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Abstract
III-nitride waveguides featuring AlInN claddings and GaN/AlGaN quantum wells (QWs) offer

promising perspectives for applications in many fields of short-wavelength photonics. Thanks

to their nearly lattice-matched nature, these structures exhibit an excellent material quality,

leading, e.g., to strong light-matter interaction in such QWs, and several promising phenom-

ena.

In the low carrier density regime, the strong coupling between QW excitons and waveguide

photons results in propagating hybrid light-matter particles, called (exciton-)polaritons, which

combine photon-like propagation and exciton-like interactions. These interactions lead to a

strong optical nonlinearity, which could be useful for integrated all-optical devices. Due to their

strong exciton binding energy (∼40 meV in the present structures), III-nitride devices have the

potential to maintain these nonlinearities up to room temperature.

In the high carrier density regime, a GaN/AlGaN QW electron-hole plasma can provide gain

to an optical field in the UV, which can be useful for realizing near-UV laser diodes and semicon-

ductor optical amplifiers. The performance of current UV devices featuring AlGaN claddings

is limited by poor material quality. The improved structural quality of waveguides with lattice-

matched AlInN claddings could therefore circumvent these issues.

This study aims at an in-depth investigation of the optical properties of III-nitride waveguides

with AlInN claddings and GaN/AlGaN QWs grown on freestanding GaN substrates. In a sample

with an active region that was optimized for strong exciton-photon coupling, we observe propa-

gating polaritons in the low-density regime. A sample with an active region that was optimized

for homogeneous near-resonant excitation with a 355 nm laser shows elevated optical gain

in the high-density regime. The nearly lattice-matched nature of the entire structure leads to

a high structural and optical quality. We found inhomogeneous broadening values between

8 and 11 meV, and a standard deviation in the QW emission energy well below 1 meV over a

50× 50μm2 area. We calculated the band structure and transition energies of the QWs using

self-consistent Schrödinger-Poisson k ·p calculations and found an excellent agreement with

experiments.

The waveguide polaritons feature a normal mode splitting as large as 60 meV at low temperature,

thanks to the large overlap between the optical mode and the active region, a polariton decay

length up to 100 μm for photon-like polaritons and a lifetime of 1-2 ps. These decay lengths

and lifetimes are limited by residual absorption occurring in the waveguide. The large normal

mode splitting and elevated in-plane homogeneity are important assets for the realization of

polaritonic integrated circuits.
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Abstract

We also demonstrate optically-pumped waveguides exhibiting narrow bandwidth (3.8 nm)

optical gain around 370 nm. Due to the high refractive index contrast between the cladding

layers and the active region, the confinement factor is as high as 48% and net modal gain values

in excess of 80 cm−1 are measured. The results agree well with self-consistent calculations

accounting for built-in electric field effects and high carrier density related phenomena. As

such, these results open interesting perspectives for the realization of more efficient near-UV

laser diodes and semiconductor optical amplifiers.

Keywords: III-nitrides, gallium nitride, aluminum indium nitride, lattice-matched growth,

multiple quantum wells, excitons, electron-hole plasma, waveguides, light-matter coupling,

exciton-polaritons, waveguide polaritons, strong coupling regime, optical gain
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Résumé
Les guides d’onde à base de nitrures d’éléments III comportant des gaines optiques AlInN et

des puits quantiques GaN/AlGaN sont prometteurs pour de nombreuses applications dans

le domaine de la photonique à courtes longueurs d’onde (proche UV). Comme ces structures

sont en quasi-accord de maille, elles présentent d’excellentes qualités structurales conduisant,

entre autre, au régime de couplage fort lumière-matière qui permet d’explorer de nombreux

phénomènes physiques inaccessibles par ailleurs.

Dans le régime de faible densité de porteurs injectés, le couplage fort entre les excitons de puits

quantiques et les photons de guides d’onde conduit à la formation de polaritons excitoniques

guidés, qui sont des particules hybrides lumière-matière. Ces quasi-particules combinent

d’excellentes propriétés de propagation en raison de leur part photon tout en pouvant inter-

agir entre elles via leur part excitonique. Ces interactions entraînent une forte non-linéarité

optique qui permettrait la réalisation de nouveaux dispositifs optiques intégrés. En raison de

la forte énergie de liaison excitonique ( 40 meV dans les structures étudiées dans ce travail), ces

dispositifs ont le potentiel pour maintenir ces non-linéarités jusqu’à température ambiante

voire au-delà.

Dans le régime de densité de porteurs injectés élevée, un plasma électron-trou va se former

dans les puits quantiques GaN/AlGaN qui peut générer un gain optique élevé dans le proche

UV. L’obtention d’un tel gain est essentiel pour la réalisation de diodes lasers et d’amplifi-

cateurs optiques à semiconducteurs opérant dans le gamme spectrale 330-380 nm. Les per-

formances des dispositifs UV actuels comportant des gaines optiques à base d’AlGaN est

limitée par leur qualité structurale, ce dont ne souffrent pas les guides d’onde basés sur des

gaines optiques AlInN de par la quasi absence de contraintes/déformations de la maille ato-

mique.

Le but de ce travail est de fournir une analyse détaillée des propriétés optiques des guides

d’onde à base de nitrures d’éléments III avec des gaines optiques AlInN et des puits quan-

tiques GaN/AlGaN crûs sur des substrats de GaN. Dans un échantillon avec région active

optimisée pour le couplage fort exciton-photon, nous avons observé des polaritons guidés

dans le régime de faible densité de porteurs. Un échantillon avec région active optimisée

pour une excitation quasi-résonante homogène avec un laser à 355 nm présente un gain

optique élevé dans le régime de forte densité de porteurs. Les structures étudiées étant en

quasi-accord de maille, leur excellente qualité structurale se traduit par des valeurs de l’élar-

gissement inhomogène des puits quantiques comprises entre 8 et 11 meV, et un variation

de l’énergie d’émission des puits bien inférieure à 1 meV sur une zone de 50 × 50 μm2. La

qualité de ces structures est par ailleurs validée par l’excellente adéquation entre les résultats

issus de calculs de la structure de bandes et des énergies de transition des puits quantiques
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Résumé

reposant sur la méthode dite de Schrödinger-Poisson k ·p cohérente et les mesures expérimen-

tales.

Les polaritons guidés observés présentent une séparation de Rabi de 60 meV à basse tempéra-

ture. Cette valeur particulièrement élevée résulte du fort recouvrement entre le mode optique

guidé et la région active. Nous observons une longueur d’atténuation des polaritons guidés

de l’ordre de 100 μm pour des polaritons au caractère photonique élevé et une durée de vie

de 1 à 2 ps. Ces longueurs d’atténuation et ces durées de vie sont pour le moment limitées par

l’absorption résiduelle dans le guide d’onde. La grande séparation de Rabi et l’uniformité élevée

dans le plan des couches sont des avantages essentiels pour la réalisation de circuits intégrés

polaritoniques.

Nous démontrons également la réalisation de guides d’ondes pompés optiquement présen-

tant un gain optique sur une plage spectrale étroite (3,8 nm) autour de 370 nm. En raison

du contraste élevé de l’indice de réfraction optique entre la gaine optique et la région ac-

tive, le facteur de confinement atteint 48% et des valeurs du gain modal net supérieures à

80 cm−1 sont mesurées. Les résultats concordent avec les calculs cohérents qui prennent

en compte les effets d’écrantage du champ électrique interne des puits quantiques et les

phénomènes de renormalisation liés à la densité de porteurs élevée. Ces résultats ouvrent

des perspectives très prometteuses pour la réalisation de diodes lasers et des amplificateurs

optiques à semiconducteurs opérant dans le proche UV plus efficaces que les dispositifs ac-

tuels.

Mots-clés : nitrures d’éléments III, nitrure de gallium, nitrure d’indium et d’aluminium, crois-

sance en accord de maille, puits quantiques multiples, excitons, plasma électron-trou, guides

d’onde, couplage lumière-matière, exciton-polaritons, régime de couplage fort, gain optique
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Introduction

III-nitride (III-N) semiconductors, and especially gallium nitride (GaN), have allowed several

technological breakthroughs over the past two decades, thanks to interesting properties such

as their large bandgap as well as their thermal and chemical robustness. This culminated in

the 2014 Nobel Prize in Physics for the invention of efficient blue light-emitting diodes which

has enabled bright and energy-saving white light sources, that was awarded to Isamu Akasaki,

Hiroshi Amano and Shuji Nakamura [1]. A first important step was the realization of p-type

doping in GaN epilayers reported by Amano et al. [2] through activation of Mg acceptors by

low-energy electron beam irradiation and the alternative activation method developed by Naka-

mura et al., based on thermal annealing [3]. This led to the development of high-brightness

blue light-emitting diodes (LEDs) [4] and laser diodes (LDs) [5]. These blue LEDs form the

basis of the efficient white LED that is ubiquitous in present-day lighting. Blue III-N LDs are

for example used for high-density optical data storage, such as Blu-ray disc readers, which

can store 2.28 GB/cm2 per layer [6] using a laser spot with a diameter of 580 nm [7]. Addition-

ally, III-nitrides are used in high electron mobility transistors (HEMTs) for high-temperature,

high-power, and high-frequency electronics. These applications render III-nitrides currently

the second semiconductor material family after silicon in terms of total market share, and the

dominating material system in optoelectronics.

The III-N material family is particularly interesting for optical applications due to its strong light-

matter interaction, which is a direct consequence of their direct wide bandgap. This leads to in-

teresting phenomena, such as the strong light-matter coupling regime, where photons hybridize

with excitons,1 and optical gain, which is the core process in the operation of lasers and optical

amplifiers. In this thesis work, we investigate these phenomena in planar waveguides, operating

in the near UV spectral region, where the optical mode is confined via total internal reflection.

Optical waveguides operating in the strong light-matter coupling regime are a promising plat-

form for applications in photonic integrated circuits. Such integrated circuits have a large

potential in the field of information technology. The footprint of an optical device can be scaled

down to the optical wavelength, while its clock rate could be scaled up to the order of optical

frequency [8]. The latter ranges from 200 THz at 1550 nm to 750 THz at 400 nm. Optical devices

require very little energy, as photons can travel nearly lossless, with loss rates on the order of

0.3 dB/cm in silicon photonic devices around 1550 nm [9].

1An exciton is an electronic excitation consisting of a conduction band electron and a valence band hole, which
are bound by Coulomb interaction.
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One of the inherent difficulties with all-optical devices is the lack of interaction between pho-

tons,2 which makes it nearly impossible to directly modify a light beam with a second one. A

nonlinear medium is therefore required to couple two optical signals.

In case of a nonlinear all-optical device made from traditional dielectric materials, typical values

for the nonlinear refractive index are on the order of 10−16 cm2/W [11]. This implies that large

intensities on the order of 1015 W/cm2 are required to operate such a device. Present plasmonic

alternatives, where interaction is possible through the electronic part, are inherently lossy [12].

An interesting pathway to realize such a nonlinearity makes use of exciton-polaritons, hereafter

called polaritons, in the waveguide geometry. Polaritons are quasiparticles that arise from

the hybridization between a (confined) photon mode and a semiconductor exciton in the

strong coupling regime (SCR) [13]. As a consequence of this hybridization, their properties are

intermediate between those of photons and excitons. As such, they benefit from the best of

both worlds. Polaritons can propagate at near light speed and interact through their exciton

fraction. This makes them ideal candidates for low-power active all-optical devices such as

switches, optical transistors and logic gates [14, 15]. A polariton-based device, combines a

strong nonlinearity –on the order of 10−10 cm2/W– with a very fast response time on the order of a

few picoseconds [15, 16]. The realization of waveguide polaritons in III-N structures, which have

previously shown polariton nonlinearities in microcavities up to room temperature due to their

elevated exciton binding energy [17, 18], would be an important step towards practical devices.

Besides the success story of III-nitride emitters in the blue-green part of the spectrum, they also

find applications in the UV. Efficient UV light sources are a key enabling technology for appli-

cations in many areas such as photolithography, polymer curing, high-density data storage, gas

sensing, water disinfection (in the 230-300 nm spectral region), dermatological phototherapy,

and UV fluorescence [19]. Recent advances in III-nitride LEDs and LDs have resulted in large

improvements in these fields, with more compact, robust, and power-efficient devices com-

pared to conventional technologies, often based on large and toxic mercury lamps or gas lasers.

However, as a general trend, III-N-based UV light sources exhibit decreasing device perfor-

mance with decreasing emission wavelength [20, 21], as illustrated in Fig. 1. This is a result of (i)

valence band ordering effects that prevent surface emission in Al-rich c-plane oriented devices

[22], (ii) reduced p-type conductivity, due to increasing activation energy of the Mg-acceptor

with increasing bandgap, and (iii) reduced material quality for AlGaN alloys with increasing

AlN mole fraction. For UV-C devices, which are emitting below 280 nm, great progress has been

made regarding (iii), thanks to the progressive availability of bulk AlN substrates [23].

Although III-N LEDs have been demonstrated with emission wavelengths down to 210 nm

[24], the shortest emission wavelength demonstrated to date for LDs is 336 nm [25]. Shorter

wavelength operation requires either optical [23] or electron beam pumping [26]. Because of

2The linearity of Maxwell’s equation results in the superposition principle of electromagnetic fields. Therefore,
photon-photon scattering is classically forbidden. It is a weak quantum electrodynamical effect that has been
observed for huge electric fields on the order of 1025 Vm−1, which corresponds to an intensity on the order of 1043

W/cm2 [10].
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0.1

0.01

Figure 1 – External quan-
tum efficiency of UV LEDs
at room temperature from
different research groups
and commercial compa-
nies as a function of emis-
sion wavelength. The ef-
ficiency decreases by sev-
eral orders of magnitude
with decreasing wave-
length. A peak in the ex-
ternal quantum efficiency
can be observed around
280 nm, which results
from improved AlGaN
material quality through
growth on AlN substrates.
Reproduced from [20, 21].

the above-mentioned issues, the lasing threshold increases drastically for short-wavelength

III-N LDs [27], hence limiting their present use to pulsed mode.

The objectives of this thesis work are to investigate the optical properties of III-nitride waveg-

uides featuring GaN/AlGaN quantum wells (QWs) emitting in the UVA spectral region –i.e.

between 320 and 400 nm– and AlInN cladding layers. More specifically, the goal is to investigate

the potential of these structures for strong light-matter coupling and to generate optical gain.

The AlInN claddings offer a high refractive index contrast with the AlGaN alloy over a wide

range of Al contents [28, 29], which provides good optical confinement, while being grown

nearly lattice-matched to GaN, resulting in very good overall material quality [30, 31, 32]. This

excellent optical confinement leads to an enhanced light-matter interaction, both below and

above the Mott transition.3 At carrier densities below the Mott transition, the coupling between

excitons and photons can lead to the strong coupling regime described before. Above the

Mott transition, an electron-hole plasma can provide gain to an optical field. The enhanced

light-matter interaction provides a potential pathway to decrease the transparency and lasing

threshold in gain-based devices. Furthermore, p-type doping of AlInN has been demonstrated

[33] and high-quality AlInN layers have been successfully used for optical mode confinement

in visible III-N edge-emitting LDs [34, 35] and vertical-cavity surface-emitting lasers [36]. Ad-

ditionally, blue laser diodes with both an n-type AlInN bottom cladding and p-type AlInN top

cladding were developed [35]. The use of AlInN claddings could therefore lead to substantial

improvements in LD device performance in the UVA spectral region.

3The Mott transition is the transition from an insulating exciton gas to a conducting electron-hole plasma that
arises at high carrier densities or at elevated temperatures.
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The remainder of this manuscript will be structured as follows: The relevant properties of III-N

semiconductors are discussed in Chapter 1, while Chapter 2 explains the physics of light-matter

coupling in waveguides. An in-depth investigation of the optical properties of the QWs in the

present structures is reported in Chapter 3. Chapter 4 illustrates the properties of propagating

polaritons that are supported by these waveguides. Chapter 5 describes on the optical gain that

can be achieved in the present structures. Finally, a summary of the results and an outlook is

given in Chapter 6.
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1 III-Nitride Semiconductors

This chapter will give an overview of some selected topics in III-nitride semiconductors that are

relevant to this PhD thesis work. We will focus on the conventional binary compounds InN, GaN

and AlN and their ternary alloys (i.e. InGaN, AlGaN and AlInN). Other nitride semiconductors,

such as BN or ScN that have recently attracted scientific attention, are outside the scope of this

manuscript. In particular, the discussion will center around the properties of GaN, Alx Ga1−x N

with low Al content (x≈0.1) and Al1−x Inx N with x≈0.18, which is lattice-matched to GaN. The

structural properties of these materials are discussed in Section 1.1, while Section 1.2 illustrates

their optical properties.

1.1 Structural Properties

1.1.1 Crystal Structure

The thermodynamically stable phase of III-nitride compounds (under standard conditions)

has the hexagonal wurtzite structure. This is contrary to other III-V material systems, such as

III-As or III-P, which crystallize with the cubic zinc-blende structure. Rock-salt [37, 38] and

zinc-blende [39] III-N structures can be created under certain conditions, but all commercial

III-N devices, as well as the samples used in this work have the wurtzite crystal structure. We

will therefore focus exclusively on the properties of the wurtzite phase in the remainder of this

manuscript.

In wurtzite crystal structures, it is common to describe crystal orientations by four coordinates

[hkil] that incorporate the hexagonal permutation symmetries, rather than the three Miller

indices used in cubic lattices. The first three coordinates define respective axes that are oriented

at an angle of 120◦ with respect to each other within the hexagonal basal plane of the unit cell.

They are related by h+k+i =0, since there are only two degrees of freedom in the plane. The

fourth coordinate, l , describes the axis perpendicular to the basal plane, which is called the

c-axis.

The III-N wurtzite structure is shown in Fig. 1.1. It consists of a hexagonal close-packed lattice

with a two-atom basis (one group-III atom and one N atom), which are separated by a distance

5



Chapter 1. III-Nitride Semiconductors

Figure 1.1 – Wurtzite crystal structure of
group-III nitrides. The nitrogen (black) and
group-III (grey) atoms each occupy a hexag-
onal close-packed sub-lattice with a relative
displacement of uc along the [0001] direction.
The principal planes and directions (a, c, m)
are indicated. a-plane

c-plane

m-plane

[1210]

[0001]

[1010]

Group-III atom
Nitrogen

a

c
uc

uc along the c-axis. Here, c denotes the distance between two equivalent basal planes and

u = 3/8 = 0.375 in an ideal wurtzite lattice. Nearest-neighbor atoms in the basal plane are

separated by a. The a, c and u parameters for the binary compounds InN, GaN and AlN are

given in Tab. 1.1. These structural parameters have been observed to precisely follow Vegard’s

law for the ternary alloys AlGaN and InGaN [40]. This means that their values can be obtained

by linear interpolation between the two composing binary compounds. In the case of AlInN,

a deviation from Vegard’s law is reported [41, 42].

Alternatively, the hexagonal close-packed structure can be seen as an ABABAB... stack of alter-

nating monolayers A and B, each containing a sub-layer of group-III atoms and a sub-layer of

nitrogen atoms, where B is displaced by [ 1
2

1
2 0 1

2 ] with respect to A. Since a unit cell contains one

layer of A and one of B, the monolayer thickness for growth along the c-axis is equal to c/2.

The most common crystal orientation for the growth of III-N structures in industry and

academia is the c-plane, thanks to the associated high crystalline quality, mature growth,

processability, in-plane isotropic properties and the availability of c-plane freestanding GaN

substrates with a relatively low threading dislocation density (on the order of 106 cm−2). Of the

two possible crystal orientations,+c and−c –also called Ga-polar and N-polar after the atoms

in the terminating sub-layer, respectively–, the +c direction is used in the majority of cases,

since the N-polar surface suffers from an increased incorporation of oxygen impurities [43],

which results in a reduced optical quality [44]. For these reasons, the samples used in this thesis

work, just like all commercial III-N devices, are grown along the+c direction.

Due to the differences in lattice parameters of the III-N compounds mentioned in Tab. 1.1, III-N

heterostructures can, in some cases, suffer from a severe lattice-mismatch. For c-plane growth,

the lattice-mismatch of the relevant a parameter, is defined as
al ayer −asubstr ate

asubstr ate
and it amounts to

-2.4% for AlN on GaN and +10.9% for InN on GaN. This leads to tensile (positive) or compressive

(negative) strain in the epilayers, defined as
asubstr ate−al ayer

al ayer
, respectively. Beyond a certain critical

layer thickness, threading and misfit dislocations will be formed [45, 46]. In the case of large

tensile strain, even cracks will be generated in the sample. Strain management and engineering
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InN GaN AlN

c (Å) 5.704 5.186 4.981

a (Å) 3.538 3.189 3.112

u 0.377 0.379 0.387

ΔEN 1.26 1.23 1.43

Table 1.1 – Lattice parameters of binary wurtzite III-N
semiconductors at room temperature. The structural
data (c, a and u) were obtained by X-ray diffraction in
refs. [48, 49]. The difference in electronegativity (ΔEN)
between group-III and N atoms defines the ionicity of
the bond [50].

can be required to avoid degraded material quality [47]. In this respect, Al0.82In0.18N is a very

interesting alloy, since it is lattice-matched to GaN and has a higher bandgap (see Section 1.2.1)

and lower refractive index (Section 1.2.6) compared to the latter [28, 29, 30]. The growth of

AlInN layers is discussed in Section 1.1.3.

1.1.2 Polarization Fields

The wurtzite crystal structure, contrary to its zinc-blende counterpart, lacks inversion symme-

try. Together with the ionic character of the covalent bonds due to the substantial difference in

electronegativity between nitrogen and group-III elements (ΔEN, given in Tab. 1.1), this results

in a separation of the barycenters of positive (group-III) and negative (N) charges along the

c-axis within the unit cell. As a consequence, these materials have an intrinsic polarization

vector, a property which is known as pyroelectricity. The polarization in case of an unstrained

material is called spontaneous polarization Psp , while the additional polarization coming from

lattice deformations in a strained layer is called piezoelectric polarization Ppz . It is related to

the stress tensorσ via the piezoelectric moduli di j k [51]

Ppz,i =
∑
j k

di j kσ j k . (1.1)

The spontaneous polarization values for relaxed binary and ternary III-N compounds are shown

in Fig. 1.2, as determined by Ambacher et al. [40]. The total polarization Ptot =Psp+Ppz for the

case of layers pseudomorphically grown on relaxed GaN, which is the relevant case for this thesis

work, is also shown in Fig. 1.2. Note the special case of Al0.82In0.18N, which is lattice-matched

to GaN and therefore has Ppz =0 [30, 52].

As a result of the polarization mismatch between the different materials, c-plane III-N heteroin-

terfaces will contain a charge planeσ (expressed in elementary charges e per unit of surface)

given by

σ= ΔP·n
e

, (1.2)

whereΔP=P2−P1 and n represents a unity vector normal to the interface and pointing from

7



Chapter 1. III-Nitride Semiconductors

Figure 1.2 – Polarization in ternary III-N
alloys as a function of alloy compo-
sition (x-axis and colorscale). The c-
component of the spontaneous polariza-
tion Psp of the unstrained alloy is given
(dashed line) as well as the c-component
of the total polarization Ptot =Psp +Ppz

for a layer grown pseudomorphically
on a relaxed c-plane freestanding GaN
substrate (solid line). The right axis
shows the corresponding charge density
at the interface with GaN. Data from [40].

Group-III fraction
Al
Ga
In

0 1

InxG
a1-x

N

Al 1-x
In xN

AlxGa
1-xN

AlxGa1-xN

InxGa1-xN

Al1-xInxN

Al0.82In0.18N

Psp

Ptot (pseudomorph. to GaN)

material 2 to 1. The corresponding interface charge density at the interface with the GaN

substrate for the pseudomorphic layers is equally shown on the right-hand side vertical axis

of Fig. 1.2.

These positive and negative charge planes result in built-in electric fields in III-N heterostruc-

tures grown along the c-axis, which is therefore called the polar axis. The a- and m-axes are

called non-polar axes and growth axes which are intermediate between the basal plane and

the c-axis are called semi-polar axes. These electric fields are exploited to form a 2D electron

gas in III-N HEMTs and have an important impact on the optical properties of III-N nanos-

tructures such as QWs and quantum dots grown along a polar or semi-polar axis, through the

quantum-confined Stark effect (QCSE, explained in Section 1.2.3).

1.1.3 Crystal Growth

Growth of III-N semiconductor compounds is in many aspects different from conventional

III-V materials. First, there is a lack of inexpensive and lattice-matched substrates with hexag-

onal structure. Historically, the development of III-nitrides has been done on sapphire (0001)

substrates, which are low-cost, but are severely lattice-mismatched to GaN (+16%, mean-

ing that the GaN in-plane lattice parameter a is 16% larger than that of sapphire), leading

to a high threading dislocation density of 108 −109 cm−2 [47]. Sapphire is still the substrate

of choice for LED production due to its low price, availability in large diameters (up to 8

inches) and transparency across the visible spectrum. The situation of Si (111) is slightly worse

with a low cost but no transparency in the visible and a -17% lattice mismatch. Addition-

ally, the large mismatch in thermal expansion coefficient between GaN and Si (5.6×10−6/K

versus 2.6× 10−6/K, respectively) generates extensive tensile stress and, potentially, cracks

during the cool-down cycle [53], which requires strain management [54]. The threading dis-

location density is slightly higher than for sapphire substrates at ∼ 109 cm−2 for thick lay-

ers of several μm [54] and even higher for thin films [55]. Threading dislocation densities

8
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of 5× 108 cm−2 have been demonstrated using lateral overgrowth techniques in buffer lay-

ers of ∼3 μm thickness [56]. 4H-SiC (0001) is expensive with a price above USD 1000 for

a 2 inch wafer and has a lattice mismatch of -3.5%. Freestanding GaN substrates with a

low dislocation density of 106 cm−2 [57] are expensive at USD 1500 per 2 inch wafer, but

result in the best sample quality. These substrates are mainly used for optoelectronic de-

vices that require low dislocation density, such as LDs and superluminescent light emitting

diodes [58]. The samples used in this thesis work are grown on such freestanding GaN sub-

strates.

Second, there is a substantial lattice mismatch between the binary III-N compounds, contrary

to the case of III-As and III-P, where GaAs/AlAs and GaP/AlP have a negligible lattice mismatch.

This makes it more challenging to grow binary III-N heterostructures and reduces the critical

thickness for pseudomorphic growth1. The lattice mismatch for GaN on AlN, e.g., is +2.5%,

wich results in a critical thickness of a few nm, depending on temperature [46]. One way to

circumvent the issues related to lattice mismatch is to use AlInN, which is lattice-matched

to GaN for an In concentration around 18% [59]. This alloy will be elaborately discussed be-

low.

Third, due to the strong chemical binding between group-III and N atoms, an elevated growth

temperature is required to get sufficient adatom diffusion. This is to ensure a 2D step-flow

growth mode that maintains a smooth and flat surface, which is essential for high quality QWs

(see Section 1.2.3) and waveguides (Chapter 2). The growth technique with the best results in

this respect is metal-organic vapor phase epitaxy (MOVPE). Additionally, the quality of AlInN

layers is now well-mastered in MOVPE [29, 31, 32], whereas they are less mature in molecular

beam epitaxy [60, 61, 62]. Since we heavily rely on high-quality AlInN layers for this thesis work,

MOVPE is the growth technique of choice for the samples used here.

Metal-Organic Vapor Phase Epitaxy

MOVPE, also called metal-organic chemical vapor deposition (MOCVD), is the most commonly

used growth technique for III-N heterostructures in both academia and industry. With this

technique, the substrate is heated to the desired temperature and the required precursors are

introduced in the reactor, together with a carrier gas (H2, N2 or a mixture of both). The use of

H2 promotes long diffusion length [63], but strongly hinders In incorporation [64], whereas N2

reduces the mobility and allows good In incorporation. Trimethylgallium (TMGa) or triethyl-

gallium (TEGa), trimethylindium (TMIn), trimethylaluminum (TMAl) and ammonia (NH3) are

1An epitaxial film is pseudomorphic to the underlying substrate if it adopts the in-plane lattice constant of the
latter. This growth regime can be maintained as long as the elastic strain energy in the layer is smaller than the energy
required to generate dislocations or a 2D to 3D growth transition. Below a certain critical thickness, this will be the
case and the layer is pseudomorphic. Above the critical thickness, threading and misfit dislocations are generated,
or islands are formed, and the layer is relaxed. The critical thickness is reduced with increasing lattice mismatch.

9



Chapter 1. III-Nitride Semiconductors

the usual precursors for Ga, In, Al and N, respectively. TEGa is known to produce fewer carbon

contamination in the sample, while TMGa allows for a faster growth rate and is cheaper. During

growth, the precursors decompose above a heated substrate, the group-III and N atoms are

adsorbed on the surface and the byproducts are evacuated by the carrier gas flow. The growth

rate and the composition of the growing material can be controlled by acting on the precursor

flow and substrate temperature.

Temperature is a key parameter during MOVPE growth. It must be sufficiently high to allow for

an efficient decomposition of the precursors (in particular NH3 is difficult to decompose and

requires high temperatures), for an easy desorption of reaction byproducts and for a sufficient

diffusion length of the adsorbed species. A high diffusion length is required to ensure step-flow

growth and a smooth surface. On the other hand, if the temperature is too high, precursors

will decompose before their arrival above the surface, and species will desorb from the surface,

thus reducing the growth rate. The optimum growth temperature, which balances out all these

different processes, is highly dependent on the group-III element. The III-N bond strength

is very strong for Al, intermediate for Ga and weaker for In. As a result, In already has a high

diffusion length at relatively low temperatures and easily desorbs at moderate temperatures.

The optimum MOVPE growth temperature for InN is therefore around 600◦C. Al, on the other

hand, has a very low diffusion length and low desorption rate, even at high temperatures. The

AlN growth temperature should therefore be at least 1200◦C. The case of GaN is intermediate

with an optimum around 1000◦C. This temperature difference is problematic for the growth

of alloys, since good conditions for one species, can be compromising for the others. This is

especially true for the AlInN alloy due to the large difference in optimal growth temperature

between InN and AlN binary compounds [29].

Growth of thick AlInN cladding layers

High-quality AlInN layers were first demonstrated by Carlin and Ilegems in 2003 at EPFL [59].

They can be grown lattice-matched to GaN for an In composition of ∼18%. This results in

strain-free GaN/AlInN heterostructures with very interesting properties:

• The large spontaneous polarization mismatch (see Fig. 1.2) leads to the generation of a

two-dimensional electron gas (2DEG) at the interface, which is useful for HEMTS [65, 66].

• Al0.82In0.18N has a wider bandgap than that of GaN (∼4.5 vs. 3.4 eV at room temperature,

respectively [30], see also Section 1.2.1). These materials can therefore be used to form

strain-free GaN/AlInN QWs. The strong built-in field in these structures results in a

band-to band transition below the GaN bandgap through the QCSE, which is explained

in Section 1.2.3 [67], while the large conduction band offset results in inter-subband

transitions in the near infrared [52].

• The small refractive index of Al0.82In0.18N compared to that of GaN (see section 1.2.6),
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1.1. Structural Properties

makes it useful for optical confinement in distributed Bragg reflectors (DBRs) [68, 31] or

waveguide claddings [34].

In this thesis work, we will exploit this last property to make high-quality optical waveguides.

Reviews on the properties and applications of AlInN layers can be found in refs. [28, 29, 30, 69].

In order to optimally benefit from the properties of AlInN stated above, it is crucial to avoid

Ga incorporation in the alloy. Indeed, such AlInGaN layers would have properties which are

closer to GaN, reducing the contrast in polarization, bandgap and refractive index. In MOVPE

reactors with a showerhead design, Ga is always incorporated in AlInN layers, often in even

larger concentrations than Al and In [70]. This is due to the the small reactor size and turbulent

gas flow of these reactors. Ga-containing deposits on the reactor sidewalls and especially near

the showerhead apertures can re-evaporate and incorporate in the deposited AlInN layers. In

a horizontal-flow MOVPE reactor such as the AIXTRON 200/4 RF-S system used in this work,

Ga incorporation is absent and we obtain pure AlInN layers [71, 42]. The laminar flow in this

type of reactor assures that earlier deposits do not reach the substrate.

AlInN is an inherently challenging alloy to grow. Due to the large differences in Al-N and In-N

bond length and bond strength, this alloy is sensitive to phase separation [72]. This could lead

to degraded material quality with large inhomogeneity and local strain. Additionally, due to the

large mismatch in optimal growth temperature between InN (600◦C) and AlN (1200◦C), it is diffi-

cult to combine low In desorption with a high Al adatom mobility. This results in a narrow growth

window between 800 - 850◦C for In concentrations between 6 and 21% [29]. The strong depen-

dence of the In desorption rate on temperature, makes growth temperature the key parameter to

control AlInN composition, rather than, e.g., precursor fluxes. Indeed, it was found that decreas-

ing the growth temperature by a mere 5◦C results in an increase in the In concentration of about

1% [73]. The lattice-matching condition is obtained for growth temperatures of∼820◦C [69].

The carrier gas used for AlInN growth is generally pure N2, as H2 strongly decreases In incor-

poration [64]. This, together with the limited diffusion length of Al adatoms at these growth

temperatures hinders step-flow growth and results in kinetic roughening of the AlInN surface.

As a consequence, hillocks are formed during AlInN growth and, beyond a layer thickness of 100

nm, even V-pits [32]. This is shown in Fig. 1.3. The cross-section scanning tunneling electron

microscopy (STEM) image in Fig. 1.3(a) shows a severe degradation of the material quality

starting at a layer thickness of∼150 nm. The surface of a 50 nm thick layer shows mainly hillocks,

as can be seen in the atomic force microscopy (AFM) image shown in Fig. 1.3(b), while the

surface of a 100 nm thick layer features a high density of V-pits with surrounding rings (Fig.

1.3(c)). Note that these growth conditions away from thermodynamic equilibrium, which favor

kinetic roughening, simultaneously avoid phase separation of the alloy, due to the limited Al

mobility. Despite the challenging nature of the growth of this alloy, good quality films can be

obtained, especially on freestanding GaN substrates [31].

Since we need at least a 400 nm thick AlInN bottom cladding to ensure a good optical isola-

tion from the GaN substrate (see Section 3.1), and as a smooth interface between the bottom
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Chapter 1. III-Nitride Semiconductors

(a)

Figure 1.3 – Formation of hillocks and V-pits in thick Al0.8In0.2N layers grown on freestanding
GaN. (a) Cross-section Z-contrast STEM image of a 500 nm thick layer shows a severe
degradation of material quality beyond an AlInN layer thickness of∼150 nm. (b,c) 2× 2μm2

AFM images of (b) 50 nm and (c) 100 nm thick AlInN layers. Two V-defects are pointed by white
arrows in (b) and (c). One hillock is circled in white in (b). A ring structure is circled in black
in (c). Adapted from ref. [32].

cladding and the active region is required, we need to make use of GaN interlayers to reduce the

detrimental impact of kinetic roughening. Hence, after every 50 nm of AlInN, a 5 nm thick GaN

interlayer is grown, of which the first 2 nm are grown at the same temperature as the AlInN layer

(∼820◦C) to avoid In evaporation and the remainder is grown at high temperature (∼1000◦C)

and under H2 to planarize the surface. Note that for a DBR structure in the blue-green spectral

region, AlInN layers with a thickness of around 50 nm are by default alternated with GaN layers.

Growth of high-quality GaN/AlGaN QWs

Alloy disorder is a key parameter governing the optical quality of GaN/AlGaN QWs. It is

paramount to promote a homogeneous AlGaN composition and abrupt GaN/AlGaN inter-

faces. This can be done by limiting the Al adatom mobility through a low growth temperature

around 870◦C and by using N2 as carrier gas [74]. Similarly to the case of AlInN, this induces

some kinetic roughening of the surface, which can lead to slight QW thickness fluctuations.

Despite this additional source of inhomogeneous broadening, GaN/AlGaN QWs grown at low

temperature and with N2 as carrier gas have shown superior quality, indicating that well width

fluctuations contribute little to the overall inhomogeneous linewidth in this system and that

alloy disorder is the main source of inhomogeneous broadening [74].

1.2 Optical Properties

In this section, we will discuss some selected optical properties of III-N semiconductors. Read-

ers with limited knowledge in this topic can find more elaborate discussions in refs. [75, 76, 77].
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1.2. Optical Properties

1.2.1 Band Structure

The key to understanding the interaction of a semiconductor material with light, is to consider

its electronic band structure. The latter determines which electronic states exist in the material,

and which optical transitions can occur through interactions with a photon.

The origin of the band structure of a crystalline, nearly covalent material can be understood

from a simplified picture of the interaction of atomic orbitals. If two atoms are brought close

together, their valence orbitals will overlap, interact and hybridize, causing a splitting into a

bonding and anti-bonding molecular orbital. The magnitude of the splitting increases with

the bond strength andΔEN.

In an analogous way, the interaction of the valence orbitals of a large number of atoms in a semi-

conductor crystal lattice creates an equally large number of bonding and anti-bonding states. In

the simplified picture of the single electron Hamiltonian, where all interactions with the nuclei

and the other electrons are assimilated in a single background potential Vbg the electronic states

φq (r) with eigenenergies Eq can be found through the time-independent Schrödinger equation:

Ĥ1eφq (r)=
[

p̂2

2m0
+Vbg (r)

]
φq (r)=Eqφq (r), (1.3)

where m0 denotes the free electron mass and the index q refers to the various eigenstates.

These states form quasi-continuous energy bands in a crystalline solid. The highest occupied

(bonding) band is called the valence band (VB), and the lowest unoccupied (anti-bonding)

band is called the conduction band (CB). The energy separation between both is called the

bandgap. This bandgap is a key parameter in the optical properties of a semiconductor. The

most fundamental optical process in a semiconductor is the transition of an electron from the

valence to the conduction band (or vice versa) by absorption (emission) of a photon with the

corresponding energy. Just like in the case of the two-atom molecule, there is a general trend

that the bandgap will be larger for materials with a large bond strength. For this reason, the

bandgap in the relatively weakly bound InN is small (0.7 eV at low temperature, corresponding

to a photon in the near infrared (IR)), the bandgap in GaN is intermediate (3.5 eV, in the near

UV) and the bandgap of AlN is very large (6.2 eV, in the deep UV) [78]. With these values, the

III-N material system spans a wide range of photon energies from the near IR to the deep UV.

Intermediate bandgaps can be reached by alloying the binary compounds, as shown in Fig.

1.4. Note that these alloys cannot all be grown with high quality. Especially those with a large

lattice mismatch from the available substrates such as GaN and AlN, are challenging to grow.

The bandgap energy E Ax B1−x
g of an alloy of materials A and B cannot be correctly determined
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Chapter 1. III-Nitride Semiconductors

Figure 1.4 – Low-temperature
bandgap and basal plane lattice
parameter a of unstrained group-III
nitrides as a function of alloy com-
position (color scale). The bandgap
energy of this material system can
be tuned from the infrared (IR)
over the visible to the deep UV by
adjusting the alloy composition.
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by applying Vegard’s law on the respective bandgaps E A
g and E B

g . A corrective term is required:

E Ax B1−x
g =E A

g x+E B
g (1−x)+bx(1−x). (1.4)

The parameter b is called the bowing parameter and has a value of -0.70 eV for AlGaN [78], -1.7

eV for InGaN [79], and a debated value of -5.4 eV for AlInN [69].

When the lattice temperature of a semiconductor is increased, the material expands and the

atomic orbital overlap decreases. As a result, the bandgap energy decreases as well. This can

be described by Varshni’s semi-empirical law [80]:

Eg (T )=Eg (0)− αV T 2

βV +T
, (1.5)

where Eg (0) is the bandgap of the material at 0 K andαV ,βV are the Varshni parameters. How-

ever, a more accurate model (especially for low temperatures), based on the Bose-Einstein

occupation of phonon states, is given by [81]

Eg (T )=Eg (0)− 2αB

exp(ΘB /T )−1
, (1.6)

where αB is an electron-phonon coupling constant andΘB is an average phonon temperature.

For bulk (Al)GaN layers, the values of these parameters areαB =75 meV andΘB =370 K [82].
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In a way similar to temperature variations, the bandgap also changes due to strain. Indeed,

as the distance between atoms is decreased (increased) under compressive (tensile) strain,

the bandgap increases (decreases) according to the overlap and interaction between atomic

orbitals [83]. Since we are dealing with nearly strain-free structures in this work, we will not go

into further details here.

Since the CB and VB states are eigenstates of a crystal with translational symmetry, which is

supposed infinite for mathematical simplification, they are plane-wave-like states (called Bloch

states) with a well-defined wavevector k. Due to the periodicity of the lattice, only a limited

number of wavevectors are effectively unique, the ones in the so-called first Brillouin zone.2

A state with a wavevector outside this zone is essentially the same as that of a state belonging to

the first Brillouin zone. We can therefore limit the k-space we consider to the first Brillouin zone.

Since a state with a different k-value will experience a different periodicity and depth of the

lattice potential, it will have a different energy. Therefore, the energy bands will be distributed

across the Brillouin zone. Due to the enormous amount of particles and interactions in a solid,

such a band dispersion cannot be calculated exactly. A solution for GaN, based on the GW ap-

proximation, was calculated by Carvalho et al. [84] and is given in Fig. 1.5(a). The VB maximum

and CB minimum occur at the center of the first Brillouin zone, i.e. for k= 0, also called the

Γ-point. This means that a single photon –which has a negligible wavevector of Enr
ħc ≈50μm−1 at

these energies E , with nr the real part of the refractive index,ħ the reduced Planck constant and

c the vacuum speed of light– can comply with both energy and momentum conservation laws

of an electronic transition between the VB maximum and CB minimum. This type of transition

is called a direct interband optical transition. In the situation where the CB minimum and VB

maximum do not occur at the same wavevector (which is the case, e.g., for Si and Ge), an indirect

band transition involving a phonon is required in addition to the photon emission/absorption

to fulfill momentum conservation. Such an indirect transition is a three-body process (electron,

phonon and photon) and therefore much less likely to occur than the two-body direct transition.

As a result, direct bandgap semiconductors such as III-Ns, ZnO or GaAs have a much stronger

light-matter interaction than indirect bandgap semiconductors such as Si.

In an intrinsic or undoped semiconductor –i.e. without any impurities–, the position of the

Fermi level lies close to mid-gap, meaning that the VB is almost entirely populated with elec-

trons, and the CB is almost empty. It is therefore convenient to introduce the hole as an

unoccupied state in the VB. We will henceforth use the words electron and hole, to discuss

occupied electron states in the CB and unoccupied electron states in the VB, respectively. Due

to the relatively small value of the thermal energy kB T (∼25 meV at room temperature), only

the states in the immediate vicinity of the VB and CB extrema will be populated with holes and

electrons, respectively, at room temperature or below. We can therefore neglect most of the

lower and upper lying bands and focus only on those close to the bandgap region. Therefore,

as a further simplification, we can apply the effective mass approximation, where we can write

2A more detailed discussion on Bloch states and the reciprocal or k-space can be found in ref. [75].
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Figure 1.5 – GaN band structure. (a) Complete band structure over the entire first Brillouin zone
as calculated using the GW approximation. The corresponding density of states (DOS) is also
shown. The forbidden gap is marked in grey. Adapted from ref. [84]. (b) Detail of the CB and
VB dispersion around the Γ-point, as calculated with the k ·p formalism [85], for a wavevector
parallel (k//c ) and perpendicular (k⊥c ) to the c-axis, including the crystal-field and spin-orbit
splitting in the VB.

the conduction (Ec ) and valence band energy (Ev ) as

Ec (ke )=Eg +
ħ2k2

e

2m∗
e

, (1.7a)

Ev (kh)=−
ħ2k2

h//c

2m∗
h//c

−ħ2k2
h⊥c

2m∗
h⊥c

, (1.7b)

taking zero energy at the VB maximum. Here, we introduced the effective masses m∗
e , m∗

h//c and

m∗
h⊥c of the electron and hole, parallel and perpendicular to the c-axis, respectively. Due to the

lattice anisotropy, the VB has a different curvature –and consequently, a different effective mass–

for these two directions. Since the VB has a concave dispersion near theΓ-point, a VB electron

will have a negative effective mass. A hole will therefore behave as a particle with positive mass.

We can consider the electron and hole as particles with an effective mass, that is different from

the free-electron mass, as a consequence of the interaction with the crystal potential.

Like in most other semiconductors, the CB in III-Ns has s-orbital-like symmetry, while the VB

has p-like symmetry. Therefore, the CB is almost perfectly isotropic and non-degenerate, while

the VB is expected to be threefold degenerate in a cubic lattice with pa , pm and pc -like bands,

aligned along the a-, m- and c-axis, respectively. Due to the uniaxial anisotropy of the wurtzite

lattice however, the pc -band is shifted toward lower energies with respect to the other two. The

crystal field splitting is given by Δc f =22 meV in GaN [86]. Due to spin-orbit interaction, the

degeneracy of the other two bands is equally lifted, withΔSO =15 meV [86]. This is illustrated
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in Fig. 1.5(b). The final subvalence bands exhibitΓ9,Γ7+ andΓ7− symmetry and are called the

heavy-hole (hh) or A, light-hole (lh) or B and split-off (so) or C bands. The transitions occurring

between the respective VBs and the CB are also called A, B and C. The band dispersion around

the Γ-point, as calculated with the k ·p formalism [85], is equally shown in Fig. 1.5(b). The

CB is almost perfectly isotropic and parabolic as explained above, while this is not the case

for the subVBs. The uniaxial lattice anisotropy leads to anisotropic effective masses and the

observed non-parabolicities are a consequence of p-orbital repulsion. Therefore, the effective

mass approximation is more flawed for the VB.

1.2.2 Excitons and Biexcitons

If an electron and a hole coexist in relative proximity in a semiconductor, their opposite charge

will cause a Coulomb attraction, in a way similar to that of a proton/positron and electron in

free space. Consequently, the electron and the hole will bind and form an exciton, which is

analogous to the hydrogen or positronium atom. In a bulk semiconductor, the exciton will have

an energy that is lower than the bandgap Eg for an exciton momentum K=0 with eigenenergies

of the form [77]

EX =Eg +ħ2K 2

2M∗ −R y∗

n2 , (1.8)

with M∗ = m∗
e +m∗

h the exciton mass, K = ke +kh the exciton wavevector, R y∗ the effective

Rydberg energy and n ∈ N∗ the principal quantum number. R y∗ is also called the exciton

binding energy EB and is equal to [77]

R y∗=EB =R y
μ

m0

1

ε2
r el

, (1.9)

with R y =13.6 eV the hydrogen Rydberg energy, εr el = ε
ε0

the relative permittivity or dielectric

function of the semiconductor and

μ= m∗
e m∗

h

m∗
e +m∗

h

, (1.10)

the reduced exciton mass. In analogy to the hydrogen atom, we can define an exciton Bohr
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Table 1.2 – Exciton
parameters in bulk
III-Ns, GaAs and ZnO.
Data are taken from
[95, 78] unless stated
otherwise. aB was cal-
culated from Eq. 1.11.

GaN AlN InN GaAs ZnO

Eg (T =0 K)(eV) 3.50 6.2 0.7 1.519 3.437 [77]

m∗
e /m0 0.2 0.3 0.07 0.065 0.28 [77]

m∗
hh///m0 1.8 [90] 3.1 [90] 0.35 0.47 [77] 0.59 [77]

m∗
hh⊥/m0 1.6 6.3 0.35 0.45 [77]

EB (meV) 25 [91] 56 [92] 4 [93] 4.9 [76] 59 [94]

aB (nm) 3.5 1.8 12 11.2 [76] 1.8 [94]

radius [77]

aB =aH
B εr el

m0

μ
=aH

B
R y

R y∗
1

εr el
, (1.11)

with aH
B the hydrogen Bohr radius. The exciton Bohr radius determines the size of the exciton

and the volume over which it averages the lattice potential. In inorganic semiconductors, εr el

is typically large and the Coulomb-interaction will be screened by valence electrons. Conse-

quently, the Bohr radius will span several unit cells. This type of delocalized exciton is called

Wannier-Mott exciton [87]. In materials with a low dielectric function, such as organic materials

and alkali halides, the excitons are localized and are called Frenkel excitons [88, 89]. In the

remainder of this text, we will exclusively focus on Wannier-Mott excitons and call them excitons

for short.

Since the exciton ground state is EB below the energy of a free electron-hole (e-h) pair, excitons

will be the dominant species as long as the thermal energy kB T <EB . The values of binding

energies and Bohr radii of excitons in bulk III-nitrides are given in Tab. 1.2, together with the

values for GaAs and ZnO. With a binding energy of 25 meV, excitons exist up to room temper-

ature in GaN. As can be seen from Eq. 1.11, semiconductors which have a large exciton binding

energy, have a small exciton Bohr radius. Since the Bohr radius determines the volume over

which the exciton probes the lattice potential, a small aB , will cause an increased sensitivity

to disorder. Indeed, crystal disorder on a scale much smaller than aB will not have an impact

on the average potential felt by the exciton, while disorder over equal or larger length scales will

create an energy landscape in the material.

As a general trend, the effective masses increase, the exciton Bohr radius decreases and the

exciton binding energy increases with increasing bandgap [77], as summarized in Tab. 1.2.

It is also possible for two electrons and two holes to bind together in a semiconductor. This

quasi-molecule is called a biexciton (XX). Since a biexciton consists of 2 excitons bound together
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Figure 1.6 – Schematic rep-
resentation of the biexciton-
exciton cascade. The biexci-
ton state |X X 〉, exciton state
|X 〉 and ground state |g 〉 are
shown with their respective
energies, together with the
optical decay from |X X 〉 to
|X 〉, and from |X 〉 to |g 〉.

by the biexciton binding energy E X X
B , its eigenenergy can be written as

EX X =2EX −E X X
B . (1.12)

In luminescence experiments, however, a biexciton will not emit a photon corresponding to

its eigenenergy, but it will leave behind an exciton of energy EX and emit a photon of energy

E lum
X X =EX −E X X

B . (1.13)

This process is called the biexciton-exciton cascade and is represented in Fig. 1.6.

1.2.3 III-Nitride Quantum Wells

A QW is a structure where electrons and/or holes are confined in a thin 2D layer. This is realized

by sandwiching a narrow band-gap material in between two layers of a wider band-gap barrier

material. A QW where the electron and hole are both confined in the same layer is called a type

I QW, while in a type II QW, they are confined in adjacent layers. We will only discuss type I con-

figuration here. There are three main advantages to the use of QWs over bulk semiconductors

in optoelectronic devices such as LEDs and LDs and for applications in light-matter coupling.

First, the radiative recombination rate is increased for both excitons and unbound e-h pairs

[76, 96]. This results in a higher radiative efficiency as the contribution of non-radiative recom-

bination is reduced. In a perfect and infinite bulk semiconductor, an exciton can recombine

and emit a photon, but this photon will soon be reabsorbed as an exciton. These so-called Rabi-

oscillations give rise to the formation of exciton-polaritons, which will be further explained in

Section 2.3. A bulk semiconductor can therefore only luminesce due to imperfections, either

due to the presence of a surface –when the photon crosses the surface and is outside the ma-

terial, it can not be reabsorbed anymore–, or due to disorder in the material. A photon that is

emitted from the low-energy tail of the broadened band edge of a disordered material is less
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likely to be reabsorbed, as its energy is below the absorption edge of a large part of the sample.

A QW breaks the symmetry in much the same way as a surface does. 2D excitons are coupled

to 3D photons, which opens a channel for radiative decay. In the case of unbound e-h pairs,

QWs offer an additional advantage with respect to the enhanced radiative decay by symmetry

breaking. Since the electron and hole are required to be spatially close together in order to

recombine, randomly wandering charge carriers recombine relatively slowly in the bulk. When

introducing a QW however, electrons and holes are confined in the same layer, and hence have

higher probability to meet, which leads to an increased radiative recombination rate.

Second, the transition energy can be tuned by varying the QW width dQW [76]. This gives an ad-

ditional pathway for bandgap engineering besides alloying. Since we are creating a particle-in-

a-box, we add a nonzero confinement energy (the ground state energy of the particle-in-a-box

model) to both the electron and hole states which increases with decreasing well width. For very

large widths (larger than the exciton Bohr radius or the electron/hole de Broglie wavelength), the

confinement energy vanishes and the states are at their respective bulk energies. In such a case,

since there is no quantum confinement effect, we call this structure a double heterostructure,

rather than a QW. The envelope wavefunction of a confined electron stateΨe and of a confined

hole stateΨh in the QW forms a standing-wave pattern in the created potential well. This puts

a restriction on the allowed wavevector components perpendicular to the QW-plane k⊥QW ,

which will be quantized. We get a series of discrete states with confinement energy E q
con f (dQW ),

with q ∈N∗ the confinement quantum number. For a QW with infinite barrier height, this can

be written as [76]

E q
con f (dQW )=

ħ2k2
⊥QW

2m∗
⊥QW

, with k⊥QW = qπ

dQW
, (1.14)

where m∗
⊥QW is the effective mass of the confined particle, for motion perpendicular to the

QW plane. For a limited barrier height, the evanescent tails of the envelope wavefunction in

the barrier –and therefore the effective QW width– depend on the effective carrier mass. The

number of confined states that can exist in the QW are determined by the height of the potential

barrier. The energy of a QW e-h pair, in absence of any excitonic features, can be written as

EQW =Eg +E q
h,con f (dQW )+E q

e,con f (dQW )+
ħ2k2

h//QW

2m∗
h//QW

+
ħ2k2

e//QW

2m∗
e//QW

, (1.15)

where k2
h//QW , k2

e//QW , m∗
h//QW and m∗

e//QW represent the squared wavevector magnitude and

effective mass of the electron and hole in the QW plane, respectively. Here, we supposed a QW

with an isotropic effective carrier mass in the QW plane, which is true for c-plane III-N QWs

or zinc-blende QWs. For anisotropic QWs, such as m-plane III-N QWs, terms must be added
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accordingly [97]. In this work, we will focus on isotropic c-plane III-N QWs. We will mainly

focus on the ground state with q =1.

Third, the exciton binding energy can be larger than in the bulk case, sustaining excitonic effects

at higher temperatures, as explained below.

In the III-N material system, several material combinations are possible to construct a QW:

InGaN/(In)GaN QWs emitting in the near UV to green spectral region are used in LEDs and

LDs, (Al)GaN/AlGaN QWs for UV optoelectronic devices, and GaN/Al0.82In0.18N QW that are

lattice-matched. In III-N QWs, the valence band offset is smaller than the CB offset between

different materials, according to a 70:30 ratio [98]. This is because of the common anion (N) in

all materials and the fact that the VB is related to the anion p-orbitals. This heuristic principle

is called the common anion rule [99].

2D Excitons

The energy of a 2D exciton in an ideal QW with infinite barriers and vanishing width, can be

written as [77]

EX =Eg +E q
h,con f (dQW )+E q

e,con f (dQW )+
ħ2K 2

//QW

2M∗ − R y∗

(n−1/2)2 , (1.16)

where n represents the exciton principle quantum number. Looking at the last term of Eq. 1.16,

we see that the exciton binding is increased with respect to the 3D case. For the 1s exciton state

(n=1), EB is enhanced by a factor of 4 in the perfect 2D case [100, 101]. In a real QW however,

due to the finite barrier height and the resulting evanescent tail of the wavefuction in the barrier,

the confinement is limited and the enhancement is thus also limited to a factor∼2 at best [102].

In GaN/Al0.2Ga0.2N QWs, a binding energy of 48 meV has been demonstrated [103].

Quantum-Confined Stark Effect

In III-N heterostructures grown along a polar or semi-polar axis, the polarization discontinuity

creates charge planes at the interfaces. In a QW, two charge planes of opposite sign, σ+ and σ−,

are formed at the two well/barrier interfaces. These charge planes induce an electric field F in

the QW which changes the rectangular potential well (shown in Fig. 1.7(a)) to a triangular poten-

tial well (Fig. 1.7(b)). This has two main consequences: EQW is reduced as the electron and hole

energy levels are brought closer together, and the electron (Ψe ) and hole envelope wavefunc-

tions (Ψh) are separated to opposite sides of the well. This is commonly called the QCSE [104].

In case of a field-free QW, EQW is equal to the bandgap plus the electron and hole confinement

energies, according to Eq. 1.15. When the QW width is increased, the confinement energy is de-
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creased and EQW approaches the bulk bandgap, as shown in Fig. 1.7(c). When a built-in field F is

present, however, we have to add a term to Eq. 1.15 to include the reduction of EQW due to F [99]:

EQC SE
QW =Eg +E q

h,con f (dQW )+E q
e,con f (dQW )+

ħ2k2
h//QW

2m∗
h//QW

+
ħ2k2

e//QW

2m∗
e//QW

−eF dQW . (1.17)

When we increase the thickness of such a well, the last term of Eq. 1.17 continues to reduce

the QW energy, even below the bulk bandgap value [104]. This is equally depicted in Fig 1.7(c).

Beyond a certain width, the electron and hole envelope wavefunctions are far away from the

opposite side and the local well shape is invariant under dQW . In this situation, Econ f is constant

and EQW changes with a slope of−eF with respect to dQW .

Due to the triangular well shape, the electron and hole are pushed to opposite sides of the

QW. This results in a significant reduction of the wavefunction overlap for wider wells. As a

consequence, the exciton binding energy and the light-matter interaction (see Section 1.2.4)

are reduced, as shown in Fig. 1.7(d). This reduced exciton binding energy leads to a smaller

redshift of the exciton under the QCSE, compared to an unbound e-h pair.

Note that the effects of QCSE can be reduced by using narrow wells. QCSE has a small impact

below a well width of typically 2 nm [104]. In this regime, the confinement energy is larger than

eF dQW and EQW exceeds the bulk bandgap energy.

In multiple (M)QW structures, where many periods of barrier and well material are repeated, the

built-in field in the QWs is reduced compared to the single QW case, due to the geometric effect

[105]. Free carriers in the structure will screen any potential drop over long distances (typically

> 10 nm). This implies that a periodic MQW structure, which extends over more than several 10s

of nm, will have a zero net potential difference over one period. In this approximation, which

agrees well with experiments [106], the barriers accommodate part of the electric-field strength,

which leads to a reduction in the built-in electric field compared to a single QW, and hence

resulting in moderated QCSE effects in the QWs.

1.2.4 Light-Matter Interaction

The interaction between the electronic states of a medium and the vacuum light-field with

angular frequencyω can be treated by time-dependent perturbation theory. Here, we will focus

on transitions between the VB and CB. In the electric dipole approximation, the interaction

Hamiltonian is given by [76]

Hi nt =−er·E. (1.18)
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(a)

(b)

(c)

(d)

Al0.1Ga0.9N Al0.1Ga0.9N
GaN

F = 500 kV/cm 

F = 0 

Bulk GaN 

- 500 keV/cm 

F = 500 kV/cm 

F = 0 

[0001]

EQW

EQW

F = 0 

F = 500 kV/cm 

CB

VB

CB

VB

GaN/Al0.1Ga0.9N QW

Figure 1.7 – QCSE in a c-plane GaN/Al0.1Ga0.9N QW. (a) Band structure of a single hypothetical
field-free 4 nm thick QW. The electron (blue) and hole (red) wavefunctions of the first excited
state are symmetric with respect to the growth direction. (b) More realistic band structure
of the same structure with a built-in electric field of 500 kV/cm. The barriers are supposed
infinite in the + and -c direction and therefore field-free. The electron and hole wavefunctions
are spatially separated due to the triangular potential well and their overlap is reduced. Also
the energy separation between the electron and hole (EQW ) is reduced with respect to the
field-free case shown in (a). (c) QW energy as a function of well width for the case of a field-free
GaN/Al0.1Ga0.9N QW (dashed line) and the same QW with F =500 kV/cm (solid line). As the
QW width increases, the confinement energy is reduced and the QW energy converges toward
the bulk GaN bandgap for F = 0. In a triangular well however, EQW keeps decreasing below
the bulk bandgap energy. (d) Exciton binding energy EB (red) and electron-hole overlap (black)
for the same cases of F = 0 (dashed line) and F = 500 kV/cm (solid line). In a field-free QW,
these quantities remain high as the well width is increased. Under the influence of the built-in
electric field however, both quantities are rapidly reduced with increasing well width.

The interband transition probability, or transition rate is determined by Fermi’s golden rule

[75, 76]. The absorption rate between a VB state |v〉 with energy Ev and wavevector kh and a
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CB state |c〉with energy Ec and wavevector ke is given by

Rcv (ħω)= 2π

ħ
∑

kh ,ke

|〈c|Hi nt |v〉|2δ(Ec (ke )−Ev (kh)−ħω), (1.19)

where the Dirac delta assures we take the sum over only those VB and CB states that are sep-

arated by the photon energyħω.

The matrix element of the Hamiltonian can be written as

|〈c|Hi nt |v〉|=−eE0|〈c|r·eE |v〉|=−eE0|rcv |, (1.20)

with rcv =〈c|r·eE |v〉 the interband optical matrix element, eE the light polarization vector, i.e.

a unit vector parallel to E, E0 is the electric field associated with one photon in mode volume

V , and can be written as [75]

E 2
0 =

2ωħ
εV

. (1.21)

Note that the electric field can be enhanced, together with the light-matter interaction, by

confining photons in a smaller volume V . The concept of radiative decay of an electronic

excitation depending on the photonic environment, was first proposed by Purcell in 1946 [107].

This idea will be further elaborated in Chapter 2.

The optical matrix element can be determined from the Kane energy EP , which is roughly

constant in III-V semiconductors (17-22 eV [75]) and amounts to 17 eV for GaN [90].

|rcv |= ħ
Eg

√
EP

2m0
. (1.22)

From Eq. 1.22, we can see that small-bandgap semiconductors have an increased optical matrix

element. In the case of a QW, the transition rate is increased as the e-h wavefunction overlap

is increased and both carriers share the same ky if qe = qh . The optical matrix element then
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becomes [108]

|rcv |=|〈c|r·eE |v〉|xz

∫+∞

−∞
Ψ∗

e,qe
(y)Ψh,qh (y)d y(=0 if qe �=qh), (1.23)

where the subscript xz implies that the integral should be taken over the x and z directions

only, contrary to Eq. 1.20. We see that the optical matrix element crucially depends on the

overlap of the electron and hole envelope wavefunction in a QW. In the case of a QW with

built-in electric field, such as in III-nitrides, this overlap –and therefore also the light-matter

interaction strength– heavily depend on the QW width. In the Kane approximation, |rcv | is

constant to first order in k around the VB and CB extrema [109]. This means that we can bring

the matrix element out of the summation of Eq. 1.19 and we can replace the summation by the

joint density of states (JDOS, i.e. the density of states that are connected by an optical transition)

Dcv , expressed per unit of energy and per unit of volume of material [76]

Dcv (ħω)= ∑
kh ,ke

δ(Ec (ke )−Ev (kh)−ħω)= 2

(2π)d

∫
dSk

|∇k(Ec−Ev )| . (1.24)

The prefactor 2 is coming from the spin degeneracy. Sk is the constant energy surface defined

by Ec −Ev = const. and d is the dimensionality of the system. Solving the integral for 2 and 3

dimensions with the band dispersion from Eqs. 1.7a and 1.7b gives [75]

D3D
cv (ħω)= 1

2π2

(
2mr

ħ2

) 3
2√ħω−Eg forħω≥Eg , (1.25a)

D2D
cv (ħω)= mr

πħ2 forħω≥Eg +Eh,con f +Ee,con f , (1.25b)

while Dcv =0 below the bandgap. We find that the JDOS mainly depends on the reduced masses

of the VB and CB. Wide-bandgap semiconductors (with elevated electron and hole masses)

have a larger JDOS. In a 3D semiconductor, we notice a square root continuous increase of the

JDOS with energy. In a QW on the other hand, it increases in a staircase way. If multiple confined

states (q =2,3,...) exist in the QW, we get a piecewise constant staircase shape for D2D
cv .

Finally, we get

Rcv (ħω)= 2πe2

ħ E 2
0 |rcv |2Dcv (ħω). (1.26)
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In this form, we can clearly see the separate contributions from the optical mode (E0), the

wavefunction symmetry (rcv ) and the band dispersion (Dcv ).

We can define the interband oscillator strength, a dimensionless physical quantity, which

describes the strength of the quantum coupling between the two states, as [75]

fcv = 2m0ωcv |rcv |2
ħ . (1.27)

In the case of excitons, the oscillator strength is concentrated in a volume of the order of the

Bohr radius. Therefore, we express the excitonic oscillator strength as [108]

f 3D
X = fcv

1

π(aB )3 for 3D excitons, (1.28a)

f 2D
X = fcv

8

π(aB )2 for 2D excitons, (1.28b)

per unit of volume and per unit of area, respectively. Wide bandgap semiconductors typically

have a large oscillator strength, due to their small exciton Bohr radius, and hence a strong light-

matter coupling. As a result, the exciton oscillator strength is almost an order of magnitude larger

in GaN/AlGaN QWs, ( f 2D
X =2.1×1013 cm−2) [110], compared to InGaAs/GaAs QWs ( f 2D

X =4.8×
1012 cm−2) [111]. This, together with the elevated exciton binding energy in III-nitrides, makes

this material system an interesting platform for strong light-matter coupling applications.

Optical Selection Rules

Since the hh-band is exclusively composed of pa- and pm-orbitals, it does not interact with

light that is polarized //c . Therefore, the A-transition is optically forbidden for light polarization

//c. B- and C-transitions on the other hand, are allowed in both polarization directions. The

interband oscillator strength values for unstrained GaN are given in Tab. 1.3. The relative

oscillator strengths obey the Thomas-Reiche-Kuhn sum rule
∑

i=A,B ,C f E⊥c
cvi

=∑i=A,B ,C f E//c
cvi

=1.

This rule states that if the oscillator strengths are distributed over several levels, the sum of

the transition rates must equal the classically derived quantity. Since the A subband does not

interact with light polarized along the c-axis, the effective bandgap is larger for this polariza-

tion.

For strained GaN, the oscillator strengths can drastically change [83, 97]. The oscillator strength

of the A transition is insensitive to isotropic strain in the c-plane, since it consists of only pm

and pa orbitals.
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f E⊥c
osc f E//c

osc

A 0.5 0

B 0.44 0.12

C 0.06 0.88

Table 1.3 – Relative oscillator strength of the
A, B and C interband transitions in unstrained
bulk GaN at the Γ-point, as calculated using
the k ·p-method [85].

Since the spin of the A subband is ±3
2 and the spin of the CB, and that of the B and C bands is

±1
2 , the total spin of an exciton or e-h pair is 0,±1 or±2. A photon carries a spin±1 and can only

couple to excitons and e-h pairs with the same spin.

In addition to the polarization and spin selection rules, there are the k selection rules. In a

bulk semiconductor, the exciton wavevector or ke+kh must exactly match the wavevector of

a photon with the correct energy. Otherwise, the recombination cannot take place without

assistance of a phonon. In a QW, the selection rules are relaxed, as only the in-plane wavevector

is conserved in the recombination process (there is no translation symmetry in the direction

⊥QW.) In this case, the exciton wavevector or ke+kh must be within the light cone, i.e. it must

be smaller than the photon wavevector. This is further explained in Section 2.3.4.

Excitons (and e-h pairs) whose radiative recombination is allowed under these selection rules

are called bright excitons (e-h pairs), while those whose transition is optically forbidden are

called dark excitons (e-h pairs).

1.2.5 Inhomogeneity, Broadening and Localization

Disorder is a central aspect to explain the behavior of electrons, holes and excitons in semi-

conductors. Variations in the local environment alter the energy of the VB, CB and potentially

the bandgap. In bulk semiconductors, this can be due to point defects, such as impurities or

dopants, or a variation of the strain state around dislocations [112]. In alloys, there is addition-

ally disorder from variations in composition, such as phase separation or cluster formation,

while QW states may experience disorder originating from well width fluctuations, interface

roughness and the alloy disorder described above.

These various sources of disorder lead to inhomogeneous broadening of the band-edge and exci-

tonic transitions. As a result, a variation in the transition energy is induced and the excitons, elec-

trons or holes experience a potential landscape. Since excitons, electrons and holes probe the

environment over a volume determined by their Bohr radius and de Broglie wavelength, respec-

tively, they will experience the average potential of this region. Excitons with a large Bohr radius

will therefore be less prone to inhomogeneous broadening. Consequently, wide bandgap semi-

conductors, such as GaN, with a small aB , exhibit a more pronounced inhomogeneous broad-

ening than comparable semiconductors with a smaller bandgap and similar crystalline quality.

In such a potential landscape and at low temperatures, species preferably occupy the lowest-

energy states. Consequently, the peak emission energy (determined by the occupied states)

will be lower than the peak absorption energy (determined by all available states). This process
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is called localization and the energy difference between the absorption and emission peak is

called the Stokes shift (SS).

Besides inhomogeneous broadening γi nh of the transition energy (which is accounted for

using a Gaussian distribution), there is also homogeneous broadeningγhom , which follows a

Lorentzian lineshape. This can be due to two reasons, lifetime broadening, which is a result

of Heisenberg uncertainty,ΔE = ħ
Δt , and phonon broadening. In semiconductors, the exciton

lifetime is so long (from several 100 of ps to several ns), that lifetime broadening is negligible.

We will therefore only consider phonon broadening here, which can be written as [113, 114]

γhom(T )=aT + b

exp
(

ELO
kB T

)
−1

, (1.29)

where ELO represents the longitudinal optical (LO) phonon energy, and a and b represent the

coupling to the acoustic and LO-phonons, respectively.

Of the binary/ternary III-nitride QW structures, GaN/AlGaN QWs have the smallestγi nh value.

This is mainly because they are free of In and because the GaN well –which hosts the largest part

of the carrier wavefunction– is a binary material and therefore free of any alloy disorder. Since

InN has a much lower bandgap and much larger lattice parameters compared to GaN and AlN,

as shown in Fig. 1.4, heterostructures with In are heavily strained (even at low In concentrations)

and an In atom in the lattice changes the local potential substantially. Consequently, InGaN/-

GaN or GaN/AlInN QWs typically are more prone to disorder and exhibit larger inhomogeneous

linewidths. As a result of this increased γi nh , it is much more challenging to achieve the strong

light-matter coupling regime (explained in Section 2.3) using InGaN/GaN QWs [110].

1.2.6 Refractive Index

Bulk III-Nitrides

The refractive index nop =nr +i ni in semiconductors is mainly determined by the band edge

transition. In the single electron picture, the real part nr shows a sharp increase and a cusp-like

feature at the bandgap energy. This is shown in Fig. 1.8(a) for the most relevant materials in this

work: bulk GaN, Al0.1Ga0.9N, and Al0.82In0.18N epilayers, and for a 1.5 nm thick GaN/Al0.1Ga0.9N

QW. A consequence of this feature, is that nr decreases with increasing Eg of the material, for

any given energy below Eg , as illustrated in Fig. 1.9 for the AlInN alloy [115, 116]. This leads to

the interesting property that carrier or exciton confinement (which requires low Eg ) will happen

in the same materials as the optical mode confinement (which requires high nr , see Chapter

2) in a waveguide or cavity. This leads to increased light-matter coupling in semiconductor

cavities and waveguides, such as the structures used in this work. The optical confinement in

a photonic structure is determined by the refractive index contrast RIC = n2
1−n2

2

2n2
1

between the

28



1.2. Optical Properties

materials with high (n1) and low (n2) refractive index [117]. In this work, we use Al0.82In0.18N as

low-index material. The RIC with GaN and Al0.1Ga0.9N is also shown in Fig. 1.8(a) and reaches

its maximum value of 15.5% near the bandgap energy of the high-index material. In the visible

blue-green spectral region, the contrast amounts to about 4.5 - 6.5%.

The imaginary part of the refractive index ni is closely related to the absorption coefficientα

through the equation [75]

α= 4πni

λ0
= ωχi

cnr
, (1.30)

where χi is the imaginary part of the linear optical susceptibility, defined by εr el = 1 +χ =
1+χr +iχi . The absorption coefficient above the bandgap can be calculated as [75]

α(ω)= πe2|rcv |2ωnr

εc
Dcv (ħω)[ fh(ħω)− fe (ħω)], (1.31)

where and fe(h) is the Fermi-Dirac distribution function of electrons (holes).

1.5 nm GaN/
Al0.1Ga0.9N QW
Bulk Al0.1Ga0.9N
Bulk Al0.82In0.18N

Bulk GaN

(a)

(b)

(c)

Figure 1.8 – Room temperature refractive
index and optical absorption of bulk GaN
(red), Al0.1Ga0.9N (blue), and Al0.82In0.18N
(black) epilayers, and of a 1.5 nm thick
GaN/Al0.1Ga0.9N QW (green). (a) Real
part of the ordinary refractive index and
corresponding RIC of bulk GaN (red) and
Al0.1Ga0.9N (blue) with Al0.82In0.18N epi-
layers. (b) Imaginary part of the ordinary
refractive index. (c) Optical absorption
coefficient. The residual absorption below
the band edge is a result of defect and
impurity states in the bandgap. It therefore
highly depends on the defect and impurity
concentration in the sample. The inset
shows a detail of the QW absorption around
EQW and the barrier band edge. The dis-
persions are issued from experimental data
taken from [82] for (Al)GaN and [29] for
AlInN epilayers. The imaginary refractive
index was determined from the reported
absorption through Eq. 1.30.
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Figure 1.9 – Ordinary refractive index of
bulk AlInN layers for different composi-
tions. The refractive index increases for
increasing In concentration. Adapted
from [115].
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Both ni andα exhibit a step at Eg . In an ideal semiconductor, these quantities are zero below the

bandgap, since no transitions between occupied and unoccupied states are available at these

energies. In reality, however, defects introduce states in the gap, which results in nonzero sub-

bandgap absorption and imaginary refractive index [118]. Free carriers also cause absorption,

but this is typically occurring in the infrared spectral region [118]. Both quantities are depicted

in Figs. 1.8(b) and 1.8(c), respectively. It is imperative for high-quality photonic devices to keep

residual absorption as low as possible, as this is a major source of loss and decoherence. The

absorption step at Eg is broadened by γi nh , i.e. it is a Heaviside function convoluted with a

Gaussian with full width at half maximum (FWHM)γi nh . It is typically very sharp in high-quality

GaN (< 1 meV) [91] and broader for ternary III-N alloys [82].

Due to the anisotropic structure of III-Ns, they will exhibit birefringence, i.e. propagating light

experiences a different refractive index if it is polarized along or perpendicular to the optical

axis c. Since the A subband only interacts with light polarized ⊥ c, the E//c polarization can

interact exclusively with the B and C subbands and therefore it experiences a larger effective

bandgap. In this respect, the c-axis is called the extraordinary axis, while the a- and m-axes

are called ordinary axes. Since we will focus on the transverse electric (TE) modes of c-plane

waveguides in this work, which are polarized along the ordinary axes, we only represent the

ordinary refractive index no in Fig. 1.8.

Quantum Well Structures

The refractive index of a QW can be approximated by shifting the index of the bulk material by

the confinement energy E 1
e,con f +E 1

h,con f . The absorption in a QW resulting from a transition

between a single valence subband and the conduction band is given by [75]

α2D (λ0)= πe2EP mr

3λ0nr ε0E 2
g dQW m0

, (1.32)
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where λ0 is the vacuum wavelength and nr is the real part of the refractive index of the QW

material. In most practical cases, two or three transitions, i.e. A, B and optionally C, must be

taken into account to find the total QW absorption [75]. For energies above the barrier bandgap,

the bulk behavior is recovered, as shown in Fig. 1.8(c).

Effect of an Exciton Transition

The optical response of a homogeneously broadened (with FWHM γhom) bulk or quantum well

exciton at energy EX can be well described by the Drude-Lorentz damped harmonic oscillator

model [77]:

εhom
r el (ħω)=εbg +

f 3D
X e2ħ2

ε0MX

1

E 2
X −(ħω)2+iγhomħω , (1.33a)

εhom
r el (ħω)=εbg +

f 2D
X e2ħ2

dQW ε0MX

1

E 2
X −(ħω)2+iγhomħω , (1.33b)

for bulk and QW excitons, respectively, where εbg is the background permittivity of the semi-

conductor. In case of inhomogeneous broadening of the excitonic transition, which is typically

the case for III-N QWs, the excitonic Lorentzian response has to be convoluted with a Gaussian

function of standard deviationσ and FWHMγi nh =2
�

2ln2σ

εr el (ħω)= 1

σ
�

2π

∫+∞

0
exp

(
− (E ′−ħω)2

2σ2

)
εhom

r el (E ′)dE ′. (1.34)

The oscillator strength determines the integrated intensity of the Lorentzian feature, as shown in

Fig. 1.10(a). Inhomogeneous broadening of the excitonic transition dilutes the optical response

over a larger spectral region. This results in a reduction in the feature amplitude, as shown in

Fig. 1.10(b). Note that the effect of bulk excitons has been omitted in Fig. 1.8, since the feature

is quite small at room temperature due to homogeneous broadening.

1.2.7 Effect of Carrier Density in Quantum Wells

Up to now, we have adopted a low carrier density picture. However, at elevated carrier densities

N , several effects modify the QW properties. They will therefore be discussed in this section.
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Figure 1.10 – Optical response of the
ground state excitonic transition at
low temperature (T = 12 K) in a 1.5
nm thick GaN/Al0.1Ga0.9N QW. Real
(top) and imaginary (bottom) part
of the refractive index. (a) Effect
of the oscillator strength fX , which
determines the amplitude of the
Lorentzian response. (b) Effect of
the inhomogeneous broadening
γi nh , which dilutes the excitonic re-
sponse over a larger spectral range.

(a) (b)

Screening of the Built-in Field

When the free carrier density in a QW approaches the polarization charge densityσ+ andσ−,

the built-in electric field is screened and the QCSE is reduced. As a consequence, Eg and EX

will blueshift until the flat-band regime is reached for which F ≈0.

In order to calculate this blueshift, the Schrödinger equation (Eq. 1.3) should be solved simul-

taneously with Poisson’s equation [97]:

∂2Φ(y)

∂y2 =−ρ(y)

ε
, (1.35)

where Φ represents the electrostatic potential, ρ represents the charge density, and y is the

position coordinate along the growth direction. Indeed, the band potential will determine the

electron and hole envelope wavefunctions through the Schrödinger equation, while the charge

distribution (given by the envelope wavefunctions) will screen F and modify the band potential

through Poisson’s equation. A consistent solution of both equations can be reached by iteratively

solving one with the output of the other until convergence is reached: F
Schrödinger−−−−−−−−→Ψe,h

Poisson−−−−−→
F

Schrödinger−−−−−−−−→Ψe,h
Poisson−−−−−→ ... In this work, we used a self-consistent Schrödinger-Poisson solver

developed by J. Levrat and G. Rossbach at EPFL-LASPE [97, 119] that could accurately reproduce

the behavior of high quality single GaN/AlGaN QWs upon increasing carrier density.
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Bandgap Renormalization

With increasing carrier density, inter-particle interactions between excitons increase as well.

Owing to the fermionic nature of the exciton constituents, both direct and exchange terms

of the Coulomb-interaction have to be considered. This causes a monotonous redshift of the

band edge Eg , the so-called bandgap renormalization (BGR), which follows a cubic root density

dependence [120]

ΔEBGR (N )=3.1a2/3
B EB N 1/3. (1.36)

Here, EB is determined from k ·p calculations [85] and aB follows from Eq. 1.11.

From Bosonic Excitons to a Fermionic Electron-Hole Plasma

Since excitons are composed of two fermionic constituents, they have an integer total spin. This

suggests that they should behave as bosons. Contrary to fermions, bosons do not obey the Pauli

blocking principle. Within the framework of second quantization, the creation and annihilation

operators of a boson of wave-vector k, b†
k and bk, respectively, fulfill the commutation rule:

[bk,b†
k′ ]=δk,k′ , (1.37)

where δ represents the Kronecker delta. It can be shown that Eq. 1.37 is never completely

satisfied for excitons, but a good agreement is achieved in the low density regime [121]. When

the density approaches the hard-sphere density, i.e. N = 1
πa2

B
, the ideal bosonic behavior of Eq.

1.37 is gradually lost. This is a consequence of the increasing exchange interaction and phase

space filling (Pauli blocking principle) of the fermionic constituents [121, 122].

Mott-transition

In the high-density regime, the (repulsive) inter-particle interactions between the fermionic con-

stituents of the excitons, will cause a blueshift of the exciton energy, a reduction of EB and eventu-

ally a dissociation of the excitons. This transition from an insulating exciton gas to a conducting

e-h plasma is called the Mott transition, after the first prediction made by Sir Nevill Mott [123].

The Mott-transition in GaN/AlGaN QWs has been extensively studied by G. Rossbach et al.

[124]. They showed that the Mott-transition is a secondary phase transition that occurs around

N ∼1012 cm−2 with the fulfillment of two criteria. In the first criterion, Eg (which redshifts with

N due to BGR) equals EX (which blueshifts due repulsive inter-particle interactions). If these

quantities are equal, the exciton binding energy (the difference between both) vanishes and the
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exciton gas dissociates. The second criterion is the Bernard-Duraffourg condition [125, 124]:

the separation of electron and hole quasi-Fermi levels exceeds the bandgap and the stimulated

emission rate exceeds the absorption rate. We therefore get optical gain (see Section 2.4). Since

this is a purely fermionic effect, electrons and holes become the dominant species.

Oscillator Strength and Absorption Saturation

The exciton oscillator strength fX will decrease with increasing carrier density due to phase

space filling and to the Coulomb exchange interaction. When more excitonic states are occu-

pied, less are available to absorb a photon, hence the light-matter interaction and the oscillator

strength are reduced. The exchange interaction causes the exciton binding energy to decrease,

as explained above, which results in an increased Bohr radius and a decreased interaction

between electrons and holes. This also results in a decrease in the oscillator strength and the

optical absorption.

In Ref. [126], Schmitt-Rink et al. assumed a linear relation between exciton density NX and the

oscillator strength variation

Δ fX =− NX

Nsat
fX . (1.38)

This is only valid for small saturation in the low-density regime. They found that the saturation

exciton density Nsat is equal to

Nsat ≈ 0.117

πa2
B

, (1.39)

where the contributions from phase space filling and exchange interaction are roughly equal

[126]. It is important to notice that Eq. 1.39 is derived in the case where the saturating particle

is the exciton and hence it neglects the contribution of free electrons and holes.
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2 Light-Matter Interaction in Semicon-
ductor Waveguides

This chapter, discusses the optical properties of III-N waveguides. We will start with a gen-

eral discussion on the origin and the properties of guided modes in Section 2.1. Section 2.2

elucidates the properties of grating couplers. The chapter continues with an introduction on

the light-matter interaction between waveguide modes and electronic excitations in semi-

conductors. Section 2.3 discusses the coupling with excitons, which leads to the formation of

propagating exciton-polaritons. While Section 2.4 focuses on the coupling to an electron-hole

plasma, which results in optical gain.

2.1 Guided Modes in Optical Waveguides

2.1.1 Total Internal Reflection at an Interface

In order to understand the origin and the dispersion of waveguide modes, we first discuss total

internal reflection (TIR) occurring at an interface.

Let us consider a planar electromagnetic wave that is incident at an interface between two

media with refractive index n1 and n2, respectively, with n1>n2. In general, part of the incident

light will be reflected and part of it will be transmitted. Here, we are interested in the case

of internal reflection, i.e. the situation where light is incident from the high index side, as is

sketched in Fig. 2.1. In phasor notation, the incident, transmitted and reflected fields will

all contain a factor of the form e−i kz z , where z is the direction of propagation parallel to the

interface, cf. Fig. 2.1. Since the Maxwell boundary conditions must be fulfilled for all values of

z (i.e. at every point of the interface), the three waves must have the same in-plane wavevector

component kz . This is the case if the reflected wave has the same angle with the normal as the

incident wave and the transmitted wave fulfills

k1sinθ1=k2sinθ2 (2.1a)

⇔n1sinθ1=n2sinθ2. (2.1b)

with k1= 2πn1
λ0

= ωn1
c and k2= 2πn2

λ0
= ωn2

c the wavenumbers in media 1 and 2, respectively. This

is known as Snell’s law. In the case of internal reflection, θ2>θ1 since n1>n2. This means that

for a certain θ1 value, called the critical angle θc , the magnitude of the wavevector component
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Figure 2.1 – Wavevectors of
the incident, reflected and
transmitted light (ki, kr and
kt, respectively) at an interface
between two media. We take
n1 > n2, which implies that the
wavevectors in medium 1 are
larger and therefore θ2 > θ1. (a)
Case where θ1 < θc . (b) Case
where θ1=θc and θ2= π

2 .
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parallel to the interface of the incident and reflected waves will be equal to k2. In this case,

θ2= π
2 . This means that

sinθc = n2

n1
.

If θ1 increases even further, sinθ2 must be larger than unity in order to fulfill Eq. 2.1b. This

can only be the case if θ2 becomes complex. The extended definitions of sine and cosine for

complex arguments (θ2=θ2,r +iθ2,i ) are:

sin(θ2,r +iθ2,i )=sinθ2,r coshθ2,i +i cosθ2,r sinhθ2,i , (2.2a)

cos(θ2,r +iθ2,i )=cosθ2,r coshθ2,i −i sinθ2,r sinhθ2,i . (2.2b)

In order for sinθ2 to be real and > 1, we see that θ2,r = π
2 and θ2,i �= 0. This implies that

cosθ2=−i sinhθ2,i .

The reflection coefficients at an interface are given by the Fresnel equations [127]:

rT E =|rT E |eiϕT E = n1cosθ1−n2cosθ2

n1cosθ1+n2cosθ2
=

n1cosθ1−n2

√
n2

1/n2
2(sin2θc−sin2θ1)

n1cosθ1+n2

√
n2

1/n2
2(sin2θc−sin2θ1)

, (2.3a)

rT M =|rT M |eiϕT M = n2cosθ1−n1cosθ2

n2cosθ1+n1cosθ2
=

n2cosθ1−n1

√
n2

1/n2
2(sin2θc−sin2θ1)

n2cosθ1+n1

√
n2

1/n2
2(sin2θc−sin2θ1)

. (2.3b)

36



2.1. Guided Modes in Optical Waveguides

1< c

1> cdwg

n1

Figure 2.2 – Confinement and constructive interference condition in a waveguide. When the
propagation angle θ1 of a plane wave is below θc (left), the latter is only partially reflected at the
interfaces and optical confinement is weak. If θ1>θc (right), we have total internal reflection
and the confinement is perfect for an ideal waveguide. Modes can only self-consistently exist
in the waveguide if a plane wave constructively interferes with itself after two subsequent
reflections. This means that the wavefronts of the two waves (represented by the thin lines
in the right sketch) must coincide.

Here, TE means that the electric field is perpendicular to the y z plane, i.e. oriented along x, and

transverse magnetic (TM) means that the magnetic field is oriented along x. Note that in case

of a TM polarized wave, rT M =0 for θ1 =θB =arctan n2
n1

. We call this angle the Brewster angle.

If θ1>θc , the argument of the square root becomes negative and cosθ2 becomes imaginary1

θ2=−i
√

n2
1/n2

2(sin2θ1−sin2θc ). (2.4)

Consequently, the expressions in the numerator and denominator of Eqs. 2.3 are complex

conjugates and r is a complex number with unity square modulus and nonzero argument. This

means that light will be fully reflected at the interface, with a phase shift given by

tan
ϕT E

2
=
√

cos2θc

cos2θ1
−1= β2−k2

2

k2
1−β2

, (2.5a)

tan
ϕT M

2
= n2

1

n2
2

√
cos2θc

cos2θ1
−1= n2

1

n2
2

β2−k2
2

k2
1−β2

, (2.5b)

whereβ=kz represents the wavevector component in the plane of the interface. For this reason,

we call the situation where the incident angle θ1>θc TIR.

1The dependence of the transmitted electric and magnetic fields in the y direction is given by
e−i k2,y y = e−i k2cosθ2 y . Since the magnitude of these fields cannot reach ∞ for y → +∞, cos θ2 must be in
the lower complex half plane and we get exponentially decaying fields in the+y-direction.
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n1 = 3
n2 = 1.5

dwg

dwg

dwg

11

Lossy modes Lossy modes Guided
modes

Guided
modes

(a) (b) (c)

Figure 2.3 – (a) Phase shift ϕ of a TE and TM polarized plane wave after reflection at an interface
between two media with refractive index n1 and n2, respectively. For low angles, r =|r |eiϕ is
real and positive, while for θ1>θc , r is complex with an increasing argument. In the TM case,
r is real and negative between θB and θc . (b) and (c) Mode dispersion of a 2D slab in the lossy
(β ≤ωn2/c) and guided regime (β >ωn2/c) for (b) TM and (c) TE polarizations. Due to the
increased phase shift between the Brewster and critical angle for the TM case, the energy of
mode m is shifted to the energy of mode m+1.

2.1.2 Waveguide Modes

If we put a 2D slab of a high-index (n1) material with thickness dw g between two low-index (n2)

cladding layers (this structure is commonly called a 2D optical waveguide), a plane wave propa-

gating with an angleθ1>θc , will undergo TIR at both interfaces of the waveguide and will be per-

fectly confined. In the case where θ1<θc , there is only partial reflection and the confinement is

lossy. These two regimes are sketched in Fig. 2.2. Another way of differentiating the two regimes,

is via the in-plane wavevector component kz . In the context of waveguides, this wavevector

component is usually called the propagation constantβ= ωn1
c sinθ1 of the guided mode. Total

internal reflection arises whenβ>k2= ωn2
c , as explained above, whereas partial reflection arises

when β≤k2. In the former case, we say that β is outside the cladding light cone described by

k2= ωn2
c and we call this the waveguide regime. In the latter case,β is inside the cladding light

cone and this is called the Fabry-Perot regime. A microcavity is a Fabry-Perot cavity, where

the limited interface reflectivity is enhanced by adding a multilayer DBR on both sides. A DBR

consists of a stack of alternating high- and low-index quarter-wavelength layers. The waves

reflected off the different interfaces constructively interfere and the reflectivity is enhanced.

In order for a lightwave to self-consistently exist in the waveguide, it must constructively inter-

fere with itself after two consecutive reflections, as illustrated in Fig. 2.2. This will be the case if

n1
ω

c
2dw g cosθm−2ϕ=2πm, (2.6)
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n1n2 n2

TE0

TE1

TM0

TM1
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Figure 2.4 – Electric-field intensity
profile of the four most fundamental
waveguide modes. The mode order
m represents the number of nodes
in the profile. The TM modes have a
discontinuity in the electric field at
the interface, since their E-field has a
component perpendicular to the inter-
face and for this orientation, D =εE is
continuous across the interface. The
TE modes have their E-field tangential
to the interface, and therefore there is
no discontinuity.

with m ∈N. This limits the possible values of β for every wavelength. Consequently, we get

discrete eigenmodes that can exist in the waveguide. m is called the order of the mode. The

dispersion of these modes is shown in Fig. 2.3. The dispersion in the Fabry-Perot regime is

approximately parabolic, while it is approximately linear in the waveguide regime. Due to the

ϕ=πphase shift between θB and θC in the TM case, the energy of the modes discontinuously

shifts to higher energy for constant m.

We see that for any given energy and waveguide thickness dw g , only a limited number of guided

modes can exist. When we reduce dw g or increase the wavelength, the number of modes is

reduced and higher-order modes are cut off. If the waveguide is not symmetric, i.e. the top and

bottom claddings have a different refractive index, the term 2ϕ in Eq. 2.6 has to be replaced

by the sum of the two appropriate phase shifts as calculated by Eq. 2.5. Additionally, guided

modes will only exist ifβ lies outside both cladding’s light cones in this case.

If Eq. 2.6 is fulfilled, the upward and downward propagating plane waves that are sketched

in Fig. 2.2, form a consistent standing wave pattern. This standing wave propagates in the

structure with wave number β= ωne f f

c , where we have defined the effective refractive index

ne f f =n1sinθ1. The standing wave in the waveguide is completed by an evanescent wave in the

cladding, as shown in Fig. 2.4 for the TEm and TMm modes with m=0,1. The intensity profile

of the optical mode will be an important feature to consider when discussing light-matter

interaction, as the coupling will be proportional to the local field strength. This means, e.g., that

an exciton in a QW located at a node of the modal field will not couple to the optical mode. The

mode order m also represents the number of nodes in the standing wave.

An important parameter that is deduced from the mode profile, is the modal volume V , or in

1D, the modal effective length Le f f . In this work, we use the following definition of the effective
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length of the waveguide mode [128]:

Le f f =V1D =
∫
ε|E |2d y

max(ε|E |2)
. (2.7)

The denominator assures the correct normalization of the peak modal field to unity. Le f f

defines the region to which a photon is confined. A small effective length leads to a large

electric field strength according to Eq. 1.21 and consequently, a large light-matter interac-

tion.

Note that for microcavities, the effective modal length is usually defined as [129]

LMC
e f f =2

∫
ε|E |2d y

max(ε|E |2)
. (2.8)

The rationale behind this definition is that it represents the cavity length required to have an

equal one-dimensional mode volume if there were no evanescent fields in the distributed Bragg

reflectors. Since a microcavity has a sinusoidal mode profile (as detailed below) with an average

value of the modal field intensity over the standing wave equal to 1
2 , we get that

LMC
e f f =2Le f f , (2.9)

which corresponds exactly to Eq. 2.8.

2.2 Theory of Grating Couplers

Since waveguide modes are outside the air light cone, they cannot couple to free-space radiant

modes. If we want to study their modal dispersion, we either have to collect the light from the end

of the waveguide (end-fire coupling), or we have to use a grating coupler. In this work, we use the

latter option, because it allows a direct mapping of the guided mode wavevector, following Eq.

2.11, derived below. Additionally, light collection in the sample plane, as required for end-fire

coupling, is challenging with our cold-finger cryostat. The setup is described in Section 4.2.

In order to understand the working principle of a grating coupler, we first consider scattering

of a light wave by a periodic structure. Consider a planar light wave with wavevector ki that is

incident on a periodic ensemble of line scatterers with periodΛ, as depicted in Fig. 2.5. Diffrac-

tion of the incoming light will only happen if the contributions from different line scatterers
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Figure 2.5 – Diffraction from a periodic
ensemble of line scatterers. Constructive
interference occurs for those directions
where the blue and red pathways have
a phase difference which is an integer
multiple of 2π.

interfere constructively. This will be the case for those directions (defined by the angle θ made

with the normal to the grating plane) where the red and blue pathways have a phase difference

equal to an integer multiple of 2π. Along the blue pathway, the incident wave experiences a

phase shift of ki ,zΛ, before reaching the second scatterer. Meanwhile, the scattered wave ks

has experienced a phase shift of ksΛsinθ. Therefore, we get constructive interference if

ki ,zΛ−ksΛsinθ=2πq (2.10a)

⇔ki ,z− 2πq

Λ
=kssinθ, (2.10b)

with q ∈Z the diffraction order. In this work, we use first-order gratings to maximize the out-

coupled light intensity and to avoid back-reflection into the waveguide. If we apply Eq. 2.10b

to the case of a grating coupler on a waveguide (which is in its basic form nothing more than

a set of periodic line scatterers), where the incident wave is a guided mode with ki ,z =β, and

kssinθ is the z-component of the outcoupled wave in air, kz,ai r , we get the following relation

between the guided mode wavevector and the emission angle from the grating coupler,

kz,ai r = ω

c
sinθ=β− 2πq

Λ
. (2.11)

This simple relation allows us to determine the guided mode in-plane wavevector componentβ

from the emission angle and the mode dispersion. We can choose the grating period such that

the in-plane wavevector region of interest is emitted close to the normal to the sample surface

and within the numerical aperture of the collection optics.

2.3 Waveguide Exciton-Polaritons

2.3.1 Exciton-Photon Coupling

An electronic excitation, such as an exciton, that is coupled to the vacuum field will decay

according to Fermi’s golden rule (Eq. 1.26), as explained in Section 1.2.4. We remind that

Eq. 1.26 contains a factor E 2
0, the electrical field intensity at the location of the excitation,
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corresponding to a single photon in the optical mode to which the excitation is coupled. The

transition rate can therefore be enhanced or reduced by varying E0, e.g. by moving the excitation

to an antinode or a node of the optical field, or by decreasing or increasing the optical mode

volume V (cf. Eq. 1.21). Here we will consider excitons as electronic excitations (Section 2.4

will discuss the case of unbound electron-hole pairs) and we will focus on the case of enhanced

interaction.

If the loss rate is higher than the reabsorption rate of an emitted photon, the photon will escape

from the waveguide before reabsorption by the emitter occurs. This regime is called the weak

coupling regime (WCR). If we can enhance the light-matter interaction in such a way that the

reabsorption rate becomes higher than the loss rate, an emitted photon will be reabsorbed

before it can escape from the waveguide. In this SCR, the present energy packet will oscillate

back and forth between a photonic and an excitonic state. We call such a hybrid quasi-particle

an exciton-polariton, or polariton for short. These polaritons have very interesting properties

that are intermediate between those of photons and excitons, such as light-like propagation

and inter-particle interactions coming from their excitonic part.

The coupling between excitonic and optical modes can be understood by making the analogy

with two coupled mechanical oscillators, as sketched in Fig. 2.6. We consider two pendula

(where one represents the photonic mode and the second the excitonic mode) of equal length,

mass mp and angular resonance frequencyω, which are coupled by a spring of stiffness k and

coupling constant g =
√

k
mp

. If the damping rates γ1, γ2 of pendula 1 and 2, respectively, are

much higher than g , a displacement given to one of the pendula will die out before it can be

transmitted to the other one and the system is in the WCR. If on the other hand, γ1,γ2�g , the

system is in the SCR and mechanical energy will be exchanged between the two pendula, as

illustrated in Fig. 2.6. The movement of the pendula follows a beating pattern, which can be

described by the sum of two frequencies: ωac and ωopt . ωac corresponds to the eigenfrequency

of the acoustic eigenmode of the coupled system, where both pendula move in phase, and

ωopt >ωac corresponds to the eigenfrequency of the optical eigenmode, where both pendula

move with opposite phases. The generation of new hybrid eigenmodes, with a splitting in their

eigenenergies, is a defining characteristic of the SCR.

2.3.2 Coupled Quantum Oscillator Model

In analogy to the coupled mechanical oscillators, the light-matter interaction can be described

by two coupled quantum oscillators with exciton-photon coupling strength g0. For a confined

optical mode with effective length Le f f and refractive index ne f f coupled to QW excitons, it
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Figure 2.6 – Coupled mechanical oscillators
in the strong (SCR) and weak coupling
regime (WCR). (top) Sketch of two harmonic
oscillators with uncoupled eigenfrequencies
ω1 and ω2 and damping rates γ1 and γ2,
respectively, joined by a spring of coupling
constant g . (bottom) Oscillatory movement
as a function of time. In the SCR (g �γ1,γ2),
energy is transferred back and forth between
the oscillators many times before the energy
is dissipated. In the WCR (g �γ1,γ2), energy
is dissipated before it can be transferred

can be expressed (in units of energy) as [128, 129]

g0= ħ
2

√√√√√ e2N e f f
QW fX

m0ε0n2
e f f Le f f

, (2.12)

where N e f f
QW is the effective number of QWs that are coupled to the optical mode, i.e. the nominal

number of QWs weighted by the intensity of the modal field:

NQW
e f f =

∑
yi
ε(yi )|E(yi )|2

max(ε|E |2)
, (2.13)

with i the QW number and yi the respective QW positions.

From Eq. 2.12, we can see which parameters influence the exciton-photon coupling. A large

oscillator strength, which is typically present in wide-bandgap semiconductors such as GaN and

ZnO, favors a large g0 value. Additionally, structures with a large N e f f
QW , combined with a small

Le f f , in other words a good overlap between the QWs and the optical mode, have an intense

light-matter interaction. For the latter criterion, waveguides have a significant advantage over

microcavities, since in the latter the optical mode extends far into the DBRs surrounding the

cavity, leading to a large Le f f value with a relatively small N e f f
QW , whereas it quickly decays in the
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waveguide claddings. This point is more extensively discussed and illustrated in Section 2.3.4.

In the framework of second quantization, an exciton and a photon of in-plane wavevector β

are characterized by their respective creation (d̂ †
β

and ĉ†
β

) and annihilation operators (d̂β and

ĉβ). In the coupled quantum oscillator model, the coupled photonic (with energy Eph(β) and

decay rate γph) and excitonic (EX (β), γX ) states are described by the Hamiltonian

Ĥ = (EX (β)+iγX )d̂ †
β

d̂β+(Eph(β)+iγph)ĉ†
β

ĉβ+g0

[
d̂ †
β

ĉβ+ĉ†
β

d̂β

]
, (2.14)

or in matrix form

Ĥ =
[

EX +iγX g0

g0 Eph+iγph

]
. (2.15)

The eigenstates of the system are the upper (UP) and lower polaritons (LP) and can be found

by diagonalizing this Hamiltonian using the unitary transformation

p̂LP,β=X (β)d̂β+P (β)ĉβ, (2.16a)

p̂U P,β=−P (β)d̂β+X (β)ĉβ. (2.16b)

X and P are called the Hopfield coefficients [96], which satisfy |X |2+|P |2=1. The diagonalized

Hamiltonian reads

Ĥ =ELP (β)p̂†
LP,βp̂LP,β+EU P (β)p̂†

U P,βp̂U P,β. (2.17)

The operators p̂†
LP,β, p̂LP,β and p̂†

U P,β, p̂U P,β are creation and annihilation operators of the LP

and UP, respectively. The eigenenergies of these hybrid states are

EU P (β)= 1

2

[
EX +Eph+i (γX +γph)+

√
4g 2

0−(γX −γph)2+(EX −Eph)2

]
, (2.18a)

ELP (β)= 1

2

[
EX +Eph+i (γX +γph)−

√
4g 2

0−(γX −γph)2+(EX −Eph)2

]
. (2.18b)

The upper (UPB) and lower polariton branch (LPB) exhibit an anticrossing, as shown in Fig.
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Figure 2.7 – Two quantum oscilla-
tors with a coupling strength of
g0 = 30 meV. (a) The polariton
branches anticross near zero de-
tuning. The upper and lower po-
lariton branches gradually change
from exciton-like and photon-like,
respectively, at strongly negative
detuning to the inverse situation at
strongly positive detuning. (b) The
photon and exciton fraction of the
LPB are determined by the square
modulus of the Hopfield coeffi-
cients, |P |2 and |X |2, respectively.

2.7(a), which is a characteristic feature of the SCR. The normal mode splitting or Rabi splitting

ΩRabi is defined as the minimal distance between the two branches, which occurs at zero

detuning (δ=Eph−EX =0). By subtracting ELP from EU P , we obtain

ΩRabi =
√

4g 2
0−(γX −γph)2. (2.19)

The Hopfield coefficients are given by

X (β)= 1√
1+

(
ELP (β)−EX

g0

)2
, (2.20a)

P (β)= 1√
1+

(
g0

ELP (β)−EX

)2
. (2.20b)

|X |2 and |P |2 represent the excitonic and photonic fraction of the lower polaritons, respectively,

and are shown in Fig. 2.7(b). This implies that one can vary the light and matter content of

polaritons by changing the detuning between the exciton and photon mode. As such, many

polariton properties, such as lifetime, propagation and polariton-polariton interactions can

be tuned as well.
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This coupled oscillator model (COM) represents a simplified picture, and neglects the dis-

persion of the refractive index, inhomogeneous linewidth broadening and the influence of

the electron-hole continuum absorption. In order to circumvent these limitations, a linear

dispersion model is often used, which is based on the optical response of excitons.

2.3.3 Linear Dispersion Model

The intrinsic properties of strongly coupled systems, such as the normal mode splitting or

the energy dispersion, can be well described in the linear regime without the need for a quan-

tum picture. Nonlinear phenomena however, such as Bose-Einstein condensation [130] or

polariton lasing [17], can only be described by a quantum model. Zhu and coworkers suc-

cessfully explained the splitting of a resonant cavity coupled to an ensemble of barium atoms

considered as Lorentz oscillators, by using a linear dispersion model [131]. The same is valid

for semiconductor excitons coupled to a waveguide or cavity mode. Their optical response

can be described by the Drude-Lorentz model explained in Section 1.2.6. The effect of this

Lorentzian feature on the coupled system is an increase of ne f f at energies just below EX and

a decrease of ne f f just above EX . An increased refractive index will cause an increase in optical

distances (the product of distance and refractive index) and consequently, a shift towards longer

wavelengths or smaller energies of the modes. Conversely, a decreased refractive index causes

a blueshift of the modes. As a result, the optical mode is shifted away from EX on both the

high and low energy side of the exciton resonance, leading to the characteristic anticrossing

behavior.

The advantage of this approach is that effects such as dispersion of the refractive index, field

distribution in the waveguide, inhomogeneous linewidth broadening and absorption in the

materials are intrinsically considered. The final step is to find the resonant modes in the system

using an optical solving technique, such as transfer matrix simulations (TMS) [132], the finite

element method or the finite-difference time-domain (FDTD) method. In this work, we mainly

use an FDTD solver, which is elaborately explained in Appendix A. A TMS solver developed by J.

Levrat, G. Rossbach and M. Glauser at EPFL-LASPE was occasionally used for modeling planar

microcavities [97, 119, 133], which were considered for the sake of comparison

This linear dispersion model allows to directly compare the impact of γi nh and γhom on the

coupling regime of the system. It was shown by Houdré and coworkers that inhomogeneous

broadening of the excitonic mode has no effect on the Rabi splitting of the system [134]. This

is true as long as γi nh <g0 [97]. For larger inhomogeneous broadening, the splitting is reduced

and the SCR is gradually lost [110]. For homogeneous broadening on the other hand, small

values of γhom already reduce the splitting [97].
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2.3. Waveguide Exciton-Polaritons

2.3.4 Microcavity and Waveguide Polaritons

The SCR was first observed in a sodium Rydberg atom cavity at room temperature in 1983 [135].

Almost a decade after this first demonstration, in 1992, Weisbuch and coworkers demonstrated

the same phenomenon in a GaAs-based semiconductor planar microcavity at 4 K [136]. In the

following decades a lot of research was conducted on these structures, where an optical cavity

mode (Fabry-Perot mode confined by two DBRs) is strongly coupled to bulk or QW excitons. As

an illustration, an Al0.1Ga0.9N cavity with a 35 pair Al0.83In0.17N/Al0.1Ga0.9N bottom DBR and

an 8 pair SiO2/Si3N4 top DBR is shown in Fig. 2.8(a), together with its optical mode. Due to

the relatively weak spatial confinement of a typical DBR (which depends mainly on the RIC

between the high- and low-index material), the optical mode extends quite far into the DBR

region, resulting in a large Le f f =330 nm. For comparison, a III-N waveguide consisting of the

same materials is shown in Fig. 2.8(b). Here, the TIR confinement ensures a rapid decay of the

optical mode in the cladding layers, leading to a small Le f f =88 nm and a good overlap between

the optical mode and the active region. Besides spatial confinement, the temporal confinement

is also improved, i.e. the photon leakage is reduced in a waveguide with respect to a microcavity.

The photon lifetime τph = ħ
γph

(with γph expressed as an energy) in a microcavity is determined

by the reflectivity R =|r |2 of the mirrors. For a DBR, the peak reflectivity increases with the RIC

between the high and low index material and the number of pairs. Typically, a DBR can reach

95 - 99.9% peak reflectivity, depending on the wavelength and the chosen material system. TIR,

on the other hand, is in theory lossless. In a waveguide, τph is limited by interface roughness

scattering and absorption in the waveguide. A quantity that is widely used to describe the

optical temporal confinement is the quality factor

Q =ωphτph =
Eph

γph
. (2.21)

It represents the number of oscillations the optical field makes within the photon lifetime.

One of the main reasons for the high scientific interest in microcavity polaritons is their very

low effective mass, which is of the order of 10−4m0. Indeed, looking at the energy dispersion

of the microcavity described above, operating in the SCR (as shown in Fig. 2.8(c)), we find that

the LPB has a curvature similar to the photonic mode nearβ=0. Note that the exciton is nearly

dispersionless at this scale due to its much larger mass. As a consequence of this very low mass

and the bosonic nature of polaritons, Bose-Einstein condensation has been demonstrated

at liquid He temperatures [130] in a CdTe-based microcavity, compared to the ∼100 nK tem-

peratures required to form such a condensate with much heavier cold atoms [137]. Polariton

lasing, a phenomenon that is similar to Bose-Einstein condensation, but where the polaritons

lack a thermal energy distribution, has even been demonstrated at room temperature in a

III-N microcavity, both using a bulk active region [17], and a GaN/AlGaN MQW active region

[18]. This condensation leads to interesting phenomena going from coherent light emission
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Figure 2.8 – Modal field profile and energy dispersion of a III-N microcavity and waveguide,
tailored for an exciton energy of 3.6 eV. (a) Modal field intensity (red line) and refractive index
profile (black line) of a 5λ/2 Al0.1Ga0.9N cavity with a 35 pair Al0.83In0.17N/Al0.1Ga0.9N bottom
DBR and an 8 pair SiO2/Si3N4 top DBR. The optical mode extends substantially into the DBRs,
especially the bottom one. (b) Modal field intensity (red line) and refractive index profile (black
line) of a 130 nm Al0.1Ga0.9N waveguide with an Al0.83In0.17N bottom cladding and SiO2 top
cladding. The mode is well confined within the core layer. (c) Energy dispersion of the cavity
shown in (a) containing QWs with an exciton energy (EX , blue dashed line) of 3.6 eV. The UPB and
LPB are shown for a coupling strength g0=30 meV, as calculated with the COM. Note that in the
case of 0 detuning atβ=0 shown here,δ is nowhere negative and the photon fraction of the LPB
does not increase above 0.5. Near β=0, the LPB has a similar curvature as the parabolic optical
mode (Eph , red dashed line), and therefore a similar effective mass of 1×10−4m0, compared to
5×10−5m0 for the optical mode. (d) Energy dispersion of the waveguide shown in (b) containing
QWs with EX =3.6 eV. Here, the UPB and LPB are also calculated with the COM for g0=30 meV. In
a waveguide in the strong coupling regime, the LPB is characterized by a negative effective mass.
The refractive index data are taken from [82] for (Al)GaN and [29] for AlInN. The dispersions
in (c) and (d) were calculated using constant refractive index values, as shown in (a) and (b), re-
spectively. The optical mode profile is calculated using TMS in (a) and FDTD calculations in (b).
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without population inversion, which was originally proposed by Imamoglu et al. [138], over

superfluidity [139] to quantized vortices [140]. Besides this rich and interesting physics, polari-

ton microcavities have shown potential for several applications such as parametric amplifiers

[141], spin switches [15] and all-optical active devices including all-optical transistors [142] and

Mach-Zehnder interferometers [143].

Waveguides operating in the SCR have only recently gained attention from the scientific

community using various material systems such as GaAs [144, 145], organic semiconductors

[146, 147, 148] and wide-bandgap inorganic semiconductors [149, 150]. The energy dispersion

of a waveguide LPB, as shown in Fig. 2.8(d) has a negative effective mass, and no ground state

near the anticrossing point. As a result, condensation is not possible in these structures. How-

ever, another nonlinear effect has been demonstrated in polariton waveguides in the form of

low-power optical solitons. Walker and collaborators have experimentally realized dark-bright

spatio-temporal polariton soliton wavepackets with energies as low as 0.5 pJ in GaAs-based

structures operating at 10 K [16].

Another key difference between waveguides and microcavities originates from the in-plane

wavevector and group velocity of the polaritons. In a microcavity, anticrossing occurs around

β= 0, whereas it occurs for much higher values (46.5 μm−1 for the waveguide shown in Fig.

2.8(d)) in a waveguide, resulting in high group velocities of the order of 107 m/s. This propagat-

ing nature of waveguide polaritons makes them well suited for polaritonic integrated circuits,

compared to the more stationary microcavity polaritons.

From a structural point of view, waveguides are much simpler to grow than microcavities. The

DBR layer thicknesses and cavity thickness must closely match the exciton energy in order to

have a small detuning between the cavity and exciton mode near zero in-plane wavevector.

For a waveguide on the other hand, the optical properties do not depend on the cladding

thickness and only weakly on the core dimensions. Additionally, since the energy dispersion

of the uncoupled waveguide mode is monotonically increasing withβ, it will always cross the

uncoupled excitonic mode, regardless of the exact waveguide structure, as long as the guided

mode is not cut-off, leading to hybridization of the light and matter modes. Additionally, the

waveguide geometry can allow for easy potential landscaping by electrical gating [145] and

electrical injection of carriers –as is commonly done in edge-emitting LDs– as opposed to

electrical injection through DBRs, which is a much more challenging task.

In the case of GaN/AlGaN QW-based microcavities and waveguides, the latter have the ad-

ditional advantage that the bottom cladding can be lattice-matched to GaN. Since only a

low-index material is required, lattice-matched AlInN can be used for this cladding.2 In case

of microcavities however, UV AlGaN/AlInN DBRs with a substantial amount of Al have to be

used to avoid absorption. This induces a significant amount of lattice-mismatch with respect

to the GaN buffer and requires the application of strain-management techniques [47].

2For reasons of material quality, which are explained in Section 1.1.3, GaN interlayers are required in thick AlInN
films. These are of course also lattice-matched to the rest of the structure.
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Chapter 2. Light-Matter Interaction in Semiconductor Waveguides

2.4 Optical Gain from an Electron-Hole Plasma

When an optical field of angular frequency ω interacts with a two-level electronic system,

consisting of a ground state and an excited state, separated by an energy ħω, three possible

processes can occur [75, 151]:

• Absorption

A photon is absorbed from the optical field and the electron is promoted from the ground

state to the excited state.

• Spontaneous emission

The electron decays from the excited state to the ground state, due to a perturbation

induced by the vacuum field. The emitted photon has a random phase, polarization and

propagation direction.

• Stimulated emission

The electron decays from the excited state to the ground state, due to a perturbation

induced by the optical field. The emitted photon is coherent with the latter.

An optical signal that is propagating through an active region where these three processes can

occur, will be attenuated by absorptionα and amplified by stimulated emission, resulting in

optical gain g =−α. This is described by the Beer-Lambert law [117]

I (z)= I0exp(−αz)= I0exp(g z). (2.22)

Spontaneous emission is a source of noise in this context.

Devices such as lasers and optical amplifiers rely on stimulated emission to generate coher-

ent light beams or to coherently amplify an optical signal, respectively. LEDs and optical

spectroscopic techniques such as photoluminescence and cathodoluminescence (explained

in Chapter B) function on the basis of spontaneous emission. Superluminescent LEDs are

somehow intermediate, as they amplify spontaneous photons using stimulated emission.

Absorption and stimulated emission are opposite processes, and which one of the two will

dominate, depends on their relative rate. If the majority of electrons are in the ground state,

absorption dominates, while if the majority is in the excited state, stimulated emission will

dominate and we have positive optical gain, or negative absorption. In a bulk semiconductor,

where the two states are given by the valence and conduction band edges, the transparency
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2.4. Optical Gain from an Electron-Hole Plasma

criterion –i.e. g =−α=0– is given by the Bernard-Duraffourg condition [75, 125]

Eg ≤ħω≤E c
F −E v

F , (2.23)

where E c
F and E v

F are the quasi-Fermi level energies of the conduction and valence band, respec-

tively. In other words, there will be positive gain as soon as there are sufficient electron-hole

pairs in the system to separate the two quasi-Fermi levels by more than the bandgap. This

concept can be easily transposed to the case of lower dimensionality systems.

Note that we consider an unbound electron-hole plasma here and we ignore excitonic effects.

Indeed, even though gain from excitons is in principle possible and has been observed at room

temperature in ZnO-based [94] and ZnSe-based structures [152] due to the elevated exciton

binding energy in these materials, excitons in III-N structures dissociate before the onset of gain.

Therefore, gain in III-nitrides is a phenomenon that is occurring beyond the Mott transition

with a negligible excitonic contribution [124, 153].

In a typical LD or semiconductor optical amplifier (SOA), in order to enhance the light-matter

interaction, the optical field that is to be amplified is confined in a waveguide and the active

region consists of QWs. An important geometric parameter in such a structure is the confine-

ment factorΓ, which is defined as the total normalized overlap integral between the QWs and

the optical waveguide mode, and is determined as [75]

Γ=∑
i
Γi , withΓi =

∫yi+d/2
yi−d/2 ε(y)|E(y)|2d y∫+∞
−∞ ε(y)|E(y)|2d y

(2.24)

where the index i represents the different QWs,Γi is the confinement factor of QW i , ε(y) is the

position-dependent dielectric permittivity, E(y) represents the electric field amplitude of the

optical mode and yi the position of QW i . In a typical structure, a single QW has a confinement

factor of a few % [153].

The optical gain that represents the amplification experienced by a waveguided optical field

is the net modal gain gmod . It is related to the material gain gmat of the QWs and the waveguide

absorption lossesαw g by

gmod (ħω)=Γgmat (ħω)−αw g (ħω). (2.25)

In order to adequately model the net modal gain, of a waveguide with GaN/AlGaN QWs, we
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have to take both the A and B valence bands into account [124]. The C band is too far away to

be substantially populated with holes under typical conditions. Therefore, we consider the QW

transitions occurring between the conduction and the A and B valence subbands, which are

separated by transition energies E A
tr and E B

tr , respectively. The carrier population in these states

is governed by the corresponding Fermi-Dirac distributions, fc and fv , respectively [75]:

f j
c (ħω)=

⎡⎢⎣1+exp

⎛⎜⎝E j
tr + m j

r
m∗

e
(ħω−E j

tr )−E c
F

kB T

⎞⎟⎠
⎤⎥⎦
−1

, (2.26)

f j
v (ħω)=

⎡⎢⎣1+exp

⎛⎜⎝−
m j

r
m∗

j
(ħω−E j

tr )−E v
F

kB T

⎞⎟⎠
⎤⎥⎦
−1

, (2.27)

with j = A,B , and where m A/B
r = ( 1

m∗
e
+ 1

m∗
A/B

)−1 is the reduced mass with m∗
A/B/e representing the

effective mass of the A and B holes and that of the electron, respectively. The quasi-Fermi level of

the conduction band can be easily determined as a function of injected carrier density N from:

E c
F =Etr +kB T ln

(
exp

(
N

N e
c

)
−1

)
. (2.28)

In a valence band comprised of both an A and a B subband, E v
F is determined implicitly from:

N =N A
c ln

[
1+exp

(
E A−E v

F

kB T

)]
+N B

c ln

[
1+exp

(
EB −E v

F

kB T

)]
, (2.29)

with E A and EB the band edge of the A and B subbands, respectively, and the two-dimensional

(2D) critical carrier densities given by:

N A/B/e
c = mA/B/e kB T

πħ2 . (2.30)
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The net modal gain is then given by:

gmod (ħω)=−αw g +
∑

i

∑
j=A,B

Γiα
j
2D ( f j

c (ħω)− f j
v (ħω))θ(ħω−E j

tr ), (2.31)

where the index i represents the different QWs, αw g corresponds to the absorption loss in the

waveguide, α j
2D is the 2D absorption of the QWs in the two-band approximation as given by Eq.

1.32, and θ represents an inhomogeneously broadened step function, namely the convolution

of a Heaviside and a Gaussian function, which can be approximated by [153]:

θ(ħω−Etr )= 1

2
erf

(
ħω−Etr�

2γi nh

)
+ 1

2
. (2.32)

The model described above allows to accurately describe gain and absorption occurring in QW

waveguides and will be used in Chapter 5 to analyze the experimental results.
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3 Multiple Quantum Wells in Lattice-
matched III-Nitride Waveguides

In this Chapter, we discuss the optical properties of lattice-matched III-nitride slab waveguides

featuring a GaN/Al0.1Ga0.9N MQW active region grown on an AlInN bottom cladding. These

structures will be used in the next chapters to demonstrate strong exciton-photon coupling

(Chapter 4) and optical gain (Chapter 5). Section 3.1 illustrates the structural properties and

confinement of guided modes in these structures. The electronic band structure is discussed

in Section 3.2. Finally, we investigate the optical QW properties in Section 3.3. Details about the

experimental techniques used in this chapter can be found in Appendix B. Most of the results

presented in this chapter were published in the following two papers:

• J. Ciers, J. G. Roch, J.-F. Carlin, G. Jacopin, R. Butté and N. Grandjean, Propagating Polari-

tons in III-nitride Slab Waveguides, Phys. Rev. Applied 7, 034019 (2017).

• J. Ciers, G. Jacopin, G. Callsen, C. Bougerol, J.-F. Carlin, R. Butté and N. Grandjean, Near-

UV Narrow Bandwidth Optical Gain in Lattice-Matched III-Nitride Waveguides, Jpn. J.

Appl. Phys. 57, 090305 (2018).

3.1 Sample Structure

From all the modes that can be confined in a c-plane III-N waveguide, the TE0 mode is the most

interesting one for light-matter coupling applications. It has no nodes in the waveguide core

and extends little into the cladding layers, resulting in a good overlap with the active region,

compared to higher-order TE modes. Since the A exciton and the A interband transition in GaN

only couple to an electric field parallel to the c-plane, and the B exciton/interband transition

preferentially couple to this polarization, as described in Section 1.2.4, the coupling to TE modes

will be much stronger than to TM modes. Indeed, the in-plane electric field intensity, integrated

over the active region, is over an order of magnitude smaller for TM modes compared to TE

ones in the present structures, as calculated with FDTD [154].

In this work, we use waveguides with a GaN/AlGaN MQW active region operating around 345

and 370 nm, respectively, for their high quality and low inhomogeneous broadening [74]. An

AlInN bottom cladding lattice-matched to GaN is used, which provides a large RIC with the

active region of∼11% at 345 nm and∼7% at 370 nm, as discussed in Section 1.2.6, and assures

a high crystalline quality of the QWs. The top cladding consists of either AlInN or SiO2, as

discussed below.
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Chapter 3. Multiple Quantum Wells in Lattice-matched III-Nitride Waveguides

Figure 3.1 – Mode confinement and
photon leaking into the GaN buffer of
the TE0 mode for various thicknesses
of the AlInN cladding between 100 and
500 nm, as calculated by FDTD [154].
The different colors represent data for
the different thicknesses (solid line).
The dashed colored lines represent the
corresponding interface between the
cladding and GaN buffer. The refractive
index for (Al)GaN was taken from [82],
while it was taken from [29] for AlInN.
The refractive index of SiO2 was taken
from experimental data.
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In order to avoid coupling to multiple waveguide modes, which would act as a loss channel

for the photogenerated carriers and would further complicate the analysis, we chose a core

thickness that is small enough, to ensure that only the TE0 and TM0 modes are confined and

the higher order modes are cut off. The coupling of the A and B transitions to TM-modes is

negligible compared to the TE modes, as explained above. We did not choose to decrease the

waveguide thickness even further, which would also cut off the TM0 mode, since this would

result in only a small reduction of Le f f , but a substantial reduction in NQW
e f f andΓ, and hence

a decrease in light-matter coupling strength.

Since the entire structure has to be grown on a –high index– GaN buffer to ensure optimal mate-

rial quality, we are in the case of frustrated total internal reflection. This means that the angle θ,

as defined in Fig. 2.1 will again take a real value in the buffer and photons can leak through the

bottom cladding. This is an undesirable photon loss channel that can be limited by increasing

the AlInN cladding thickness, as illustrated in Fig. 3.1. For a cladding thickness of 400 nm, the

probability to find photons in the buffer is ∼106 times lower compared to the core, which is

acceptably low, given that the absorption rate is only three orders of magnitude higher in the

buffer (see Fig. 1.8) compared to the waveguide at 345 nm (see Chapter 4). This implies that

losses due to photon leakage to the substrate are negligible compared to waveguide absorption

for a bottom cladding thickness of 400 nm. At 370 nm, the situation is more favorable, as the

buffer has a low absorption around 20 cm−1 [82]. Note that the 5 nm thick GaN interlayers have

a negligible effect on the confinement of the optical mode.

A key feature to promote strong exciton-photon coupling up to room temperature is to have

robust excitons with an elevated exciton binding energy. This can be obtained by employing

narrow GaN/Al0.1Ga0.9N QWs of 1.5 nm width, which have an exciton binding energy of 40 meV,
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3.1. Sample Structure

as calculated using the k ·p formalism [85]. An additional advantage of these narrow wells is

a negligible impact of the QCSE [104] (see Section 1.2.3) leading to a large e-h overlap integral

of 0.8 (also calculated using the k ·p formalism), and a large oscillator strength of 1.1×1013

cm−2, as determined from the experiments discussed in Chapter 4. The XA transition of these

wells varies between 345 nm (at low temperature) and 350 nm (at room temperature), as will be

shown in Section 3.3. The dielectric material with the lowest absorption at these wavelengths is

SiO2 by plasma-enhanced chemical vapor deposition (PECVD) (∼1 cm−1).1 This material also

allows for the fabrication of high-quality grating couplers, as explained in Section 4.1. These

features make SiO2 an ideal top cladding material.

Taking these factors into account, a sample was grown by Dr. Jean-François Carlin, which will

be called sample S1 throughout this manuscript. The structure is sketched in Fig. 3.2(a) and

consists of a 130 nm thick active region with 22 GaN/Al0.1Ga0.9N (1.5 nm/3.5 nm) QWs sand-

wiched between a 400 nm thick Al0.83In0.17N bottom cladding lattice-matched to GaN and a 100

nm thick SiO2 top cladding. A 2μm GaN buffer, the bottom cladding and the active region were

grown by MOVPE on a low dislocation density (106 cm−2) freestanding c-plane GaN substrate.

The AlInN bottom cladding layer contains seven 5 nm thick GaN interlayers positioned 50 nm

apart in order to avoid kinetic roughening of the AlInN alloy [32], as explained in Section 1.1.3.

The use of an AlGaN barrier width of 3.5 nm avoids any coupling between adjacent wells, as

confirmed by k ·p calculations [85], which are shown below. This structure is optimized to

maximize the light-matter coupling strength g0 between the guided photons and MQW excitons.

The high number of QWs (22) combined with the large overlap between the optical mode and

the QWs, which results in a confinement factorΓ of 28.6%, as illustrated in Fig. 3.2(b), and the

large oscillator strength of the QWs result in a high g0 value of 30 meV, which is demonstrated in

Chapter 4. In Fig. 3.2, just like in the remainder of this manuscript, we chose the y axis parallel

to the growth axis and set y =0 at the interface between the buffer and the bottom cladding.

A second sample (S2) was also grown to investigate the effect of an increased Al concentration

in the barriers on the structural and optical quality. It features a nominally identical bottom

cladding to S1 (400 nm of AlInN with seven 5 nm GaN interlayers), and a 52 nm thick active

region with 7 GaN/Al0.15Ga0.85N QWs. Just like in S1, the wells are 1.5 nm thick, while the barriers

are 3.5 nm thick.

The optimal structure for the realization of optical gain is slightly different from the one of

optimal exciton-photon coupling. A large number of QWs can provide elevated gain in a

waveguide structure, but only provided that they are homogeneously pumped. Indeed, in an

inhomogeneously pumped MQW structure, the wells with a low carrier density will absorb

photons, i.e. they will have a negative gain, hence reducing the total MQW gain. Therefore,

we chose a sample design with 6.2 nm wide GaN/Al0.1Ga0.9N QWs, which emit below the bulk

GaN bandgap (around 370 nm at room temperature) as a result of the QCSE, as explained in

1The absorption was determined by measuring the reflectivity and transmission of a 1μm thick SiO2 film grown
on a double-side polished sapphire substrate using a Cary 500 spectrophotometer. The contribution the substrate
was taken into account, and values were averaged between the interference fringes.
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Figure 3.2 – (a) Sketch of
the sample structure with
details for samples S1
(left) and S3 (right). (b,c)
Refractive index profile
(black line) and optical
mode profile (red line) of
the TE0 mode supported
by waveguide S1 at 345
nm (b) and S3 at 370 nm
(c). These mode profiles
were calculated with an
FDTD-solver [154]. The re-
fractive index for (Al)GaN
was taken from [82], while
it was taken from [29]
for AlInN. The refractive
index of SiO2 was taken
from experimental data.
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Section 1.2.3. Such wells can be excited by the available 355 nm laser, which is below the barrier

absorption edge. Consequently, photons are only absorbed in the wells, and not in the barriers,

which leads to a very homogeneous carrier injection, as detailed in Chapter 5. Note that we

could have used narrower QWs if we had a shorter wavelength laser available, that is however

still below the barrier band edge, with sufficient peak power to achieve the carrier densities

required to reach optical gain. The reduced exciton binding energy in these wells of∼19 meV

(calculated using the k ·p formalism [85]) resulting from the QCSE (see Section 1.2.3) does not

have any impact here, as the structure is operating beyond the Mott transition. The reduced

electron-hole overlap of ∼0.2 at low carrier density (also calculated using the k ·p formalism

[85]) does cause a decrease of the light-matter interaction, but this overlap is increased however,

when the built-in field is screened under high injection, as explained in Section 1.2.7.

Under the typical optical injection conditions required for optical gain (105−106 W/cm2), we

observed that the SiO2 films as used in S1, are damaged, likely due to local heating induced by

laser absorption. Therefore, we also use a lattice-matched AlInN layer as top cladding, which

is sufficiently robust and transparent (see Fig. 1.8) for this application. We chose a thickness

of 82 nm to avoid extensive kinetic roughening without using a GaN interlayer [32]. As the latter

would absorb some of the incoming pump photons.
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Table 3.1 – Overview of the samples used in this work. All the structures were grown on c-plane
freestanding GaN substrate.

S1 S2 S3
Top cladding 100 nm SiO2 none 82 nm Al0.82In0.18N
Active 22 GaN/Al0.1Ga0.9N 7 GaN/Al0.15Ga0.85N 14 GaN/Al0.1Ga0.9N
region (1.5/3.5 nm) QWs (1.5/3.5 nm) QWs (6.2/4.8 nm) QWs
Bottom 400 nm (8×50 nm) 400 nm (8×50 nm) 400 nm (8×50 nm)
cladding Al0.83In0.17N with Al0.82In0.18N with Al0.82In0.18N with

seven 5 nm thick seven 5 nm thick seven 5 nm thick
GaN interlayers GaN interlayers GaN interlayers

With this in mind, a third sample (S3) was grown, which is also sketched in Fig 3.2(a). It consists

of a 170-nm-thick active region with 14 GaN/Al0.1Ga0.9N (6.2 nm/4.8 nm) QWs sandwiched

between bottom and top Al0.82In0.18N claddings, which are lattice-matched to GaN. The 400

nm thick bottom cladding, just like in S1, contains seven 5-nm-thick GaN interlayers positioned

50 nm apart in order to avoid kinetic roughening of the AlInN alloy [32].

An overview of the samples discussed in this work can be found in Tab. 3.1.

The waveguide dimensions were chosen to support a single TE polarized mode, as described

above, at 345 (for S1) and 370 nm (for S3), respectively. The mode profiles were calculated using

FDTD calculations (see Appendix A) and are shown in Figs. 3.2(b) and 3.2(c), for S1 at 345 nm

and S3 at 370 nm, respectively. The refractive index for (Al)GaN and AlInN layers were taken

from refs. [82] and [29], respectively, and the SiO2 data were issued from experiments. In both

samples, the large RIC between the MQWs and the AlInN/SiO2 cladding layers results in a small

effective length Le f f of the TE0 mode, of 88 and 99 nm, for S1 and S3, respectively, and a large

overlap between the optical mode and the quantum wells. For S1, we calculated an effective

number of QWs of 14.6 from this mode profile. In S3, the excellent spatial confinement, together

with the large number of QWs, leads to a highΓ of 48.2%, compared to only a few % in standard

laser diode structures featuring AlGaN claddings with low RIC [153]. Note, however, that such a

high number of QWs cannot be efficiently pumped using an electrical injection scheme mainly

due to the limited hole mobility. A similar WG with only 3 QWs near the peak of the modal field

would have aΓ-value of 17% and would be better suited for electrical injection.

In order to examine the structural quality of the samples, high-resolution X-ray diffraction

(HR-XRD) measurements were performed by Dr. Jean-François Carlin at LASPE, and are shown

in Fig. 3.3. The experiments were performed in a Bruker D8 Discover X-ray diffractometer and

the results were analyzed using the Bruker Leptos software. The coupled scans shown in Figs.

3.3(a), 3.3(b) and 3.3(c) for samples S1, S2 and S3, respectively, confirm the aforementioned

layer thicknesses and compositions. We can see the main peaks coming from the GaN, AlGaN

and AlInN layers, as well as the satellites from the MQW and AlInN/GaN superlattice. The

MQW satellites in S3 are closer to the main AlGaN peak in reciprocal space compared to S1

and S2, due to the increased period in real space. We can also notice that the AlGaN peak is
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substantially broadened in S2, compared to S1 and S3, due to the increased Al content. Note

a small difference in AlInN composition between samples S2 and S3 with∼18% In, and sample

S1 with ∼17% In. This is a consequence of the sensitivity to surface temperature during growth

of the AlInN alloy, as discussed in Section 1.1.3. These compositions are however close enough

from lattice-matching to GaN to obtain high-quality samples. This property is illustrated by

the XRD reciprocal space map of S1 in Fig. 3.3(d), which shows that the bottom cladding and

active region are fully pseudomorphic to the freestanding GaN substrate.
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Figure 3.3 – XRD characterization of samples S1, S2 and S3. (a,b,c) Coupled HR-XRD scan of
the (0002) reflex along the [0001] direction for samples (a) S1, (b) S2 and (c) S3 . A model of the
structure (red) was fitted to the measured data (blue) with the layer thicknesses and the alloy
composition used as fitting parameters. The results correspond to the values given in the text. (d)
XRD reciprocal space map of the (101̄5) asymmetric reflections on sample S1 showing that the
bottom cladding and the active region are pseudomorphic to the freestanding GaN substrate.

High-resolution transmission electron microscopy (HRTEM) images were taken on a cross-

section of sample S3 by Dr. Catherine Bougerol at Institut Néel, CEA and University of Grenoble,

France, with a FEI-Tecnai 200 kV microscope using a high-angle annular dark-field detector in

the [10-10] zone-axis orientation. These images are shown in Fig. 3.4 and are in good agreement

with the XRD measurements. The HRTEM results show clear atomic planes and sharp interfaces

between the QW and barrier layers. There is a fair contrast between the GaN and AlGaN layers,

despite the low Al concentration in the latter.
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4.8 nm Al0.1Ga0.9N

6.2 nm GaN

50 nm

GaN
Al0.1Ga0.9N

Al0.82In0.18N

(a) (b) 

Figure 3.4 – (a) Scanning TEM image of the
MQWs in sample S3 taken with a high-angle
annular dark-field detector in the [10-10]
zone-axis orientation. (b) High-resolution
TEM image of the QWs in the same sample
showing sharp interfaces and clear atomic
planes. (Images courtesy of Dr. C. Bougerol,
CEA and University of Grenoble)

3.2 Band Structure

In order to fully understand the optical properties of the samples under investigation and

explain the experimental results that will be discussed below, we calculated their band structure

in the one-electron picture using Nextnano [155]. Excitonic effects were added through a k ·p
solver [97, 119].

The resulting band structure for S1 is shown in Fig. 3.5(a). Due to the large spontaneous po-

larization mismatch between GaN and AlInN, the GaN interlayers in the bottom cladding have

a large built-in electric field. For such structures, experimental values between 2.2 and 3.6

MV/cm have been reported [30, 52, 67]. Consequently, the photoluminescence (PL) emission

of such 5 nm thick GaN interlayers lies in the green [67].

As a result of the geometric effect in MQW structures, the electric field in the GaN/Al0.1Ga0.9N

QWs is reduced to∼480 kV/cm [105]. The QW ground state electron and hole envelope wave-

functions that exist in such a potential are shown in Fig. 3.5(b). Note that the envelope wave-

functions of both the electron and hole fall to zero before reaching the adjacent well. This

confirms the absence of both tunneling and hence minibands [76]. The overlap integral be-

tween the electron and hole amounts to 0.8 due to the narrow width of the QWs of 1.5 nm.

Low-temperature excitonic energies EX A = 3.590 eV and EXB = 3.600 eV are obtained for XA and

XB , respectively, using the calculated exciton binding energy of 40 meV in both cases [101]. The

relative oscillator strength of the XA (0.5 for light polarized along both x and z, 0 along y) and XB

excitons (0.495 for light polarized along both x and z, 0.01 along y) shows an exclusive coupling

for XA and a heavily preferential coupling for XB to the in-plane electric field.

Analogous calculations for S2 reveal a built-in electric field of∼700 kV/cm, due to the increased

spontaneous and piezoelectric polarization mismatch between the GaN wells and Al0.15Ga0.85N

barriers. The exciton binding energy amounts to 44 meV, for both XA and XB , as a result of the

increased confinement. The e-h overlap integral remains equal to 0.8. This results in calculated

values of EX A = 3.615 eV and EXB = 3.625 eV at low temperature. Note that the exciton energies

are higher in these QWs, compared to S1, which confirms that the increased confinement
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Norm. CL intensity

(a) S1
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(d) S3

Figure 3.5 – Band structure of samples S1 and S3. (a) Full band diagram of S1, as calculated
using Nextnano [155]. (b) Detail of the band structure of a QW in sample S1 (black), together
with the electron (blue) and hole (red) envelope wavefunction of the QW ground state, as
calculated using the k ·p formalism [85]. (c) Band diagram of S3, as calculated using Nextnano
[155]. (d) Low temperature (T = 11 K) cathodoluminescence (CL) cross-section mapping of
the QW emission (logarithmic color scale) recorded with an acceleration voltage of 2 kV, along
with the XA energy of the different QWs (black dots) as deduced from the calculations shown
in (c). The excitonic effects were calculated using the k ·p formalism [85]. Under the present
experimental conditions, the spatial CL resolution is∼50 nm.

dominates over the increased built-in electric field for this QW thickness of 1.5 nm [104].

In sample S3, the situation is more complicated as a result of the AlInN top cladding. The results

of the band calculations are shown in Fig. 3.5(c). The Fermi energy was pinned to the mid-gap

at the sample surface [156] and the electric field in the QWs was set to ∼300 kV/cm, a value

expected from the polarization mismatch between the multilayer constituents when taking

into account the geometric effect [106]. We see that the elevated spontaneous polarization

mismatch results in a 2DEG potential at the interface between the MQWs and the top cladding.

In this situation, the residual donors in the MQW region are ionized and the resulting free elec-

trons form a 2DEG just below the interface with the top cladding. The positively charged donors

cause a slight band bending and a variation of the built-in electric field over the MQWs. Such an
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effect is not present in samples S1 and S2. The dangling bonds at the interface between the III-N

and SiO2, which result from the non-epitaxial character of the SiO2 layer, will form interface

states which partially compensate the plane charge that is due to the polarization mismatch

between AlGaN and SiO2. This phenomenon is modeled in Nextnano by Fermi pinning at this

interface. Consequently, as can be seen in Fig. 3.5(a) for S1, the potential variation over the

MQWs in S1 and S2 is small, and a negligible amount of unintentional donors is ionized. In this

case, band-bending is absent and the different QWs therefore have the same built-in electric

field and an equal transition energy. The residual doping level in sample S3 is difficult to assess

experimentally –e.g., through C-V measurements[157]– for this sample due to the presence

of the 2DEG at the interface between the MQW region and the top cladding layer. We know

however that the typical residual n-type doping levels amount to 5×1018 cm−3 in similar AlInN

layers [30] and∼1×1016 cm−3 in GaN/AlGaN QWs [157].

In order to be able to compare our calculations to experiments, we included excitonic effects

through the k ·p solver mentioned before [97, 119]. We found exciton binding energies of 19±1

meV, depending on the exact built-in field magnitude in each QW, using the variational approach

developed by Leavitt and Little [101]. The calculated low temperature QW exciton energies were

compared to cathodoluminescence measurements recorded along the cross-section of sample

S3 (Fig. 3.5(d)).2 We observe an increase in the calculated exciton energy from QW1 to QW13

due to a decreasing built-in electric field, which is well-matched by the experiment. This is a

direct consequence from the ionized unintentional donors in the MQWs and the presence of the

2DEG potential at the AlGaN/AlInN top interface, as discussed above. Note however that the top

QW (QW14) deviates from this trend and has a lower emission energy and a higher built-in field

due to its location near the 2DEG. The discrepancy between the calculated XA energy and the

emission is a consequence of bound exciton emission, which will be explained in Section 3.3.

3.3 Optical Characterization of the Quantum Wells

A series of spectroscopic experiments were conducted on samples S1, S2 and S3 in order to

fully characterize the optical properties of the QWs. The results of these experiments will be

illustrated in this Section. The micro (μ-)PL experiments on samples S1 and S2 discussed here

were performed together with Jonas Roch, master student at EPFL-LASPE, under the supervi-

sion of the author. The time-resolved PL (TRPL) and PL excitation (PLE) measurements were

performed by Dr. Gwénolé Jacopin and Dr. Gordon Callsen, respectively.

3.3.1 Intrinsic QW Transition energy

The intrinsic QW transition energies were studied experimentally by photoreflectance (PR)

and PLE spectroscopy, for samples S1 and S3, respectively. The PR data for sample S1 between

10 and 300 K are shown in Fig. 3.6(a). Clear signatures can be observed for the XA and XB

2These experiments were conducted by Dr. Gwénolé Jacopin.
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S1 (a) (b) S1

(c) S3

Figure 3.6 – (a) Photoreflectance measurements performed on sample S1 between 10 and 300
K. Features from the QW A and B excitons, as well as from the barrier A exciton can be clearly
resolved. The critical points are traced by the black dashed lines. (b) Low temperature (T =10
K) PR (blue dots) andμ-PL (red line) spectra taken at approximately the same location showing
a Stokes shift of 13 meV in sample S1. A fit to the PR data according to Eq. 3.1 is shown (black
solid line), as well as two Voigt functions that were simultaneously fitted to the Xbound and
XA PL peak (black dashed line). (c) Low temperature (T =4 K) PLE spectrum (black line) and
corresponding PL spectrum (red line) recorded at an excitation wavelength of 355 nm showing
a Stokes shift of 2.5 meV in sample S3. The peak excitation power density was 60 kW/cm2 for
these measurements.

QW excitons as well as the XA barrier exciton, which are located at 3.599, 3.623 and 3.683 eV,

respectively, at T =10 K. No signature of the underlying freestanding GaN substrate was ob-

served in PR as the modulation induced by photogenerated carriers is limited by the pump

laser absorption thickness of∼100 nm, and therefore essentially occurs in the topmost layers.

The critical points were fitted using the approach introduced by Aspnes [110, 158], where the

signature in differential reflectivity coming from a resonance at energy Etr can be written as

ΔR

R
(ħω)=ℜ(CPR exp(iθPR )(ħω−Etr +iγPR )−mPR

)
, (3.1)

where CPR is a normalization factor,θPR is a phase factor which represents the asymmetry of the
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lineshape, γPR represents the width of the transition, and mPR depends on the dimensionality

of the critical point. In the case of a QW, mPR is equal to 3 [159]. A fit to the measured data of

Eq. 3.1 for the three critical points is shown in Fig. 3.6(b). We observe a redshift of 50 meV, 77

meV and 90 meV for the barrier band edge transition, QW XB and QW XA transitions between

10 and 300 K, respectively.

The comparison between low-temperature PL and PR spectra, as shown in Fig. 3.6(b), reveals

a Stokes shift of 13 meV in S1, which is similar to that previously reported for a sample with 67

GaN/Al0.2Ga0.8N (1.2/3.6 nm) QWs grown on sapphire [110]. We fitted the PL data to a Voigt

function, which is a convolution of a Gaussian and a Lorentzian peak function, since we have a

system that is both homogeneously and inhomogeneously broadened [77]. At low temperature,

10 K in this case, we have a purely Gaussian peak shape, since phonon-induced homogeneous

broadening is negligible. With increasing temperature, the Lorentzian linewidth broadening

increases, while the Gaussian part remains constant with temperature. The inhomogeneous

broadening of the XA PL peak is 8 meV, which compares favorably to state-of-the-art single

GaN/AlGaN QW samples with a similar barrier composition. An inhomogeneous broadening

of 11 meV was reported for a GaN/Al0.09Ga0.91N single QW sample [74]. Note that since the PL

and PR measurements were conducted with the sample mounted in different cryostats, there

is an uncertainty of∼500μm –comparable to the PR spot size– on the relative sample location

probed in both experiments.

Low-temperature polychromatic PLE experiments were conducted on sample S3. A represen-

tative PLE spectrum obtained for an excitation power density of 60 kW/cm2 is shown in Fig.

3.6(c). We verified that despite the high excitation power density, no shift in exciton energy was

induced. In fact, the MQW region remains in the low carrier density regime due to the limited

absorption –on the order of 1% per QW, as determined from the productα2D dQW , cf. Eq. 1.32–

occurring in the QWs for near-resonant excitation below the AlGaN barrier band edge. We

observe resonances coming from the three free excitons at 3.440, 3.449 and 3.472 eV for XA , XB

and XC , respectively, which match well with the energies deduced from the k ·p formalism, as

well as weak absorption features ascribed to the n= 2 state from the A and B exciton hydrogen

series [77](cf. Eq. 1.16). The measured PLE FWHM of 11 meV for the XA transition corresponds

well with the calculated energy spread of QW1 to QW13 shown in Fig. 3.5(d). The PL spectrum

obtained during the same experiment for the excitation wavelength of 355 nm is also shown

in Fig. 3.6(c). A PL linewidth of 5 meV is measured for the XA QW peak while a Stokes shift of

2.5 meV is obtained with respect to the PLE peak.

These low values of the Stokes shift and PL linewidth, compared to an inhomogeneous PLE

broadening of 11 meV, an be ascribed to the gradient in the MQW energies discussed in Section

3.2. Indeed, since the top QWs are transparent for the resonant energy of the bottom ones, the

entire stack of QWs is probed using PLE. On the contrary, for PL measurements the laser excita-

tion is mostly absorbed in the top QWs and hence emission is dominated by high-energy QWs.

This reduces the measured Stokes shift and the PL linewidth. This effect is further enhanced for

PL experiments where 325 nm excitation above the barrier band edge is used (these experiments
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are discussed below). Due to the shorter absorption length, PL emission is dominated by even

fewer QWs. In this case the Stokes shift between the PLE and PL peaks is reduced to 1 meV.

This is contrary to the case of sample S1, where all QWs have the same built-in field, and no

reduction of the broadening or Stokes shift occurs, regardless of the injection conditions.

Let us note that the low inhomogeneous broadening of 5 meV deduced from low tempera-

ture PL measurements is likely inherited from the low EB of 19 meV stemming from the small

electron-hole wavefunction overlap of∼0.2. This EB value translates into a large exciton Bohr

radius aB =5 nm, compared to typical values around 3 nm in III-N quantum heterostructures.

As a consequence, the exciton wavefunction is spread over a larger volume than for its narrow

GaN/AlGaN MQW counterparts. For comparison, the elevated exciton binding energy of 40

meV in S1 results in an exciton Bohr radius of 2.5 nm. This means that the excitons in S1 will

probe an area that is 4 times smaller in the QW plane, resulting in an increased sensitivity to

well width fluctuations and alloy disorder, as illustrated by the differences in inhomogeneous

broadening between S1 (8 meV) and S3 (5 meV). A substantial part of the latter value is coming

from the difference in built-in electric field between the QWs.

3.3.2 Low Carrier Density Photoluminescence

We performed temperature-dependent photoluminescence measurement series on samples

S1, S2 and S3, between 11 and 300 K. The results for S1 are shown in Fig. 3.7(a). For the low-

temperature PL spectra, we can clearly identify the XA MQW exciton at 3.591 eV together with

its first LO-phonon replica, at∼92 meV below the main peak, which is the accepted LO-phonon

energy for GaN [93]. An inhomogeneous broadening of 8 meV is measured at 11 K for the XA

peak. On the low-energy side of the XA exciton, we observe a second peak which is likely due

to a bound excitonic state, Xbound . This is compatible with the fact that this peak disappears for

higher temperatures, as the bound excitons thermally escape. This bound state could originate

from monolayer well-width fluctuations, since it is located 13 meV below the XA peak. Indeed,

this is exactly the position where one can expect the XA energy of a similar QW with a built-in field

of∼480 kV/cm which is 2.59 Å wider [49] (cf. k ·p calculations [85]). At low temperatures, a third

peak is present at ∼3.55 eV. This energy corresponds to the maximum of the polariton emission

–see Chapter 4– and as such, this peak could be the signature of scattered lower polaritons. From

30 K onwards, we can observe a shoulder on the high-energy side, which is likely originating

from the XB exciton. It is located 10 meV above the XA peak, which is where we would expect

XB , according to the calculations discussed in the previous section. We do not observe any

signature from the AlGaN barriers in PL measurements, since these layers are sufficiently thin

and there is no strong localization due to alloy disorder, all carriers relax into the wells.

The analogous measurement series for sample S2 is illustrated in Fig. 3.7(b). We observe the

same features as for S1 –XA peak, Xbound peak and their LO-replicas–, albeit at higher energy

–the XA peak is at 3.621 eV for T =11 K– and broader –the XA peak has a linewidth of 10 meV at

11 K–. These effects are a result of the increased confinement and increased alloy disorder due
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(a) S1 (c) S3

S1 (d) S2 (e)

S2 (b)

S2 (f)

Figure 3.7 – (a,b,c) Temperature series between 11 and 300 K of PL spectra using the HeCd
laser (λ= 325 nm) excitation obtained from sample (a) S1 with an excitation power density
20 W/cm2, (b) S2 with 40 W/cm2 and (c) S3 with 24 W/cm2. The spectra are vertically shifted
for clarity. Luminescence peaks coming from the GaN buffer are labeled in red, while peaks
originating from the QWs are labeled in black. (d,e,f) Temperature dependence of the visible
excitonic peaks as deduced from the PL measurements shown in (a,b,c), for samples (d) S1,
(e) S2 and (f) S3, together with a fit of the XA energy according to Eq. 1.6 (black line).

to the higher Al content in the barriers (15% vs. 10%). Also in this case we observe the Xbound

peak at the energy where we would expect a QW that is one monolayer wider, which is now 20

meV below the XA peak, due to the increased built-in field of 700 kV/cm. As a consequence of

the increased broadening in this sample, we can not clearly resolve the XB peak in these spectra.

The results for the PL temperature series performed on sample S3 are shown in Fig. 3.7(c). We

observe the peaks from both QW1-13 and QW14. As for samples S1 and S2, we see both the

free XA and the bound exciton peak (likely due to monolayer well width fluctuations) for the

top and lower lying QWs. Like in the previous two cases, we observe the bound exciton peak

exactly where it is expected for a QW that is 1 monolayer thicker, namely 8 and 11 meV, for

QW1-13 and QW14, respectively. the splitting is larger for QW14, due to the increased built-in

field, as discussed in Section 3.2. Another consequence of the increased built-in field, is a larger

penetration of the electron and hole envelope wavefunctions into the barriers, which results in
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Figure 3.8 – μ-PL mapping of the XA emission
energy of sample S1 measured at 4 K. The
observed standard deviation is as low as 0.42
meV over a 50× 50μm2 area.
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an increased inhomogeneous broadening of∼14 meV for QW14, compared to 5 meV for QW1-

13. The low magnitude of the latter value is a consequence of the increased exciton Bohr radius

in these wide QWs, as explained before. We can also follow the XB and XC transitions of QW 1-13

from 20 and 60 K onward, respectively. Above 30 K, the contribution originating from the Xbound

transition disappears likely due to exciton delocalization. We observe the LO-phonon replicas

of both Xbound and both XA peaks 92 meV below their respective main peaks. The two small

peaks emerging around 3.275 and 3.183 eV at T = 11 K are attributed to the donor-acceptor pair

(DAP) transition occurring in the buffer and its LO-phonon replica, respectively [160, 161].

We traced the PL emission energies of the excitonic peaks as a function of temperature, by fitting

a sum of Voigt peak functions, as illustrated in Fig. 3.6(b). The results are shown in Fig. 3.7(d-f)

for samples S1, S2 and QW 1-13 of sample S3, respectively. Upon fitting the measured XA PL

emission energies to Eq. 1.6, we find a localization energy Eloc of 5 meV for S1, 6 meV for S2 and

–remarkably– a value as low as 1 meV for S3. The fit parameters that were used for Eq. 1.6, were

αB =70 meV and ΘB =345 K for S1, αB =75 meV and ΘB =370 K for S2 and αB =58 meV and

ΘB =308 K for S3. These values are in good agreement with those reported by Brunner et al. for

bulk (Al)GaN layers [82].

The localization energies observed for samples S1 and S2 (5 and 6 meV, respectively) can be

easily understood in terms of their inhomogeneous PL broadening (8 and 10 meV, respectively).

At low temperature, the carriers relax to the lowest-energy states of the inhomogeneously

broadened ensemble. This typically results in a localization energy that is comparable to the

inhomogeneous broadening [133]. The situation in S3, however, requires some deeper analysis.

The observed localization energy of 1 meV is substantially lower than the inhomogeneous

broadening deduced from low temperature PL data. Just like the reduced PL linewidth and SS

described above, this effect is a direct consequence of the built-in field gradient in the MQWs

leading to a spread in the QW energy combined with the inhomogeneous pumping profile

resulting from nonresonant excitation above the barrier band edge. At low temperature, the

high-energy QWs are the main contributors to the observed XA peak. With increasing tempera-

ture, carrier diffusion increases and the lower energy QWs receive a higher carrier density hence
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leading to a redshift in the XA peak that compensates for the blueshift usually observed in the

delocalization S-shape of GaN/AlGaN QWs [93]. In the case of samples S1 and S2, the inho-

mogeneous carrier distribution over the QWs does not lead to a reduction in the localization

energy, since all QWs emit at the same energy, as explained in Section 3.2.

The in-plane homogeneity of sample S1 was also checked throughμ-PL mapping performed

at 4 K (Fig. 3.8), which leads to a standard deviationσ as low as 0.42 meV for the XA energy over

a 50× 50μm2 area. This shows the high degree of homogeneity of these samples, which is an

important asset for both the control of waveguide polaritons [143] and the potential realization

of photonic integrated circuits relying on such an approach, and for the realization of optical

amplifier devices. This uniformity can likely be ascribed to the growth performed on low defect

density freestanding GaN substrate, as these latter samples are expected to be much less affected

by in-plane disorder than their counterparts grown on c-plane sapphire substrate [74, 162].

Comparing the experimental exciton energies with the calculated values, which were men-

tioned in Section 3.2, we observe a relatively good agreement. The energy of the free XA exciton

in sample S1 deduced fom PR measurements (3.599 eV at 10 K) and PL data in combination

with Eq. 1.6 (3.596 eV at 11 K) is slightly higher than the value expected from k ·p calculations

(3.590 eV). The situation is similar in sample S2, with a value of 3.626 eV for EX A from PL and

Eq. 1.6, compared to a calculated value of 3.615 eV. In sample S3 on the other hand, the values

for EX A are in very good agreement, with 3.438 eV deduced from PL data and Eq. 1.6, and 3.440

eV for both the PLE peak and the average of the calculated energies for QW 1-13 (cf. Fig. 3.5).

The observed underestimation of the XA energy by the calculations for samples S1 and S2 can

be explained by a reduction in the built-in field, e.g., due to screening by free carriers.

Due to the larger energy splitting between XA and Xbound for QW14, the low temperature CL

emission observed for this QW (see Fig. 3.5(d)) is mainly coming from Xbound , which is located

about 15 meV below that of the free exciton, hence explaining the discrepancy seen between

calculated and measured emission for this QW in Fig. 3.5(d). Note that in order to compen-

sate for the lower emission energy experienced by the top QW due to its proximity with the

AlGaN/AlInN interface, a correction in QW width or Al composition of the barrier could be

implemented, or alternatively a larger barrier width before the waveguide/cladding interface

could be used. It is worth pointing out that according to the mode profile shown in Fig. 3.2, the

contribution of the top QW to the net modal gain amounts only to 40% of that of a QW located

at the center of the waveguide.

If we consider the PL temperature series shown in Fig. 3.7, we notice that the integrated PL inten-

sity of the QWs severely reduces with increasing temperature. This is a result of the linearly in-

creasing radiative lifetime τr with temperature, which originates from the excitation of excitons

out of the light cone when raising the temperature [163]. As a result of this reduced radiative re-

combination rate at higher temperatures, the internal quantum efficiency (IQE) is reduced. The
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IQE is defined as the ratio of the radiative recombination rate on the total recombination rate:

IQE=
1
τr

1
τr
+ 1

τnr

= τnr

τr +τnr
, (3.2)

with τnr the nonradiative recombination lifetime. An approximate indicator of the IQE can be

deduced from temperature-dependent PL measurements. If one assumes that nonradiative

recombination is negligible at low temperature –a commonly used assumption that is not

always correct [77]–, the IQE is approximately unity under these conditions. The IQE can then

be approximated as

IQEPL(300 K)= IPL(300 K)

IPL(11 K)
, (3.3)

where IPL represents the integrated PL intensity from the QWs, i.e. the XA and Xbound peak

combined. Here, the index ’PL’ is used to distinguish this quantity from the real IQE. The IQEPL

of samples S1, S2 and S3 was measured for various excitation power densities in the low-density

regime. In this regime, there is no screening in the built-in field and the radiative recombination

rate is not enhanced by an increased e-h overlap. The observed changes in IQE with excitation

power density, shown in Fig. 3.9, will therefore only be a consequence of the changing carrier

density. The increase in IQE is ascribed to saturation of nonradiative recombination centers.

Note that for these carrier densities, Auger recombination is negligible [163]. We notice that

sample S3 has a lower IQEPL than sample S1, which is a direct consequence of the increased

radiative lifetime in S3, due to the reduced e-h overlap integral of 0.2, compared to 0.8 for S1. The

IQEPL of S2 rapidly decreases with decreasing power density, compared to S1. Since the QWs in

both samples have similar e-h overlap integrals of 0.8, this could be explained by an increased

nonradiative recombination rate in sample S2. Note that we do not expect an increased density

of threading dislocations in S2, as all three samples are grown on similar freestanding GaN

substrates with a low threading dislocation density on the order of 106 cm−2.

3.3.3 Carrier Density Effects

Further characterization of the samples was performed by low-temperature excitation power

dependent PL series, shown in Fig. 3.10. For sample S1, emission from the bound excitons

dominates at low power (Fig. 3.10(a)), since excitons naturally relax into these potential traps,

where they are well protected from nonradiative recombination centers. Upon increasing

carrier density, bound exciton traps and nonradiative centers saturate, the free XA peak appears

and finally dominates the spectrum. We do not observe any blueshift of the emission with

increasing excitation power, due to the negligible impact of the QCSE on these narrow wells
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Figure 3.9 – Internal quantum efficiency of
samples S1, S2 and S3 at room temperature
under nonresonant continuous wave (CW)
excitation.

[104]. If we increase the excitation power density by 5 orders of magnitude (as shown in Fig.

3.10(b)), using pulsed 266 nm laser excitation and a microscope objective, the Xbound peak again

dominates over the free XA . This is likely due to the biexciton emission coinciding with that of

the bound exciton. The separation between the two peaks (12 meV) is close to the biexciton

binding energy that can be expected following Haynes’ rule [164, 165]. Additional support

for this explanation will be given by the TRPL data discussed below. When further increasing

the excitation power density, we observe a significant broadening of the emission, caused by

phase-space filling and collisional broadening, as we go through the Mott transition [124]. An

additional peak, that is attributed to amplified spontaneous emission (ASE), is observed for the

highest power densities. Under these circumstances, broadening is usually mainly occurring on

the high-energy flank of the peak [124], which is not the case here. This is likely a consequence of

laser induced heating, which redshifts the emission with increasing power density. This can also

explain the substantial redshift of∼20 meV of the XA peak, with respect to the low carrier density

PL experiments. Given the large number of QWs in this sample, which are inhomogeneously

pumped above the barrier band edge in these experiments, a detailed quantitative analysis of

these high-density effects is complex and outside of the scope of this thesis work.

Similar low carrier density low-temperature PL power series recorded on sample S3 are shown

in Fig. 3.10(c). For low pump power densities, the top QW (QW14) dominates the emission

spectrum due to its larger density of photogenerated carriers, and larger γi nh , leading to a

better radiative efficiency [93]. With increasing pump power density, the radiative efficiency

of the other QWs (QW1-QW13) increases and they start to dominate the emission spectrum. We

observe that both the emission from QW14 and that from QW1-QW13 consist of an Xbound and

a free XA peak, dominated in each case by Xbound at low power densities. In these wide QWs,

we observe a very clear blueshift with increasing carrier density, due to screening of the built-in

electric field. This is contrary to the case of sample S1, where no screening was observed due

to the small impact of the QCSE on these narrow wells. This again confirms the importance of
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(a)
S1

(b) S1 (c) S3

Figure 3.10 – Low-temperature PL excitation power dependent series performed on samples S1
and S3 under nonresonant excitation. (a) Low carrier density power series performed on sample
S1 at T =11 K using CW 325 nm excitation shows the emergence of the XA peak with increasing
excitation power density. (b) High densityμ-PL power series measured on sample S1 at T =4
K using pulsed 266 nm excitation focused to a 5 μm diameter spot. In the collection of the PL
signal, we selected only the region of uniform peak power density through spatial filtering using
a 50μm pinhole. The biexciton peak is dominating the spectra at the lowest power densities and
we observe a broadening of the peaks with increasing pump power due to the Mott transition
to an e-h plasma. On the low-energy side of the biexciton peak, a new emission peak stemming
from ASE appears for the highest power densities. (c) Low carrier density power series recorded
on sample S3 at T =11 K using CW 325 nm excitation. For low excitation power densities, the
luminescence of the top QW (QW14) dominates the emission spectrum and no clear signature of
the XA peak is seen. The relative XA intensity emerges only for sufficiently high carrier densities.

the QCSE on wide wells, like those used in sample S3 [104].

Low-temperature (T =15 K) TRPL measurements recorded on sample S1 –shown in Fig. 3.11–

confirm the conclusions of the low-temperature PL power series obtained on the same sample

discussed above. Note also that in these measurements we did not observe any blueshift due

to the screening of the built-in field. At low fluence (Fig. 3.11(a)), the bound exciton peak

is dominant, while for medium fluence (Fig. 3.11(b)), the free XA peak dominates. At even

higher fluence, shown in Fig. 3.11(c), biexciton emission, which coincides with the Xbound peak,

dominates the spectrum. This is also confirmed by the corresponding decay of the integrated

intensities of both peaks shown in Figs. 3.11(d,e,f). If exciton and biexciton populations are

in thermodynamic and chemical equilibrium –this equilibrium settles much faster than typical

decay times [166]–, i.e. 2X	
XX, the mass action law requires that [166]

N 2
X

NX X
∝exp

(−E X X
B

kB T

)
. (3.4)

In the case where radiative decay is dominant, and the PL intensity is proportional to the carrier
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t = 0
t = 0 t = 0

(a)

(d)

(b)

(e)

(c)

(f)

Figure 3.11 – TRPL measurements recorded on sample S1 at 15 K. (a,b,c) Time-resolved PL
spectra for various time delays with respect to the arrival of the laser pulse. Consecutive spectra
are separated by 100 ps. At low fluence (a), the bound exciton peak is dominant, while for
medium fluence (b), the free XA peak dominates. At even higher fluence (c), however, the
bound exciton peak seems to dominate again, which indicates a contribution of biexcitons
to this peak at high carrier densities. (d,e,f) Decay of the integrated intensities of both peaks
extracted from the measurements shown in (a,b,c), respectively, together with the squared
intensity of the XA peak. We observe an increase in XA lifetime with increasing fluence, due
to saturation of the non-radiative recombination channels. We also observe an increasing
proportionality between the decay of the squared XA intensity and the XX/Xbound intensity
with fluence, which confirms an increasing contribution of biexcitons in the latter.

density of the corresponding species (which is the case for low temperature PL experiments),

Eq. 3.4 implies that the squared intensity of the exciton emission should be proportional to the

biexciton emission. Looking at the squared XA intensity decay in Figs. 3.11(d,e,f), we see that

it is not proportional to the XX/Xbound decay for the low fluence measurement shown in Fig.

3.11(d), but proportionality is improved with increasing fluence in Fig. 3.11(e) and especially

in Fig. 3.11(f). This confirms an increasing biexciton contribution to the XX/Xbound peak with

increasing carrier density. We observe an increase in XA lifetime with increasing fluence due

to saturation of alternative relaxation channels. We can therefore take the XA decay time of Fig.

3.11(f), as a good approximation of the radiative free XA lifetime.

The results discussed in this section highlight the high quality and the homogeneity of the

present samples, which is a direct consequence of the lattice-matched nature of the structures.

This makes them ideal for the study of propagating polaritons and narrow-bandwidth optical

gain, which will be discussed in Chapters 4 and 5, respectively.
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4 Waveguide Polaritons

In this Chapter, we discuss the properties of a lattice-matched III-nitride slab supporting

waveguide polaritons originating from the hybridization of GaN/AlGaN MQW excitons with the

propagating TE0 optical mode. Section 4.1 explains the fabrication procedure for the grating

couplers that were employed to study the waveguide dispersion, while Section 4.2 discusses

the experimental technique used for dispersion measurements. Section 4.3 explores the light-

matter coupling in the present sample and the polariton dispersion, while Section 4.4 illustrates

the propagating polariton properties. Details about the experimental techniques used in this

chapter can be found in Appendix B. Most of the results presented in this chapter were published

in the following paper:

• J. Ciers, J. G. Roch, J.-F. Carlin, G. Jacopin, R. Butté and N. Grandjean, Propagating polari-

tons in III-nitride slab waveguides, Phys. Rev. Applied 7, 034019 (2017).

4.1 Grating Coupler Fabrication

In order to couple the guided modes to free-space photons, grating couplers were defined on the

sample [167]. Two types of gratings were used. The first experiments were done using a dielectric

grating with a long coupling length of ∼300 μm to avoid detrimental effects of the grating-

induced photon loss on the SCR, while future experiments will make use of resonant excitation

through a metal grating coupler with a much shorter coupling length of ∼20 μm, due to the

increased modulation in refractive index. These values were calculated by FDTD simulations

[154]. The techniques that are used in the fabrication process are explained in Appendix B.

4.1.1 Dielectric Gratings

For the waveguides with dielectric grating couplers, the SiO2 top cladding was deposited by

PECVD on top of the active region. A 100 nm ZEP520A positive resist layer was spin-coated on

the sample, the grating patterns were exposed with electron beam (e-beam) lithography, de-

veloped and subsequently etched into the SiO2 layer with inductively coupled plasma reactive

ion etching (ICP RIE) using CHF3/SF6 chemistry. This etching recipe allows a gentle etch that

does not burn the ZEP resist layer and has a 2:1 selectivity with the resist. Early attempts using

C4F8 chemistry burned the resist, resulting in rough and inhomogeneous gratings. Ultimately,

the resist layer is removed with an oxygen plasma. The entire procedure is sketched in Figs.

75



Chapter 4. Waveguide Polaritons

Figure 4.1 – Fabrication of dielectric grating couplers. (a) A 100 nm thick SiO2 layer is deposited
on the III-N structure by PECVD. (b) A∼100 nm ZEP resist layer is spin coated on the sample.
(c) The resist is exposed using e-beam lithography and subsequently developed. (d) The grating
pattern is etched into the SiO2 layer using ICP RIE. (e) The resist layer is removed using an
oxygen plasma. (f) SEM image of the dielectric grating coupler after etching, corresponding
to (d). The main image shows the top view, while the inset shows a tilt-corrected cross-section
view after focused ion beam milling.

4.1(a-e). A scanning electron microscopy (SEM) image of the fabricated structure in top view

and cross-section is shown in Fig. 4.1(f). The etched sidewalls form an angle of 3◦ with the

vertical. The aspect ratio of the etched slits is 5:3. The gratings have a periodΛ of 125±0.4 nm1

with 50% fill factor and span over a 100× 100μm2 area each.

4.1.2 Metal Gratings

Fabrication of the metal grating couplers is initiated by spin coating a poly(methyl methacrylate)

(PMMA) double layer on the MQW region, where the bottom layer has a molecular mass of∼495

000 proton masses, and the top layer has a molecular mass of∼950 000 proton masses. Both the

top and bottom layers are 40 nm thick, resulting in a total thickness of 80 nm. A thicker double

layer reduces the resolution of the exposure, while a thinner layer further hinders the lift-off

process. This makes the process inherently challenging and leads to a small resist thickness

window where the process could work. After e-beam exposure and development, 20 nm of Al

is evaporated on the sample, which is then left in acetone at 37◦C for a few days. The gratings

are then finally overcoated with SiO2 by PECVD. The procedure is shown in Figs. 4.2(a-e). An

SEM image of the fabricated structure in top view is shown in Fig. 4.2(f). The gratings have a

periodΛ of 130 nm with 50% fill factor and span over a 50× 50μm2 area.

1The error bars on the grating period were determined from the angular linewidth of the outcoupled signal, as
discussed in Section 4.4.
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Figure 4.2 – Fabrication of metal grating couplers. (a) A PMMA double layer is spin coated onto
the sample. (b) The resist is exposed using e-beam lithography and subsequently developed.
The PMMA 495 layer has a lower dose threshold, which results in an undercut under the top
PMMA 950 layer. (c) The Al film is deposited onto the sample using e-beam evaporation. Due to
the undercut in the PMMA double layer, the parts of the Al film in the regions of exposed PMMA
are not connected to the rest of the film and will not be affected by its lift-off. (d) The PMMA
layer is lift-off with the superfluous Al in acetone at 37°C. (e) The SiO2 top cladding is deposited.
(f) Scanning electron micrograph of the Al grating coupler after lift-off, corresponding to (d).

4.2 Fourier-Space Spectroscopy with Real-Space Filtering

In order to determine the properties of propagating polaritons, which will be discussed here-

after, we need to measure the dispersion of the guided modes as a function of propagation

distance. For this purpose, we used a laser excitation spot that can be scanned over the sample,

since the distance between the excitation spot and the grating coupler is equal to the prop-

agation distance. Moving the excitation spot proved to be more practical than moving the

sample and grating coupler, since it does not require to realign the collection optics, and thus

makes it easier to compare measurements. Second, in order to reconstruct the guided mode

dispersion curve, we need information from both k-space (given by the emission angle from

the grating coupler, as described by Eq. 2.11) and the frequency domain. Such information can

be obtained by using Fourier-space spectroscopy (not to be confused with Fourier-transform

spectroscopy, which is often used in the IR). To understand this technique, one should note that

a lens performs a spatial Fourier transform between the front and back focal planes. Indeed,

the light that is emitted from the front focal plane along a specific direction is focused onto a

single point in the back focal plane. Therefore, the back focal plane –also called Fourier plane

for this reason– can be seen as an angular map of the front focal plane. In order to measure the

guided mode dispersion from our waveguides, we place the sample in the front focal plane of a

large numerical aperture (NA = 0.55) microscope objective, in order to have a wide angular field

of view, oriented such that polaritons propagate vertically, i.e., parallel to the spectrometer slit.

The objective’s Fourier plane is then imaged onto the entrance slit of an imaging spectrometer,

which images the k-space information on the vertical axis of the charge-coupled device (CCD).

The photons are energetically dispersed in the horizontal direction by the spectrometer grating

and we obtain a dispersion measurement on the CCD in a single shot.
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Figure 4.3 – Sketch of the Fourier-space spectroscopy setup. The excitation laser is represented
in purple. The light emitted from the sample is represented in red, green and blue with the
different colors indicating different locations on the sample. The solid and the dashed lines
represent two different emission angles. The Fourier space is marked by black dots and the
real space by colored dots.

The experimental setup was first developed by Jacques Levrat and Marlene Glauser [168] and

was further improved for the present work. It is sketched in Fig. 4.3. A CW frequency-doubled

Ar+ laser emitting at 244 nm was used for the excitation. This laser beam was coupled into an

80×UV microscope objective – with NA = 0.55 and a 350μm field of view – through a so-called

4 f -configuration of two lenses and a mirror. The laser spot diameter on the sample was about 5

μm. This configuration allows to scan the excitation spot over the sample within the field of view

of the objective in the two dimensions by rotating the mirror. The light emitted by the sample

was then collected through the same objective lens and the Fourier plane was imaged onto

the spectrometer entrance slit by two lenses. The spectrometer consists of a liquid-nitrogen

cooled back-illuminated UV-enhanced CCD mounted on a 55 cm focal length monochromator.
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A pinhole was placed in the first real-space image plane of the sample to select only the light

emitted from the grating coupler. The pinhole diameter of 1.5 mm corresponds to a 19μm circle

on the sample with the lens combination used here (objective with 2.5 mm focal length and lens

with 200 mm focal length). A wire grid polarizer with an extinction coefficient of better than 100:1

between 300 and 400 nm was positioned immediately after the pinhole to perform polarization-

dependent measurements and reduce the amount of randomly polarized PL signal with respect

to the TE-polarized guided mode of interest. The first real-space image plane was imaged onto

a second UV-enhanced CCD for real-space observation of the sample. A blue LED was used

for illumination. The sample was mounted in a cold-finger continuous-flow liquid-helium

cryostat, with a temperature controller that is continuously adjustable between 4 and 350 K.

4.2.1 Alignment and Measurement Procedure

To start a measurement, the sample should be mounted in the cryostat with the propagation

direction that is to be measured along the vertical, and the grating lines along the horizontal.

To facilitate this, it is convenient to have the gratings parallel or perpendicular to a specific edge

of the sample, which can then be used for orientation with the naked eye. One should aim to

get the angle between the propagation direction and the vertical smaller than a few degrees

to get good results.

Second, the back focal plane of the objective has to be imaged onto the monochromator slit and

CCD. In an imaging monochromator such as the one used here, the slit is automatically imaged

onto the CCD. To do this, a homemade auxiliary part is used. This part is shown in Fig. 4.4(a) and

features the same thread as the objective, and a drawing of a crosshair. When mounted in the

objective holder, the plane of the crosshair coincides with the back focal plane of the objective,

while the small circle indicates the size of the Fourier space. The two lenses in the collection

line are to be positioned to image the crosshair onto the CCD. To achieve this, the crosshair is

illuminated using the LED and the second lens of the excitation line. As a starting position, the

crosshair should be in the front focal plane of the first lens and the spectrometer slit should be

in the back focal plane of the second lens. Here, we used lenses with a focal distance of 20 cm

and 25 cm, respectively. This gives a slight magnification of the Fourier space, so that it nicely

fits the CCD. Note that the focal length of a lens decreases with decreasing wavelength, since

the refractive index increases. The crosshair image can be found and coarsely brought onto

the slit, using a piece of paper. The fine adjustment of the two lenses should be done observing

the focus and position of the crosshair image onto the CCD.

Third, the laser excitation line should be setup. Once the pump laser and frequency doubler unit

are well adjusted, a spatial filtering telescope can be inserted between the frequency doubler

and the mirror if a small, diffraction limited spot size of ∼1 μm is required onto the sample.

However, this leads to much reduced excitation power. As a first step, the laser beam should

be aligned to coincide with the optical axis without the two 4 f lenses, using two pinholes. The

laser should hit the crosshair right in the center. The two lenses can then be put into place. We
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(a) (b) (c)
Grating

Laser 
spot

Figure 4.4 – Alignment procedure of the Fourier setup. (a) Home-made auxiliary part to image
the back focal plane onto the spectrometer. Reproduced from [168]. (b) Image of the Fourier
plane on the spectrometer CCD with open slit (of 2.2 mm). (c) Real space image of the sample,
where we observe the grating coupler and the PL coming from the laser spot.

used a 30 cm focal length (27 cm at 244 nm) and a 15 cm focal length (13.5 cm at 244 nm) lens.

The mirror should therefore be positioned 81 cm away from the objective’s back focal plane. We

put the lens with the shortest focal length in front of the objective to cover a larger incoupling

angle, which corresponds to a larger scanning range over the sample. The fine adjustment of

the two lenses can be achieved by verifying that the beam is parallel to the optical axis between

the two lenses and always hits the crosshair in the center for every mirror angle.

Next, we mount the UV objective and put the sample in its focus. Adding a 280 nm long pass filter

in the collection line allows to observe the sample PL in the spectrometer without reflected laser

light. By fully opening the monochromator slit and setting the grating to zero-order diffraction,

we observe an image of the slit on the CCD, corresponding to the Fourier plane of the emission.

We then finely adjust the sample position and the two lenses in the collection line to image

the Fourier plane in-focus. At the end of this procedure, the Fourier plane image should be a

well-defined disk in the center of the CCD, as shown in Fig. 4.4(b). We know that the edges of

this disk correspond to the NA of the objective, which is 33◦ in this case. We can therefore use

the top and bottom edge to calibrate the emission angle onto the CCD.

After that, the real-space CCD and lens have to be aligned such that a sharp real-space image

of the sample can be seen on the former, under illumination with the LED, such as shown in Fig.

4.4(c). The LED beam is focused onto the back aperture of the objective, which results in a large

spot on the sample, covering nearly the entire field of view. Then, we put the pinhole in the real

space plane to select the grating region, and put the laser excitation spot in the center of the col-

lection region. This allows fine adjustment of the sample focus by observing the Fourier image.

If the sample is out of focus, the outer part of the Fourier image will be clipped by the pinhole.

Finally, we move the laser spot away from the collection region (the dimensions of the grating

coupler can be used to determine the distance), close the slit, and put the monochromator

grating to the wavelength where the emission is expected. The waveguide dispersion can then

be observed onto the CCD. One should be careful however not to close the slit too much at first,

since the waveguide dispersion can be slightly off the slit center due to a slight rotation of the
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Figure 4.5 – Sketch of the polariton waveguide
under investigation in this chapter.

sample or an imperfect centering of the Fourier image on the slit. In general, 0.5 mm is a good

first step to find the dispersion curve. After the dispersion curve signal intensity is optimized

by horizontally adjusting the collection line, the slit can be closed further, down to 0.2 or even

0.1 mm. The relative intensity of the dispersion curve with respect to the background can be

increased by adding a (wire grid) polarizer in the collection line. Since the mode we studied

here is TE polarized, the electrical field lies in the plane of the optical table and the polarizer

should be oriented accordingly.

4.3 Strong Light-matter Coupling in III-N waveguides

The waveguide that will be studied in this chapter, is sketched in Fig. 4.5. It is based on sample S1,

which was presented in Chapter 3 and features several dielectric grating couplers, as described

in Section 4.1.

In the present structure, three different light-matter coupling regimes can potentially coexist

in distinct zones of the energy vs. β diagram shown in Fig. 4.6. Photons with an in-plane

wavevector outside the active region light cone do not exist. Therefore, radiative recombination

of excitons in this region is forbidden and these are called dark excitons. In the k-space region

between the bottom cladding and the active region light cone, photons are tightly confined

in the waveguide by TIR and, as will be shown hereafter, they hybridize with the XA excitons.

Inside the bottom cladding light cone, TIR is lost at the bottom interface and the active region

becomes a lossy resonator with broad optical modes. Therefore excitons and photons are

weakly coupled in this region. Inside the top cladding light cone, TIR is also suppressed at the

top interface and the structure forms a low quality factor Fabry-Perot resonator with Q ∼ 1.

As a result, we simultaneously have three populations of excitations in the sample under CW

non-resonant excitation: dark excitons, waveguide polaritons, and weakly coupled excitons.

The latter population allows us to probe the bare excitonic properties inside the air light cone

using conventional optical spectroscopy techniques as shown in Chapter 3.

The waveguide dispersion curve was measured using Fourier-space spectroscopy with real-
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Figure 4.6 – Eigenmode dispersion of the present structure for TE polarization, i.e. along x.
The light cones of the MQWs, bottom cladding (AlInN) and top cladding (SiO2) are represented
in black. They mark the transitions between the different light-matter coupling regimes. The
dark regime occurs outside the active region light cone (marked in grey) where photons do
not exist. Between the active region and the bottom cladding light cone, the exciton (X, red)
and TE0 guided mode are in the strong coupling regime (SCR, blue) and form an upper (UPB)
and a lower polariton branch (LPB). Within the bottom cladding light cone, photons are poorly
confined and couple weakly with the excitons (WCR, white). The star marks the energy at
which carriers are injected in the present experiments. The arrows represent carrier relaxation.
For simplicity, refractive index dispersion was neglected in this plot. The considered optical
refractive index values are those expected at 3.6 eV (2.756 for the active region [82], 2.42 for
the bottom cladding [29] and 1.47 for the top cladding). The exciton dispersion is calculated
within the effective mass approximation.

space filtering, which is explained in Section 4.2, for various propagation distances, by moving

the excitation spot away from the grating outcoupler between 4 and 100 K. The measured signal

intensity is relatively weak for two reasons. First, only excitons lying outside the cladding light

cone and inside the MQW light cone are expected to form polaritons, as shown in Fig. 4.6, hence

the fraction of excitons outside this region does not contribute to the signal. Second, due to the

radial symmetry of the waveguide around the excitation spot, only a small fraction of the gener-

ated polaritons actually reaches the grating coupler. This will be further illustrated in Section 4.4.

Additionally, the IQE of the active medium decreases with increasing temperature, which fur-

ther reduces the signal intensity at higher temperatures. This is illustrated in Fig. 4.7. The LPB

intensity, integrated over the entire branch and measured 50μm away from the excitation spot,

decreases with temperature. This is a consequence of the same physical phenomenon that

reduces the luminescence IQE explained in Section 3.3.2. Excitons are excited out of the region

of SCR, which is marked in blue in Fig. 4.6, when raising the temperature. If we compare the

LPB intensity with the MQW PL intensity (obtained for a similar carrier density as for the LPB

observation spot, ∼1 ×1010 cm−2), we see that the former drops much more rapidly than the
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Figure 4.7 – Integrated LPB intensity (blue
dots) at a distance of 50 μm from the
excitation spot, compared to the integrated
MQW PL intensity (red dots) as a function
of temperature. In both cases, the low-
temperature density of excitons/polaritons
was∼1×1010 cm−2 at the observed location.
The total carrier density in the excitation
spot was 2 × 1012 cm−2 for the polariton
intensity shown here, resulting in a carrier
density per QW that is an order of magni-
tude lower. For the MQW PL, this density
was estimated from the injected laser power.
For the LPB, the density was estimated from
the measured signal intensity. For the LPB,
the intensity was integrated over the entire
branch.

latter with temperature above 30 K. Several physical mechanisms might explain this strong

decrease in LPB signal intensity. There could be an increased sensitivity to nonradiative defects

due to the delocalized character of polaritons [77]. The hybrid light-matter nature of polaritons

results in a wavefunction with an intermediate size between the exciton Bohr radius and the

optical wavelength. As such, these polaritons probe the QW potential landscape averaged over

10−100 nm [169]. On these scales, disorder is small and localization is negligible in this sample,

as was illustrated in Chapter 3. Polaritons are therefore more likely to encounter a nonradiative

defect, reducing the intensity of the measured signal. In addition, thermally activated inter-

actions of polaritons with acoustic phonons –such as the Elow
2 phonon, which has an energy

below 18 meV near the center of the first Brillouin zone [170]– might lead to a depopulation of

the LPB. It could occur towards both the dark and WCR regions shown in Fig. 4.6. This picture

would be consistent with the increase of the density of phonon states between 0 and 20 meV

[170], and could therefore account for the observed reduction in LPB intensity above 30 K.

Above 100 K, the signal intensity became too weak to perform any reliable measurements. Note

however, that this does not imply that the SCR could not be maintained above 100 K, since the

lifetime broadening associated with the nonradiative recombination –which is far below 1 meV,

as discussed in Section 1.2.5– is negligible with respect to the normal mode splitting of∼60 meV

we observe here (see hereafter).

The detected signal intensity could be significantly increased by using resonant excitation,

which would couple most of the pump power directly into the waveguide polariton states,

and/or by implementing ridge structures for lateral confinement. Note that in the case of reso-

nant excitation through a grating coupler, polaritons are injected with a well-defined wavevector.

Consequently, they will propagate in a single direction –towards the grating outcoupler– and

dilution should be drastically reduced, even without lateral confinement. Such approaches
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Figure 4.8 – Raw dispersion data
obtained for (a) T = 4 K and (b)
T =100 K. (c) Sketch of the spurious
reflections (light violet) of the excita-
tion laser (dark violet) on the cryostat
window. The black arrows indicate
an example of a reflection path.

would circumvent the current limitations of our measurements and likely allow for polariton

propagation studies up to higher temperatures.

Two examples of dispersion curves measured at T =4 and 100 K are shown in Figs. 4.8(a) and

4.8(b), respectively. We clearly see a pronounced curvature in the measured signal, which is

ascribed to the anticrossing of lower polaritons with the uncoupled free XA transition. The

signal-to-noise ratio of the measurement at 100 K is severely reduced, due to the decreasing

IQE described above. We also notice a dispersionless signal at the PL emission energy of the

QWs and the substrate. This spurious PL signal could have two origins: (i) PL emission at

the excitation spot that propagates to the collection spot, through reflections on the sample

interfaces and/or the cryostat window, e.g., or (ii) laser light that arrives at the collection spot,

due to reflections on the cryostat window, as illustrated in Fig. 4.8(c). Tests with a patterned

mesa sample, which was provided by Ian Rousseau from EPFL-LASPE, showed that (ii) is the

dominant mechanism. This spurious PL complicates the analysis of the data and even renders

the LPB signal invisible for short propagation distances. As a result, it is not possible to perform

meaningful measurements for propagation distances shorter than∼20μm.

We did not observe the UPB in any of the experiments. Such an absence is a well-known feature

of wide band gap systems [103, 171], which is mainly due to absorption occurring above the

MQW band gap and the largeΩRabi value, which hinders the thermal promotion of polaritons

to the UPB [172]. However, let us note that even in GaAs-based polariton waveguides, the UPB

luminescence is usually rather weak or even absent [144, 145, 173]. For the same reasons, we
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Figure 4.9 – Measured polariton dispersion for a propagation distance of 55μm measured at T = 4
K with an excitation power density of 640 W/cm2. The background signal from the bare excitons
was subtracted for clarity. (a) A conventional COM is fitted to the data and the resulting UPB
and LPB are shown in white, together with the uncoupled exciton (XA) and the TE0 mode. This
model leads to a normal mode splitting of 100 meV. (b) Full 2D-FDTD mode calculations were
performed for various values of the exciton oscillator strength. A good correspondence with the
measurement was found for fX =1.1±0.05×1013 cm−2 (shown in white). We find a normal mode
splitting of 63 meV using this method. The same experimental data are shown in both (a) and (b).

did not observe any spectral signature in the polariton dispersion data that could be related to

the XB exciton, such as the presence of a middle polariton branch. We therefore fully neglected

XB in the analysis and the modeling of the dispersion curves.

Figure 4.9 shows the same measurement as shown in Fig. 4.8(a), where the spurious PL signal

coming from bare excitons was removed for clarity. We compared the measured signal at 4

K to both a simple coupled oscillator model (explained in Section 2.3.2) and full 2D FDTD

calculations (cf. Appendix A). The COM uses a constant value of ne f f , and therefore a linear

dispersion for the uncoupled TE0 waveguide mode. By fitting this model (the results are shown

in Fig. 4.9(a)), we find a normal mode splitting of 100 meV for this measurement. Applica-

tion of Eq. 2.12 results in an oscillator strength of 3.0×1013 cm−2 for the QW excitons. The

2D-FDTD calculations on the other hand take the material refractive index dispersion into

account. The resulting uncoupled TE0 mode is curved due to the increase in refractive index

of the QWs and barriers near the band edge, located at 3.64 and 3.71 eV, respectively, as shown

in Fig. 4.9(b). The 2D-FDTD calculations were performed for various values of fX , and a good

fit to the data was found for fX = 1.10±0.05×1013 cm−2. The corresponding normal mode

splitting is 63 meV. The discrepancy in the obtained values of fX andΩRabi between the COM

and the 2D-FDTD calculations is mainly due to the neglected refractive index dispersion in the

former case. Since the uncoupled mode is bent in the same direction as the anticrossing by

the increasing refractive index toward the band edge, a smaller oscillator strength is required

to reproduce the measured dispersion. A COM featuring a constant effective refractive index

therefore systematically overestimates the exciton oscillator strength and the normal mode

splitting. This comparison shows the importance of the effect of the refractive index dispersion

in the analysis of photonic structures operating near the band edge of a semiconductor. Note
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Figure 4.10 – Temperature depen-
dence of ΩRabi . Measured values
(black dots) and extrapolation up
to room temperature (blue dots)
obtained from Eq. 2.19, calculated
using the homogeneous XA exciton
linewidth obtained from the mea-
surements shown in Fig. 3.7(a) (red
dots).
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that a value of fX = 2.1×1013 cm−2 was previously reported for similar QWs embedded in a

strongly coupled MC using transfer matrix simulations accounting for dispersion [110]. Let

us stress that the observed curvature in the dispersion cannot be explained by the increase in

the refractive index of the active region near the band gap as can be seen in Fig. 4.9(b), which

confirms that the present structure is operating in the SCR.

The signal intensity from the highly excitonic tail of the LPB is negligible in all measurements,

most likely because polaritons rapidly relax to lower energy states and because the outcoupling

rate is proportional to their photon fraction. The photonic tail of the LPB is hardly visible in the

measured polariton dispersions, likely due to the relaxation bottleneck of highly photonic po-

laritons [172]. As the polaritons become more photonic, they loose the ability to relax through

interaction with acoustic phonons. Note that there is a second maximum in the polariton

emission intensity at∼92 meV below the localized XA emission energy. This could be explained

by the LO-phonon assisted relaxation of excitons to the LPB as already reported in the planar

MC case [174, 175, 176].

By comparison with 2D-FDTD calculations, we find a normal mode splitting of 63 meV for the

curve measured at 4 K (Fig. 4.9(b)) and an average splitting of 60 meV between 4 and 100 K.

Such a value has to be compared to the 56-60 meV reported by Christmann et al. for a III-nitride

planar MC containing 67 GaN/AlGaN QWs [18]. The similar value ofΩRabi recorded for the two

geometries is the direct manifestation of the increased overlap between the guided mode and

the active region, as represented by the
N e f f

QW

Le f f
value. We can compare the present values of the

normal mode splitting to the reported values of 5-6 meV in the case of a single QW GaAs-based

polariton waveguide [144] and 290 meV in the case of excitons in organic semiconductors

coupled to Bloch surface waves [148]. The difference between these values is essentially coming

from the difference in fX between the different material systems.

We did not observe any renormalization effects, i.e., any decrease in the normal mode splitting,
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with increasing pumping power up to 6 kW/cm2. This is because we cannot measure any dis-

persion relation for propagation distances shorter than∼20μm, as explained before. Therefore,

we essentially probed regions where the reduction in the polariton density coming from their

radial outspread is significant and renormalization should not be expected [143, 162].

Even though we were not able to measure the polariton dispersion up to room temperature, ad-

ditional information on the temperature dependence of the SCR can be obtained by considering

Eq. 2.19, namelyΩRabi =
√

4g 2
0−(γX −γph)2.

We assume the photonic linewidth γph to be temperature-independent. The homogeneous

excitonic linewidth of the XA exciton, γX A

hom(T ), was extracted by fitting a Voigt peak profile

(which is illustrated in Fig. 3.6(b)) to the temperature-dependent PL data shown in Fig. 3.7(a).

Note that we only take the homogeneous broadening into account, since the normal mode

splitting does not depend on the inhomogeneous broadening when γi nh <g0 [110, 134, 177].

The calculated values ofΩRabi (T ) are shown in Fig. 4.10, together withγ
X A

hom(T ). Based on these

calculations, we can predict a slight decrease in the normal mode splitting down to 48 meV at

300 K. This again confirms the strong potential of the present platform to investigate the SCR

up to room temperature.

4.4 Propagating Polariton Properties

Since the present slab waveguide is radially symmetric, waveguide polaritons will propagate

isotropically from the excitation spot. Therefore, only polaritons within the angle covered by

the collection zone can contribute to the signal and its intensity will approximately decrease

as the reciprocal of the propagation distance r . This approximation holds well if the size of the

collection region is substantially smaller than the propagation distance. Here, the collection

region is 19μm and the propagation distances used in the experiments range between 30 and

200μm. This outspread is illustrated in Fig. 4.11.

In addition to this geometric reduction in polariton signal intensity with propagation distance,

polariton decay will also reduce the amount of outcoupled photons with propagation distance.

Indeed, as waveguide polaritons propagate, they experience an intrinsic decay following an

exponential Beer-Lambert law, mainly due to photonic losses for the present exciton-photon de-

Figure 4.11 – Sketch of the collection for two different
propagation distances, r1 and r2. Polaritons (blue) are
created at the excitation spot and propagate isotropically
in the waveguide plane. The red circles represent the
collection areas. A smaller fraction of polaritons is
captured with increasing propagation distance.
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(a) (b) (c)

Figure 4.12 – Low temperature decay of waveguide polaritons. (a) Measured intensity of the LPB
for different propagation distances at 10 K and for an excitation power density of 1.2 kW/cm2.
The spectra are not vertically shifted. (b) Polariton decay length as a function of polariton
energy. (c) Lifetime of the guided polaritons. Measured data (red dots) and fit to Eq. 4.1 (black
line). The mean value and error bars in (b,c) were deduced from a set of several measurements
taken between 4 and 30 K. No substantial difference in the lifetime and the decay length was
observed within this temperature range. The top axis in (b,c) represents the excitonic fraction
of polaritons at the corresponding LPB energy.

tunings (δ) between -25 and -150 meV. The reduction in LPB signal intensity is illustrated in Fig.

4.12(a). In order to determine their intrinsic decay length – defined as the distance over which

the integrated polariton PL intensity at the excitation spot is reduced by a factor e – and hence

their lifetime, the measured integrated PL intensity is multiplied by the propagation distance

–to cancel out the 1
r from the geometric outspread–, and this product is fitted to an exponential

decay. The obtained decay length as a function of polariton energy is shown in Fig. 4.12(b). Po-

laritons with a large photonic fraction in excess of 0.94 are characterized by a decay length larger

than 100 μm, which decreases as the excitonic fraction becomes larger. Consequently, the LPB

emission redshifts with increasing propagation distance, as can be seen in Fig. 4.12(a), since the

high-energy polaritons propagate less. To further support this analysis, the absorption coeffi-

cient in the waveguide was determined by the variable stripe length (VSL) method to be 60 cm−1

at around 200 meV below the free XA energy, as shown in Fig. 4.13. This value of the absorption

coefficient corresponds to a decay length of 167μm. This puts an upper limit to the propagation

length of photons and highly photonic polaritons in the present sample and is mainly limited

by residual absorption from the QWs. We can expect the absorption to be higher —and the

corresponding decay length lower— for higher energies. Since the value of 167 μm only slightly

exceeds the measured polariton decay lengths at energies between 120 and 140 meV below XA ,

absorption is most likely the limiting factor of polariton propagation. The absorption losses

could be reduced by increasing the Al content in the QW barriers, thus shifting the band-edge up.

Another essential figure of merit to qualify the present structure is the polariton lifetime τpol (β).

The inverse of the latter is determined as the weighted average of the inverse lifetimes of the
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�� Figure 4.13 – VSL measurements of the present

waveguide leading to an intrinsic absorption of 60
cm−1 below the gain band. We observe a broadening
on the high-energy side of the gain band with in-
creasing pump power due to band filling in the QWs.
Note that the peak net modal gain does not increase
with pump power. This is likely a consequence of the
inhomogeneous pumping profile that results from
absorption of the 266 nm pump laser in the barriers.
This leads to a low carrier density in the bottom QWs.

photon (τph) and the exciton (τX ), and is given by

1

τpol (β)
= |P (β)|2

τph
+ |X (β)|2

τX
, (4.1)

where P and X are the Hopfield coefficients, as defined in Section 2.3.2 [96]. The polariton

lifetime τpol (β) was determined by dividing the measured polariton decay length by the group

velocity of the LPB, defined as ∂ω
∂β , and is shown in Fig. 4.12(c). Values ranging between 1 and

2 ps were derived for polaritons with an exciton fraction between 0.05 and 0.4. The radiative

free XA lifetime was determined by time-resolved PL to be 325 ps at T =15 K (cf. Section 3.3.3).

A fit from Eq. 4.1 to the data leads to a value of 0.9 ps for τph , which corresponds to a photonic

linewidth γph = 0.73 meV and an optical quality factor of 4.9×103. This photonic lifetime is

about a factor of 5 larger than that reported for comparable III-nitride planar MCs [178]. This

is essentially due to the improved photon confinement provided by TIR.

Note that we do not directly observe the photonic and excitonic linewidths stated above in

the measured dispersion signal for highly photonic and excitonic polaritons, respectively. In

addition to this broadening along the energy axis, there is indeed an extra source of broadening

in the emission angle due to fabrication inhomogeneities in the grating coupler. For highly

photonic polaritons, the energy linewidth becomes relatively small and the observed signal

broadening is of purely angular origin. In this limit, we observe an angular FWHMΔα of 1.2◦,

which corresponds to a FWHM wavevector linewidthΔβ of 0.34μm−1 and a FWHM error on

the grating periodΔΛ=0.8 nm through Eq. 2.11.

The normal mode splitting of 60 meV corresponds to a Rabi period, i.e., the period of the coher-

ent oscillations between the photon and exciton fraction of the polariton, as short as 69 fs. We

find a Rabi period that is over an order of magnitude shorter than the polariton lifetime. As ex-

plained in Section 2.3, it is a key requirement for the SCR to have Rabi oscillations that are faster
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Figure 4.14 – Room temperature ab-
sorption coefficient of Al0.1Ga0.9N and
Al0.15Ga0.85N epilayers, based on [82].
The XA energy of GaN/AlGaN MQWs
with a well thickness of 1.5 nm and a
barrier thickness of 3.5 nm, containing
10 and 15% Al in the barriers is shown
for reference.
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than the polariton lifetime. When comparing the present values to those obtained in GaAs-

based waveguides, where decay lengths up to 400μm and lifetimes between 9 and 11 ps were

demonstrated [144], the shorter decay lengths and lifetimes in III-nitride structures are likely

due to the combination of an enhanced sensitivity to photonic disorder in short wavelength

systems, together with the increased QW absorption below the band gap and the high number

of QWs. If we compare the obtained values for the decay length to the ballistic condensate prop-

agation on the order of 10μm reported by Hahe et al. in a ZnO planar MC [179], the much larger

decay length in the present case can be well accounted for by TIR confinement and the larger

polariton propagation velocity, which ranges between 3 and 4×107 m/s in the present case.

A possible pathway to reducing the absorption losses occurring in the waveguide could be an

increase in the Al content of the QW barriers. This would move the barrier band edge to higher

energy and reduce the polariton absorption. Increasing the Al content to 15% would blueshift

the AlGaN band edge by ∼110 meV, while blueshifting the QW XA energy by ∼30 meV for the

present geometry. The resulting reduction in absorption coefficient at the LPB energy (25 to 150

meV below XA for the measurements shown in this chapter) is shown in Fig. 4.14. Increasing the

Al content in the barriers would also increase the exciton binding energy (from 40 meV for 10%

to 44 meV for 15%, cf. Section 3.2) and increase the inhomogeneous broadening (from 8 meV

for 10% to 10 meV for 15%, cf. Fig. 3.7). Note that an inhomogeneous broadening of 10 meV

would still have a negligible effect on the normal mode splitting, since the former is smaller

than g0=30 meV [110].
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5 Optical Gain in GaN/AlGaN MQWs

In this Chapter, we investigate the optical gain properties of sample S3 presented in Chapter

3. The gain-specific features of the sample under investigation are discussed in Section 5.1. The

gain experiments and modeling will be illustrated in Section 5.2. Details about the experimental

techniques used in this chapter can be found in Appendix B. Most of the results presented in

this chapter were published in the following paper:

• J. Ciers, G. Jacopin, G. Callsen, C. Bougerol, J.-F. Carlin, R. Butté and N. Grandjean, Near-

UV Narrow Bandwidth Optical Gain in Lattice-Matched III-Nitride Waveguides, Jpn. J.

Appl. Phys. 57, 090305 (2018).

5.1 Sample Structure and Pumping

Compared to a single QW structure, a MQW structure has more electronic states available over

an equal spectral range. As a result, a MQW structure exhibits an increased optical gain over

a narrow band. In a single QW structure, the band filling required to reach elevated gain also

causes a broadening of the gain band. However, a key requirement to achieve high optical gain

in MQW structures is the homogeneous pumping across the QWs. As explained in Sections 2.4

and 3.1, absorption will be the dominating process in insufficiently pumped QWs, reducing the

overall gain. For this reason, it is important to use optical pumping in the QWs, with an excita-

tion energy below the barrier band edge. This is illustrated in Fig. 5.1 for the present sample. A

325 nm pump, which is above the Al0.1Ga0.9N band edge, has an absorption thickness1 of∼100

nm. A 355 nm pump on the other hand, which is situated between the QW and barrier band

edge, is only absorbed in the QWs. Considering Eq 1.32:

α2D (λ0)= πe2EP mr

3λ0nr ε0E 2
g dQW m0

,

we find that every QW absorbs α2D dQW ≈ 1% of the incoming power. This results in a very

homogeneous pumping of the QWs. For this reason, sample S3 was designed with wide

1We define the absorption thickness as the distance over which the intensity is reduced by a factor e, Euler’s
number. With this definition, the absorption thickness is the inverse of the absorption coefficient, such that an
α=105 cm−1 leads to an absorption thickness of∼100 nm.
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Chapter 5. Optical Gain in GaN/AlGaN MQWs

Figure 5.1 – Photon absorption in the MQW
region for both a 325 nm (black) and a 355
nm (red) laser. A value of 1×105 cm−1 is taken
for the absorption coefficient in the GaN QWs
and AlGaN barriers at 325 nm [82]. At 355 nm,
values of 1.54×104 cm−1 (cf. Eq. 1.32) and 50
cm−1 [82], are considered, respectively. These
profiles are valid at photon densities for which
no absorption saturation is at play. The po-
sition is determined with respect to the GaN
buffer/AlInN bottom cladding layer interface.

GaN/Al0.1Ga0.9N QWs of 6.2 nm width, such that they could be pumped below the barrier

band edge with the available 355 nm laser.

Note that if the requirement of optical pumping with a 355 nm laser is relaxed, either through

electrical injection or optical pumping with a different wavelength, the emission wavelength of

this type of structures could be easily tuned toward the 350 nm spectral range by decreasing the

QW thickness, i.e. approaching the MQW structure of sample S1, without any loss in material

quality. The smaller weight of the QCSE and hence the larger overlap between electron and

hole wavefunctions in thinner QWs could lead to reduced transparency and lasing thresholds in

samples with thinner QWs. The internal losses will however also increase with increasing energy.

5.2 Gain Experiments and Modeling

The net modal gain gmod was measured at room temperature by means of the VSL method,

which is explained in Section B.2.5, using a Q-switched frequency-tripled Neodymium-doped

yttrium aluminum garnet (Nd:YAG) 355 nm pump laser emitting 520 ps long pulses with a

repetition rate of 8.7 kHz. Examples of PL emission spectra that were collected during these

experiments are shown in Fig. 5.2(a) for 400 and 800 μm stripe length. On the high-energy

flank of the emission, the intensities for both stripe lengths are nearly equal. This means that

from the additional 400μm pumped stripe, no extra photons are collected, implying that the

absorption is large for these wavelengths. On the low energy flank of the emission, the 800 μm

stripe has a higher intensity, leading to net modal gain values in the [-100 cm−1, +100 cm−1]

range, as shown in 5.2(b). We observe that the peak modal gain increases with increasing pump

power, up to∼80 cm−1.

The results were fitted to Eq. 2.31, using the fully fermionic model, where we consider only an

electron-hole plasma, without any excitonic effects, that was explained in Section 2.4, and has
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(a) (b)295 kW/cm2

Figure 5.2 – VSL measurements performed on sample S3. (a) Raw PL emission intensity as
measured in the VSL geometry from the facet for a stripe length of 400μm (black line) and 800
μm (red line). (b) Net modal gain values determined by VSL for different power densities, as
explained in Section B.2.5.

shown to accurately describe similar structures [124]:

gmod (ħω)=−αw g +
∑

i
Γi gmat ,i , (5.1)

where the material gain can be calculated as

gmat =
∑

j=A,B
α

j
2D ( f j

c (ħω)− f j
v (ħω))θ(ħω−E j

tr ). (5.2)

Equation 5.2 is illustrated in Fig. 5.3 for a carrier density of 3×1012 cm−2. This model takes

both the A and B hole subbands into account, which is required to accurately model such

structures [124]. We implemented the impact of the progressive screening of the built-in field

on the transition energy through self-consistent Schrödinger-Poisson-k ·p calculations [97],

the results of which are shown in Fig. 5.4. A redshift in the QW transition energy due to band gap

renormalization was implemented through Eq. 1.36. Taking these contributions into account,

the QW transition energy becomes

E j
tr (N )=E j

tr,0+ΔEQC SE (N )−ΔEBGR (N ) with j = A,B , (5.3)
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Figure 5.3 – Material gain per QW of the
present structure, calculated as gmat =∑

j=A,B α
j
2D ( f j

c (ħω) − f j
v (ħω))θ(ħω − E j

tr ),
for a carrier density of 3 × 1012 cm−2. The
differences in the slopes of the Fermi-Dirac
distributions are a consequence of the
differences in effective masses of the different
particles, while the differences in quasi-Fermi
energy and transition energy leads to the dif-
ferent positions. The inset shows a zoom on
the gain band, where the Bernard-Duraffourg
condition [125] is fulfilled, resulting in a
positive material gain.
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where E j
tr,0 is the transition energy measured at low carrier density, ΔEQC SE (N ) is the energy

shift due to progressive screening of the built-in field with increasing carrier density and

ΔEBGR (N ) is the energy shift due to band gap renormalization. The carrier density in each QW

was estimated from the incoming photon density I including a Lorentzian saturation curve for

the QW absorption [180]:

α2D,sat =
αA

2D+αB
2D

1+I /Isat
. (5.4)

Using an ad hoc saturation photon density Isat =2.7×1014 photons/cm2 = 300 kW/cm2, we

could consistently fit all experimental data. The numerical values of all parameters used for

the modeling are given in Table 5.1.

Given the specificity of the structure, which is composed of QWs emitting at slightly different

energies –as explained in Section 3.2– and subjected to different carrier densities, quantitative

modeling of the modal gain seems rather challenging. However, the high structural and optical

quality of the sample, which was illustrated in Chapter 3, allows for a precise determination of

its properties in the low-density regime, hence minimizing the number of unknown parameters.

Note, however, that for the sake of simplicity, we did not include any LO-phonon contribution

[181] or collisional broadening [124] to the modeling of the gain spectra. Since these phenom-

ena both broaden the gain band, an increased value by a factor of∼2 of γi nh is required in the

model to obtain good fits, i.e., a value of 20 meV compared to 11 meV as determined through

PLE experiments.

The obtained gain spectra are shown in Fig. 5.5(a), together with the fits. The resulting fitting

parameters –carrier density and low-density transition energy– are given in Figs. 5.5(b) and

5.5(c). Experimentally, we observe a fast increase in gmod for pump power densities ranging
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Figure 5.4 – Calculated energy shift experi-
enced by the QW ground state transition due
to screening of the built-in field with increas-
ing carrier density as calculated by means of
a self-consistent Schrödinger-Poisson-k · p
solver (symbols) [97, 119]. The red line serves
as a guide to the eye.

from 220 to 295 kW/cm2. This is ascribed to the large number of QWs and the highΓvalue, which

results in a large increase in gmod for a moderate increase in material gain of each individual

QW. When the pump power density is further increased, the peak modal gain value and the

average carrier density exhibit a saturation-like behavior with a peak gmod value of∼80 cm−1.

This is likely originating from the limited pump absorption by the QWs due to efficient band

filling. From the absorption saturation term included in the model, we deduce a saturation

photon density of 2.7×1014 photons/cm2 = 300 kW/cm2 with the 355 nm pump laser. A residual

waveguide absorption loss of 25 ± 5 cm−1 is deduced from the gmod spectra, as illustrated in

Fig. 5.5(a). This value can be explained by looking at the overlap of the optical field intensity

ε|E |2 of the TE0 mode as shown in Fig. 3.2(c) with the active region and cladding layers, which

amount to 89.7 and 10.3%, respectively. Since the absorption in these AlInN layers is typically

ranging between 80 and 100 cm−1 at these wavelengths [68], a residual absorption coefficient

between 16 and 19 cm−1 in the waveguide region can account for the present overall absorption

of 25 cm−1. Note that a residual waveguide absorption of 35 cm−1 was reported for commercial

InGaN/GaN-QW-based laser diode samples operating at 375 nm [153]. The obtained fits do

not describe the experimental results adequately on the low-energy flank for low pumping

fluences. This is likely a consequence of the omitted LO-phonon contribution, which causes

a broadening on the low-energy side of the gain spectra [181].

We also observe a redshift of the gain band with increasing pump power. This is opposite to

the commonly observed blueshift in such experiments, which is mainly a consequence of

band filling [157, 182, 183]. This spectral shift can be accounted for by considering two of the

phenomena at play, namely band filling and the shift of the transition energy Etr with increasing

carrier density N . The latter is described by Eq. 5.3.

Let us briefly discuss the contributions of the different phenomena. Band filling will cause a

blueshift of the emission with increasing carrier density, which is mainly dependent on theγi nh

value of the MQWs. Indeed, systems characterized with a large γi nh , such as InGaN/GaN QWs

emitting in the visible or near UV [157, 183] or AlGaN/Al(Ga)N QWs emitting in the deep UV

[182] will experience a much larger blueshift than a system with low inhomogeneity such as the
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Table 5.1 – Parameters used for the Schrödinger-Poisson-k ·p and the gain calculations. The
effective masses for the Al0.1Ga0.9N barriers are derived from a linear interpolation between
GaN and AlN values.

Parameter Value Source
Effective electron mass in GaN me,GaN 0.2m0 Ref. [90]
Effective A hole mass in GaN mA,GaN 1.8m0 Ref. [90]
Effective B hole mass in GaN mB ,GaN 0.45m0 Ref. [90]
Effective electron mass in AlN me,Al N 0.32m0 Ref. [90]
Effective A hole mass in AlN mA,Al N 3.1m0 Ref. [90]
GaN layer thickness 6.2 nm HRTEM and XRD
Al0.1Ga0.9N layer thickness 4.8 nm HRTEM and XRD
Internal absorption in the waveguideαw g 25 cm−1 VSL measurements
Exciton binding energy EB 19 meV k ·p
Exciton Bohr radius aB 5 nm k ·p
Kane energy EP 17.3 eV Ref. [90]
QW absorption for the A transitionαA

2D (355 nm) 8.7×103 cm−1 Eq. 1.32
QW absorption for the B transitionαB

2D (355 nm) 6.7×103 cm−1 Eq. 1.32
QW refractive index nr (355 nm) 2.7 Ref. [82]
Inhomogeneous broadening γi nh 20 meV Input parameter

A tr,
0

(a) (b) (c)

Figure 5.5 – Experimental net modal gain spectra and fit parameters used to fit the data. (a) Net
modal gain (continuous lines) measured at RT for the present sample using the VSL method.
Fits relying on a Schrödinger-Poisson-k ·p formalism (dashed lines) show a good quantitative
agreement with experiments. (b) Calculated carrier densities corresponding to the fits shown
in (a). (c) Parameters extracted from the modeling: low carrier density transition energy (black
dots) and average carrier density (red dots). The error bars in (b) and (c) represent the standard
error resulting from the fit procedure.

present MQW structure. Band filling is well accounted for in the model through the Fermi-Dirac

distributions. [124].

QWs subjected to a built-in field will experience the usual blueshift observed with increasing

carrier density, as illustrated in Fig. 5.4. Band gap renormalization arises from interparticle

interactions and causes a redshift that is accounted for by Eq. 1.36:
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ΔEBGR (N )=3.1a2/3
B EB N 1/3.

E A
0 was kept as a fitting parameter in the model (E B

0 was fixed at E A
0 +9 meV, corresponding to

the PLE measurements of Fig. 3.6) whose value as a function of power density is shown in Fig.

5.5(c). We notice a redshift of E A
0 of∼14 meV, which is comparable to the MQW energy spread

deduced from the calculations and CL measurements shown in Fig. 3.5(d). This indicates that

the lower-energy QWs have an increasing relative weight in the gmod spectra with increasing

pump power, which is consistent with the carrier densities shown in Fig. 5.5(b). Due to the

larger saturation experienced by the higher energy top QWs, the lower emitting bottom ones

will be relatively more populated at higher pump power, hence explaining the overall redshift of

the gain band. An overall saturation of the pump laser absorption can be observed through the

saturation of the average carrier density in Fig. 5.5(c), as the pump power density goes beyond

the saturation power density Isat = 300 kW/cm2.

In addition to the narrow gain band and high gain values, the moderate shift of the gain band

reported here could prove useful for the realization of devices where the output power needs

to be varied with minimal changes in the output wavelength such as SOAs or LDs.
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6 Conclusion and Outlook

6.1 Summary of the Results

During this thesis work, we have studied light-matter interaction in c-plane III-nitride waveg-

uides grown by MOVPE on low threading dislocation density (106 cm−2) freestanding GaN

substrates. These waveguides feature GaN/AlGaN MQWs and AlInN cladding layers for optical

confinement, which are nearly lattice-matched to GaN. The absence of lattice-mismatch leads

to a high structural and optical quality, as evidenced by XRD and TEM measurements, and

various spectroscopic techniques. The AlInN claddings provide a large RIC of 7-11% with

Al0.1Ga0.9N between 345 and 370 nm, the present wavelength range of interest. This contrast

results in a small effective length of the TE0 mode, of 88 and 99 nm, for waveguides with a

thickness of 130 and 170 nm, operating at 345 and 370 nm, respectively. We found an inhomo-

geneous broadening as low as 8 meV over 22 GaN/Al0.1Ga0.9N QWs with a thickness of 1.5 nm in

PL and 11 meV over 14 GaN/Al0.1Ga0.9N QWs with a thickness of 6.2 nm in PLE. Note that a large

fraction of the latter value is due to a gradient in built-in electric field over the MQWs, and not

due to structural disorder. This gradient is a consequence of a complex interplay between the

spontaneous polarization mismatch between the claddings and the MQW region together with

the residual doping in the active region. The high structural quality leads to a standard deviation

of only 0.42 meV over a 50× 50 μm2 area in the XA emission energy. We also observed biexciton

emission from the 1.5 nm wells at higher PL power densities. A presentation of the samples,

together with a detailed discussion of these results can be found in Chapter 3. We calculated the

band structure and we determined the transition energies of the MQWs using self-consistent

Schrödinger-Poisson k ·p calculations and found a good agreement with experiments.

In Chapter 4, we described the properties of propagating polaritons, which arise from hybridiza-

tion between GaN/AlGaN MQW excitons with the propagating TE0 waveguide mode. The

strong coupling regime was observed up to 100 K with an average normal mode splitting as

high as 60 meV due to the large overlap between the QWs and the waveguide mode. Beyond 100

K, the signal intensity is reduced due to decreasing IQE of the active region and can no longer

be measured. However, we expect the strong coupling regime to be maintained up to room

temperature. The guided polaritons feature a decay length of 50 to 100μm and a lifetime of 1-2

ps, which are well accounted for by residual absorption in the waveguide. Absorption losses

could be reduced by increasing the Al content in the barriers.

Chapter 5 studies the properties of waveguides featuring 6.2 nm wide GaN/Al0.1Ga0.9N MQWs
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Figure 6.1 – (bottom) Sketch of a ridge polari-
ton waveguide structure. Such a geometry
would provide latteral confinement to the
propagating polaritons and would be more
appropriate for devices. (top) Top view SEM
image of the fabricated structure.

GaN substrate 
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GaN/AlGaN 
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Grating coupler
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SiO2 Top cladding

above the Mott transition, where an electron-hole plasma in the MQWs generates optical gain.

Thanks to the large RIC between the core and the cladding layers, a Γ value as large as 48%

is achieved. Consequently, net modal gain values in excess of 80 cm−1 are measured, whose

value is limited by absorption of the near-resonant pump laser. Due to the small disorder in

the sample, the gain band is as narrow as 20 meV. It exhibits a small redshift with increasing

pump power, which is a consequence of the gradient in built-in electric field over the QWs.

The measured net modal gain spectra are successfully reproduced using a self-consistent

Schrödinger-Poisson-k ·p formalism.

6.2 Perspectives

The good optical and structural quality of these waveguides, together with the high light-matter

coupling strength –which is illustrated by the large values of ΩRabi = 60 meV and gmod = 80

cm−1– provides an ideal platform for light-matter coupling applications on both sides of the

Mott transition.

In the excitonic regime, these structures show great potential for photonic and polaritonic

integrated circuits up to room temperature. In this perspective, ridge waveguides, as sketched

in Fig. 6.1, with lateral confinement would prove a more practical geometry for devices, as

they would prevent the isotropic propagation of polaritons. Consequently, the signature of

waveguide polaritons should be measurable over longer distances (on the order of∼500μm)

and up to nearly room temperature. They would also open the possibility to explore polari-

ton nonlinearities using resonant excitation through a grating coupler, e.g. polariton soliton

wavepackets [16], up to room temperature. For such measurements, metal grating couplers

featuring a short coupling length on the order of∼20 μm, are crucial to efficiently couple light

into the waveguide. Based on these nonlinearities, active all-optical devices such as optical

logic gates or optical transistors [14, 15] could be developed, with potential applications in

information processing, photonic integrated circuits or sensing [184].

Due to the large overlap between the optical mode and the QWs (we obtained a ratio
N e f f

QW

Le f f
=
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0.166 QW nm−1), which is a result of the excellent optical confinement by total internal reflec-

tion, the exciton-photon coupling g0 is stronger than in III-nitride microcavities with a similar

number of QWs. Therefore, the strong light-matter coupling regime might be achievable using

InGaN/GaN QWs. In microcavities, this regime is challenging to achieve, since the large number

of wells required results in excessive strain, relaxation and large inhomogeneous broadening

[110, 185]. The high
N e f f

QW

Le f f
ratio and small number of QWs required in a waveguide geometry

could result in a situation where the inhomogeneous broadening is smaller than g0, and strong

coupling is achieved. The associated reduction in polariton energy has the additional benefit

of easier p-type doping –opening the way to electrically injected polariton waveguides– and

reduced absorption. A residual absorption of∼20 cm−1, such as reported in ref. [153] for a 405

nm LD, would result in a decay length of∼500μm and a lifetime of∼6 ps for highly photonic

polaritons. Also for GaN/AlGaN QW-based waveguides, electrical injection is possible, in a

similar way as for UV LDs [25], and a reduction in residual absorption might be achievable by

increasing the barrier Al content, or by reducing the impurity levels during growth. Note that n-

and p-doped AlInN layers have been demonstrated with a net donor concentration of 9×1018

cm−3 and a net acceptor concentration of 5.3×1018 cm−3, respectively [33, 35]. In AlInN/GaN

superlattices, such as the bottom claddings used here, net acceptor concentrations above

1×1019 cm−3 were reported [35]. The successful application of these layers as cladding mate-

rial in a blue InGaN/GaN-based LD [35] shows that electrically injected waveguide structures

operating in the strong light-matter coupling regime could be achieved.

Also for structures operating above the Mott transition, i.e. in the electron-hole plasma regime,

the realization of electrically injected lattice-matched waveguides is within reach. This could

lead to compact LDs or SOAs with low current threshold, elevated gain, narrow gain bandwidth,

and reduced emission wavelength shift with increasing carrier density. Operation in the 350-

370 nm wavelength range is achievable by implementing the QWs used in this work. Room

temperature wavelengths below 350 nm could be reached by increasing the Al content in the

barriers and eventually in the wells [25]. Also for these wavelengths, structures featuring AlInN

claddings (optionally with In concentrations below 17%), could provide improved material

quality and optical confinement in comparison to their AlGaN-based counterparts.
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A Finite-Difference Time-Domain
Calculations

A.1 What is FDTD?

In a finite-difference time-domain solver, solutions to Maxwell’s equations are calculated nu-

merically over a determined region in space and time. The starting point of the calculation are

Faraday’s and Ampère’s law

∂B

∂t
=−∇×E, (A.1)

∂D

∂t
=∇×H−J, (A.2)

where E, H, D and B are the electric and magnetic fields, the electric displacement and magnetic

induction fields, respectively, and J is the electric current density [186]. In dielectric media,

J=0. For linear nonmagnetic media, we can write D=εr elε0E and B=μ0H, withμ0 the vacuum

permeability. By substituting this in Eq. A.1 and Eq. A.2, we get

∂H

∂t
=− 1

μ0
∇×E, (A.3)

∂E

∂t
= 1

εr elε0
∇×H. (A.4)

This gives us two equations that link the time derivative of the E(H)-field to the spatial derivative

of the H(E)-field. This allows to calculate, e.g., the x-component of E(x, y,z) at time t1 in a

leapfrog manner from the x-component of E(x,y,z) at t1−Δt and the derivative with respect to

x of the H-field between (x− Δx
2 ,y,z) and (x+ Δx

2 ,y,z) at t1− Δt
2 . The other components of E and

H can be calculated in an analogous way. HereΔx,Δy ,Δz andΔt represent the discretization

steps in space and time, respectively. This naturally leads to a staggered mesh, or Yee grid [187],
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where the values of the electric and magnetic fields are sampled at different points in space and

time, offset by half of the discretization step. Doing so allows the time and space derivatives to be

formulated as center-difference approximations. Further details can be found ,e.g., in ref. [188].

In order to reach numerical accuracy, at least 10 sampling points per wavelength are required

[188]. Additionally, the spatial discretization steps along a certain direction should be sub-

stantially smaller than the smallest feature of the structure in that direction. In the structures

studied in this work, the QWs are the smallest feature in the y-direction that will determine

Δy . The time step is determined by the size of the spatial grid. Since electromagnetic waves

propagate at the speed of light in the medium, c
nop

, the time step should correspond to the time

required to cross the diagonal of a cell at this speed [188].

In typical time-domain calculations, all fields are zero over the entire region before t =0. Then,

source fields –usually a Gaussian pulse electric dipole source with a Gaussian envelope mod-

ulating a sinusoidal oscillation in the time domain and a Gaussian profile centered on the sinus

frequency in the frequency domain– are added to one or more pixels at t =0. The generated

electromagnetic waves propagate through the structure for a certain simulated time, typically

until all fields have died out.

Since computer memory and computation time are limited, the simulation region and simu-

lated time must also be limited. Several options exist for the boundaries of the simulation region.

Periodic or Bloch boundary conditions can be used in case of a periodic structure. Perfectly

matched layers (PMLs) [188]–which are designed such that all incident radiation is absorbed

and not reflected– could be used to simulate an isolated structure, where all electromagnetic

waves eventually go to infinity.

In most cases, we are interested in the spectral behavior, rather than the temporal one, of the

optical structure under investigation. This can be achieved by taking the Fourier transform of

the recorded fields. Therefore, the source must cover the frequency range of interest.

A.2 Calculating Eigenmodes and Eigenfrequencies of a Resonator

To track the resonant modes of a cavity or waveguide using FDTD, the following procedure is

used. A source, covering the frequency range of interest, is located in the resonator. The fields

are left propagating in the structure for a sufficiently long time, until only the constructively

interfering eigenfrequencies are left, and the other frequencies have died out. We observe a

peak in the emitted power of the source in the frequency domain for the eigenfrequencies.

This power is proportional to the local density of optical states (LDOS) in the waveguide [189]

and the presence of a peak in the LDOS indicates a resonant mode. The spatial distribution

of the fields at such an eigenfrequency corresponds to the eigenmode profile. One should be

careful in positioning the source, as a source located at a node of the eigenmode, or with a

polarization perpendicular to the eigenmode polarization will not couple to this mode. As such,

the eigenmode will not appear in the simulation results.
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Figure A.1 – Simulation region for the FDTD
dispersion calculations. One period of the
grating coupler is included in the simulation,
while the rest of the structure is added through
the Bloch boundary conditions. Field monitor
A records the guided mode profile of the eigen-
modes, while the spatial Fourier transform of
field monitor B gives the far-field emission angle
of the outcoupled light.

In this case, we are interested in the dispersion of a 2D slab waveguide, i.e. the eigenfrequency

as a function of the in-plane wavevector. To calculate this, we first calculate the eigenmodes

and -frequencies for a single, well determined, in-plane wavevectorβ along z. For this reason, a

plane wave source –which is essentially a collection of line sources in the xz-plane with a phase

relation exp(iβz) between them– is used, which assures that all injected fields, and therefore

the calculated eigenenergies, correspond to the correctβ. When using a plane wave source, it is

essential to use Bloch boundary conditions, which conserve the phase relation, in all directions

which are not parallel to the source. In our case, we have a 2D simulation in the y z-plane (with

y the sample growth direction and z the propagation direction of the guided modes), since

the structure is supposed to be extended infinitely in the x-direction. The Bloch boundary

condition for the z-direction then becomes in phasor notation

E(y,z1+R)=E(y,z1)exp(iβR) and H(y,z1+R)=H(y,z1)exp(iβR), (A.5)

where z1 and z1+R are the location of the left and right boundary, respectively.

In addition to the in-plane wavevector, the corresponding grating coupler emission angle can

be calculated by integrating at least one period of the grating coupler in the simulation region,

as illustrated in Fig. A.1. The far-field emission angle can be calculated from the spatial Fourier

transform of the fields above the grating coupler. Repeating the calculation for different values

ofβ results in the desired mode dispersion. This procedure is illustrated in Fig. A.2.
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Figure A.2 – Illustration of the 2D-FDTD calculations of the waveguide mode dispersion. The
emitted power P from the waveguide grating is calculated in the far field as a function of
emission angle and energy for a broadband source with fixed in-plane wavevectorβ. The peak
in emitted power corresponds to the guided mode spectral position. Calculations are repeated
for different values ofβ to reproduce the modal dispersion.

These calculations were performed using Lumerical FDTD solutions [154]. We can determine

the emission angle and energy of the guided mode corresponding to this particular in-plane

wavevector from the peak position. Note that the peak in the LDOS disappears when approach-

ing the exciton energy due to increasing absorption. We limited the spectral range of the

calculation at the MQW band edge energy (3.64 eV) on the high-energy side in order to avoid

problems related to the cusp shape in the MQW refractive index dispersion close to the band

edge, which was illustrated in Section 1.2.6. Lumerical FDTD uses a Lorentz oscillator model

for sampled refractive index data that does not fit very well to this type of features [190]. This

limits the range where we can calculate the UPB. The parameters used to model the refractive

index of the layers are summarized in Table A.1.

Table A.1 – Parameters used for the 2D-FDTD calculations at T = 4 K of sample S1.

Parameter Value at 4 K Comment
EX (AlGaN) 3.683 eV Deduced from PR measurements
EB (AlGaN) 28.1 meV Linear interpolation between bulk values

of GaN (25 meV) [91] and AlN (56 meV) [92]
EX (QW) 3.599 eV Deduced from PR measurements
EB (QW) 40 meV ref. [101]
Γi nh(QW) 8 meV Deduced from PL measurements
Γhom(QW) Negligible
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B Experimental Methods

This Appendix discusses the experimental techniques that were deployed in the framework

of this PhD thesis. Section B.1 explains the methods used in the fabrication process of the

grating couplers, while Section B.2 sheds light on the spectroscopic techniques applied for the

characterization of the waveguides.

B.1 Nanofabrication

B.1.1 Plasma-Enhanced Chemical Vapor Deposition

Chemical vapor deposition (CVD) techniques rely on the reaction of chemicals in the gas phase

to grow a film of the desired material. In traditional CVD techniques, such as MOCVD, described

in Section 1.1.3, the chemical reaction energy is provided by maintaining the substrate at an

elevated temperature. In plasma-enhanced CVD (PECVD), however, part of the reaction energy

is provided by a radio-frequency (RF) plasma source, allowing a lower deposition temperature,

down to 100◦C in some cases. In this work, an Oxford Plasmalab System 100, which is sketched

in Fig. B.1, was used for the deposition of amorphous SiO2 films. It operates by injecting the

precursor gases –a mixture of 98% N2 and 2% SiH4 as a Si precursor and N2O as an O precursor–

between two parallel electrodes. The bottom electrode carries the substrate, which is heated to

300◦C, and is grounded, while the top one applies the RF voltage. A plasma is generated by the

oscillating electric field with a power of 20 W, and the reactant species are excited. This allows

the desired reaction to occur on the substrate, resulting in the deposition of the SiO2 film with

a rate of∼64 nm/min in this case. SiO2 layers deposited with this technique have a very low ab-

sorption in the UV (∼1 cm−1 around 345 nm, as measured with a Cary 500 spectrophotometer).

Besides SiO2, PECVD is also commonly used for deposition of Si3N4, SiC and amorphous silicon.
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Figure B.1 – Sketch of the PECVD
reactor. Reproduced from [191].

B.1.2 Electron Beam Lithography

In lithography, the sample is covered with a photosensitive, for optical lithography, or electrosen-

sitive, for electron beam lithography, resist layer, which undergoes a chemical modification

under exposure with light or electrons, respectively. After exposure, the sample is developped in

a solution that removes only the exposed regions, for a positive resist, or only the non-exposed

regions, for a negative resist. Subsequent etching techniques allow to transfer the created resist

pattern to the layers underneath. After this step, the resist layer is typically no longer needed

and is removed. Alternatively, in cases where etching is chemically not possible or practically

difficult, the material to be patterned can be evaporated onto the patterned resist. The latter is

subsequently removed with the evaporated material on top, while the material on the resist-free

regions remains. This process is called lift-off.

The resolution and minimal feature size that can be obtained with this technique depends

mainly on the wavelengthλ of the radiation used, as described by the Rayleigh equation

lmi n = c1λ

NA
, (B.1)

where c1 is a constant that accounts for the specific factors related to the resist, development, etc.

of the process, and NA is the numerical aperture of the optical system. The shortest wavelength

optical lithography systems that are commercially available are based on 193 nm ArF excimer

lasers. Since the grating couplers we wish to fabricate for this work have a feature size of∼65

nm, this is not possible with optical lithography.

The relativistic de Broglie wavelength of an electron with kinetic energy Ek is given by

λe = hc

pc
= hc√

E 2
k+2Ek m0c2

, (B.2)
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Figure B.2 – Schematic illustration of an electron beam lithography system. Reproduced from
[192].

where h is Planck’s constant, p is the electron momentum, and m0c2=511 keV is the electron

rest mass. For a commonly used acceleration voltage of 100 kV, this results in Ek = 100 keV

andλe =3.7 pm. This very small value implies that a much higher resolution can be obtained

with electron beam (e-beam) lithography compared to optical lithography. In practice, the

resolution is not limited by diffraction, but by the quality of the objective lens, electron-electron

repulsion in the focus point (which increases the spot size) at high current, and backscattered

electrons from the substrate. These backscattered electrons are typically spread over a region

with ∼50 μm radius around the beam focus. This implies that the effective dose will depend

on the distance to other features in the pattern. This phenomenon is known as proximity effect.

In many cases, the exposure dose is corrected for this effect.

The first dedicated e-beam resists have been developed in the late 1960s[193]. The first electron

beam exposure system, which was based on a modified SEM, was reported by Bell Laboratories

in 1975 [194].

A typical e-beam exposure system is sketched in Fig. B.2. It consists of

• An electron column containing (from top to bottom): (i) an electron gun from which

the electrons are emitted, (ii) an ensemble of electromagnetic coils, called lenses, that
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collimate the electron beam and an ensemble of apertures that control the current, (iii) a

beam deflection system where a set of electromagnetic coils is used to deflect the electron

beam over the sample to the area that needs to be exposed, and (iv) an ensemble of

focusing and objective lenses to focus the beam on the sample. The whole column is

under high vacuum (<10−8 mbar) to ensure a mean free path that is substantially longer

than the column.

• A mechanical system, comprising of a stage, which moves the sample in the x y-plane,

and a load lock chamber with loading arm.

• Control electronics to manage the entire system.

• A workstation with software to handle the pattern preparation, the conversion from a

computer-aided design (CAD) file to a writing file readable by the machine, the control

of the exposure procedure and the overall monitoring and maintenance of the e-beam

equipment.

In this work we use a 100 kV Vistec EBPG5000 system at the center for micro and nanotechnology

(CMi) at EPFL. The beam deflection system allows a maximum deflection of±100μm in both

the x and y directions. This implies that structures larger than the 200μm× 200μm field size

will be divided in smaller pieces that will be patterned on their respective location on the sample

through a movement of the x y-stage. This can lead to stitching errors.

In this work, we use ZEP 520A (based on styrene methyl acrylate) as an etch mask resist and

PMMA for lift-off. Both are positive resists.

B.1.3 Inductively-Coupled Plasma Reactive Ion Etching

RIE uses a chemically reactive plasma in a low-pressure environment to remove material from

the sample. High-energy ions from the plasma attack the exposed sample surface and form

volatile products, which are subsequently evacuated. In an ICP RIE machine, the plasma is

generated by an RF powered magnetic field, which results in a high-density plasma. This dry

etching technique (referring to the absence of any liquid phase in the process) produces an

anisotropic downward etch, opposed to the very isotropic etching in a wet etch process.

In this work, we use an SPTS Advanced Plasma System at CMi EPFL. This ICP RIE system is

optimized for etching dielectrics. We use CHF3/SF6 etch chemistry, which produces a gentle

etch of SiO2 at 165 nm/min with a 2:1 selectivity to ZEP, while generating minimal damage to the

latter. Other etch chemistries can burn the ZEP, which makes it impossible to remove afterwards.

B.1.4 Metal Evaporation and Lift-off

Al grating couplers were also fabricated in the framework of this thesis. Since it is not straight-

forward to etch Al layers with a good quality result, a lift-off procedure is used. The main aspect
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Figure B.3 – Sketch of a patterned PMMA
resist doublelayer after exposure, devel-
opment and Al evaporation. 495 and
950 refer to the molecular mass, while A2
refers to the concentration of PMMA in
anisole.

to obtaining good quality lift-off is to avoid a continuous connection of the deposited material

between the regions which should remain, and the ones that will be lifted-off. Indeed, if a

continuous film is formed over the regions with and without resist, then (i) the solvent that is

used to dissolve the resist might not be able to reach the resist layer, and (ii) the patches that

are supposed to stay on the sample might be lifted-off with the other parts. For this reason, the

resist and deposition technique are chosen to avoid this type of contact.

For the resist, we use a PMMA doublelayer with different molecular masses, i.e. different chain

lengths. First, we spin-coat a layer of PMMA 495 (with a molecular mass of ∼495 000 proton

masses), and subsequently a second layer of PMMA 950 (molecular mass of∼950 000 proton

masses). Since the shorter chains are more easily removed by the developer after the molecular

chain scission events during the exposure, PMMA 495 has a lower threshold dose for removal.

Consequently, every feature will be slightly oversized in the PMMA 495 layer, compared to the

PMMA 950 layer and there will be an undercut in the resist layer. This is illustrated in Fig. B.3. As

a result, material that is deposited anisotropically from normal incidence will be disjoint from

the resist layer, and therefore also disjoint from the material deposited on the remaining resist.

This will be true if the deposited layer is around a factor of two thinner than the bottom resist

layer (empirical rule of thumb).

For this reason, the deposition technique should be highly directional, with a very small angular

distribution around the sample normal. Therefore, we use a Leybold Optics LAB 600 H e-beam

evaporator at CMi, EPFL to deposit the Al layer. In this tool, the sample is placed upside down

in a vacuum chamber above a crucible filled with solid Al. The Al is locally heated by an electron

beam, which causes Al atoms to evaporate. The large working distance of 1 m between the

crucible and the sample results in a small angular spread of ±0.5◦, which is ideal for lift-off.

A second advantage of the long working distance is that the sample can be maintained close

to room temperature, which avoids damaging the resist. There are also two downsides to a

large working distance. First, since the evaporated species are diluted over a large area, the

deposition rate is low, on the order of ∼100 nm/h. Second, a large chamber takes a long time

to pump down to low pressure, which is required to ensure a mean free path that is substantially

larger than the working distance. The LAB 600 H has a powerful two-stage cryogenic pump that

allows to reach 10−6 mbar (corresponding to ∼100 m mean free path, which is sufficient for the

process) after around 1 h of pumping.
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B.2 Optical Characterization

B.2.1 Photoluminescence

PL is one of the most commonly used techniques to investigate the optical properties of bulk

semiconductors and semiconductor nanostructures. In PL, carriers are generated by a laser

with a photon energy that is superior to the bandgap of the sample under investigation. Sub-

sequently, the emitted light from the sample is collected and sent to a spectrometer for analysis.

The main advantage of this technique is that in addition to extended states, localized or bound

states can also be probed, contrary to the case of absorption-based techniques, such as photo-

luminescence excitation or photoreflectance, explained below, where these states are difficult

to probe due to their small oscillator strength.

PL experiments were conducted with the sample mounted in a closed-cycle helium cryostat.

The cryostat has a heating element with a proportional–integral–derivative (PID) controller

that allows to maintain the sample at any temperature between 11 and 350 K with a precission

of±0.1 K. Photocarriers were generated using a CW HeCd laser at 325 nm with the laser beam

focused down to a 50 μm diameter spot size on the sample. The resulting emission was imaged

onto the entrance slit of a 32 cm focal length Horiba iHR 320 monochromator equipped with

a Peltier-cooled back-illuminated UV-enhanced CCD.

In μ-PL measurements, the same principle is applied, but the excitation and collection hap-

pen through a microscope objective in back-scattering geometry. This results in a small laser

spot size below∼5μm. For the μ-PL mapping experiments (a hyperspectral image where an

emission spectrum is recorded for every pixel), the excitation laser beam was spatially filtered

to approach a Gaussian beam profile, which results in a reduced spot size below 1μm.

Theμ-PL experiments were performed with the sample mounted in a cold-finger continuous-

flow liquid-helium cryostat. This cryostat allows to control the sample temperature between

4 and 350 K with a precision of ±0.2 K through a heating element with PID controller. A CW

frequency-doubled Ar+ laser emitting at 244 nm was used for the excitation in most of the ex-

periments. Alternatively, we used the fourth harmonic of a Q-switched Nd:YAG laser operating

at 266 nm, emitting 440 ps long pulses with a repetition rate of 9 kHz. The laser beam was

coupled into an 80× UV microscope objective. The emitted light was collected through the

same objective lens and sent to the spectrometer entrance slit by two lenses. The spectrometer

consists of a liquid-nitrogen cooled back-illuminated UV-enhanced CCD mounted on a 55 cm

focal length monochromator.

Time-Resolved Photoluminescence

In TRPL, the PL emission intensity is monitored as a function of time. This gives information

about the carrier dynamics in the structure under investigation. To achieve this, a pulsed laser is

used for excitation and a streak camera is mounted on the monochromator. Incoming photons
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from the sample are first horizontally dispersed according to their wavelength by the monochro-

mator grating and then hit a photo-cathode which subsequently emits electrons due to the

photo-electric effect. These electrons are accelerated and pass in between two capacitor plates,

which apply an oscillating vertical electric field, synchronized to the laser repetition frequency,

in the so-called synchroscan mode. Consequently, the electrons are vertically deflected depend-

ing on their time-delay with respect to the laser pulse. Finally, the electrons hit a fluorescence

screen, which is imaged on a CCD. With this configuration, we can read the photon wavelength

on the horizontal axis of the CCD, and the time delay on the vertical axis in a single measurement.

TRPL experiments were performed by Dr. Gwénolé Jacopin at EPFL with the sample mounted

in a closed-cycle helium cryostat at T = 15 K. The third harmonic of a Ti:Al2O3 mode-locked

laser (with pulse width of 2 ps and repetition rate of 80.7 MHz) was used, with the excitation

wavelength set to 285 nm. The PL decay was recorded with a Hamamatsu streak camera working

in synchroscan mode mounted on a 32 cm focal length Horiba iHR 320 monochromator. The

temporal resolution of this setup is∼5 ps.

B.2.2 Cathodoluminescence

The electron beam in a SEM can also be used to generate carriers in a semiconductor sample.

When a primary electron passes by the sample with∼kV-level kinetic energy, the Fourier trans-

form of the transient electric field that is seen by the sample contains frequency components up

to several tens of eV. This means that electronic transitions up to these energies can be realized

using such an electron beam, which acts as a broadband excitation source. In CL, the resulting

light emission is collected by a mirror and sent to a spectrometer for analysis. This technique

is ideal for the study of wide bandgap semiconductors for which excitation lasers above the

bandgap energy are hardly available. Additionally, the small size of the excitation spot on the or-

der of∼10 nm allows to probe the spatial variation of the optical properties with high resolution.

By raster scanning the electron beam, high-resolution hyperspectral images can be created.

The CL spectroscopy experiments shown in this work were performed by Dr. Gwénolé Jacopin

in an Attolight Chronos CL microscope operating at T = 11 K with an acceleration voltage of

2 kV. The CL emission was recorded in hyperspectral mode (64 pixels× 64 pixels) with a dwell

time of 10 ms using a Horiba iHR 320 monochromator coupled to a Peltier-cooled CCD.

B.2.3 Photoluminescence excitation

PLE spectroscopy is an absorption technique that allows to probe the intrinsic states of semi-

conductor (nano)structures. A tunable monochromatic light source1 is focused on the sample

and the intensity of the emitted light is measured for each excitation wavelength. The emitted

intensity will peak if the absorption reaches a maximum, i.e. if the laser is resonant with an

electronic transition in the sample.

1This can be a tunable laser or a broadband lamp filtered by a monochromator.
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The PLE measurements presented here were performed by Dr. Gordon Callsen at TU Berlin with

the sample mounted in a cold-finger helium-flow cryostat. We used a tunable dye laser as excita-

tion source with 2-methyl-5-t-butyl-p-quaterphenyl as active medium, dissolved in 1,4-dioxane.

The dye laser was pumped by a XeCl excimer laser emitting at 308 nm with a repetition rate of

100 Hz, enabling a pulse duration of 12 ns for the dye laser. The excitation laser has a linewidth of

40μeV and a side-mode suppression ratio of two orders of magnitude. The excitation light was

impinging on the sample at an incidence angle of 45 degrees with respect to the sample normal

and focused using a UV achromatic lens doublet with a focal length of 20 cm leading to an exci-

tation spot size diameter of∼100μm. The sample luminescence was collected along the normal

to the sample and imaged onto a Spex 1404 double monochromator with 85 cm focal length.

This geometry efficiently suppresses reflection of the laser light into the detection line while

the double monochromator unit further reduces the laser stray light. This monochromator was

equipped with two 1200 l/mm gratings (500 nm blaze wavelength) employed in second order

to achieve an optical resolution better than 50 μeV in the wavelength region of interest. Finally,

the dispersed light was monitored with a UV-enhanced CCD. For each excitation wavelength,

we recorded a PL spectrum hence leading to so-called polychromatic PLE scans.

B.2.4 Photoreflectance

PR is a type of modulation spectroscopy and a powerful optical technique to study and char-

acterize the properties of semiconductors. The concept behind modulation spectroscopy

techniques is to measure and interpret changes in the sample’s optical response caused by

modifying the measurement conditions. This results in sharp derivative-like features at the

critical points in the sample’s band structure. In photoreflectance, the change in reflectance

ΔR is measured under optical injection of carriers in the sample by a laser source.

The PR setup that was used in this work was developed by Christian Mounir in the framework

of his Master’s thesis at EPFL-LASPE [195] and is shown in Fig. B.4. The sample was placed in

a closed-cycle helium cryostat. Carriers were generated by a frequency-quadrupled Nd:YAG

laser emitting at 266 nm, mechanically chopped at 170 Hz. The laser spot was defocused to

a diameter of ∼1 mm, to ensure a low carrier injection regime and to avoid screening of the

built-in electric field in the QWs. The incident probe light on the sample (spot size∼500μm)

was coming from a xenon lamp coupled to a monochromator. The reflected light intensity was

measured by a UV-enhanced Si photodiode and the modulation – caused by the photogenerated

carriers – was controlled by a lock-in amplifier.

B.2.5 Variable Stripe Length Method

The VSL method is a technique that allows to measure the net modal gain in a waveguide

structure and was first developed in the early 1970’s at Bell labs [196].

The VSL setup used here was first constructed by Marco Malinverni in the framework of his PhD
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Figure B.4 – Schematic representation of the photoreflectance setup. Reproduced from [195].

thesis at EPFL-LASPE [157] and is shown in Fig. B.5. The measurements were performed on

the waveguide sample at 300 K. The sample was pumped from the sample surface with a 25

μm wide and a 400μm (L) or 800 μm (2L) long rectangular laser spot. We use the third (fourth)

harmonic of a Q-switched Nd:YAG laser operating at 355 (266) nm, emitting 520 ps (440 ps) long

pulses with a repetition rate of 8.7 kHz (9 kHz), which was magnified using a 10×beam expander

and then refocused with a cylindrical lens. The beam was clipped at the correct position to

achieve a pump stripe of the desired length. We aligned the sample with the maximum of the

beam profile to ensure a homogeneous excitation stripe. The light generated in the waveguide

was collected from a cleaved facet with an optical fiber using either two lenses to focus the

emission in the fiber (as shown in Fig. B.5) or end-fire coupling without any optics (not shown),

and subsequently sent to a Horiba iHR 320 spectrometer with a Peltier-cooled CCD. The net

modal gain gmod was determined by comparing the intensities of the measured signal for the

two stripe lengths I2L and IL [196]:

gmod (λ)=Γg (λ)−α(λ)= 1

L
ln

(
I2L(λ)

IL(λ)
−1

)
, (B.3)

whereΓ, g (λ), andα(λ) are the optical confinement factor, the material gain, and the waveguide

absorption losses, respectively.
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