputtered on the mesas [Fig. 5.8 (c)]. A SiO,
passivation layer is deposited by PECVD [Fig. 5.8 (d)] prior to the e-beam evaporation of the
p-type pad [Fig. 5.8 (e)] and n-type pad [Fig. 5.8 (f)] made of Ni (30 nm)/Au (100 nm) and Ti
(20 nm)/Al (80 nm)/Ti (20 nm)/Au (100 nm), respectively. Finally, the devices are covered with
an e-beam evaporated 7-pair TiO»/SiO, top DBR [Fig. 5.8 (g)].

The process steps for a VCSEL using a SiO; current confinement layer are quite similar to that
of the plasma-treated structure and are shown in Fig. 5.9. Steps (c) to (g) are identical, the
only dissimilarity comes from the first two steps. First, a 30 nm thick SiO, layer is deposited
by PECVD on the epilayers. Then, this dielectric layer and the mesa are etched by RIE and
by ICP, respectively, using the same photoresist mask [Fig. 5.8 (a)]. Subsequently, buffered
hydrofluoric acid is used to etch a small current aperture in the center of the dielectric layer
[Fig. 5.8 (b)].

The mesas have several diameters: 40, 60, 80 and 100 ym. Similarly, the current aperture
diameters are equal to 4, 8, 12 and 16 pm.
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Figure 5.8: Schematic drawings and optical microscope pictures depicting the process steps of
a VCSEL using p-type GaN plasma treatment for confining the current. Details are given in the
main text.

Unfortunately, a small mistake has been made during both microfabrications, as a thin layer
(~ 2 -3 nm thick) of Ti should have been evaporated below the p-type pad in order to improve
its adhesion on the SiO, passivation layer. Indeed, the p-type pad were partially removed
during the top DBR lift-off step, which reduced the process yield. Moreover, a technical issue
during the top DBR evaporation on the plasma-treated sample resulted in a defective final
pair, made of a A/2 instead of A/4 TiO, layer. Finally, most of the 4 ym wide current apertures
on the SiO, sample were not sufficiently resolved during the corresponding photolithography
step, resulting in defective devices.
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Figure 5.9: Schematic drawings and optical microscope pictures depicting the process steps of
a VCSEL using a SiO, current confinement layer. Details are given in the main text.
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5.5 Results

An SEM picture and a detailed cross-section view of the plasma-treated device are shown in
Figs. 5.10 (a) and 5.10 (b), respectively. The measurements were obtained following focused
ion beam (FIB) for sample milling and were performed at CIME (EPFL) by Dr. Marco Cantoni.
Pictures of the unbiased plasma-treated and SiO, aperture devices prior to the top DBR
deposition are shown in Figs. 5.10 (c) and 5.10 (e), respectively, and under a 2 mA bias in
Figs. 5.10 (d) and 5.10 (f). For both devices, the emitted light only comes from the small
current aperture located in the center of the mesas, which is a hint for an efficient device
current confinement for both schemes. This is especially important in order to validate the
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Figure 5.10: (a) SEM picture and (b) detailed cross-section view of the plasma-treated VCSEL,
obtained following FIB for milling. Pictures of a plasma-treated VCSEL (c) unbiased and (d)
for a 2 mA bias, and pictures of a SiO, aperture VCSEL (e) unbiased and (f) for a 2 mA bias,
prior to the top DBR deposition.

p-type GaN plasma treatment approach.

All measurements presented in this section have been done at RT without active device cooling
(e.g. Peltier cell).

I-V curves measured on both VCSEL samples with different current aperture sizes are shown
in linear scale and semi-logarithmic scale in Figs. 5.11 (a) and 5.11 (c), respectively. Measure-
ments are performed under CW injection. The device mesa diameter considered is equal to
80 um. Despite a very slight dissimilarity in the low injection regime [Fig. 5.11 (c)] suggesting
a slightly larger leakage current in the plasma-treated sample, both I-V curves are very simi-
lar, which suggests that both current confinement schemes are nearly equally efficient. The
corresponding current density vs voltage curves for the plasma-treated devices are plotted
in inset in Fig. 5.11 (a). The 4 and 8 um aperture devices exhibit very similar curves, whereas
the electrical injection in the 16 ym aperture VCSEL is slightly less effective, which could be
related to a non perfectly homogeneous ITO contact. I-V curves measured under CW injection
on plasma-treated devices with different mesa diameters are shown in Fig. 5.11 (b). Devices
have a current aperture diameter of 8 um. The different mesa diameters do not impact on
the I-V characteristics of the devices. As the broader the mesa the further the n-type contact
from the current aperture, this is a proof of an efficient lateral current spreading in the n-type
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Figure 5.11: (a) Current vs voltage characteristics of plasma-treated devices (solid lines) and
SiO, aperture devices (dotted lines) with a mesa diameter of 80 um for different current
aperture sizes in linear scale. Inset: current density vs voltage curves measured on the same
plasma-treated devices. (b) Current vs voltage characteristics of plasma-treated devices with
a current aperture of 8 um for the different mesa diameters in linear scale. (c) and (d) same
measurements as in (a) and (b), respectively, plotted in semi-logarithmic scale. Measurements
are performed under CW injection.

GaN Layer. Moreover, the similarity between the different curves in the low injection regime
[Fig. 5.11 (d)] is another good hint for the efficiency of the plasma-based current confinement.
Together with the pictures shown in Figs. 5.10 (d) and 5.10 (f), these two elements allow ex-
cluding current leakage through the plasma passivated p-type GaN. The I-V curves presented
in Fig. 5.11 (a) are to be compared to those presented in Fig. 4.4 (a) and assess the importance
of high-quality ITO contact layers to p-type GaN for the development on VCSELs, as much
larger current densities are reached without device breakdown.

The output light peak power measured from the top side as well as the cavity mode linewidth
as a function of the driving current measured on a plasma-treated VCSEL with a 60 um
diameter mesa and an 8 ym current aperture are shown in Fig. 5.12 (a). Those measurements,
as well as all forthcoming measurements (unless otherwise stated), were performed under
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Figure 5.12: (a) Light output peak power and cavity mode linewidth vs pulsed current for
the plasma-treated sample under pulsed current injection (200 ns wide pulses, 1% DC). (b)
Spectra measured on the same sample from the edge, (c) the top and (d) the bottom of the
device. Device mesa and current aperture diameters are equal to 60 and 8 pum, respectively.

pulsed current injection, with pulses having a length of 200 ns and a repetition rate of 50 kHz
corresponding to a duty cycle (DC) of 1%. Both the nonlinear increase in the output intensity
as well as the narrowing of the cavity mode linewidth at threshold are evidence for lasing in the
plasma-treated VCSEL. The threshold current is about 70 mA, which corresponds to a current
density of about 140 kA/cm?. This quite large value for the threshold current density will be
further discussed hereafter. Peak output powers up to 300 uW have been obtained. Below
threshold, the cavity mode linewidth of a microcavity is expected to decrease when increasing
the current [271]. However, our devices exhibit the reverse behavior [Fig. 5.12 (a)]. Actually,
this effect is ascribed to heating effects [272] occurring in the device due to the high threshold
current density. As will be disccused hereafter, heating effects are even more critical under CW
injection.

EL spectra measured through the edge, the top and the bottom of a plasma-treated VCSEL
for currents below, near and above lasing threshold are shown in Figs. 5.12 (b), 5.12 (c) and
5.12 (d), respectively. The cavity mode is observed at 421 nm and is well-centered with respect
to the bottom nitride-based DBR, as can be seen in Fig. 5.12 (d). A slight redshift of the QW
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emission above lasing threshold can be noticed through the intensity variation of the Bragg
modes below and above threshold, which have inverse ratios when measured on each side
of the DBR stopband [Fig. 5.12 (d)]. This shift can be ascribed to the combination of several
contributions: the redshift of the QW material bandgap energy when the sample temperature
increases, according to Varshni’s law (Eq. 1.17), a redshift of the QW emission related to the
bandgap renormalization, which depends on the e— h plasma density [273, 274], the screening
of the electric field inside the QWs under large carrier injection yielding a blueshift of the
QW emission due to the reduction of the QCSE (Eq. 1.23), and a blueshift of the emission
wavelength due to the filling of localized states in In-rich areas. However, Kuokstis et al. have
shown that the latter is weaker than the blueshift arising from the electric field screening [275].
The observed redshift of the QW emission means that the dominant emission shift mechanism
is either the bandgap renormalization, the bandgap energy redshift due to the temperature
increase, or both of them. As will be seen hereafter, the actual dominant mechanism is the QW
material bandgap energy decrease related to the increase of the sample temperature in the
high current injection regime.

The presence of a low intensity side-peak near the main lasing mode is ascribed to photonic
disorder (see section 3.4.2). The quality factor measured under a driving current of 10 mA is
equal to 1080. This current is assumed to be close to the transparency current of the active
region, which means that the measured quality factor should be close to the cold cavity quality
factor. Of course, the quality factor of an efficient VCSEL structure far below the active region
transparency is expected to be quite low, as the absorption of the QWs strongly decreases the
cavity photon lifetime. The emission measured from the edge of the device shows that the
QWs are not perfectly tuned with respect to the cavity mode as can be seen in Fig. 5.12 (b).
The QW peak emission should match the cavity mode (zero detuning), as it corresponds to
the best overlap between the cavity mode and the gain [276]. Moreover, the QW emission is
fairly broad, which is highly detrimental for a microcavity laser. Indeed, Bjérk and coworkers
showed that the spontaneous emission coupling factor f is decreased by a factor equal to the
ratio between the spontaneous-emission and the cold-cavity linewidths [271].

Fourier-plane imaging of the plasma-treated VCSEL far-field emitted through the top DBR for
currents below, near and above lasing threshold are shown in Figs. 5.13 (a) to 5.13 (d). Device
mesa and current aperture diameters are equal to 80 and 8 um, respectively. The parabolic
dispersion curve observed for a driving current of 40 mA is characteristics of a microcavity
structure emitting below lasing threshold, whereas only the lasing mode can be seen for a
current of 100 mA and above. From those measurements, the beam divergence angle full
width at half maximum (FWHM) has been measured below and above lasing threshold to be
equal to 36° (40 mA) and 5° (100 mA), respectively.

The corresponding real space images of the near-field measured on the same device are shown
in Figs. 5.13 (e) to 5.13 (h). According to Fig. 5.13 (e), the light emission below the onset of
lasing is homogeneous across the whole current aperture, meaning that the current injection
is uniform, i.e. the current spreading in the ITO layer is efficient. However, the lasing mode
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Figure 5.13: (a) to (d) Fourier-plane imaging of the cavity mode far-field emitted through the
top DBR of a plasma-treated VCSEL for different pulsed currents (200 ns wide pulses, 1% DC).
(e) to (h) Corresponding real space imaging of the near-field of the device for the same varying
currents. Device mesa and current aperture diameters are equal to 80 and 8 um, respectively.

spatial radius is smaller than the current aperture above lasing threshold [Figs. 5.13 (g) and
5.13 (h)]. In other words, only a small part of the injected area is actually lasing. This effect
has also been reported by other groups [114, 11]. It is actually consistent with the measured
beam divergence angle FWHM 6rw g above threshold, as the lasing mode radius a, is given
by [271]:

A

- (5.1)
P 20rwaM

a

where A is the cavity mode wavelength and Ory s is expressed in radian. For the Opw gy
value given above, the corresponding lasing mode radius a, amounts to 2.4 um, which is in
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Figure 5.14: (a) Log-log plot of the integrated cavity mode intensity vs pulsed current (200 ns
wide pulses, 1% DC) for a plasma-treated VCSEL. Device mesa and current aperture diameters
are equal to 60 and 8 um, respectively. The estimated values for the spontaneous emission
coupling factor extracted from the curve are f; = 6 x 1072 from the step intensity height at
threshold, and f, = 4 x 1073 from a fit of the EL curve using Eq. 5.2 (red dotted curve). (b)
Cavity mode (normalized) integrated intensity vs pulsed current density (200 ns wide pulses,
1% DC) for plasma-treated devices with different current aperture diameters. Lasing threshold
current densities are ranging from 120 to 150 kA/cm? for all aperture sizes.

good agreement with values extracted from Figs. 5.13 (g) and 5.13 (h). Photonic disorder can
account for this feature, as at least two modes are coexisting within the current aperture area,
as seen previously in Figs. 5.12 (c) and 5.12 (d). Indeed, those two modes may have different
thresholds, and above the lowest one only one of those modes exhibits lasing.

Alog-log plot of the integrated cavity mode intensity as a function of the current measured
on the plasma-treated sample is shown in Fig. 5.14 (a). Device mesa and current aperture
diameters are equal to 60 and 8 um, respectively. The corresponding spontaneous emission
coupling factor can been estimated from the intensity step height at threshold, or by fitting
the EL curve using the following expression for the integrated mode intensity I,,; [277]:

Tour o< =141/ (r=12%+4pr (5.2)

where r = I/ I}, is the normalized injection rate, given by the ratio between the current I and
the threshold current I,;,. The first method yields an estimated value 8, ~ 6 x 10~2. For the
second one, the best fit with a value for the threshold current I, equal to 60 mA is obtained
for B, =~ 4 x 1073, This discrepancy comes from an overestimation of the f factor using the
first method. Indeed, the mode intensity is integrated over the whole current aperture below
threshold, whereas the lasing mode spatial radius is smaller than the current aperture. This
means that the intensity below threshold is integrated over at least two different spatial modes,
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Figure 5.15: EL spectra measured (a) under pulsed injection (200 ns wide pulses, 1% DC)
and (b) under CW injection on a plasma-treated sample. Device mesa and current aperture
diameters are equal to 40 and 8 um, respectively. The red arrow in (b) highlights the strong
emission redshift because of critical device heating under CW injection.

while only one of those modes exhibits lasing above threshold, as discussed previously. In
addition, the value 8, ~ 4 x 1073 is closer to value previously reported by our group for an
optically pumped blue VCSEL [153].

Cavity mode integrated intensity as a function of the current density measured on several
plasma-treated devices with different current apertures is depicted in Fig. 5.14 (b). The
intensities have been normalized in order to compare the different curves. Threshold current
densities are ranging from 120 to 150 kA/cm? for all current aperture diameters, which is
another proof for the efficiency of both the plasma treatment for current confinement and the
ITO current spreading layer.

EL spectra measured under pulsed and CW current injection on a plasma-treated VCSEL
are shown in Figs. 5.15 (a) and 5.15 (b), respectively. The device has a 40 um mesa and a 8
pm current aperture. Whereas the sample exhibits lasing under pulsed injection, no lasing
action is observed in CW. Actually, the very large threshold current density causes dramatical
device heating, resulting in a critical QW emission redshift as represented by the red arrow in
Fig. 5.15 (b). This prevents our devices from CW lasing, as the QW emission no longer matches
the cavity mode wavelength. The light is eventually emitted through the top DBR Bragg
modes. Thus, the threshold current density should be drastically decreased in forthcoming
samples in order to achieve CW lasing. As said previously, the emission shift comes from four
different contributions. As the QW emission exhibits a redshift, the dominant mechanism
was assumed to be either the bandgap renormalization or heating effects. However, as the
redshift is accentuated under CW injection, it is ascribed to the temperature increase. Indeed,
a larger temperature increase yielding a larger emission redshift under CW injection than
under pulsed injection is consistent with this assumption.
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Figure 5.16: (a) EL spectra measured on the SiO, aperture sample under different pulsed
currents (200 ns wide pulses, 1% DC) from the bottom of the device. (b) Comparison between
EL spectra measured on the plasma-treated (blue line) and SiO, (violet line) samples under 10
mA pulsed current. The corresponding quality factors are 1080 and 950 for plasma-treated
and SiO, samples, respectively. Both device mesa and current aperture diameters are equal to
60 and 8 pum, respectively.

EL spectra measured through the bottom DBR of a SiO, aperture VCSEL for different pulsed
currents are shown in Fig. 5.16 (a). Device mesa and current aperture diameters are equal to
60 and 8 um, respectively. Despite a cavity mode perfectly centered with respect to the bottom
DBR stopband, a quality factor of 950 and a QW emission matching the cavity mode, no
lasing has been obtained, even under pulsed injection. A comparison between the EL spectra
measured through the bottom DBR of this sample (violet curve) and that of a corresponding
plasma-treated sample (blue curve) is depicted in Fig. 5.16 (b). The quality factor of the
plasma-treated device is Q = 1080, which is close to that of the SiO, aperture sample. Both
cavity modes are well centered with respect to the bottom DBR stopband and match the
QW emission. Moreover, both devices exhibit the same I-V characteristics, as depicted in
Fig. 5.11 (a). This means that the discrepancy between both samples does not come from their
structures but actually from their different current confinement schemes.

Preliminary simulations have been performed at Chalmers University, Sweden, in the group
of Prof. Haglund in the frame of a collaboration on nitride-based VCSELs. In fact, the step at
the edge of the SiO, current aperture would cause a large increase in the diffraction losses.
On the other hand, it would provide a good lateral optical mode confinement which would
result in a better overlap between the gain area (corresponding to the current aperture) and
the optical mode lateral extent than for a completely planar microcavity VCSEL such as the
plasma-treated VCSEL, assuming that the deposition of the ITO current spreading layer yields
a planar mesa atop the dielectric current aperture. This would lead to a reduced theoretical
material gain at threshold. However, assuming that the plasma treatment would decrease
the refractive index of p-type GaN, the resulting index guiding would drastically improve the
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overlap between the gain area and the transverse optical mode. As a result, the mode and gain
region overlap would be roughly equivalent for both devices, and the increased diffraction
losses for SiO, aperture VCSELs would account for a larger threshold than for plasma-treated
samples. Together with the already large threshold for the latter devices, this could explain
why lasing has not been achieved in the former samples. The required change in the refractive
index value An = nGaN — nGaN,RIE is of the order of 0.005 - 0.01 if considered over the whole
p-GaN layer thickness [278]. Obviously, the plasma would only affect the sample surface, thus
the required An would be greater. Notwithstanding, further simulations and experiments,
such as ellipsometry measurements on plasma treated p-type GaN samples, will be performed
in order to validate these assumptions.

As previously observed, the plasma-based p-type GaN surface treatment is an efficient current
confinement scheme. This means that current leakage can be excluded as a possible source
for the large threshold current densities obtained. Consequently, the reasons accounting for
this feature have to be found elsewhere. Actually, the ITO layer is quite thick and furthermore
not positioned at a node of the optical field. The measured absorption in such a quarterwave
ITO layer is as high as 0.8% (see section 4.3.4), corresponding to an absorption coefficient
arro = 1200 cm™!. This yields modal losses (a;r0) = T ;a;70 =45 cm™!, which are defined
in a similar way as the modal gain (Eq. 2.8). By reducing by half the ITO layer thickness (i.e.
to a A/8 layer) and placing it wisely at a node of the optical field, the ITO absorption modal
losses could be decreased down to {a;r0) = 2 cm™!. Moreover, as stated in section 5.4.1, a
technical issue happened during the top dielectric DBR evaporation. As a result, its reflectivity
was 0.5% lower than that of the DBR deposited on the SiO; aperture sample as can be seen in
Fig. 5.17 (a).

In order to have a quantitative idea of those two combined effects, simulations of the threshold
current densities have been performed. A logarithmic dependence of the gain g to the current
density J has been assumed: g = goln J/ Jy [279], where gy is a phenomenological gain param-
eter and Jy is the transparency current density of the QW-based active region. According to
Eq. 2.8, the lasing condition can thus be written (under the assumption that I'yy ~ 1):

1
ln(
2Leff Rtoprot

-

) ={(gm)= rzgoln(]i’) (5.3)
Jo

a; +{arro) +

N

Aot

where «a; are the cavity internal losses, L is the effective cavity length, R;s, and Ry, are the
top and bottom DBR reflectivity, respectively, a,,; are the total losses, (g, ) is the modal gain
at threshold, I'; = I';;T ey is the vertical confinement factor, which is the product between
the filling factor I ¢;;; and the gain enhancement factor I',,;, and Jy, is the threshold current
density. See section 2.2.3 for more details. Thus, the current density at threshold as a function
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Figure 5.17: (a) Reflectivity spectra of the top DBRs evaporated on plasma-treated (blue curve)
and SiO, aperture (violet curve) samples. (b) Threshold current density as a function of the
top DBR reflectivity for the plasma-treated sample calculated using Eq. 5.3 for two different
ITO layer thicknesses and positions.

of the total losses a¢,; can be expressed as:

Aot
Jtn=Jo eXP( ) . (5.4)
I';80

The threshold current density as a function of the top dielectric DBR peak reflectivity has been
plotted in Fig. 5.17 (b) using Eq. 5.4. The red and blue curves correspond to devices with a
A/4 1TO layer placed between an antinode and a node of the optical field (similarly to the
samples presented in this section) and with a 1/8 ITO layer centered at a node of the standing
wave, respectively. The used parameters are a; = 23.5 cm™!, Rpo; = 99.6%, L, rf = 1.80 um,
[ri;p =0.014 (see Eq. 2.37), Tepp = 1.52 (see Eq. 2.40). Jo ~ 1 kA/cm? has been assumed to be a
reasonable order of magnitude for the transparency current density, according to the value
reported by Scheibenzuber et al. [280], which were measured on edge-emitting LDs grown in
our laboratory using the Haki-Paoli method for modal gain determination [281]. This graph
shows that the combined effect of reducing the ITO layer thickness by half, positioning it at
a node of the electrical field and increasing the top DBR reflectivity, the threshold current
density could be decreased from 140 kA/ cm? down to 10 kA/cm?, which is a value much
closer to state-of-the-art thresholds reported so far [116, 11, 118, 115]. However, increasing
the top DBR reflectivity would also mean decreasing the ratio of outcoupled light transmitted
through the top of the device. Therefore, a trade-off has to be determined regarding the top
DBR reflectivity in order to lower the threshold current density while preserving a large output
power through the top DBR, or switched to a bottom emitting VCSEL geometry using substrate
thinning and polishing.
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5.6 Outlook

Lasing in electrically-driven blue VCSELs has been successfully demonstrated using an alter-
native current confinement scheme based on plasma-based p-type GaN surface passivation.
Thus, the optimization of both the bottom InAIN-based DBRs (chapter 3) and the ITO contacts
to p-type GaN (chapter 4) were fruitful. However, further improvements are required in order
to achieve CW lasing in such devices. Amongst them, the most straightforward seems to be
the correction of the thickness and position of the ITO current spreading layer. Nevertheless,
a careful and in-depth study of the active region would be mandatory in order to optimize
the VCSEL structure. Using an active region geometry adapted from that of edge-emitting
lasers proved to be sufficient for a first try, but is not satisfactory for the long term. Moreover,
the different current confinement schemes could be combined. Particularly, an InAIN buried
aperture (section 5.3.4) could be used together with the plasma treatment in order to improve
the optical mode lateral confinement. Another point worth mentioning is the development
of conductive InAIN-based DBRs. Intracavity n-type contacts would no longer be required,
which would allow reducing the cavity thickness and thus decrease absorption losses and
increase the filling factor I ¢;;;. Finally, a new dielectric sputtering tool has been ordered for
our institute. This new machine should be more reliable than the present e-beam evaporator
and will enable a better control on the thickness of the deposited layers thanks to an in situ
reflectivity measurement system.

Furthermore, the development of such microcavity lasers opens the way for new optoelec-
tronic devices such as polariton LEDs and LDs. However, the QW quality is much more critical
in such devices as a narrow absorption broadening is required in order to reach the strong
coupling regime. In particular, InGaN QW inhomogeneous broadening due to indium compo-
sition fluctuations is detrimental for that purpose. Thus, RC-LEDs using GaN QWs could be
an option to explore. The drawback then would come from the larger strain and dislocation
density in UV InAIN DBRs (see section 3.4.3), as well as p-type doping issues. Note that Tsint-
zos and coworkers reported on polariton LEDs made from I1I-arsenide materials operating up
to RT [282, 283]. However, the small exciton binding energy in this material system is likely to
prevent the observation of optical nonlinearities in GaAs-based microcavities at RT [284].

Finally, de Carvalho et al. reported recently that ordered cluster arrangements in In-containing
[II-nitride ternary alloys are energetically less favorable than strongly clustered configurations
(i.e. a large deviation of the actual cation-site occupation of the tetrahedra from the average
value) [285]. This is an intrinsic property due to the wurtzite structure of III-nitride materials
system, and yields an intrinsic emission linewidth broadening, which results in a reduced
overlap between the gain and the VCSEL cavity mode.
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emitting lasers

In this last chapter, the realization of long external cavity VECSELs is presented. First, the
design of the active region is addressed, and two different schemes are discussed. Then,
the characteristics of both schemes under optical pumping are compared, as well as their
performances when used in a VCSEL configuration. Finally, the most efficient scheme is
characterized in an extended external cavity configuration and the results are presented.

6.1 Active region design

As stated in section 2.4.3, the objective of the RbGaN project is the realization of an active
atomic clockwork made of a mode-locked GaN-based VECSEL comprising a Rb atomic vapor
cell absorber. As this VECSEL was meant to be non-resonantly optically pumped, a specific
active region design had to be studied, which is quite different to that of a VCSEL. Indeed,
the active region of a nitride-based electrically driven VCSEL comprises only a few (~ 2 —5)
QWs, because of inefficient hole injection in more QWs due to their poor mobility. However,
in an optically pumped VECSEL structure, this issue is no longer a concern. Instead, the active
region should be thick enough and designed so as to efficiently absorb the pump beam. In
this context, two different approaches have been considered, as shown in Fig. 6.1.

The first one is designed so as to absorb the pump laser beam in thick In,Ga;_N barriers
(x ~ 2 -3%), whose total thickness equals approximately 400 nm, generating electron-hole
pairs that subsequently diffuse into only two InGaN QWs placed in-between the barriers for
ensuring a low threshold, as depicted in Fig. 6.1 (a). In such a structure, the InGaN barriers
should be thick enough in order to absorb most of the power out of the pump beam while
ensuring an efficient subsequent diffusion of the generated free carriers into the QWs before
they recombine. The main advantage of this scheme is the low number of QWs, resulting in a
theoretical lower threshold than structures comprising a large number of QWs. Indeed, for a
given amount of carriers generated by the pump beam trapped by the QWs, the free carrier
density per QW will be larger for fewer QWs, which makes the population inversion easier to
reach. However, as the barrier thickness is quite large, the indium content should not exceed
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Figure 6.1: The two different active region schemes: (a) thick Ingo3Gagg7N barriers
and two Ing12GaggsN QWs for pump beam absorption in the barriers and (b) standard
Ing.12Gag ggN/GaN MQW approach.

~2—3% in order to preserve the overall crystalline quality. This implies that the pump laser
wavelength should not be longer than ~ 370 nm. Such lasers are more expensive than more
commonly used 405 nm LDs.

The second approach relies on a large number (~ 25) of InGaN/ GaN MQWs, as represented
in Fig. 6.1 (b). The barriers are now transparent to the pump laser beam, which is absorbed
by an excited state of the QWs, nominally at a wavelength A = 405 nm, as such CW UV LDs
are commercially available at a reasonable cost. This approach is close to the MC structures
designed for strong coupling regime studies [14], which have been widely investigated in our
laboratory. Nevertheless, the total thickness of absorbing material is much shorter than that
of the previous scheme, which would cause a reduced part of the incident pump beam to be
absorbed resulting in a larger threshold.

The subsequent sections will present the development of samples based on these two different
active region schemes, then compare the obtained results. Finally, VECSEL comprising the
most efficient active region will be presented, as well as their characteristics when operated in
both VCSEL and external cavity configuration.

6.1.1 Thick InGaN barriers

Thick InGaN layers are quite challenging to grow [286, 287, 288]. Thus, the first step towards
the realization of VECSEL structures using thick InGaN barriers consists of the optimization
of the barrier growth conditions. Therefore, three samples have been grown using different
barrier growth conditions, which are summarized in Table 6.1. The QW growth conditions,
also given in Table 6.1, are identical for all samples, as well as their epitaxial structure, which
consists in a first 166 nm thick InGaN barrier, a 2 nm thick InGaN QW, a 83 nm thick InGaN
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Figure 6.2: (a), (b) and (c) PL spectra measured at low and room temperature with a 325 nm
HeCd laser on three different samples with thick InGaN barriers. (d), (e) and (f) 10 x 10 ym?
AFM scans measured on those three samples. Comparison between the PL spectra of the three
different samples measured with a 325 nm HeCd laser for the same excitation power density
at4 K (g) and 300 K (h).

barrier, another 2 nm thick InGaN QW and a final 166 nm thick InGaN barrier, capped with
a 84 nm thick GaN layer. All samples were grown on FS GaN substrates. The QW thickness
has been set so as to minimize the QCSE, in order to avoid a critical decrease of their radiative
efficiency. The TMIn flow rates were close to the lower tolerance limit of the gas flow controller,
resulting in a large indium content in sample A (~ 5%). In order to decrease the indium
content in samples B and C, both the growth temperatures and the TEGa flow rates have been
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Table 6.1: Summary of the barrier and QW growth conditions for the study of thick InGaN
barriers.

Sample In content Growth TEGa flowrate TMIn flowrate NHj3 flow rate

temperature
(%) o) (sccm) (sccm) (sccm)
A ~5 845 120 10 3000
B 2.8 850 200 8 3000
C 1.7 875 200 8 3000
All QWs ~12 838 120 490 3000

increased, yielding indium content of 2.8% and 1.7%, respectively. PL measurements have
been performed at low temperature (LT) and RT on each sample using a 325 nm CW HeCd laser.
The results for each sample are shown in Figs. 6.2 (a), 6.2 (b) and 6.2 (c). The PL intensities
of the different samples at LT and RT are compared in Figs. 6.2 (g) and 6.2 (h), respectively.
At LT, the ratio between the emission intensities related to the QWs and the barriers is quite
low (strong emission from the barriers), because of the strong carrier localization related to
alloy inhomogeneities occuring in InGaN barriers. Conversely, the thermal energy at RT is
sufficient for the carriers to escape from the traps, their diffusion length is large enough for
them to reach the QWs, and thus QW emission is predominant at RT. However, only sample
B exhibits no barrier emission at RT [Fig. 6.2 (b)]. Moreover, it also presents the strongest
emission at RT [Fig. 6.2 (e)]. 10 x 10 pmz AFM scans of samples A, B and C are shown in
Figs. 6.2 (d), 6.2 (e) and 6.2 (f), respectively. The surface morphology of samples A and C
exhibits a large V-pit density. In addition, sample A suffers from many defects. This is surely
due to the larger indium content in the InGaN barriers for this latter sample. On the other
hand, sample B surface morphology reveals much less V-pits than the other two samples as
well as step meandering.

The V-pits are typical of indium-containing alloys [180, 183, 286, 289, 290]. Those V-pits
are ascribed to strain relaxation and surface energy minimization occurring at threading
dislocations and stacking mismatch boundaries induced by stacking faults. The second
feature, namely meandering or Bales and Zangwill (BZ) instability, is related to the so-called
Ehrlich-Schwoebel potential barrier at the step edges, which prevents part of the diffusing
adatoms to bind to a descending step during epitaxial growth [291, 292, 293]. It is most
certainly due to the low growth temperature of the whole cavity. Interestingly, both effects are
supposed to increase the radiative efficiency of InGaN QWs. The valleys resulting from the BZ
instability have been reported to act as potential barriers in the QW planes, thus hindering
non-radiative recombinations of carriers on dislocations [294], whereas V-pits provide energy
barriers that screen the defects themselves [295]. However, in the present case the radiative
efficiency enhancement related to the step meandering seems to be dominant over the other
mechanism, as the RT PL intensity of sample B is larger than those of the other two samples.
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Figure 6.3: (a) Thick InGaN barrier VECSEL detailed layer structure. (b) Electric field intensity
distribution along the VECSEL cavity. (c) Detail of the field in the QWs. (d) PL spectra measured
with a 355 nm Nd:YAG pulsed laser at RT on the half-cavity. (e) 10 x 10 um? AFM scan of the
VECSEL sample.

Thereby, sample B growth conditions have been selected for the growth of a thick InGaN
barrier VECSEL sample. Its structure is depicted in Fig. 6.3 (a). It has been designed so that
the QWs are placed in two consecutive antinodes of the optical field. Moreover, the two outer
InGaN barrier thickness has been set so that the interferences between light reflected at the
InGaN/GaN interfaces and by the DBRs are constructive. The sample has been grown over a
highly reflective, low dislocation density, InAIN/GaN DBR grown on an intermediate quality FS
GaN substrate, such as those presented in section 3.4.2. The electric field intensity distribution
across the VECSEL structure, including a 3.5 A/2 empty external cavity and an external mirror
made of 7 TiO,/SiO; bilayers, has been simulated using the transfer matrix method and is
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shown in Fig. 6.3 (b). An enlarged view of the optical field intensity in the nitride-based cavity
including the QWs is depicted in Fig. 6.3 (c), where both QWs can be seen at two antinodes
of the field, ensuring a theoretical optimal gain enhancement factor. PL spectra measured
at RT as a function of the average power density using a pulsed frequency-tripled Nd:YAG
laser emitting at 355 nm on the half-cavity sample are shown in Fig. 6.3 (d). A slight emission
blueshift can be seen, and can be ascribed to the screening of the internal field, yielding a
decreased QCSE. Note that the PL emission peak around 400 nm does not come from the thick
InGaN barriers, but can be ascribed to the QW emission modulation due to the bottom DBR.

A 10 x 10 um? AFM scan of the VECSEL sample surface is given in Fig. 6.3 (e), revealing the
same two features reported previously for sample B, namely V-pits and step meandering. The
corresponding rms roughness value is 12.3 nm. As will be shown hereafter, the PL intensity of
this thick InGaN barrier VECSEL sample is comparable to that of a MQW VECSEL. However,
its quite large surface roughness will prove detrimental to achieve lasing because of increased
light scattering.

6.1.2 Multiple quantum well approach

As previously said, the second approach relies on the use of InGaN/GaN MQW. Less effort had
to be spent on the growth parameter optimization, thanks to the work of Marlene Glauser
on InGaN-based MQWs for polariton laser applications [14]. Indeed, two samples with a 24
cavity comprising an active region made of 24 Ing 12Gag ggN/GaN QWs, whose total thickness
correspond to 1A, have been grown on two other parts of the same InAIN/GaN DBRs than that
used for the thick InGaN barrier VECSEL sample. The QW barrier and well thicknesses amount
to 4.5 and 2 nm, respectively. The barriers are n-type doped with [Si]= 2 x 10'® cm™3. The
active region is sandwiched between two GaN layers grown at high temperature (1050°C) in
order to ensure both a high quality for the overgrowth of the DBR and a smooth cavity surface
morphology thanks to the larger diffusion length of Ga adatoms at high temperature. The only
difference between the two MQW VECSEL samples is a slight QW growth temperature tuning
in order to decrease the emission wavelength of the second grown sample. The complete
structure is depicted in Fig. 6.4 (a). The MQWs are equally distributed along the growth
axis, which could seem detrimental in terms of gain enhancement factor (coupling strength
between the optical field and the QWs). A resonant periodic gain structure, with several groups
of QWs centered at different antinodes of the optical field intensity, would indeed present
a larger gain enhancement factor [141, 142]. However, a long cavity VECSEL is expected
to exhibit multimode lasing, unlike short cavity VCSELs. For a given mode, the resonant
periodic gain structure would be very sensitive to any displacement of the external coupling
mirror, as a shift of the optical field antinode position would dramatically decrease the gain
enhancement for this particular mode. Thereby, the resonant periodic gain structure would
act as an additional spectral filter that would favor lasing of clusters of external cavity modes.
Thus it would render such a VECSEL extremely sensitive to any cavity length fluctuation.
Therefore, the equally spaced MQW structure has been selected as the active region for our
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Figure 6.4: (a) MQW VECSEL detailed layer structure. (b) and (d) PL spectra measured on two
different MQW VECSEL half-cavities with a 355 nm frequency-tripled Nd:YAG pulsed laser at
RT. (c) and (e) 2 x 2 um? AFM scans measured on those two samples.

long cavity MQW VECSELs.

PL spectra measured on the two different half-cavity VECSEL samples at RT with a pulsed
frequency-tripled Nd:YAG laser emitting at 355 nm are shown in Figs. 6.4 (b) and 6.4 (d). Once
more, no VECSEL emission blueshift is an evidence for a quite weak QCSE. 2 x 2 um? AFM
scans measured on those samples can be seen in Figs. 6.4 (c) and 6.4 (e). Those images reveal
very smooth surface morphologies with rms values ~ 0.2 nm for each sample, which is an
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Figure 6.5: PL spectra measured on the MQW VECSEL sample (blue curves) and the thick
InGaN barrier VECSEL sample (violet curves) at RT with a 325 nm CW HeCd laser (a) and with
a 355 nm frequency-tripled Nd:YAG pulsed laser (b).

evidence for the high quality of our LM InAIN/GaN DBRs. Such a smooth surface morphology
ensures very low scattering losses while the samples operate as surface emitting lasers, which
is a requirement in order to achieve lasing in a long external cavity configuration.

6.2 Results

In this section, samples based on both active region designs are first compared. Then the
results concerning our VECSEL samples operating in VCSEL and VECSEL configuration will be
presented and discussed.

The RT PL spectra measured on a thick InGaN barrier and a MQW VECSEL half-cavity samples
using either a CW HeCd laser emitting at 325 nm or a pulsed frequency-tripled Nd:YAG laser
emitting at 355 nm are compared in Fig. 6.5. It is worth pointing out that using both pump
lasers the MQW sample is pumped into the GaN barriers and not as initially planned in a
QW excited state. Interestingly, the MQW sample exhibits a larger PL intensity than the thick
InGaN barrier sample when pumped with the Nd:YAG laser, despite similar intensities under
CW injection with the HeCd laser.

6.2.1 Operation as a VCSEL

In order to assess the quality of the different samples, they have been cleaved and a small
piece of each of them has been covered with a top dielectric Bragg mirror and characterized in
VCSEL configuration. The DBRs evaporated on the thick InGaN barrier sample and the two
MQW samples were made of 8 and 7 pairs of SiO»/ZrO, and exhibited a peak reflectivity of
99.5% and 98.5%, respectively. As no CW laser available in the lab delivered enough power so
as to achieve lasing in those VCSEL samples, a frequency-tripled pulsed Nd:YAG laser, emitting
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Figure 6.6: (a) and (c) PL spectra measured on the two MQW VECSEL samples shown in Fig. 6.4
after the deposition of a top dielectric DBR stack using a 355 nm frequency-tripled Nd:YAG
pulsed laser at RT. (b) and (d) Corresponding L-L plots.

at 355 nm, was used as pump source. The maximum average pump power is about 12 mW.
The laser beam spot size when focused on the sample is approximately 50 ym, meaning that
the maximum average power density is about 600 W/cm?.

Lasing has not been achieved for the thick InGaN sample in VCSEL configuration. This is
ascribed to the large surface roughness of the sample [Fig. 6.3 (e)]. Despite the fact that the
step meandering increases the QW radiative efficiency, this effect results in a large surface
roughness, which dramatically increases scattering losses, preventing the sample from lasing.
Thus, the thick InGaN barrier VECSEL sample has not been further measured in a long external
configuration.

Unlike the thick InGaN barrier sample, lasing has been observed in both MQW samples, with
a threshold power density of ~ 220 — 230 W/cm?. Spectra measured on both samples at RT
for different excitation power densities are shown in Fig. 6.6, together with the corresponding
plots of the integrated mode intensity as a function of the pump intensity (L-L). Both the
narrowing of the emission linewidth and the nonlinear increase in the mode intensity are clear
evidence for lasing. Thus, those samples were selected for being further characterized in an
extended external cavity scheme.
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Figure 6.7: (a) Schematic drawing and (b) photograph of the setup for optical pumping of the
VECSEL samples operating in an extended external cavity configuration. Courtesy of X. Zeng.

6.2.2 Operation in an extended external cavity configuration

Whereas the growth and optimization of the VECSEL samples were devoted to our group, the
characterization of the final samples in VECSEL configuration has been performed by the
CSEM. Thereby, the results presented in this section are courtesy of Xi Zeng [155].

Subsequently, the MQW VECSEL samples have been mounted in a long external cavity scheme.
In addition to the previously mentioned pieces of sample covered with a 7-pair DBR used
as reference, a less reflective 4-pair SiO2/ZrO, Bragg mirror has been evaporated on another
piece of both samples, exhibiting a peak reflectivity of 86.6%. As said before, the achievable
power using the CW lasers available in our lab is not sufficient to achieve lasing in our VECSEL
samples. Thus, two different pulsed Nd:YAG lasers are used in order to pump the samples.
However, the pulse duration of those two lasers, which is equal to 10 ns and 400 ps, respectively,
is shorter than the time T}, required to achieve lasing in a long external cavity VECSEL. The
latter amounts to ~ 680 ns when pumped at twice the threshold for a 50 mm long cavity,
according to [277]:

T ZZS-L (6.1)
b (r— DG, '

where T}, is the cavity round trip time, r = Ipymp/ I is the normalized pump rate, i.e. the
ratio between the pump power density I, and the power density at threshold I, and Gy,
is the cavity round trip gain at threshold. Therefore, the low reflectivity top dielectric Bragg
mirror forms an auxiliary microcavity with a much shorter lasing build up time (~ 10 ps) that
provides injection seeding for the external cavity, enabling lasing of a 50 mm long external
cavity VECSEL.

In VECSEL configuration, the samples are mounted on a precision 3D translation stage. The
external reflector is a concave mirror with a curvature radius of 50 mm with a peak reflec-
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Figure 6.8: (a) PL spectra measured above threshold on the 7-period top DBR VECSEL sample
for two different cavity lengths. (b) Linewidth of the lasing mode, (c) threshold power and (d)
beam quality factor M? vs cavity length for VCSEL samples with two different top DBR stacks.
Courtesy of X. Zeng.

tivity of 99.5% at 420 nm, which is mounted on a 1D translation stage allowing tuning the
external cavity length from 25 to 50 mm, this latter length corresponding to the semiconfocal
configuration. A schematic drawing and photograph of this setup are shown in Fig. 6.7.

In this set of experiments, the VECSEL samples are pumped using a Q-switched frequency-
tripled Nd:YAG laser whose emission wavelength is 355 nm. Its pulse length and repetition rate
are 400 ps and 6 kHz, respectively. The pulse peak power amounts to 5.4 kW. The pump beam
incidence angle onto the sample is 45°. A neutral density filter wheel is used for attenuating
the pump beam. The light output of the VECSEL cavity is analyzed using a fiber-coupled
spectrometer and a CCD camera.

Examples of spectra measured on the 7-period top DBR sample above threshold for cavity
lengths of 30 and 49 mm are shown in Fig. 6.8 (a). The linewidths of the lasing mode, threshold
powers and beam quality factors M? as a function of the cavity length for the two different top
DBR samples are depicted in Figs. 6.8 (b), 6.8 (c) and 6.8 (d), respectively. M? is defined as
the ratio between the beam parameter product (given by the product of the beam divergence
angle and its waist) of the VECSEL sample and that of an ideal Gaussian beam. The threshold
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power decreases when increasing the cavity length from 25 to 50 mm, as expected [Fig. 6.8 (c)].
Indeed, the semiconfocal configuration offers the smallest lateral mode size onto the sample,
resulting in the lowest threshold power. Moreover, the threshold pump powers measured on
the 4-pair top DBR are significantly larger than those measured on the 7-pair top Bragg mirror.
However, contrary to the expected behavior for a microcavity laser operating in an external
cavity configuration, the VECSEL thresholds are not always smaller than the corresponding
VCSEL ones. For instance, both 25 mm long cavity VECSEL thresholds are larger than those
of the samples operating as VCSEL. This is ascribed to two different effects: the mismatch
between the external cavity mode and the pump laser beam onto the sample, and the imperfect
spatial overlap between the beam reflected from the external reflector with the initial mode of
the free-running VCSEL [155].

In the same way, the lasing mode linewidth decreases when the cavity length is increased from
25 to 50 mm [Fig. 6.8 (b)] for both samples. The linewidths have been measured under the
constant pump powers of 29.2 and 138 W for the 7- and 4-pair top DBR samples, respectively.
The decrease in the linewidth FWHM is attributed to the fact that external cavity losses and
thresholds are lower for longer cavity VECSELSs, as the setup approaches and eventually reaches
the semiconfocal configuration, which results in lower cold cavity linewidths. This is ascribed
to the best overlap between the free running VCSEL mode and the beam reflected from the
output coupling mirror.

Beam profile measurement of the VECSEL samples have been performed using a CCD camera
in order to extract the beam quality factor M? [Fig. 6.8 (d)]. As expected, the M? value for the
samples in VCSEL configuration are larger than those of samples in the external cavity setup.
In addition, the lowest M? value is measured for the 7-pair top DBR sample with an external
cavity length of 50 mm, i.e. corresponding nearly to the semiconfocal configuration. This is
consistent with the fact that for the semiconfocal configuration the external reflector provides
the strongest optical feedback.

Thus, the first long external cavity VECSELs have been demonstrated, whereas other GaN-
based VECSELs reported so far were limited to 1 mm long external cavities [16, 140, 141, 142].
This will enable the integration of intracavity components, such as a Rb vapor cell absorber in
the case of the RbGaN project.

6.3 Outlook

Although those results are encouraging, the threshold remains too high to allow VECSEL
pumping using CW UV lasers. On the other hand, the 400 ps pulse length of the frequency-
tripled Nd:YAG laser would not allow mode-locking operation after incorporation of the Rb
vapor cell absorber, as the mode-locking operation establishes only after 15-20 round trips
through the cavity, which takes up to ~ 6 ns for our 50 mm long VECSEL.

Thus, further experiments are planned using a high-power frequency-tripled Nd:YAG laser
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with flash-lamp pumping and operating in the Q-switching regime, delivering 10 ns long
pulses. Such pulses should be sufficient to observe the onset of mode-locking in the VECSEL
samples.

Other points to explore would be growing further VECSEL samples onto high quality FS
GaN substrates instead of intermediate quality ones, as it is expected to reduce the photonic
disorder (see section 3.4.2) and thus also to reduce the lasing threshold. Furthermore, the
growth conditions of the thick InGaN barrier sample could be further optimized in order
to avoid the step meandering instability, for instance by increasing the growth temperature
of the GaN layers, and introducing thin GaN interlayers grown at high temperature in the
middle of the thicker middle barrier. Finally, as lasing has been achieved in electrically-driven
VCSELs, such devices could be used to provide gain in an electrically-driven long external
cavity VECSEL, although the output power of our VCSELs should be increased for that purpose.
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Conclusion

In this last part, the work presented in this PhD dissertation is summarized. Finally, an outlook
and perspectives on possible future work are proposed.

Summary

This PhD dissertation described how III-nitride-based VCSELs and VECSELs have been re-
alized. Several building blocks had to be developed and optimized before being brought
together in order to realize devices.

In chapters 1 and 2, the basic properties on III-nitride compounds and microcavity lasers
were recalled. Some intrinsic issues related to strain, polarization and p-type doping inherent
to the III-nitride material system were discussed. The discrepancies between standard edge-
emitting LDs and microcavity lasers were presented, in particular challenges due to the low
confinement factor inherent to a vertical laser cavity. Finally, standard III-V VCSELs and
VECSELs and their applications were described.

In chapter 3, the optimization of highly reflective "defect-free" InAIN-based DBRs was pre-
sented. Growth and optical properties of InAIN layers were summarized. Then, the structural
properties and defect issues were addressed. A systematic study of the surface morphology of
nearly-LM InAlN layers with thicknesses ranging from 2 to 500 nm was presented, as well as
InAIN layers under tensile strain. The surface morphology of InAIN layers was characterized
by hillocks, and V-pits appearing beyond a thickness depending on the growth conditions.
However, thick (~ 500 nm) InAIN layers presented a rough surface, and TEM measurements
revealed In-rich and In-poor vertical planes. Those effects, namely hillocks, V-pits and critical
crystalline quality degradation mechanism of thick InAIN layers were ascribed to kinetic rough-
ening. Then, InAIN-based DBRs were discussed. First, such structures grown on sapphire were
briefly presented. Secondly, the growth of such DBRs on FS GaN substrates was studied, and
the impact of several parameters, such as the TMIn flux, the substrate quality, compressive
strain in InAIN layers and the transition between InAlIN and GaN growth conditions during
DBR growths were addressed. Finally, UV DBRs were reported, and several improvements for
InAIN-based DBRs were proposed.
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In chapter 4, the development and optimization of low resistive TCO contacts to p-type GaN
was described. First, the basic properties of metal-semiconductor contacts and TCOs were
recalled. Then, several different TCOs and deposition techniques were investigated. The effect
of inserting a thin metallic layer below the TCO on the contact properties were studied. It was
concluded that plasma induced damage during the TCO layer deposition could dramatically
deteriorate the p-type contact properties and yielded critical failure of VCSEL devices at
relatively low current densities (around 2 kA/cm?). Finally, ITO-based contacts deposited by
Evatec were studied, and results showed that no plasma induced damage were hindering their
electrical properties. In addition, such ITO layers exhibited a low absorption in the 400-450
nm range. Therefore, it was concluded that such transparent ITO contacts were suited for
VCSEL applications.

In chapter 5, the development of VCSEL diodes was reported. First, the main VCSEL building
blocks were listed, namely a top dielectric DBR, a bottom InAIN/GaN epitaxial DBR, a QW-
based active region, efficient electrical injection and current confinement. Then, dielectric
DBR deposition and optimization was briefly described and several promising current con-
finement schemes were detailed, which are lateral oxidation of an InAIN layer, a TCO current
spreading on top of either a dielectric current confinement layer or plasma-based p-type GaN
surface passivation, or a buried current confining layer. Subsequently, the final design of our
VCSEL was presented together with the process flows. Finally, results were reported. Lasing at
RT under pulsed electrical injection in our VCSEL diodes was demonstrated. The characteris-
tics of our devices were described. The reason why no lasing action was observed under CW
injection was ascribed to the large threshold current density reported for our VCSELs, which is
due to critical absorption in the ITO current spreading layer. Therefore, it has been proposed
to reduce the ITO layer thickness by half and move it at a node of the optical field standing
wave in order to strongly decrease absorption, and thus decrease the threshold and achieve
lasing under CW injection.

In chapter 6, VECSELs were studied. First, the development and optimization of the active
region was presented. Two different active region designs were under consideration: one
based on only two InGaN QWs surrounded by thick (~ 100 — 150 nm) In,Ga;_N barriers, with
0.01 < x < 0.05, the second one based on more conventional MQWs. This latter structure
proved to be better suited for VECSEL applications despite exhibiting quite similar output
optical powers, because of the rough surface morphology of the former samples resulting
from the meandering or BZ instability yielding large scattering losses. The MQW approach
was validated in VCSEL configuration, i.e. with the top dielectric DBR directly evaporated
on the surface. Subsequently, the sample was mounted in VECSEL configuration, and lasing
was reported with external cavity length up to 50 mm, using a low reflectivity top dielectric
DBR deposited on the surface of the half cavity VECSEL sample for injection seeding, required
because of the pump beam pulse length being shorter than the lasing build up time in the
external cavity. Finally, the characteristics of the VECSEL sample for various external cavity
lengths were reported, and an outlook on further improvements was given.
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Outlook and perspectives

Several ways to further improve VCSEL and VECSEL devices are worth mentioning. Concerning
the bottom InAIN-based DBR, introducing a two-step temperature ramp at each InAIN/GaN
interface during epitaxial growth could further improve the morphology of these interfaces,
and thus also the overall quality of such DBRs. The development of conductive n- and p-type
doped DBRs could also offer new insights on the conception of future devices. Finally, the
study of semi- and non-polar DBRs would open quite interesting perspectives, as it would
on the one hand decrease, or even eliminate, negative effects related to the QCSE such as
the reduction of the QW internal efficiency, and on the other hand enable microcavity-based
device new features such as polarization locking thanks to the IlI-nitride material anisotropy.

Further improvements are required in order to achieve lasing under CW injection in VCSEL
diodes. The most straightforward one is to reduce the ITO contact layer and place it at a node
of the optical field in order to reduce intracavity losses. However, other studies would be
required in the long term, such as a careful optimization of the active region. In particular,
the number of QWs and their thickness are parameters that should be carefully tuned. A large
number of thick QWs would increase the confinement factor, thus also the gain-per-pass. On
the other hand, thick QWs would more suffer from the QCSE, and because of the poor hole
injection efficiency in QWs, an active region made of a large amount of QWs would suffer from
alarge transparency current density. Therefore, the right compromise should be found in order
to obtain the structure design yielding the lowest threshold while ensuring a large differential
external efficiency. In addition, other current confinement schemes could be further studied,
in order to improve the current confinement in our structure, and couple it with efficient
lateral optical mode confinement, i.e. using a buried InAIN current aperture. InAIN oxidation
could also be used to realize flip-chip cavities, which could then be sandwiched between two
dielectric DBRs. This could be a promising alternative to laser lift-off or PCE etching for the
realization of fully hybrid VCSEL devices. It would then enable direct comparison between
devices using a bottom dielectric or epitaxial DBR.

Further measurements are also required in order to study mode-locking in our VECSEL sam-
ples, as well as the effect of inserting the Rb vapor cell absorber in the external cavity. In
addition, further optimizing the active region and growing samples on high-quality FS GaN
substrates could also improve the performances of those devices. A careful growth opti-
mization of the thick InGaN barrier-based VECSEL cavity in order to avoid the meandering
instability and preserve a step-flow growth mode could also yield improved device character-
istics.

Finally, the knowledge acquired during this PhD work could be used in order to develop
new structures, such as polariton LDs, emitting either in the UV (using GaN/AlGaN QWs)
or blue-violet (using InGaN/GaN QWs) range. The understanding of the thick InAIN layer
crystalline quality critical degradation mechanism could be used in order to further improve
InAlN cladding layers for LDs and SLEDs. Improved InAlN-based DBRs would be helpful to
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demonstrate strong coupling in InGalN QW-based microcavities. Electrically-driven VCSELs
could be used as injection seeding source for long external cavity VECSELs, allowing getting
rid of the pump laser. Other intracavity elements could be inserted in such long external cavity
VECSELSs for other applications, such as nonlinear optical elements or absorption cells for
absorption spectroscopy.
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