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Abstract
The III-nitride semiconductor material system - (InAlGa)N - is of highest interest for opto-

electronic applications due to its direct bandgap, tunable from the ultraviolet to the infrared

spectral range. The most well-known are white light-emitting diodes, which are presently

revolutionizing the general lighting market, and 405 nm laser diodes, the key elements of the

Blu-ray DiscT M technology. Furthermore, sophisticated devices like electrically-driven vertical-

cavity surface-emitting lasers, which are microcavity based lasers, have been demonstrated

recently, paving the way for electrically-driven low threshold room temperature polariton

lasers. In 1996 Imamoğ lu and coworkers predicted the possibility of achieving such a low

threshold coherent light source from a polariton condensate in a suitable microcavity. The

eigenmodes of such a microcavity are exciton-polaritons, admixed particles resulting from

the strong coupling between a photonic mode and an excitonic resonance. Thanks to their

very light effective mass at the center of the Brillouin zone (105 times lighter than that of a free

electron) and efficient relaxation mechanism a phase transition toward an exciton-polariton

condensate might occur at elevated temperatures (observed up to 340 K in GaN-based micro-

cavities).

The goal of the present study is to provide a detailed theoretical analysis of the main emission

features of electrically-driven polariton lasers based on planar GaN microcavities with em-

bedded InGaN/GaN multiple quantum wells and to further derive the stringent requirements

necessary for their experimental implementation. The complete polariton phase diagram is es-

tablished for two experimentally relevant pumping geometries. Furthermore, the steady-state,

the high-speed current modulation response, the relative intensity noise, and the Schawlow-

Townes linewidth of those two geometries are derived. The resulting general expressions can

be applied to any inorganic semiconductor polariton laser diodes.

Then the building blocks of such microcavities are experimentally analyzed separately, i.e., the

bottom III-nitride based distributed Bragg reflector, the active medium, and the top dielectric

Bragg reflector. An innovative optical characterization method allows to study the effect of the

substrate on lattice-matched InAlN/GaN Bragg reflectors. The best optical quality is obtained

for such Bragg reflectors when grown on high quality free-standing GaN substrates. Further-

more, particular attention is paid to the excitonic localization via simulations and optical

characterizations. For this purpose, a photoreflectance setup allowing the determination of

the Stokes shift in the InGaN alloys grown on free-standing GaN substrates either as thick

layers or as heterostructures (quantum wells) was carefully designed to operate from cryogenic
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Abstract

to room temperature. The stacking of several In0.1Ga0.9N/GaN quantum wells results in a

detrimental increase in the Stokes shift and thus the absorption linewidth, which is incompat-

ible with the requirements of the strong coupling regime. Various possible reasons such as

inhomogeneous built-in field distribution among the quantum wells and their partial strain

relaxation are then identified, hence explaining why it is presently not possible to achieve the

strong coupling regime with such an active region embedded in a semi-hybrid microcavity.

Alternative solutions for the microcavity design to achieve the strong coupling regime with the

InGaN alloy are discussed, supported by results obtained from transfer matrix simulations.

The inhomogeneous absorption linewidth of thick InGaN layers is deduced from transmis-

sion measurements and for low In content layers (x < 12%) it is successfully reproduced by

a model based on a stochastic distribution of indium atoms at the atomic scale. It is finally

proposed that gain dilution in green laser diodes should not be much higher than in blue laser

diodes provided that the In content within the QWs is homogeneous and abrupt interfaces are

present.

Keywords: III-nitrides, gallium nitride, indium gallium nitride, Stokes shift, inhomogeneous

broadening, localization, strain relaxation, critical layer thickness, distributed Bragg reflectors,

microcavities, in-plane disorder, polaritons, strong coupling regime, polariton laser diodes,

rate equations, high-speed current modulation, relative intensity noise.
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Zusammenfassung
Das Halbleitermaterialsystem der Gruppe-III-Nitride - (InAlGa)N - ist dank seiner direkten

Bandlücke, die vom ultravioletten bis zum infrarot Spektralbereich verändert werden kann,

höchst interessant für optoelektronische Bauelemente. Die bekanntesten dieser Bauelemente

sind weisse Leuchtdioden, welche den Beleuchtungsmarkt in den letzten Jahren grundlegend

verändert haben, und blaue Laserdioden, die das Herzstück der Blu-ray DiscT M Technologie

sind. Zusätzlich wurden ausgeklügeltere Laserdioden, wie die sogenannten Oberflächene-

mitter oder VCSEL (von englisch vertical-cavity surface-emitting laser), erst kürzlich der

Wissenschaftsgemeinde vorgeführt. Sie ebnen den Weg für elektrisch angetriebene, nieder-

schwelligen Polaritonenlaserdioden bei Raumtemperatur. Schon im Jahre 1996 prognostizier-

ten Imamoğ lu und seine Arbeitskollegen die Möglichkeit einer solchen niedrigschwelligen,

kohärenten Lichtquelle durch ein Polariton-Kondensat, entstanden in einem optischen Mikro-

resonator. Die Eigenmodi eines Mikroresonators sind Exziton-Polaritonen, entstanden durch

die starke Kopplung zwischen einem optischen Modus und einer exzitonischen Resonanz.

Dank ihrer leichten effektiven Masse im Zentrum der Brillouinzone, wo sie bis zu 105 mal leich-

ter als ein Elektron sind, und effizienten Relaxationsprozessen, findet ein Phasenübergang

zu einem Exziton-Polaritonenkondensat statt. Dieser kann auch bei hohen Temperaturen

eintreffen (in GaN-basierenden Mikroresonatoren wurde er bis 340 K beobachtet).

Ein Ziel der vorliegenden Arbeit ist die detaillierte, theoretische Analyse der Hauptemissions-

eigenschaften elektrisch angetriebener Polaritonenlaserdioden, die auf GaN basierten, pla-

naren Mikroresonatoren mit eingebetteten InGaN/GaN Quantengräben beruhen. Zudem

sollen die notwendigen Bedingungen für deren experimentelle Umsetzung eruiert werden.

Das komplette Polaritonen-Phasendiagram wurde für zwei Strukturen, die für die experi-

mentelle Realisierung massgeblich sind, berechnet. Für beide Strukturen wurden zusätzlich

der stationäre Zustand, die Antwort auf eine Hochfrequenz-Strommodulation, das relative

Intensitätsrauschen und die Schawlow-Townes Linienbreite hergeleitet. Die resultierenden

Gleichungen können für alle aus anorganischem Halbleitermaterial bestehenden Polaritonen-

laserdioden eingesetzt werden.

Dann wurden die einzelnen Bausteine, d.h. der untere Nitrid-basierte Bragg-Spiegel, das aktive

Medium und der obere dielektrische Bragg-Spiegel, solcher Mikroresonatoren experimen-

tell analysiert. Eine innovative, optische Charakterisierungsmethode erlaubt, den Effekt des

Substrates auf gitterangepasste InAlN/GaN Bragg-Spiegel zu studieren. Die beste optische

Qualität solcher Bragg-Spiegel ergibt sich unter Verwendung von freistehenden GaN Substra-
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ten. Besondere Aufmerksamkeit wird mittels Simulation und optischer Charakterisierung der

exzitonischen Lokalisierung gewidmet. Dazu wurde ein Photoreflexionssystem aufgebaut.

Es erlaubt, die Stokes’sche Verschiebung in auf InGaN-basierenden Strukturen bei Tiefst-

und bei Raumtemperatur zu bestimmen. Das Aufeinanderschichten von In0.1Ga0.9N/GaN

Quantengräben verursacht eine steigende Stokes’sche Verschiebung und dadurch auch eine

breitere Absorptionslinie, was nicht mit den Bedingungen des Regimes der starken Kopplung

vereinbar ist. Mehrere Ursachen, wie zum Beispiel die inhomogene Feldverteilung unter den

Quantengräben und deren partielle plastische Relaxation, werden identifiziert. Sie fungieren

als Erklärung für die schwache Licht-Materie-Wechselwirkung, welche beobachtet wird, wenn

ein solches Material in einem semihybriden Mikroresonator eingebettet wird. Basierend auf

Resultaten von Transfermatrixsimulationen werden verschiedene potenzielle Strukturdesigns

für InGaN-basierte Mikroresonatoren diskutiert.

Die inhomogene Verbreiterung der Absorptionslinie dicker, InGaN-basierter Schichten wurde

durch Transmissionsmessungen bestimmt. Für indiumarme Schichten (x < 12%) lässt sie

sich erfolgreich mit einem Model, das auf einer stochastische Verteilung von Indium Atomen

auf atomarer Ebene basiert, vergleichen. Auf dieser Grundlage wird vorgeschlagen, dass die

Verminderung der optischen Verstärkung in grünen Lichtdioden nicht viel grösser ist als in

blauen, solange die Quantengräben homogen und durch abrupte Grenzflächen limitiert sind.

Stichwörter: Gruppe-III-Nitride, Galliumnitrid, Indiumgalliumnitrid, Stokes’sche Verschie-

bung, Inhomogene Verbreiterung, Lokalisierung, Spannungsrelaxation, Kritische Schichtdicke,

Bragg-Spiegel, Mikroresonator, Unordnung in der Wachstumsebene, Polaritonen, Regime der

starken Kopplung, Ratengleichungen, Hochfrequenz-Strommodulation, relatives Intensitäts-

rauschen
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Résumé
Les semiconducteurs à base de nitrures d’éléments III - (InAlGa)N – sont très intéressants

pour des applications optoélectroniques grâce à leur gap direct qui s’étend de l’ultraviolet

à l’infrarouge. Les plus répandues sont les diodes électroluminescentes blanches, qui sont

en train de révolutionner le marché de l’éclairage, et les diodes laser bleues, l’élément clé de

la technologie Blu-ray DiscT M . Des dispositifs plus sophistiqués comme les lasers à cavité

verticale à émission par la surface ont également été réalisés récemment, ouvrant la voie à

la fabrication de lasers à polaritons injectés électriquement. En 1996 Imamoğ lu et ses col-

lègues ont proposé la possibilité d’obtenir de telles sources de lumière cohérente à partir d’un

condensat de polaritons dans des microcavités au design adapté. Les modes propres d’une

telle microcavité sont des exciton-polaritons, des quasi-particules résultant du couplage fort

entre un mode photonique et une résonance excitonique. Grâce à leur masse effective très

légère au centre de la zone de Brillouin (105 moindre que celle de l’électron) et des processus

de relaxation efficaces, une transition de phase vers un condensat d’exciton-polaritons peut

avoir lieu à des températures élevées (observé jusqu’à 340 K dans des microcavités à base de

GaN).

Le but de cette thèse est d’établir une analyse théorique des principales propriétés d’émission

de lasers à polaritons injectés électriquement et basés sur des microcavités planaires de GaN

avec des multi puits quantiques d’InGaN/GaN. En outre les exigences nécessaires à la faisa-

bilité de telles structures sont établies. Ainsi, les diagrammes de phase de deux géométries

différentes sont présentés ainsi que les charactéristiques de l’état stationnaire, la réponse à

une modulation de courant de haute fréquence, le bruit d’intensité relatif, et la largeur de

Schawlow-Townes. Les expressions finales peuvent être appliquées à tous les lasers à polari-

tons fabriqués à partir de semiconducteurs inorganiques.

Dans une seconde partie, chaque composante de base de ces microcavités est analysée expéri-

mentalement : le miroir de Bragg inférieur à base de nitrures d’éléments III, la région active,

et le miroir de Bragg supérieur qui est composé de matériaux diélectriques. Une méthode

innovante de caractérisation optique donne la possibilité d’étudier l’effet du substrat sur les

miroirs de Bragg à base de bicouches InAlN/GaN en accord de maille. La meilleure qualité

optique pour ces miroirs est obtenue lorsqu’ils sont crûs sur des substrats de GaN de haute

qualité. Une attention particulière est portée sur l’étude de la localisation excitonique par des

simulations et des caractérisations optiques. Pour ces dernières, un montage de photoréflec-

tance a été assemblé et a notamment permis de déterminer, à différentes témperatures, le
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Stokes shift d’alliages d’InGaN crûs sur des substrats de GaN soit comme couches épaisses

ou comme hétérostructures (puits quantiques). L’empilement de puits quantiques conduit

à une augmentation du Stokes shift et donc de la largeur de la raie d’absorption, ce qui est

incompatible avec les exigences du régime de couplage fort. Plusieurs raisons différentes sont

identifiées comme par exemple la distribution inhomogène du champ électrique interne dans

les puits quantiques et la relaxation partielle de la contrainte. Ceci donne un premier aperçu

des raison pour lesquelles le régime de couplage fort n’a pas encore pu être obtenu avec de

telles régions actives insérées dans des microcavités semi-hybrides. Des solutions alternatives

pour la conception des microcavités sont discutées à partir de résultats de simulation de

matrice de transfert.

La largeur inhomogène de la raie d’absorption des couches épaisses d’InGaN a également été

déduite de mesures de transmission. Celle est bien reproduite par un modèle basé sur une

distribution statistique des atomes d’indium à l’échelle atomique pour les couches à faible

composition (x < 12%). Finalement, il est proposé que la dilution du gain dans les diodes laser

vertes ne devrait pas être beaucoup plus grande que pour les diodes laser bleues à condition

que les puits quantiques soient homogènes et présentent des interfaces abruptes.

Mots clefs : Nitrures d’éléments III, nitrure de gallium, nitrure d’indium, Stokes shift, élargis-

sement inhomogène, localisation, relaxation de la contrainte, épaisseur de couche critique,

miroir de Bragg, microcavités, désordre d’interface, polaritons, régime de couplage fort, diode

laser à polaritons, équation bilan, réponse à une modulation de courant haute fréquence,

bruit d’intensité relatif
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Introduction

The revolution of III-nitrides

Since the invention of “electric” light using an incandescent light bulb in the 19th century,

there has been a search for more reliable, more efficient, and brighter lighting sources. Massive

industries have been created to satisfy the global lighting market which is today divided into

three major sectors, namely, general lighting, automotive lighting, and backlighting. Gen-

eral lighting, by far the largest, contains well-known lighting elements such as filament and

fluorescent lamps for interior applications, sodium-discharge lamps for streets, and neon

signs for advertising. Triggered by a recent revolutionary lightning advancement, the white

light-emitting diode (LED), the global market for general lighting reached market revenues

of approximately EUR 55 billion in 2011 and is expected to rise to around EUR 83 billion

by 2020 [1]. Note that LEDs covered only 4% of the general lighting market in 2011 but are

expected to attain 63% by 2020.

Although the first LED and its companion, the laser diode (LD), were already demonstrated

in 1962 [2, 3], devices suitable for general lighting were far from being achieved as the corre-

sponding material system, III-nitride based semiconductors, was still in its infancy.

The earliest work on III-nitride based material goes back to 1862 when the first AlN samples in

form of powder were synthesized [4]. About a century later, by placing some suitable source

material in a zone furnace under flowing ammonia (NH3) even some small single crystals of

GaN and AlN of very good quality were achieved. Thus, the first report of low temperature (LT)

stimulated emission of optically-pumped GaN needles grown by heating GaN powder in a

stream of NH3 goes back to 1971 [5]. However, for the realization of GaN-based optoelectronic

devices a few milestones had to be overcome: namely, the development of thin film growth

techniques, the choice of an adequate substrate, and finally the achievement of an efficient

p-type doping. The latter was eventually reported by Amano et al. in 1989 [6]. As a result, the

first efficient blue LED based on InGaN/GaN quantum wells (QWs) was demonstrated in the

mid-nineties by S. Nakamura and co-workers [7]. The demonstration of white LED lighting

was reported shortly after: by coating those efficient blue LEDs with a yellow phosphor, the

blue light is partially converted to white light [8].
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The achievement of the first blue LD in 1996 by Nakamura et al. [9] sets the basis for the high

density digital optical disc data storage format Blu-ray DiscT M unveiled as a first prototype by

Sony in 2000 and officially released together with the Blu-ray DiscT M player in 2006. Further-

more, several other coherent light-emitting devices based on III-nitride materials have seen

the light of day: photonic crystal surface-emitting laser diodes [10, 11], superluminescent light

emitting diodes (SLEDs) [12], and vertical-cavity surface-emitting lasers (VCSELs) [13–19].

Note however, that these devices are not yet commercially available.

Besides optoelectronic devices, several GaN-based devices have found applications in high

power electronics such as high-electron-mobility transistors [20]. Thanks to their intrinsic

properties such as high break-down voltage, high electron saturation mobility, and higher

thermal conductivity, GaN-based devices operate at high voltages, high switching frequencies,

handle higher power densities, and offer enhanced power efficiency than the pure Si devices.

They are currently attracting interest for a wide range of applications as inverters (and con-

verters), radio frequency (RF) devices, and power supply modules being used from cell phone

and wireless infrastructures (base stations) to high performance military electronics.

On the interest of polariton laser diodes

Ever since the demonstration of the first laser, made from ruby in 1960 by T. H. Maiman [27],

there has been a drive for easily integrable, cheap, reliable, and efficient (mainly low thresh-

old current) laser sources covering a large spectral range and various applications. The

report of room temperature (RT) continuous-wave (cw) operation of the first semiconductor

double-heterostructure (DHS) laser in 1970 [28] by Z. I. Alferov, winner of the 2000 Nobel

prize in physics, and coworkers produced an explosion of interest in physics and technology

of semiconductor heterostructures. Tremendous improvements of the material quality of

such heterostructures thanks to epitaxial growth techniques such as molecular beam epitaxy

(MBE) and metalorganic vapor phase epitaxy (MOVPE) led to lasers using quantum-size het-

erostructures as active medium. As originally introduced by Dingle and Henry in 1976 [29],

Figure 1: Evolution of the threshold current
density of semiconductor lasers at RT in the
case of GaAs- (black stars and black line as
guide to the eye) and III-nitride (red stars)
based LDs. Typical threshold current densi-
ties (Jthr ) for blue edge emitting laser diodes
(EELDs) [21, 22], lowest Jthr ever reported
for a III-nitride VCSEL [23] and the first bulk
GaN-based III-nitride polariton LD [24]. The
red shaded area corresponds to the theoreti-
cally predicted Jthr for QW-based III-nitride
polariton LDs [25, 26].
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Introduction

the decreasing density of states when reducing the dimensionality lead to a drastic reduction

of the threshold current density (Jthr ) as graphically illustrated in Fig. 1. Note that at currents

above Jthr the laser output is dominated by stimulated rather than spontaneous emission and

the laser is said to be lasing. In other words, the stimulated emission condition as defined by

Bernard and Duraffourg [30] is more easily fulfilled when decreasing the dimensionality of the

active region and thus the power consumption of the laser is reduced. However, the achieved

values for Jthr of a single quantum well (SQW) in combination with short-period superlattices

(SPSs) (Jthr = 40 A/cm2 in 1988 [31]) and a quantum dot (QD) (Jthr = 10.4 A/cm2 in 2009 [32])

based LD are close to their theoretical limit. Thus, in order to drive further the search for lower

threshold current a change in paradigm was needed. In 1996, Imamoğ lu et al. [33] suggested

the use of a non-equilibrium polariton condensate to produce a low threshold coherent light

source referred to as a polariton laser.

The strong coupling between excitons and cavity-photons in semiconductor microcavities

(MCs) leads to the formation of novel quasi-particles, cavity-polaritons. Such polaritons can

exhibit characteristic bosonic properties such as macroscopic occupation of an individual

quantum state possessing long temporal and spatial coherence, namely it can undergo a tran-

sition to a polariton condensate sharing close similarities with a Bose-Einstein condensate.

Bose-Einstein condensation (BEC) as predicted in 1925 by A. Einstein [34] is a phase transition

for bosons taking place below a certain critical temperature (Tcr i t ). Note that for the exper-

imental observation of the latter in a dilute vapor of atoms at ultra-low temperatures (Tcr i t

≈ 10−7 K) Wolfgang Ketterle, Eric Cornell and Carl Wieman were awarded by the Nobel prize

in Physics in 2001 [35, 36]. Cavity-polaritons are characterized by a very light effective mass,

which is inherited from their photonic component, typically one billion times lighter than

that of an atom. Hence they are expected to undergo a phase transition towards a condensate

at much higher temperatures, as Tcr i t , as a first approximation, is inversely proportional to

the boson mass. Ever since the first demonstration of polariton condensation at cryogenic

temperatures in a CdTe microcavity (MC) in 2006 [37] the polaritonic field attracted a lot

of attention with observations such as integer [38] and half-integer quantum vortices [39],

superfluidity [40–42], as well as bright and dark solitons [43, 44] in polariton fluids. Note that

the latter observations and current experiments rely on optical pumping with specific and

often bulky pump lasers. Thus, the ability to create interacting Bose condensates by pure

electrical means on a compact platform, i.e., a situation akin to a lab-on-a-chip, provides

additional legitimacy to the polariton LD as it would add an extra degree of flexibility for such

studies.

Electrical injection of cavity polaritons has been reported in organic semiconductors [45–47]

and in GaAs-based cavities operating up to RT [48–50]. Lately, hints for polaritonic nonlin-

earities occurring under electrical injection have also been observed in the latter system

at cryogenic temperatures [51, 52]. However, it is likely that the realization of GaAs-based

polariton LDs operating at RT will be prevented due to the small exciton binding energy in this
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material system. Indeed, it was previously shown that the cut-off temperature leading to the

observation of polariton-based optical nonlinearities matches the exciton binding energy [53].

Keeping the latter in mind together with issues regarding practical realization of polariton

LDs able to operate at RT III-nitrides emerge as a main contender [25]. They exhibit highly

stable excitons up to RT and polariton lasing has been reported under nonresonant optical

pumping at RT in both bulk GaN and GaN/AlGaN multiple quantum well (MQW) based MC

structures [54, 55]. However, as the availability of transparent conductive oxide (TCO) layers in

the corresponding wavelength region and achieving efficient p-type doping becomes progres-

sively more difficult when increasing the Al content, MCs with embedded InGaN/GaN MQWs

have to be considered for electrical injection purposes. An electrically driven III-nitride-based

device would present a threshold current density between 5 and 100 A/cm2 at RT [25, 26],

i.e., two orders of magnitude below state of the art values reported for edge emitting laser

diodes (EELD) (cf. Fig. 1). However, the successful realization of QW-based polariton LDs is

closely linked to that of blue III-nitride VCSELs, which were demonstrated under electrical

pumping at RT only recently [13–18] as they share very similar sample designs [26]. Note that

only recently the first RT electrically pumped bulk GaN-based polariton LD has been reported

to exhibit a low Jthr of 169 A/cm2 [24].

Thesis objectives

The objectives of this thesis deal with the development of electrically-driven III-nitride based

polariton LDs. The main emission features of electrically-driven polariton lasers based on

planar GaN MCs with embedded InGaN/GaN MQWs are studied theoretically. Then, this

work focuses on the design of such MCs and the development of key building blocks, namely,

highly reflective distributed Bragg reflectors (DBRs), made either of InAlN/GaN (for the bottom

mirror) or dielectric bilayers (for the upper mirror) and the active medium. The impact of

various parameters governing the characteristics of planar MCs based on an InGaN/GaN MQW

active region for the subsequent realization of polariton LDs are analyzed. Particular attention

is paid to the influence of excitonic disorder via simulations and optical characterizations.

Experiments probing absorption and emission properties have been performed not only on

InGaN/GaN MQWs but as well on 100 nm thick InGaN layers with In contents ranging between

2 and 20% in order to get a glance at the poorly understood carrier mechanisms at play in the

InGaN alloy.

Outline of this PhD dissertation

A brief overview of the main structural and optical properties of the wurtzite III-nitride ma-

terial system is given in Chapter 1. Prior to introducing the reader to III-nitride based cavity

polaritons, the basic concepts of excitons, cavities, and DBRs are recalled. Polariton’s disper-

sion relations and important parameters characterizing the strong light-matter interaction

such as the exciton-cavity photon detuning (δ), the vacuum Rabi splitting (ΩV RS), and the
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sources of broadening are defined. Eventually, the state of the art of strong coupling studies

performed in III-nitride based materials is given.

The main emission characteristics of electrically-driven polariton LDs based on planar GaN

MCs with embedded InGaN QWs are studied theoretically in chapter 2. Two experimentally

relevant pumping geometries are considered, namely the direct injection of electrons and

holes into the strongly coupled MC region and intracavity optical pumping via an embedded

LED. Using a quasi-analytical model the steady-state and the high-speed current modulation

including the relaxation oscillation frequency features are derived. Through this analysis it

is shown that the exciton population in the reservoir gets clamped above the condensation

threshold and is governed by the exciton-exciton scattering rate and the ground state polariton

lifetime. Other important figures of merit, namely the relative intensity noise (RIN) and the

modified Schawlow-Townes linewidth are also determined within this theoretical framework,

which overall allows establishing a direct comparison with the main emission features of

conventional LDs.

The realization of highly-reflective lattice-matched (LM) InAlN/GaN DBRs grown on free-

standing (FS) GaN substrates is described, and the impact of several parameters affecting the

overall quality of those DBRs is considered in chapter 3. The focus lies mainly on the photonic

disorder in MCs made from a dielectric and an InAlN/GaN DBR, whose minimization is cru-

cial for strong coupling applications as well as for VCSELs. The energy-dependent complex

refractive indices are given for all materials appearing in GaN MCs with embedded InGaN

QWs allowing to perform transfer matrix simulations (TMS) in order to fix the requirements in

terms of QW absorption features, number of QWs (NQW ), and the optical cavity length (Lc ) for

achieving the strong coupling regime (SCR) in such MCs.

The fourth chapter describes the MOVPE-growth of high-quality low In content InGaN/GaN

single QWs (SQWs) on FS-GaN substrates, exhibiting a narrow LT photoluminescence (PL)

linewidth of 33 meV together with a low excitonic disorder for which the microscopic origin

responsible for this broadening is qualitatively discussed. When stacking several InGaN/GaN

QWs a departure from such a narrow linewidth value, compatible with SCR requirements, is

observed. Various possible reasons such as strain relaxation, inhomogeneous built-in field

distribution among the QWs are then identified, hence explaining why it is presently not

possible to achieve the SCR with such an active region. Complementary, thick InGaN layers

grown on FS-GaN substrates have also been characterized in order to better understand some

of the observed features in temperature-dependent absorption and emission measurements

acquired on the InGaN/GaN QWs.

In chapter 5 the light-matter interaction of Inx Ga1−x N MQWs and thick Inx Ga1−x N layers

with x ∼ 0.1 when inserted in III-nitride based semihybrid MCs is analyzed. Low-threshold
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lasing in the weak coupling regime at RT is reported for both cavities in accordance with TMS.

Finally, the main experimental results are briefly reviewed and an alternative solution for the

MC design to achieve the SCR with the InGaN alloy is discussed.

The present work was supported by the NCCR Quantum Photonics program of the Swiss

National Science Foundation.
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1 Generalities on III-nitride semicon-
ductors and cavity polaritons

1.1 Material properties of III-nitrides

1.1.1 Structural properties

III-nitride semiconductors are usually grown by MOVPE or MBE. The preferential crystalline

structure is the hexagonal wurtzite phase (α-phase), whereas they can also be grown in the

metastable cubic zincblende phase (β-phase) under peculiar growth conditions [56, 57]. As

the present work focuses on the hexagonal wurtzite structure, the cubic zincblende phase

will not be considered hereafter. The III-nitride material system encompasses the binary

compounds gallium nitride (GaN), indium nitride (InN), and aluminum nitride (AlN), as well

as ternary and quaternary compounds satisfying Alx Iny Ga1−x−y N with 0 ≤ x ≤ 1 and 0 ≤ y ≤ 1.

The covalent binding of the cation (Ga, Al, or In atom) with the anion (N atom), which is an

sp3-hybridization of the valence electrons, determines the tetrahedral atomic arrangement

[0001] [0001]

u

a

(a)

c

(b)

c

Al, Ga, In
N

c-plane = (0001)

a-plane = (1120)

[0001]

Ga-polar N-polar 

Figure 1.1: (a) Wurtzite structure of III-nitride compounds. The tetrahedral shaded area
highlights the covalent binding between anion (N) and cation (Ga, Al, In) atoms. The c and
a-planes are also indicated. The hexagonal unit cell is highlighted with bold lines. (b) Ga- and
N- polar surface terminations.
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Chapter 1. Generalities on III-nitride semiconductors and cavity polaritons

Compounds AlN GaN InN
a (Å) [60] 3.112 3.189 3.545
c (Å) [60] 4.982 5.185 5.703

u [61] 0.380 0.376 0.377
P sp (C/m2) [62] -0.09 -0.034 -0.042

Table 1.1: Lattice parameters and spontaneous polarization of III-nitride binary compounds
[60–62].

(cf. Fig. 1.1(a)). However, due to the strong difference in electronegativity between the cation

and the anion (Al: 1.61 Ga: 1.81 In: 1.78 N: 3.04 [58]) the bonding has also a significant ionic

character. In addition, due to the lack of inversion symmetry hexagonal wurtzite crystals are

strongly anisotropic which affects their optical, mechanical, thermodynamic, and polarization

properties.

The wurtzite structure is characterized by 3 lattice parameters: a, c, which describe the hexag-

onal unit cell (cf. bold lines in Fig. 1.1(a)), and uc , which gives the anion-cation bond length

along the [0001]-direction (c-axis). The corresponding experimental values are given for AlN,

GaN, and InN in Table 1.1, whereas instead of uc it is common to give the relative anion-cation

bond length u = uc /c. The lattice parameters for ternary and quaternary alloys are obtained by

Vegard’s law, i.e., by linear interpolation. The best known growth axis is the c-axis resulting in

Ga- or N-polar GaN as schematically drawn in Fig. 1.1(b). In the case of N-polar material the

surface terminates with N atoms. The latter is thermodynamically unstable as N-N bonds are

formed and the resulting N2 desorbs from the surface. Recently a lot of interest has been dedi-

cated to non-polar (a- and m-plane) and semipolar III-nitride materials [59]. The non-polar

a-plane stands perpendicular to the [12̄10] direction as indicated in Fig. 1.1(a) whereas the

m-plane is rotated around the c-axis by 60◦, i.e., it corresponds to the (101̄0) plane.

Spontaneous and Piezoelectric Polarizations

In the ideal wurtzite structure, ions reside in perfect tetrahedral sites and from pure geometri-

cal arguments it can be shown that the c/a-ratio is equal to
p

8/3 and u = 3/8 = 0.375. In this

case the net spontaneous polarization (P sp ) of the material is small as only originating from

the influence of the second nearest neighbors [63]. However, it is known from experiment

and as well from theoretical predictions that neither u, nor the c/a-ratio are ideal in III-nitride

compounds [63]. A net polarization vector along the [0001̄]-direction for Ga-polar material

or the [0001]-direction for N-polar material is present as shown schematically in Fig. 1.2(a).

Crystals exhibiting spontaneous polarization without external excitation are also referred to

as pyroelectric crystals, not to confuse with ferroelectric crystals, whose spontaneous polariza-

tion can be turned around by external electric fields. Although, the spontaneous polarization

in III-nitrides is found to be strong (cf. values in Tab. 1.1), the pyroelectric constants, describ-

ing the change of P sp with temperature, are rather small (e.g., dP sp
Al N /dT = 7.5 µC/Km2, at
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uc

a

(a)

c

[0001]

Ptot = Psp

u´

a´

(b)

c´

c´

Ptot = Psp+Ppz

[0001]
Al, Ga, In
N

[0001](c)

+ + + + + + + + + + 
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GaN

GaN

InxGa1-xN

+σ

 FQW
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Figure 1.2: (a) Ball and stick configuration of an unstrained (relaxed) III-nitride binary com-
pound with Ga-polarity presenting a net non zero total polarization (Ptot ) equal to the crystal’s
spontaneous polarization along the [0001̄] direction. (b) An in-plane compressive strain in-
duces a variation of Pt ot . In this case the piezoelectric polarization is oriented in direction
opposite to the spontaneous one, i.e., along the [0001] direction. (c) Discontinuities in the
polarization of a heterostructure introduce bound surface charges: shown in the case of an
Inx Ga1−x N/GaN QW.

RT [64, 65]), which is a key advantage considering devices suffering from temperature changes

such as high power, high frequency transistors, LEDs, and LDs. As in the present work not

only binary compounds have been studied but as well ternary alloys, it is of practical use to

know the values for the spontaneous polarization in the latter in order to calculate the built-in

field in heterostructures. Hereafter, we consider the relations deduced by V. Fiorentini and

co-workers from ab initio calculations (expressed in C/m2) [66]:

P sp
AlxGa1−x N =−0.09x −0.034(1−x)+0.019x(1−x),

P sp
InxGa1−x N =−0.042x −0.034(1−x)+0.038x(1−x),

P sp
Alx In1−x N =−0.09x −0.042(1−x)+0.071x(1−x).

(1.1)

Note that pyroelectric crystals are always piezoelectric and the piezoelectric polarization

(P pz ) corresponds to the change in polarization that might occur through crystal deformation.

Contrary to the case of spontaneous polarization, the piezoelectric polarization of ternary

alloys can be calculated using Vegard’s law, i.e., by linear interpolation of the corresponding

P pz for the binary compounds, given hereafter (in C/m2) [66]:

P pz
Al N =

{
−1.808ε||+5.624ε2

|| for ε|| < 0

−1.808ε||−7.888ε2
|| for ε|| > 0,

P pz
GaN =−0.918ε||+9.541ε2

||,
P pz

InN =−1.373ε||+7.559ε2
||,

(1.2)

where ε|| = (asub−a(x))/a(x) is the in-plane deformation of the layer under consideration, with

asub and a(x) the in-plane lattice parameter of the substrate and the alloy with composition x,
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Chapter 1. Generalities on III-nitride semiconductors and cavity polaritons

respectively. In Fig. 1.2(b) the effect of in-plane compressive strain, which occurs for example

when Inx Ga1−x N is pseudomorphically grown onto GaN, is shown in the ball and stick diagram

again for the Ga-polar case.

In heterostructures, charge accumulation at each interface due to changes of polarization

occurs as illustrated in Fig. 1.2(c) in the case of an Inx Ga1−x N/GaN QW. The relation between

the charge and polarization follows basically from Gauss’s law: the bound charge density at

the interface is given by: σ = −∇· P. Those polarization induced interface charges in QWs are

in general not significantly screened by electrons and ionized donors and act similar as two

condensator plates: an electric field builds up in between, respectively in the well. To calculate

the latter, the following steps have to be done (adapted from Ref. [67]). Using Hookes’ law,

which relates the stress field σ̃ to the strain field ε̃:

σ̃i = C̃i j ε̃ j , (1.3)

where Einstein’s convention is used, i.e., repeated indices imply summation. C̃ is the elastic

coefficient tensor and can be found in Ref. [67]. Then one can relate the electrostatic displace-

ment D to the electric field and the built-in polarization. Electrical neutrality of the medium,

supposed undoped, ensures that:

∇·D = 0. (1.4)

This leads to an expression for the built-in electric field along the [0001̄] direction in a single

QW (SQW):

FSQW = P sp
B −P sp

W

εW
+ P pz

B −P pz
W

εW
, (1.5)

where the subscripts W and B stand for QW and barrier, respectively, and εW is the dielec-

tric constant of the QW. In Fig. 1.3(a) the built-in electric field for Inx Ga1−x N/GaN and

GaN/Alx Ga1−x N SQWs is shown (cf. solid lines) as a function of the In (Al) content, respec-

tively. In the case of a MQW sample, due to a partial redistribution of the built-in field in the

barriers, the built-in electric field in each well is decreased compared to the SQW case. The

latter is known as the so-called geometrical effect and given by the following, on the sample

geometry relaying approximation [68, 69]:

FMQW = FSQW
εW lB

εW lB +εB lW
, (1.6)

where εB is the barrier dielectric constant, and lW (lB ) is the well (barrier) thickness. The field

computed for Inx Ga1−x N (2 nm)/GaN (3 nm) and GaN (1.2 nm)/Alx Ga1−x N (3.6 nm) MQWs is

displayed as a function of the In and Al content, respectively, in Fig. 1.3(a). It is obvious that

Inx Ga1−x N/GaN SQWs suffer from a stronger built-in field than GaN/Alx Ga1−x N SQWs with

the same content of Al instead of In.
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1.1. Material properties of III-nitrides

1520

Figure 1.3: (a) Built-in electric field computed for a SQW (black line) and a MQW (black
dashed line) Inx Ga1−x N/GaN heterostructure pseudomorphically grown on a c-plane GaN
epilayer versus In content. Similar calculations have been performed for a GaN/Alx Ga1−x N
heterostructure versus Al content (SQW (blue line) and MQW (blue dashed line)). (b) Evolution
of the overlap between the electron and hole wavefunctions (continuous lines) and exciton
binding energy (dashed lines) for a GaN/Al0.2Ga0.8N SQW (blue lines), an In0.1Ga0.9N/GaN
SQW (black lines), and an In0.1Ga0.9N/GaN (lB = 3 nm) MQW (red lines) as a function of the
well thickness deduced from envelope function calculations (see text for details). (c) The
electron (blue) and hole (red) presence probability |Ψh |2 and |Ψe |2, respectively, are calculated
in the envelope wavefunction approximation for an In0.1Ga0.9N (2 nm)/GaN (3 nm) MQW.

Quantum confined Stark effect in heterostructures

This large field present in QW structures leads to the quantum confined Stark effect (QCSE),

which describes the effect of an electric field upon light emission and absorption in a QW.

In Fig. 1.3(c) the square modulus of the hole and electron wavefunctions |Ψh |2 and |Ψe |2, re-

spectively, calculated in the envelope wavefunction approximation for a 2 nm thick In0.1Ga0.9N/

GaN MQW surrounded by 3 nm thick barriers, is depicted. The most striking changes induced

by the built-in field on the emission and absorption properties of the QWs are (i) the spa-

tial separation of electron and hole wavefunctions and (ii) the decrease of the fundamental

transition energy (Ee1−hh1 ), which writes as a first approximation:

Ee1−hh1 = Eg ,W +e1 +hh1 −EB −eFSQW,MQW lW , (1.7)

where Eg ,W is the bandgap of the well material, e1 and hh1 are the confinement energies of

the electron and hole, respectively, and EB is the exciton binding energy, given in section

1.1.3. Note that in the case of sufficiently large QWs, whenever the QCSE dominates over

confinement effects, the transition energy Ee1−hh1 might even go below the value of the bulk

Eg ,W . Experimental evidence of the latter is given for GaN/AlGaN QWs in Ref. [69]. The spatial

separation of the electron and hole wavefunctions leads to a reduced wavefunction overlap

with increasing QW thickness, as reported in Fig. 1.3(b) for an In0.1Ga0.9N/GaN SQW and

MQW and a GaN/Al0.2Ga0.8N SQW.1 A further signature of the QCSE, also reported in Fig.

1Only low In content QWs are considered, as they fit best to strong coupling requirements (cf. chapter 3). In the
case of GaN/Alx Ga1−x N QWs the choice of the Al content is motivated through the observation of strong coupling
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Chapter 1. Generalities on III-nitride semiconductors and cavity polaritons

1.3(b), is the decrease of the exciton binding energy with increasing well width, which can be

understood qualitatively by an increase of the two dimensional exciton Bohr radius, i.e., the

Coulomb interaction energy between the electron and the hole is reduced [71]. Note that the

wavefunction overlap and the exciton binding energy are deduced from envelope function

calculations.

1.1.2 Optical properties

For the realization of light-emitting devices the III-nitride compounds are of high interest

because of their direct bandgap, which spans the energy range going from 0.64 to 6.14 eV at

300 K, thus including the whole visible region and extending well into the ultraviolet (UV)

range (cf. Fig. 1.4(a)). The bandgap values of the alloys can be obtained by applying a modified

form of Vegard’s law including bandgap bowing parameters (bBG ) [72]:

Eg ,AlxGa1−x N (x) = xEg ,Al N + (1−x)Eg ,GaN −1x(1−x),

Eg ,InxGa1−x N (x) = xEg ,InN + (1−x)Eg ,GaN −2.5x(1−x),

Eg ,Alx In1−x N (x) = xEg ,Al N + (1−x)Eg ,InN −5.4x(1−x).

(1.8)

Note that the bandgap is a temperature-dependent quantity, with a functional form often

fitted to the empirical Varshni formula: [73]

Eg (T ) = Eg (T = 0)− αV T 2

T +βV
, (1.9)

where αV and βV are adjustable (Varshni) parameters. Examples of the latter for the binary

compounds are given in Tab. 1.2. We whish to point out that other, more physically justified

and possibly quantitatively accurate, functional forms have been proposed [74], [75]. Among

them an often used model, with a more adapted dependence in the cryogenic region, is the

Bose-Einstein-related model function [75]:

Eg (T ) = Eg (T = 0)− aBEΘBE

eΘBE /T −1
, (1.10)

where the parameter aBE represents the limiting magnitude of the slope (= entropy [76]),

S(T ) = −dEg (T )

dT
, (1.11)

of the Eg (T ) curve when T →∞, i.e., S(∞), and ΘBE is approximately equal to the average

phonon temperature.

As a direct bandgap semiconductor, the valence band maximum and conduction band min-

imum of GaN are both located at the center of the first Brillouin zone (Γ). In Fig. 1.4(b) a

sketch of the bandstructure of GaN around k = 0 (around the Γ point) is reported. For a more

regime in a microcavity based on GaN/Al0.2Ga0.8N MQWs [70].
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Figure 1.4: (a) Bandgap of
wurtzite III-nitride com-
pounds versus their in-
plane lattice constant a.
Values are taken from Tab.
1.2 at 0 K and for the
bandgap bowing Ref. [72]
is considered. (b) GaN
band structure around k
= 0 illustrating the degen-
eracy lift of the valence
band leading to the forma-
tion of A (heavy hole (hh)),
B (light-hole (lh)), and C
(split-off hole) exciton.

refined picture the interested reader might consider Ref. [77], where the bandstructure of GaN

is calculated in the framework of density-functional theory in the local-density approximation.

In the effective mass approximation, the dispersion of the bands close to the center of the

first Brillouin zone are modeled by a parabola, as shown in Fig. 1.4(b). The energy of the

conduction band (Ec (k)) and that of the valence band (Ev (k)), for 0 value at the bands edge,

are thus given by:

Ec (k) = ~2k2

2m∗
e

and Ev (k) =−~2k2

2m∗
h

, (1.12)

where m∗
e and m∗

h are the electron and hole effective masses, respectively.

In III-nitrides, similar to other semiconductors (e.g., group IV elements) the upper valence

band is formed by bonding p-like states, while the conduction band is formed by antibonding

s-like states. As illustrated in Fig. 1.4(b), the structural anisotropy leads to a lift of the threefold

degeneracy of the valence band: the valence band is split by the crystal field coupling into a

Γ1- and a Γ6-band. Taking into account the spin-orbit interaction the two-fold degeneracy of

the Γ6-band is further lift and splits into Γ7- (light hole) and Γ9-band (heavy hole), whereas

the Γ1-band is as well affected and changes into a Γ7-band (split-off hole).

The A, B, and C interband transitions do have different oscillator strengths ( fosc ) depending

on the light polarization and the strain state of the III-nitride compound [78]. For relaxed bulk

GaN, whenever the polarization of the electric field vector E is perpendicular to the c-axis

(which is the case for vertical incident light on III-nitride compounds grown along the c-axis),

the A and B transitions are dominating ( fosc,A⊥∼ fosc,B⊥ and fosc,C⊥∼ fosc,A⊥/8), whereas the

C transition is dominating ( fosc,A|| = 0 and fosc,B ||∼ fosc,C ||/7) in the case of E parallel to the

c-axis [79, 80].

As already mentioned crystal deformations arising from large differences in the lattice pa-

rameters of III-nitride compounds with respect to each other and as well with respect to
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Compounds AlN GaN InN
Eg (T = 0 K) (eV) 6.25 3.51 0.69 [82]

Eg (T = 300 K) (eV) 6.14 3.43 0.64 [82]
αV (meV/K) 1.799 0.909 0.245

βV (K) 1462 830 624

Table 1.2: Bandgap values are extracted from Ref. [60] unless specified.

foreign substrates2 affect strongly the band structure and thus the optical properties: for a

compressive strain the bandgap increases and for tensile strain it decreases [78, 81].

1.1.3 Excitons in bulk layers and quantum wells

Excitons in bulk layers

Through photon absorption in a semiconductor it is possible to promote an electron from

the valence band to the conduction band leaving a hole (a positively charged particle) in

the valence band. The electron interacts with the hole, i.e., it feels an attractive Coulomb

potential. Thus the electron and the hole form a quasi-particle, the so-called exciton. For very

strong electron-hole interaction such as in ionic crystals, the excitons are known as Frenkel

excitons. In this case the electron and hole, tightly bound to each other, share the same or

nearest-neighbor unit cell. This is not the case in semiconductors, where the binding is much

weaker and excitons usually extend over several unit cells. In semiconductors excitons are

referred to as the Wannier-Mott excitons.

An exciton represents a solid-state analog of a hydrogen atom and in this sense the exciton

binding energy EB ,3D and Bohr radius aB can be given:

EB ,3D = 1
n2

µe4

2~2(4πε0εr )2 = µ∗

m0ε
2
r

Ry,H

n2 and aB = ~24πε0εr

µ∗e2 n = m0
µ∗ εr aB ,H n, (1.13)

where n is the principal quantum number of the hydrogen-like orbital, Ry,H = 13.6 eV is the

Rydberg energy of the hydrogen atom, aB ,H = 0.53 nm is the Bohr radius of the hydrogen

atom, µ∗ = m∗
e m∗

h/(m∗
e +m∗

h) is the reduced mass, and εr is the relative permittivity defined

by the dielectric function (ε) of the material and the vacuum permittivity (ε0): ε/ε0. As already

mentioned in equation 1.7 the exciton binding energy reduces the transition energy. The

experimentally observed EB ,3D value measured on GaN bulk layers amounts to 25 meV [83],

whereas in InN and In-rich alloys excitonic effects are much smaller and usually hidden by the

linewidth. The excitonic Bohr radius in GaN is estimated to be about 3 nm [84].

2C-plane sapphire (Al2O3) is a common substrate with an in-plane lattice parameter a of 4.763 Å. However,
III-nitride compounds are under compressive strain when grown on sapphire as they align to the sublattice of the
aluminum atoms (aAl = 2.75 Å).
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1.2. III-nitride based cavity polaritons

Excitons in QWs

In the strict 2D-limit for vanishing well width and infinite barrier height the exciton binding

energy and the Bohr radius are given by:

EB ,2D = µ∗

m0ε
2
r

Ry,H

(n−1/2)2 and aB = m0
µ∗ εr aB ,H (n −1/2). (1.14)

The binding energy of the ground state (n = 1) is therefore enhanced with respect to the 3D

case, i.e., EB ,2D = 4EB ,3D . However, in realistic situations, dealing with a finite barrier height,

the binding energy reaches a maximum and decreases toward the 3D value of the barrier

material when the well width goes to zero (cf. Fig. 1.3(b)). The latter occurs because the

wavefunctions leak into the barrier material for small well widths. For large well widths the

two dimensional confinement is lost and thus the exciton binding energy decreases to the 3D

value of the well material.

1.2 III-nitride based cavity polaritons

This section will present the strong coupling between cavity photons and excitons, leading to

so-called cavity polaritons, in III-nitrides materials. As these quasiparticles are obtained when

an active medium is inserted into a planar microcavity, the next section is devoted to planar

microcavities.

1.2.1 Planar Microcavities

Fabry-Perot cavity

Here we first describe the ideal Fabry-Perot resonator before discussing the specific case of

semiconductor cavities, which differ by the type of mirrors used.

A Fabry-Perot cavity contains two reflecting interfaces: an air-cavity-medium interface and a

cavity-medium-air interface spaced by Lc (see Fig. 1.5(a)). The phase difference between two

reflected beams R1 and R2 is given by e i k0ncδ1−i k0δ2 = e i k0δc , where δ1 corresponds to the red

path and δ2 to the blue path in Fig. 1.5(a), i.e.:

δc = 2nc Lc

cosθi
− 2Lc

cosθi
sinθi sinθe = 2nc Lc cosθi , (1.15)

where nc is the refractive index of the cavity, θe is the external angle, and θi is the internal

angle. The latter are related through Snell’s law nc si nθi =si nθe . The total transmission is

given by a convergent geometric series in equation 1.16 and can be seen in Fig. 1.5(b) for two
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θe

θi δ1

δ2

R1 R2       R3 

T1       T2 

I

r1, t1

r2, t2
nc

nair

nair

Lc

F ~ 14.9

F ~ 1.8

(a) (b)

δν

Figure 1.5: (a) Schematic description of a Fabry-Perot cavity where nai r is the refractive index
of air, I is the incident beam, R1, R2 are reflected beams, T1, T2 are transmitted beams, and
r1(2), t1(2) are the amplitude reflectivity and transmission coefficients of the first (second)
interface (mirror), respectively. (b) Transmission (black) and reflectivity (red) spectra for a
Fabry-Perot cavity with a finesse F ∼ 14.9 (i.e., r1 = r2 = 0.9) (continuous lines) and one with
F ∼ 1.8 (i.e., r1 = r2 = 0.45) (dashed lines). In both cases, t1 and t2 are taken so that t1,2 =√

1− r 2
1,2 (lossless case). The mode spacing ∆ν as well as the full width at half maximum δν

are indicated for the cavity with the lower F value.

different Fabry-Perot cavities:

T = |t1t2e i k0δc
∞∑

n=0
(r1r2e2i k0δc )n |2 = (t1t2)2

1+ (r1r2)2 −2r1r2 cos(k0δc )
. (1.16)

Note that this latter expression can also be derived using the transfer matrix approach (cf.

Appendix A.1 and Ref. [85]). It can be seen in the same figure that the criterion to have cavity

modes is k0δc = 2πν
c δc = 2πq, with ν the frequency of the incoming light, c the speed of light in

vacuum, and q an integer corresponding to the order of the cavity. Thus, the cavity displays

transmission maxima separated by:

∆ν= c

δc
= c

2nc Lc
(1.17)

at normal incidence. ∆ν corresponds to the mode spacing and is also referred to as the free

spectral range. Note however, that the mode spacing is not constant in a wavelength dependent

spectrum. As an illustration if we have a 3λ-cavity, i.e., q = 6, and from the latter in order to

have a cavity mode at perpendicular incidence (θi = 0), the cavity length is given by Lc = q

λ/2nc and the distance to the next higher or lower mode is ∆λ=λ(1/(q+1)) or ∆λ=λ(1/(q-1)),

respectively.

The finesse of a cavity (F) is defined as the mode spacing (∆ν) over the full width at half

maximum (FWHM) of the transmission spectrum (δν):

F = ∆ν

δν
=π

p
r1r2

1− r1r2
. (1.18)
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However, frequently the cavity quality factor Q rather than the finesse is used. The quality factor

is defined as the cavity mode frequency (or energy) (ν0) over the FWHM of the transmission

spectrum (δν):

Q = ν0

δν
= qπ

p
r1r2

1− r1r2
and q ∈N∗. (1.19)

The energy of the modes is given by ~ck0 = ~c kc
nc

= hcq
2nc Lc cosθi

. To get the angular dispersion of

photonic modes one has to express the mode energy as a function of the cavity wave vector kc

(using its parallel component kc|| = k0|| and its perpendicular component kc⊥ = 2πq
2Lc

):3

kc =
√

k2
c||+k2

c⊥ =
√

k2
0||+

(
πq

Lc

)2

, (1.20)

and

Eq = ~qπc

Lc nc

√
1+

(
Lc k||
qπ

)2

. (1.21)

In general, the approximation k0|| ¿ qπ
nc Lc

is used, leading to the parabolic approximation:

Eq ≈ ~qπc

Lc nc

(
1+ 1

2

(
Lc k0||

qπ

)2
)
= Eq,0 +

~2k2
0||

2m∗
ph

, (1.22)

where Eq,0 is the photon energy at k0|| = 0 and m∗
ph is the photon effective mass:

Eq,0 = ~qπc
nc Lc

, m∗
ph = ~qπnc

cLc
. (1.23)

In all the microcavities presented in this work, DBRs (described in detail in the next section)

are used and thus the effective photon mass has to be expressed as a function of the effective

cavity length Le f f , the effective cavity refractive index ne f f and the effective order q∗ [86].

m∗
ph = ~q∗πne f f

cLe f f
, (1.24)

3The interference condition of the cavity layer being applied to the part of the electromagnetic wave propagating
in the normal direction, the normal wavevector is given by: kc⊥2Lc = 2πq.
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0 1
TE-Reflectivity

(a) (b)quarter-wave pair = SiO2 + ZrO2

LDBR

nh 

nl 

∆Estopband ≈ 860 meV

Figure 1.6: (a)Illustration of a SiO2-ZrO2 10 pair DBR centered at λ0 ∼ 413 nm (EDBR = 3
eV) together with the field intensity calculated within the transfer matrix formalism. LDBR

corresponds to the mirror penetration depth. (b) Corresponding angle-resolved reflectivity
spectrum for the TE-polarization.

Le f f = Lc +LDBR1 +LDBR2 , q∗ = q +
(

nh nl
(nh+nl )(nh−nl )

)
DBR1

+
(

nh nl
(nh+nl )(nh−nl )

)
DBR2

, (1.25)

where LDBR1 and LDBR2 are the mirror penetration depths, given in equation 1.28, and nh (nl )

stands for the higher (lower) refractive index for each type of DBR bilayers.

Distributed Bragg reflectors

Metal mirrors are limited to reflectivities ∼ 95%, whereas DBRs might reach values over 99%.

Furthermore, the light extraction of planar semiconductor microcavity devices such as VCSELs

and resonant-cavity LEDs (RCLEDs) occurs either from the top or the bottom surface, which

is impossible in the case of metallic mirrors, as the latter are absorbing. DBRs are made of

periodic stacks of bilayers, each with an optical thickness of λ0/4, i.e., a quarter-wave and

with a physical thickness of λ0/(4n(λ0)), where n(λ0) is referring to the refractive index of the

considered layer at λ0. In Fig. 1.6(a) a schematic illustration of a DBR is given highlighting the

quarter-wave pairs formed by two quarter-wave layers of material with a high (nh) and a low

(nl ) refractive index, respectively.

Furthermore, DBRs are characterized by a narrow band of high reflectivity centered at λ0

denoted as stop band. Its spectral width (∆λSB ) is given by [87, 88]:

∆λSB = 4λ0

π

nh −nl

nl +nh
or ∆ESB = 4EDBR

π

nh −nl

nl +nh
, (1.26)

where EDBR = hc/λ0. The maximum of the DBR reflectivity arising from multiple reflections at

the interfaces of the bilayers and their constructive interference depends on the number of
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quarter-wave pairs (m) and the refractive index contrast of the latter (with nl < nh) [88]:

R =

1− nout
ni n

(
nl
nh

)2m

1+ nout
ni n

(
nl
nh

)2m


2

, (1.27)

where ni n (nout ) is the refractive index of the incident medium (exit medium, respectively).

In the limit case of a Bragg mirror with an infinite number of pairs, the penetration depth is

given by [86]:

LDBR = λ0

4ni n

(
nl ,i

nh,i

)
nh

nh −nl
(1.28)

where λ0 is the central wavelength and nl ,i /nh,i is the ratio of the refractive indices at the

interface between the incident medium (subscript i) and the first quarter-wave mirror layer.

1.2.2 The strong coupling regime in III-nitride based microcavities

The QW exciton and the cavity mode represent two oscillators which can be coupled to each

other. In the formalism of the second quantization the non-interacting Hamiltonian of cavity

photons and QW excitons can be expressed as:

H0 =
∑
k||

EX (k||)b†
k||

bk|| +
∑
k||

EC (k||)a†
k||

ak|| , (1.29)

where b†
k||

(bk||) is the creation (annihilation) operator of the uncoupled exciton and a†
k||

(ak||)

is the creation (annihilation) operator of the uncoupled cavity photon of in-plane wavevector

k||. The linear exciton-photon interacting term is given by [89]:

Hi nt =
∑
k||

g b†
k||

ak|| +
∑
k||

g a†
k||

bk|| , (1.30)

where g is the light-matter coupling constant. Thus, the following Hamiltonian can be written

for the coupled system ( H = H0 + Hi nt ):

H =∑
k||

(
b†

k||
a†

k||

)(
EX (k||) g

g EC (k||)

)(
bk||
ak||

)
. (1.31)
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One has to diagonalize this matrix to determine the eigenenergies and eigenstates of the

coupled photons and excitons at a given k||. The eigenenergies are then given by the following

expressions:

ELP (k||) = 1

2

[
EX (k||)+EC (k||)−

√
(EX (k||)−EC (k||))2 +4g 2

]
, (1.32)

EU P (k||) = 1

2

[
EX (k||)+EC (k||))+

√
(EX (k||)−EC (k||))2 +4g 2

]
, (1.33)

where LP and UP stand for lower and upper polariton, respectively. The corresponding

normalized eigenvectors are:(
Xk||
Ck||

)
and

(
Ck||
−Xk||

)
, (1.34)

where Xk|| and Ck|| are the Hopfield coefficients [90], which are given by:

Xk|| =
1√

1+
(

ELP−EX
g

)2
and Ck|| =− 1√

1+
(

g
ELP−EX

)2
. (1.35)

They can be used to express the exciton |Xk|| |2 and photon |Ck|| |2 fractions of the polaritons. In

Fig. 1.7(c) the exciton and photon fraction are calculated as a function of the external angle

for the lower polariton branch displayed in Figs. 1.7(a) and 1.7(b).

We have to give two definitions that are used in the following chapters: the difference δ = EC (0)

- EX (0) between the uncoupled modes (the cavity photon and the exciton) is the so-called

detuning. The vacuum field Rabi splitting (~ΩV RS) is the energy splitting (i.e., the energy

difference between the upper and the lower polariton branch) at zero detuning. It is given

by ~ΩV RS = 2g (in the case where sources of broadening are neglected).4 In the inset of Fig.

1.7(b) the definitions of δ and ΩV RS are illustrated. Excitons and polaritons with in-plane

wave vector k|| (with modulus k||) couple to photons with the same momentum. However,

if the energy of the latter is below the light cone, i.e., EX ,LPB ,U PB (k||)<(~c/nai r )k||, they are

evanescent in the material and cannot couple to the electric field outside the cavity. In Fig.

1.7(a) the light cone is illustrated in red and radiative modes are possible for |k||| < 20 µm−1.

Thus k|| can be expressed as a function of the external angle θe :

tanθe =
k||
kz

= k||√( E
~c

)2 −k2
||
=⇒ k|| = E

~c
sinθe . (1.36)

4In the following the energy splitting at zero detuning is denoted only by ΩV RS instead of ~ΩV RS .
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Furthermore all the dispersion curves can be computed as a function of the external angle

(cf. Fig. 1.7(b)), which is very useful for comparison with experimental data. Note that the

anticrossing behavior of the lower and upper polariton branches can be observed only for

negative detunings.

(a) ΩVRS

δ

(b) (c)

Figure 1.7: (a) Computed dispersions of the upper (UPB) and lower (LPB) polariton branches
as a function of in-plane wavevector k|| along with the uncoupled cavity (C) and exciton (X)
modes forΩV RS = 56 meV, and m∗

ph=5·10−5m0 (m0 is the free electron mass). In red the light
cone for air is indicated. (b) Polariton modes and uncoupled mode dispersions versus external
angle. The inset shows a zoom for small external angles in order to illustrate the definition of
the detuning δ and the vacuum field Rabi splitting ΩV RS . (c) Corresponding exciton |X |2 and
photon |C |2 fractions of the lower polaritons versus external angle.

At this stage, it is useful to give a simplified expression for the coupling constant g [91]:

g ≈ ~
(

2Γ0cNQW,e f f

nc Le f f

)1/2

, (1.37)

where Le f f is the effective cavity length, given in equation 1.25, and NQW,e f f is the number of

QWs coupled to the cavity light field. The effective number of QWs NQW,e f f can be obtained

by summing the normalized squared electric field at the QW positions [92]. ~Γ0 is the radiative

width of the free exciton and can be expressed in terms of the exciton oscillator strength per

unit area ( fosc /A):

~Γ0 = π

nc

e2

4πε0

~
m0c

fosc

A
. (1.38)

Thus in order to increase the coupling constant g, the number of QWs has to be increased and

QWs have to be placed at the cavity light field antinodes in order to enhance the overlap of the

exciton wavefunction with the electric field. Furthermore, the effective cavity length has to be

kept as short as possible. This can be achieved by choosing DBRs with quarter-wave pairs that

present a high refractive index contrast, e.g., dielectric DBRs (dDBRs).
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Figure 1.8: Schematic representation of the
coupling between the two uncoupled modes
(exciton X and cavity photon C) giving rise to
two new eigenmodes: the upper and the lower
polariton states. ΓU P , ΓLP , γC , and γX are the
upper polariton, lower polariton, cavity pho-
ton, and exciton broadenings.

upper polariton

lower polariton

cavity photon (C)

exciton (X)

Energy (eV)

γX

γC

ΓUP

ΓLP

EUPB(0)

EX(0)
EC(0)

ELPB(0)

Impact of exciton and photon mode broadening

The previous model describing the strong coupling regime does not take into account the

broadenings of the exciton and the photon modes. We have sources of homogeneous and

inhomogeneous broadenings for the exciton mode, as already mentioned in section 1.1.3, and

as well the photon mode suffers from broadening. The main sources of broadening of the

cavity photon mode are the non-zero transmission of the Bragg mirrors, in-plane photonic

disorder, and residual absorption. They will be discussed in detail in section 3. In Fig. 1.8 a

schematic representation of the real case, where we have a non-zero linewidth for the exciton

(γX ), the cavity photon (γC ), the upper polariton (ΓU P ) and the lower polariton (ΓLP ), is

displayed.

The SCR in presence of dissipation can be modeled using the analogy with two damped

oscillators. The vacuum Rabi splitting for the absorption line splitting in this case becomes

equal to (in the case of sources of homogeneous broadening only) [92]:

~ΩV RS = 2

√
g 2 − 1

2
(γ2

X +γ2
C ). (1.39)

Thus the absorption line splitting can be observed as long as g 2 > (γ2
X +γ2

C )/2, i.e., the system

is in the strong coupling regime. Note however that while (γX −γC )2/4 < g 2 < (γ2
X +γ2

C )/2 the

system remains in a non perturbative regime, whereas no mode splitting is observed. The

latter is the so-called intermediate coupling regime [93]. The weak coupling regime occurs for

g 2 < (γX −γC )2/4.

The effect of inhomogeneous excitonic broadening onto the mode splitting can be modeled in

the framework of the transfer matrix formalism using a slight variation of the linear dispersion

model, as described by Zhu et al. [94]. The latter showed that mode splitting can be observed

using a completely classical model where each QW is treated as a local Lorentz oscillator.

Note however that a more sophisticated model should rely on the nonlocal semiclassical

theory [92, 95]. The local fully classical theory provides results close to the latter provided

the homogeneous linewidth of the exciton γX is sufficiently large, otherwise it can yield

nonphysical results. In the case of inhomogeneous broadening the response of each QW is not

treated by identical Lorentz oscillators anymore, but rather by a set of nonidentical Lorentz
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oscillators, i.e., the dielectric function ε(E) of the QWs is replaced by [96]:

ε(E) = ε∞+
∞∫

−∞
g (E ′)L(E −E ′)dE ′, (1.40)

where g (E ′) is the distribution function of the individual Lorentz oscillators L(E ) ∼ 1/(E 2
0−E 2−

iγX E), associated to each excitonic transition, and ε∞ is the background dielectric constant.

The distribution function g (E ′) can be taken as Gaussian.

Demonstration of the strong coupling regime with bulk GaN and GaN/AlGaN MQW
microcavities

The first demonstration of cavity polaritons in III-nitride based cavities goes back to 2003 and

has been achieved for a bulk GaN microcavity grown on a silicon substrate with a top dielectric

DBR at cryogenic temperature (T = 5 K) [97]. Only two years later the same group reported

strong light-matter coupling at RT with a vacuum Rabi splitting up to 60 meV for a bulk GaN

microcavity with a top metallic mirror [98]. They further pursued their studies on bulk GaN

microcavities by studying the influence of the mirrors on the strong coupling regime [99].

However, the quality factor of those structures remained too low (ranging from 50 to 190

depending on the samples [99]) for the observation of nonlinear properties, such as polariton

lasing. Parallel to this group, Alyamani and coworkers reported in 2007 the observation of

the strong coupling regime at low and room temperature for a hybrid GaN microcavity based

on Alx Ga1−x N/Aly Ga1−y N DBRs [100]. However, big improvements considering the quality

factor of III-nitride based cavities are related to the pioneering work at the EPFL of Carlin

and coworkers who developed the growth of crack-free InAlN based DBRs [101]. Thus, RT

polariton luminescence from a bulk GaN microcavity based on a bottom lattice-matched

Al0.85In0.15N/Al0.2Ga0.8N DBR and a top dielectric DBR was reported in 2006 [102] followed by

the first observation of polariton lasing at RT in 2007 [54].

Furthermore, polariton lasing under non-resonant optical pumping was reported one year

after in a III-nitride based quantum well structure [55]. The latter structure grown on a c-

plane sapphire substrate consists of a strain relieving template, followed by a 35 pair bottom

lattice-matched Al0.85In0.15N/Al0.2Ga0.8N DBR. Then the 5λ/2 active region consisting of a

67 period GaN (1.2 nm) / Al0.2Ga0.8N (3.6 nm) MQW structure sandwiched between two λ/4

Al0.2Ga0.8N layers. The 3λ-cavity layer is finally completed by a 13 pair top SiO2/Si3N4 DBR

(cf. Fig. 1.9(a)) [55, 70]. In Fig. 1.9(b) the RT experimental dispersion curves deduced from

angle-resolved PL measurements are shown, highlighting the anticrossing behavior showing a

large vacuum Rabi splittingΩV RS of 56 meV. In Fig. 1.9(c) and 1.9(d) the nonlinear behavior of

the PL-emission is shown, i.e., the demonstration of low-threshold lasing dubbed as polariton

lasing.

In the meantime polariton lasing was achieved as well in all-dielectric microcavities based on
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(c) (d)(a)

Figure 1.9: (a) Cross-section transmission electron micrograph of a GaN/AlGaN MQW half-
microcavity structure together with experimental evidence for polariton lasing (c)-(d). (b) RT
experimental dispersion curve deduced from PL spectra (black squares) and fits of the LPB
and the UPB (black lines). The position of the uncoupled cavity mode (C) and the uncoupled
exciton (X) is also reported (dashed lines). (c) RT emission spectra at average pump power
densities ranging from 0.16 to 28.8 W/cm2 at k||=0, shifted for clarity. C and X are also reported
(arrows). (d) Integrated output intensity. The line is a guide for the eyes. (a)-(d) Taken from G.
Christmann et al. [55, 70].

bulk GaN [103]. Furthermore, the strong coupling regime together with nonlinear emission

has been recently observed in a non-polar microcavity based on a GaN/AlGaN MQW active

region, taking advantage of the increased oscillator strength in non-polar QWs due to the

absence of the QCSE [104, 105].

Strong coupling with InGaN/GaN quantum wells? Motivation and state of the Art

As mentioned in the previous section the observation of polariton lasing under nonresonant

optical pumping at RT is well established in both bulk GaN and GaN/AlGaN MQW based

planar microcavity structures. However, for electrical-injection purposes they seem not to

be suitable due to (i) the difficulties related to p-type doping and (ii) the availability of a

transparent conductive oxide (TCO) layer in the corresponding wavelength region. P-type

doping becomes progressively more difficult when increasing the Al content, as increasing

the Al content of AlGaN layers strongly raises the activation energy of the deep Mg acceptor

level [106]. Conventional TCOs such as indium tin oxide (ITO) and ZnO are not transparent

in the near-UV spectral region due to their small energy band gap (∼ 3.2 eV). Furthermore,

materials with a wider band gap tend to exhibit a smaller conductivity. The most promising

material for UV TCOs seems to be Ga2O3. Conductivities up to ∼ 1 S·cm−1 have been reported

for Sn doped thin layers [107]. Note that in general TCO thin films used as electrodes present

conductivities of the order of 103 S·cm−1 [108]. In order to circumvent this problem deep-UV

LEDs are backside emitting devices, i.e., the LED is grown on an AlN templates on a transparent

sapphire substrate, using a top p-GaN contact or recently even a p-AlGaN one to a highly

reflective metallic electrode [109, 110]. Unfortunately this approach is not well suited for
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1.2. III-nitride based cavity polaritons

the GaN/AlGaN MQW microcavity structure described above as the DBR growth has been

optimized on an absorbing GaN template.

Thus, when speaking about electrical-injection, microcavities with embedded InGaN/GaN

MQWs have to be considered [25]. However, III-nitride based electrically-driven VCSELs based

on InGaN/GaN MQWs5 are far from being conventional since the report of lasing action at RT

in such structures is very recent [14, 18].6

Note that the SCR has been reported in 2004 by Tawara and coworkers for In0.15Ga0.85N

/In0.02Ga0.98N QWs inserted in an Al0.07Ga0.93N cavity layer sandwiched between two dielec-

tric (SiO2/ZrO2) distributed Bragg reflectors [111]. However, those latter results have not been

recognized by the III-nitride and the cavity polariton communities, due to an unconsistent

ratio of inhomogeneous exciton broadening to vacuum Rabi splitting (VRS) [112–114]. Actu-

ally, they reported a VCR of 6 meV and 17 meV for two samples with a different quantum well

number, whereas their inhomogeneous exciton broadening is by far larger, typically ∼ 200 meV.

Only recently the first RT current injected polariton LED based on In0.15Ga0.85N/GaN MQWs

was reported by T.-C. Lu et al. [115]. The claim for strong coupling observation is not free

of any doubts mainly because their interpretation is based on an exciton inhomogeneous

linewidth broadening of 7 meV. No absorption-like measurements are shown to prove the

latter, particularly because the state of the art broadening of such QWs is increased by at least

a factor of 5 (cf. chapter 4). In conclusion the strong coupling regime with InGaN/GaN QWs

remains to be proven.

5No electrically-driven VCSELs based on GaN/AlGaN MQWs have been reported so far due to the above-
mentioned challenges.

6By design, those devices are not optimized for strong coupling applications.
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2 Theoretical study of emission prop-
erties of III-nitride polariton laser
diodes

In this chapter the main emission characteristics of electrically-driven polariton LDs based on

planar GaN microcavities with embedded InGaN QWs are studied theoretically. The modeling

of the steady state properties of two experimentally relevant pumping geometries has been

performed by Ivan Iorsh at Durham University, Durham, UK, in close interaction with our

group.

The chapter is organized as follows: first the reader is provided with the present status of

electrically-driven polariton sources. Then, the most promising material systems, including

III-nitride compounds, for the realization of RT electrically driven polariton lasers are dis-

cussed. In a second part two experimentally relevant pumping geometries of polariton LDs

are presented. A generic description of polariton LDs is given in a third section. In a next

section, using a quasi-analytical model the steady-state, high-speed current modulation and

the RIN features, which are all figures of merit of polariton LDs, are derived. Eventually, in the

last section of this chapter the emission properties of III-nitride polariton LDs are summarized

and compared to those of VCSELs.

2.1 Introduction

Since Imamoğ lu et al. [33] suggested in 1996 the use of non-equilibrium polariton conden-

sates to produce a low threshold coherent light source, experimentalists were challenged

with the realization of the first polariton LD. Prior to the realization of the first diodes the

possibility of nonresonant electrical injection of excitons had to be proven. In 2007 Bajoni and

coworkers showed that at low current density, the emission spectra of a p-i-n diode with an

embedded InGaAs QW were dominated by exciton emission at low temperature [116]. The

latter was paving the way for the first realizations of polariton LEDs by two different groups

simultaneously only one year later [48, 49]. Structures were GaAs-based microcavities and

anticrossing behavior was observed at cryogenic temperatures (up to 100 K). In the same year

a third group realized the first polariton LED based on a GaAs-microcavity operating at RT [50].

27



Chapter 2. Theoretical study of emission properties of III-nitride polariton laser diodes

Lately, hints for polaritonic nonlinearities under electrical injection have been observed in the

latter system at cryogenic temperatures [51, 52]. However, in practice these were shown to lase

not only at low temperatures but as well under strong magnetic fields.

Despite the fact that the strong coupling regime is preserved at high temperatures under

electrical injection, GaAs-based microcavities are not expected to operate as polariton lasers

at RT due to the limited robustness of QW excitons in this material system. Indeed, Saba

and coworkers showed through experiments carried out under resonant excitation that the

cut-off temperature of parametric gain, i.e., of polaritonic nonlinearities, scales linearly with

the exciton binding energy [53].

When searching for material systems defined by larger values of the exciton binding energy, a

strong interest has been directed towards wide bandgap semiconductors like GaN or ZnO [117]

and organic molecules, like polystyrene films doped with the molecular dye tetraphenylpor-

phyrin zinc [118], J-aggregates [45], or anthracene [119]. Considering organic semiconductor

microcavities, RT polariton lasing under optical pumping has only been demonstrated re-

cently [119, 120] mainly due to difficulties in building-up a macroscopically occupied ground

state due to the low scattering rate of reservoir excitons with phonons compared to their

radiative recombination rate. Having a look at ZnO, it appears as a promising candidate

as polariton lasing can be achieved up to RT together with a large Vacuum Rabi splitting

under optical pumping [117]. However, ZnO-based microcavities present some drawbacks

considering the practical realization of a polariton LD: the fabrication of ZnO-based planar

microcavities remains challenging as they are fully hybrid structures, i.e., they consist of a

top dielectric DBR and an epitaxial ZnO layer deposited either on a dielectric DBR or on a

III-nitride DBR. Fully hybrid cavities are preferred to cavities using ZnMgO-based DBRs due

to the narrow stopband of the latter and the presence of eventual cracks. Another limiting

factor when considering electrical injection stems from the fact that p-type conductivity in

ZnO remains to be unambiguously demonstrated.

Thus, for the realization of polariton LDs able to operate at RT III-nitrides emerge as the

main contender. They exhibit highly stable excitons up to RT and polariton lasing has been

thoroughly investigated under nonresonant optical pumping at RT in both bulk GaN and

GaN/AlGaN MQW based microcavity structures (cf. section 1.2.2). Very recently Bhattacharya

et al. [24] observed electrically-injected polariton lasing from a bulk GaN-based microcavity

diode. The sample design requirements to achieve polariton lasing under electrical injection

in planar III-nitride microcavities are high and described in the next section.

2.2 Design of III-nitride polariton laser diodes

The experimental observations of polariton lasing under non-resonant optical pumping in

bulk GaN and GaN/AlGaN MQW based microcavities [54, 55] triggered a few interesting the-
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2.2. Design of III-nitride polariton laser diodes

top dielectric DBR

p-i-n junction
of polariton LD of pumping LED

bottom InAlN/GaN DBR
on c-plane FS GaN

polariton region

(a) direct electrical pumping scheme (b) intracavity pumping scheme

electrical injection
scheme

current confinement
apertures

EBL

Figure 2.1: Schematic 3D cross-section of two experimentally relevant pumping geometries.
In blue the shared key building blocks with a semi-hybrid III-nitride VCSEL are indicated,
whereas in black the crucial elements of polariton LDs are highlighted. In the direct electrical
pumping scheme (a) a high number of InGaN/GaN multiple QWs lies in the middle of the
p-i-n junction, whereas in the intracavity optical pumping scheme (b) only a few QWs lie in
the p-i-n junction region. The latter act as an internal pump (pumping LED) for the underlying
InGaN/GaN multiple QWs (polariton region).

oretical proposals for an electrically injected polariton laser based on the latter material

system [121–123]. For instance a Jthr of ∼ 50 A/cm2 at RT is predicted for an electrically

injected bulk GaN-microcavity [122]. Note that Bhattacharya et al. [24] measured a Jthr of

∼ 200 A/cm2 at RT with a specific design: a c-plane bulk GaN diode is etched into mesas

and subsequent DBRs are sputtering onto the side walls. Though such a structure has the

advantage of simplicity, it should be noted that a structure based on QWs is necessary to

further reduce Jthr . Furthermore, a patent has been deposited suggesting a polariton laser

design based on an intracavity pumping geometry as described hereafter [123].

The design of a polariton laser diode is similar to the one of a VCSEL, based on an intracavity

contact scheme. One possible design, the direct electrical pumping scheme, is depicted in Fig.

2.1(a). The key building blocks of the latter, actually corresponding to the one of a semi-hybrid

III-nitride VCSELs, are listed hereafter [124]:

• a top dielectric DBR,

• an efficient current injection scheme, especially regarding hole spreading,

• current confinement apertures,

• an InGaN/GaN QW-based active region,

• a bottom InAlN-based epitaxial DBR grown on c-plane FS-GaN.
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Each element has to be chosen with great care. A top dielectric DBR with a short penetration

depth (LDBR , cf. equation 1.28) can be achieved by the SiO2/TiO2 bilayer system since it

exhibits a very large refractive index contrast (cf. section 3.1). To compensate for the relatively

poor lateral hole spreading into the p-type GaN layer, which is mainly due to current crowding-

a detrimental effect whose impact is enhanced by the annular contact geometry-and thus to

get light emission from the active region sandwiched between the DBRs, various approaches

can be implemented. An efficient current injection scheme to improve the lateral spreading

of the hole current is based on a TCO, such as ITO or ZnO, sandwiched between the p-type

GaN layer and the top dielectric DBR (cf. Fig. 2.1(a)). Note that so far all III-nitride based

electrically-driven VCSELs rely on an ITO layer [13–19]. Recently developed buried tunnel

junctions could provide an interesting alternative [125]. Furthermore, current confinement

apertures have to be used: on the n-side a buried oxidized InAlN interlayer can be inserted

and/or on the p-side the current confinement can be achieved via surface treatment or a

dielectric aperture [18, 126]. Note that the approach based on a buried oxidized InAlN inter-

layer proved to be less reliable than surface treatment using a CHF3/Ar reactive-ion etching

(RIE) plasma for the achievement of an electrically-driven VCSEL [18]. Then the use of an

electron-blocking layer (EBL) located on top of the electrically pumped region is intended to

avoid an excess of electrons on the p-type side and thus limit unwanted electron-hole recom-

bination [127]. Furthermore, the suggested structure is based on a bottom lattice-matched

InAlN/GaN epitaxial DBR grown on c-plane FS-GaN (cf. section 3.2). Note that, due to the

difficulty to obtain high-quality highly-reflective nitride-based DBRs many groups working on

III-nitride VCSELs focused on a fully-hybrid approach [14, 16, 17]. However, the semi-hybrid

approach is the preferred one due to a much more challenging process flow of the full-hybrid

approach (cf. chapter 5).

The main difference between III-nitride polariton laser diodes and VCSELs lies in the InGaN/-

GaN QW-based active region.1 Indeed, it is known that the optimum threshold current density

required for conventional lasing is achieved for a small number of QWs (NQW ). With increasing

NQW , the gain increases and the losses in the laser medium are compensated with greater

ease. On the other hand, Jthr increases proportionally to NQW . Therefore, some optimal NQW ,

typically ranging between 1 and 3, results from the opposite trends [128]. The limitation in

NQW also originates from the non-uniform carrier injection when this number becomes too

large, mainly due to the limited hole transport properties in III-nitride devices. Because of the

different physics at play, in polariton LDs designed for RT operation the optimum NQW value

will be much larger than 3. Actually, the light-matter coupling scales with
√

NQW,e f f /Le f f (cf.

equation 1.37). Thus the suggested polariton LD depicted in Fig. 2.1(a) is based on an active

region with a large NQW value, which is directly electrically-injected.

However, a way to circumvent the conflicting requirements presented by a structure where

NQW should be large for strong coupling regime purposes and small for electrical injection

1For efficient electrical injection, the most appropriate choice of active medium would be to switch from
GaN/AlGaN QWs to InGaN/GaN QWs (cf. section 1.2.2). Other critical aspects considering InGaN/GaN QWs are
discussed in chapter 3.
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ones would be to use an intracavity pumping geometry (cf Fig. 2.1(b)). Within such a pumping

scheme, a small number of QWs sandwiched in the intrinsic region of a p-i-n diode would

be electrically pumped (cf. Fig. 2.1(b) p-i-n junction of pumping LED). This QW subset, a

priori not taking part in the formation of polaritons, would act as a pumping LED. As such it

would emit photons at an energy greater than the absorption edge of a MQW region located

underneath (denoted as polariton region2 in Fig. 2.1(b)). Thus, this MQW region would be in

the strong coupling regime and act as a low threshold coherent light source.

2.3 Polariton condensation phase diagram

In this section first the phase transitions that cavity polaritons can undergo are described and a

comparison to Bose-Einstein condensation is drawn. Then the polariton condensation phase

diagram (δ, T , Pthr ) of the two experimentally relevant pumping geometries, described in the

previous section, calculated from coupled semiclassical Boltzmann equations are derived and

discussed.

2.3.1 Polariton Bose Condensation

Cavity polaritons are two-dimensional weakly interacting bosons. Furthermore, contrary to

the bulk case, the in-plane cavity polariton dispersion (cf. Fig. 1.7(a)) exhibits a well-defined

minimum at k|| = 0. This makes polaritons good candidates for Bose-Einstein condensation.

Bose-Einstein Condensation

In 1925 Einstein made the following prediction: as bosons tend to accumulate in unlimited

quantity in a degenerate state, an ideal Bose gas, such as an atomic gas of non-interacting

bosons, should exhibit, below a finite temperature, a new kind of phase transition [34]. Bosons

are distributed in energy according to the Bose-Einstein distribution:

fBE (k,T,µ) = 1

exp( E(k)−µ
kB T )−1

, (2.1)

where E(k) is the dispersion relation of the bosons in the d-dimensional k-space, T is the

temperature, µ is the chemical potential, which is fixed by the total number of particles in the

system N (T,µ)=
∑
k

fBE (k,T,µ). The number of particles can be separated into two terms, one

accounting for the ground state and one for the excited states:

N (T,µ) = 1

exp( −µ
kB T )−1

+ ∑
k,k 6=0

fBE (k,T,µ). (2.2)

2Note that polaritons are basically delocalized over the whole cavity, even though the excitons giving rise to
their formation are localized in the QW planes [129].

31



Chapter 2. Theoretical study of emission properties of III-nitride polariton laser diodes

If we assume E (k = 0) = 0, µ has negative values and is an increasing function of the density. In

the thermodynamic limit3 the density is given by:

n(T,µ) = lim
L→∞

N (T,µ)

Ld
= lim

L→∞
1

Ld

1

exp( −µ
kB T )−1

+ 1

(2π)d

∞∫
k≥2π/L

fBE (k,T,µ)dk (2.3)

The striking feature of the density is that when µ → 0 the ground state density does not

vanish anymore, as this is the case for µ 6= 0, and the integral, accounting for the excited

states, converges for d > 2, but diverges for d ≤ 2. It means that in higher dimensions a phase

transition occurs only when µ = 0. In this case the density of the excited states is clamped

and at higher densities the extra particles collapse into the ground-state. This saturation of

the excited states and the macroscopic occupation of the ground state is the phase transition

called the Bose-Einstein condensation (BEC). Note that the experimental observation of BEC

in diluted gases of alkali atoms in 1995 has been awarded by the Nobel prize in Physics in

2001 [35, 36].

Quasi Bose-Einstein Condensation

Thus since cavity polaritons are two-dimensional quasiparticles, they cannot undergo a strict

BEC transition, even when taking into account weak interactions, as the number of particles

which can be fitted into all the excited states is divergent for any µ (the integral in equation

2.3 diverges for d ≤ 2). However, in a finite system a quasi-BEC can take place at a finite

temperature: whenever the ground state occupancy exceeds unity, stimulated relaxation

towards the later occurs followed by coherent emission of photons, due to the spontaneous

radiative decay of the short-lived polaritons in the condensate. The latter losses imply that the

condensate has to be continuously pumped and as such the system represents an intrinsically

open system. However, a quasi-BEC contains all specific ingredients of a true BEC: (i) above

some critical density, condensation takes place in the ground state, out of a thermalized

Bose gas, (ii) spatial coherence, and (iii) a macroscopic polarization which is an evidence

for spontaneous symmetry breaking4 across the entire condensate build up. Quasi-BEC of

cavity polaritons has been experimentally demonstrated for the first time in a CdTe-based

microcavity in 2006 at LT [37].

The theoretical polariton phase diagram including structural disorder is given for a CdTe

microcavity in Fig. 2.2. When realistic structural disorder, for example due to DBR fluctuations

leading to photonic disorder, is taken into account, polaritons first undergo a quasiphase

transition toward a Bose glass:5 the system contains an assembly of strongly populated

localized states, all with the same µ. Increasing further the polariton density results in an

3The thermodynamic limit is the process by which the system volume Ld and the number of particles N increase
indefinitely whereas the density n remains constant.

4Note that spontaneous symmetry breaking is considered to be a smoking gun for BEC ever since the pioneering
work of Goldstone [130].

5In the weak interaction limit the latter phase is an Anderson glass phase [132].
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CdTe

Figure 2.2: Calculated polariton phase dia-
gram for a CdTe microcavity containing 16
QWs. In the blue region the strong cou-
pling holds and the three different phases
of cavity polaritons are shown: the polari-
ton diode regime, i.e., the linear regime, the
Bose glass phase, corresponding to a quasi-
BEC, and the superfluid phase. Adapted from
Ref. [131].

increasing µ and whenever µ corresponds to the localization energy, a delocalization of

the condensate occurs and the so-called Kosterlitz-Thouless (KT) phase transition toward

superfluidity takes place [133]. Rising further the polariton density results in a bleaching of

the excitonic transition and thus into a transition from the strong to the weak coupling regime

(labeled as VCSEL region in Fig. 2.2). The strong coupling regime can also be lost due to

exciton thermal dissociation with increasing temperature (labeled as LED region in Fig. 2.2).

Note that in III-nitride based microcavities strong in-plane spatial photonic disorder cannot

be avoided and thus a similar polariton phase diagram is expected [134].

Thermodynamic versus Kinetic Regime

In the case of polariton condensation one can distinguish between a kinetic condensation

regime, in which the distribution is not thermal and the threshold is governed by the relaxation

kinetics, and a thermodynamic regime, where the threshold is governed by the thermody-

namic parameters of the system. A polariton laser can operate in both regimes, whereas the

quasi-BEC, defined as an equilibrium phase transition, of polaritons is associated with the

thermodynamic regime only. The two different regimes have been identified experimentally

in several microcavity systems.

The first experimental investigation has been done by Kasprzak et al. [135] in 2008 on a

CdTe microcavity system and is displayed in Fig. 2.3(a). They measured the threshold power

density (Pthr ) for polariton lasing (polariton condensation) as a function of detuning δ for

two different lattice temperatures (Tl at t ). In the case of the GaN/AlGaN MQW microcavity

mentioned in section 1.2.2 experimental values for Pthr have been measured that cover a wide

range of detunings and temperatures, cf. Fig. 2.3(e) [137]. In Fig. 2.3(e) the optimum detuning

δopt corresponds to the balance between the mean polariton relaxation time and the mean

polariton lifetime [135, 138]. As the minimum in Pthr for a given temperature is reported for

δopt , any low threshold polariton laser device should be preferably driven at δopt . For the

above-mentioned non-resonant optically pumped GaN-based microcavity δopt decreases

from 0 to -55 meV, with temperature increasing from cryogenic to RT [138]. As can be seen in

Fig. 2.3(a) and Fig. 2.3(c) in the case of CdTe- and GaAs-based microcavities δopt is close to
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Figure 2.3: Measured and calculated Pthr as a function of the detuning δ for (a)-(b) CdTe at
Tl at t = 5 K (solid blue circles) and 25 K (open brown squares). Adapted from Ref. [135]; (c)-(d)
GaAs at Tl at t = 10 K (black squares) and 30 K (blue circles). Adapted from Ref. [136]; (e)-(f)
GaN from cryogenic to room temperature. Adapted from Ref. [137] and Ref. [138].

zero: δC dTe
opt (5 K) ∼ 3 meV [135] and δGa As

opt (10 K) ∼ -3 meV [136].6

On the road toward a polariton laser diode, the knowledge of δopt is indispensable. Thus,

the next section is devoted to the theoretical derivation of the polariton phase diagram (δ,

T , Pthr ) in the framework of a semi-classical Boltzmann approach for devices relying on the

two geometries given in section 2.2. Note that a satisfactory qualitative agreement between

experimental results and simulations, shown in Fig. 2.3(b), 2.3(d), and 2.3(f) for CdTe, GaAs,

and GaN, respectively, was found when using the latter, even without considering structural

disorder.

2.3.2 Coupled semiclassical Boltzmann equations for III-nitride polariton laser
diodes

The theoretical model based on semi-classical Boltzmann equations used for the investigation

of the dynamics of cavity polaritons, respectively of the polariton relaxation kinetics, has been

introduced for the first time by F. Tassone et al. [140, 141]. As mentioned above it has been

successfully used to describe the relaxation dynamics of polaritons along the lower polariton

6Similar results have been recently reported by J. Schmutzler et al. [139], who systematically studied the phase
transition to polariton condensation in a GaAs-based microcavity covering a larger temperature range, i.e., from
10 to 90 K.
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2.3. Polariton condensation phase diagram

branch (including the exciton reservoir) in optically pumped microcavities:

dnk

d t
= Pk − nk

τk
+ ∑

k ′ 6=k

(
Wk ′k nk ′ (nk +1)−Wkk ′nk

(
nk ′ +1

))
, (2.4)

where nk is the concentration of exciton-polaritons with in-plane wavevector k , and Pk

describes the pumping rate. τk is the polariton radiative lifetime, Wkk ′ is the total scattering

rate between quantum states indicated by k and k ′ with k = (
kx ,ky

)
, kx,y =±2π j

L ,j = 0,1,2,...,

and |k | < ω
c , where L is the lateral size of the system, and ω is the frequency of the exciton

resonance. Note that the polariton lifetime can be calculated using the Hopfield coefficients

given in equation 1.35 and the lifetime of exciton τx and cavity photons τcav :

1

τp (k ||)
= |Xk || |2

τx
+ |Ck || |2

τcav
. (2.5)

The scattering rates are treated perturbatively and encompass all the interactions polaritons

can undergo with their environment, namely exciton(-polariton)-phonon, exciton(-polariton)-

exciton(-polariton) and exciton(-polariton)-free electron interactions. These scattering rates

can be obtained using the formalism developed in Ref. [142]. Note that the model we use

differs from the system of rate equations initially proposed by Tassone and Yamamoto for

optically pumped microcavities [141]. In particular, it explicitly accounts for the electron-hole

plasma and introduces the exciton(-polariton)-electron scattering as one of the important

mechanisms of exciton(-polariton) relaxation into the condensate.

Differences regarding the above-mentioned formalism have to be identified for the two pump-

ing geometries described in section 2.2. The intracavity optical pumping geometry essentially

differs from the direct electrical pumping geometry due to the following reasons:

• The pumping rate Pk in equation 2.4 strongly depends on the pumping geometry.

However, for both geometries we neglect the temperature dependence of Pk . Note

that for III-nitride based devices the large activation energy (E A) of Mg, which acts as a

deep acceptor (E A ∈ 110-190 meV) [143], leads to a reduced p-type conductivity and a

concomitant decrease in hole mobility when lowering the temperature.

• The internal quantum efficiency (IQE, called hereafter ηi nt ) of the pumping LED has to

be taken into account. This latter quantity is taken equal to 90%, which corresponds to

the best commercial devices. At shorter wavelengths an efficiency droop is generally

observed. However, between 390 and 400 nm the latter amounts to less than 10% [144].

• The density of free carriers (electrons) in the polariton region (cf. Fig. 2.1(b)) is constant

since free carriers are located in the n-type region, whereas this density is current-
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Chapter 2. Theoretical study of emission properties of III-nitride polariton laser diodes

dependent in the previous injection scheme and will have an impact on the injection

dependence of the exciton(-polariton)–electron scattering term.

• While one can assume that for the intracavity optical pumping scheme, free electrons in

the n-doped region are thermalized and obey Fermi statistics with an effective temper-

ature (Te f f ) close to Tl at t ; for the direct electrical pumping scheme electrons are not

thermalized to the lattice temperature. In this latter situation, we consider a Boltzmann

carrier distribution with Te f f > Tl at t .

Pumping rate Pk for the two geometries

Direct electrical pumping geometry: We consider an electrically injected electron-hole pair

density ne−h given by the following rate equation:

dne−h

d t
= J

e
− ne−h

τe−h
−W ne−h , (2.6)

where J is the electric pumping rate, τe−h is the decay rate of the electron-hole plasma, and W

is the exciton formation rate. Equation 2.6 can be solved analytically, which yields, assuming

the following initial condition, ne−h(t = 0) = 0, a simple dependence:

ne−h (t ) = J

e

τe−h

1+W τe−h

[
1−exp

(
−W t − t

τe−h

)]
. (2.7)

Excitons are formed out of this electron-hole plasma and relax along the lower polariton

branch Ek such that Pk can be written as:

Pk =
{

0 for Ek −EX < EB ,2D
W ne−h

Ñ
for Ek −EX ≥ EB ,2D ,

(2.8)

where Ñ is the number of states within the light cone fullfilling the condition Ek ≥ EX +EB ,2D .

Intracavity pumping geometry: For the intracavity optical pumping geometry we consider

that strongly-coupled quantum wells are indirectly optically pumped with an energy-dependent

pump intensity which reads:

Pk = ηi nt Jp
2π(δE)

e
− (Ek −Epump )2

2(δE)2 , (2.9)

where Epump is the central energy of the LED which is set equal to the exciton energy and δE
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is the linewidth of the LED which is set to 90 meV and is considered temperature-independent

as a first approximation.

In the numerical calculations the set of parameters given in Table 2.1 has been used. The

threshold current density (Jthr ) dependence as a function of temperature and detuning is

displayed in Figs. 2.4(a) and 2.4(b) for the two pumping geometries. In this way, one obtains

the polariton condensation phase diagram (δ, T , Jthr ) under electrical pumping, which is

analogous to that derived under optical pumping for GaN/AlGaN MQW microcavities (cf.

Fig. 2.3(e)) [137, 138]. One can see that at room temperature the lowest threshold current

density (Jthr,mi n) is obtained for a negative detuning of -19 meV and amounts to ∼5 A cm−2

for the direct electrical pumping geometry, while a Jthr,mi n value of ∼6 A cm−2 at a negative

detuning of -32 meV is derived for the intracavity pumping geometry. Those values are in

good agreement with that predicted in previous work [25, 151].

Pumping geometry
Intracavity Electrical

Exciton lifetime (τx ) (ns) [145] 1
Cavity lifetime (τcav ) (ps)a 1
Electron-hole pair lifetime (τe−h) (ns)b 5
Vacuum Rabi splitting (ΩV RS) (meV) (section 3.3.4) 45
Device size (S) (µm2) 50×50
Number of QWs (NQW ) 65 + 1-3 65
Exciton energy (EX ) (eV) 2.987
Exciton binding energy (EB ,2D ) (meV) (section 1.1.1) 45
Central LED energy (Epump ) (eV) 3.138 -
IQE (ηi nt ) 0.9 -
Exciton formation rate (W ) (ps−1) - 0.01
Effective electron temperature (Te f f ) (K) 800 -
nd (cm−2) 2 × 1012 -

III-nitride material parameters
Electron effective mass (m∗

e ) [60] 0.2m0

Heavy hole effective mass (m∗
h) [60] 1.1m0

LO-phonon energy (ELO) (meV) 92
Deformation potential (D) (eV) [149] 11.1
Mass density (ρ) (kg/m3) 6150
Speed of sound in [0001] direction (cs) (m/s) [150] 7960
Exciton Bohr radius (aB ,3D ) (nm) 3.2

Table 2.1: List of parameters adopted in this work to compute the polariton phase diagram for
the two pumping geometries.

aτcav = Q~
E0

, where E0 is the lower polariton mode energy and Q is the quality factor of the cavity, taken equal
to ∼ 5000.

bIn violet standard edge-emitting LDs, τe−h amounts to 2 -3 ns at threshold [146]. Knowing that in the present
case the polariton devices operate at lower carrier densities, a longer lifetime is expected due to reduced Auger
recombinations [147, 148].
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Figure 2.4: Polariton condensation phase diagram (δ, T , Jthr ) for (a) the direct electrical and
(b) the intracavity optical pumping schemes. The red dashed line in each plot corresponds to
δopt , respectively to the evolution of Jthr,mi n with temperature. (c) δopt (black solid and black
dashed lines) and Jthr,mi n (red solid and red dashed lines) evolution at the optimum detuning
as a function of lattice temperature for the direct electrical (solid lines) and the intracavity
(dashed lines) pumping schemes. Adapted from Ref. [26].

The switching from the kinetic to the thermodynamic regime at a given temperature provokes

Jthr first to decrease with increasing detuning (decreasing δ in absolute value) because of the

enhancement of the total scattering rate to the ground state, before inducing an increase of

Jthr concomitantly with δ due to the combined effects of the increasing polariton effective

mass (which leads to a larger value of the critical density for polariton condensation, n2D,cr i t ,

as predicted by the thermodynamic theory) and thermal detrapping from the ground state.7

It is also noticeable that the temperature dependence of δopt significantly differs from one

geometry to the other (cf. Figs. 2.4(a)–2.4(c)). This is attributed to the difference in the ef-

ficiency of the free electron scattering mechanism as a function of temperature [153]. For

the direct electrical pumping geometry, the electron distribution does not depend on Tl at t

since electrons are not thermalized, thus leading only to slight changes in the free electron

scattering rate with temperature and thereby explaining the weak δopt (T ) variation displayed

in Figs. 2.4(a) and 2.4(c). For the intracavity optical pumping geometry, electrons are ther-

malized to Tl at t , which leads to a behavior closer to that reported for GaN/AlGaN MQW MCs

under nonresonant optical pumping (cf. Figs. 2.4(b) and 2.4(c)) [138]. However, it should be

recognized that assuming an electron temperature equal to Tl at t is a crude approximation. We

should also point out that, for the sake of simplicity, we did not account for the large activation

energy of the Mg acceptor in GaN compounds, which would most likely degrade the electrical

characteristics and thus lead to an increase in Jthr at low temperatures.

The low threshold values reported for the intracavity pumping geometry can probably be

explained by the broad spectral distribution of the pump Pk . In the direct electrical injection

geometry, excitons characterized by high energies and large in-plane wave vectors are created

from the electron-hole plasma, which requires a comparatively long time to relax to the k = 0

state. However, in the case of intracavity optical pumping, a broad distribution of excitons

centered at Epump , but also covering lower energy states, is created. Those excitons which

7An in-depth study of the crossover form the kinetic to the thermodynamic regime for the optically pumped
GaN/AlGaN MQW microcavities is given in Ref. [152].
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occupy lower energy and lower k states compared with the direct electrical pumping geometry

quickly relax to the lower polariton branch ground state and enhance polariton relaxation,

which results in the lower threshold for this geometry. However, if the intracavity emission

line is strongly blueshifted from the polariton modes, the ratio between the polariton lasing

thresholds for the two pumping configurations is expected to be modified. One would then

expect a higher threshold for the intracavity pumping geometry due to the IQE of the internal

pump, which is less than 100%.

2.4 Figures of merit of polariton laser diodes

The data communications (datacom) transceiver market has experienced tremendous growth

over the last fifteen years, mainly attributed to improvements related to the high-speed char-

acteristics of VCSELs. The progression of datacom interconnects as a function of time is

compelling: high-speed devices (current VCSEL transceivers are offered at speeds up to 12.5

Gb/s [154]) are achieved with ever decreasing costs (∼ 10 $/Gb ps [154]). Over 18 million

850 nm wavelength VCSEL-based datacom transceivers were sold resulting in revenues of

almost US$ 500 million in 2009. Rather suited for free-space than for optical fiber communica-

tion short wavelength-devices based on III-nitrides are steps behind: a major breakthrough

was achieved in 2008 with the first cw RT operation of a GaN-based VCSEL at about 414 nm

wavelength [14]. However, the latter is based on a challenging hybrid design and far from any

low-cost commercial realization. Note that recently lasing has been achieved in semi-hybrid

structures [15, 18]. Such structures would make the process flow much easier and would likely

increase the mass production yield.

Due to their potentially low lasing threshold and similarities to VCSELs (cf. section 2.5), polari-

ton LDs emerge as interesting candidates for future high-speed devices. For any commercial

offering of such devices besides liability a range of specifications must be met with high-yield:

threshold current density, modulation bandwidth, RIN, linewidth, series resistance, etc. For

the two experimentally relevant pumping geometries described in section 2.2, the threshold

current density as a function of detuning and temperature has already been derived in section

2.3. The present section deals with the high-speed current modulation of the latter, which is

ruled by the modulation bandwidth. The RIN features of the latter are also derived; all those

properties being obtained using a quasi-analytical model, described hereafter.

2.4.1 Simplified rate equations and their steady-state solutions

To obtain a qualitative understanding of the functionality of polariton laser diodes, we compare

the modeling results obtained with the full set of semiclassical Boltzmann equations with a

simplified quasi-analytical model based on a two level system [141, 155]. The first level, the

so-called exciton reservoir, consists of exciton states with large k, lying energetically close to

the uncoupled exciton, whereas the second level includes the ground state polaritons, the
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Figure 2.5: (a) Flowchart reservoir model depicting the flow of particles per unit time based
on the rate equations 2.10 and 2.11. (b) Characteristic energy splitting between the bottom
of the lower polariton branch and the inflection point (∆esc ) as a function of detuning and
vacuum Rabi splitting. The optimal detuning range (δopt (T )) of both pumping geometries are
indicated.

so-called condensate:

dnx

d t
= Px − nx

τx
−anx

(
np +1

)+ae−β∆esc np nx −bn2
x

(
np +1

)− cn′
e nx

(
np +1

)
, (2.10)

dnp

d t
=−np

τp
+anx

(
np +1

)−ae−β∆esc np nx +bn2
x

(
np +1

)+ cn′
e nx

(
np +1

)
, (2.11)

where n′
e , nx , and np are the concentrations of free carriers, excitons and exciton-polaritons,

respectively. a accounts for the acoustic and optical phonon relaxation rates, β is equal to

1/(kB T ) with kB being the Boltzmann constant, ∆esc is the characteristic energy splitting

between the bottom of the LPB and states beyond the inflection point of the LPB where zero

in-plane wavevector polaritons are scattered, which is a quantity sensitive to the detuning.

The evolution of ∆esc as a function of detuning and vacuum Rabi splitting is depicted in

Fig. 2.5(b). The shaded areas correspond to δopt (T ) for the two pumping geometries. b is

the exciton-exciton scattering rate and c is the rate of exciton relaxation mediated by free

carriers. For the sake of illustration, the two-level model with the rates into and out of those

reservoirs is displayed in Fig. 2.5(a). Furthermore, we have to distinguish the two geometries.

Specificities related to each pumping geometry are contained in Px and n′
e . Thus for the

electrical pumping geometry we have to add the rate equation describing the electron-hole

plasma (namely equation 2.6) as Px = W ne−h and n′
e = ne−h , whereas in the case of the

intracavity pumping geometry Px is given by ηi nt J/e and n′
e = nd S with S the emitting surface
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Figure 2.6: Averaged scattering rates a, b, and c as a function of detuning obtained by fitting
the full semiclassical Boltzmann system of equations at various temperatures for the two
pumping schemes: electrical (solid lines) and intracavity (dashed lines) pumping. Adapted
from Ref. [26].

area and nd the density of free-carriers per unit surface obtained from the doping level in

the polariton region.8 The solid (dashed) curves in Fig. 2.6 show the detuning dependence

of the fitting parameters a, b, and c at various temperatures for the electrical and intracavity

pumping scheme, respectively. They have been deduced by a fitting procedure, in which

they figure as fitting parameters of the rate equation model when the latter is compared to

the full semiclassical Boltzmann model. Note that the latter procedure has been done at the

condensation threshold. Thus, the scattering rates a, b, and c correspond to rates evaluated at

the condensation threshold.

One can see in Fig. 2.6 that—overall—all the scattering mechanisms that contribute to pop-

ulate the polariton lasing mode become less efficient when going towards more negative

detunings (in absolute value). It stems from the reduced exciton fraction of polariton states at

large negative detuning (cf. equation 1.35), so that all interactions involving polaritons become

weaker than at zero or positive detuning. In some cases, the detuning dependence of the

scattering rates is nonmonotonic and it is also sensitive to the pumping scheme. This is due

to the complexity of the lower polariton branch dispersion. The average scattering rates are

therefore sensitive to both the shape of the polariton dispersion and the excitation spectrum

profile. Above threshold, the (1 + np ) terms appearing in the rate equations can be approxi-

mated as np . Note that the omission of the spontaneous relaxation term is easily justified as

np À 1. After some algebra, the steady-state solutions (i.e., for t = ∞) for the electron-hole

pair, exciton, and polariton populations for the direct electrical pumping geometry are given

8W, ηi nt , S, and nd are given in Table 2.1.
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(a) (b)

= nx∞r

Rout= np∞ /τp

Px

Rsp = (a+bnx∞+cne∞ )nx∞ + nx∞/τx’

Figure 2.7: (a) Reservoir analogy above threshold where water level has risen to the spillway so
that an increased input results in an increased output (Rout ) but no increase in water level
(carrier density Nthr = nx∞). Adapted from Ref. [156] to the rate equations given in 2.10 and
2.11. (b) Left-hand side vertical scale: evolution of nx∞ as a function of temperature calculated
at the optimum detuning using the exact expressions for the electrical (connected black dots)
and the intracavity (connected black circles) pumping geometries. Right-hand side vertical
scale: relative deviation between the exact and the approximated expressions for the electrical
(connected red dots) and the intracavity (connected red circles) pumping geometries. Adapted
from Ref. [26].

by:

nx∞ =
−cne−h∞+a(e−β∆esc −1)+

√
(−cne−h∞+a(e−β∆esc −1))2 + 4b

τp

2b
, (2.12)

np∞ = τp (W ne−h∞− nx∞
τx

), (2.13)

ne−h∞ = Jτe−h

e(1+τe−hW )
. (2.14)

Note that for the intracavity optical pumping geometry, slight changes occur since ne−h∞ in

equation 2.12 has to be replaced by nd , and W ne−h∞ in equation 2.13 has to be replaced by

Px .

We should emphasize that for this latter geometry, the carrier population, which acts as a

reservoir for the stimulated relaxation process (here the excitons), gets clamped once it crosses

the condensation threshold, which is expected due to the similarities of the above-mentioned

rate equations with those describing conventional LDs [156]. Actually the stimulated relaxation

term uses up all additional carrier injection and brings them into the condensate, where

coherent light emission occurs due to the finite lifetime of the latter. Corzine and Coldren [156]
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Figure 2.8: The cascaded two-port model for
VCSELs can be applied as well to the case of po-
lariton LDs. In this work only the intrinsic laser
response (shaded area) is treated. Adapted
from Ref. [154].

compare the carrier dynamics in conventional LDs to a water reservoir. Thus we can use the

same analogy for the clamping of the exciton population above threshold (cf. Fig. 2.7(a)):

the water level has reached the spillway and any further increase in input (Px ) does not

increase the water level (Nthr = nx∞) but the output (Rout ). A similar treatment can be used

for the direct electrical pumping geometry since 4b/τp À (−cneh∞+a(e−β∆esc −1))2. Thus,

for both cases, we obtain nx∞∼ 1/
√

bτp . The evolution of nx∞ as a function of temperature

at the optimum detuning is shown in Fig. 2.7(b) using both the exact expression and the

approximate one for the two pumping geometries. The validity of the approximation for nx∞
is confirmed by the close correspondence between the two quantities independent of the

temperature. Considering its approximate expression, the increase with temperature of nx∞
can be directly inferred from the results displayed in Fig. 2.6, which show a decrease in the

exciton-exciton scattering rate b with increasing Tl at t , and it is also fully consistent with the

overall temperature dependence of the analytical expression for b derived by Tassone and

Yamamoto [141]. Note that one also expects a decrease in nx∞ with increasing detuning likely

due to the concomitant increase in the relaxation process from the excitonic reservoir (which

coincides with the decrease or even the disappearance of the relaxation bottleneck) and that

of τp [141].

2.4.2 High-speed current modulation treatment: determining the modulation
bandwidth

The modulation bandwidth characterizes the dynamic response of a LD to some small per-

turbation to the system such as a modulation of the current above threshold. The latter is

determined by the intrinsic laser response as well as the extrinsic parasitic response. Note that

for high-frequency devices parasitics are always a concern. In Fig. 2.8 the cascaded two-port

model for a LD (valid for standard LDs and polariton LDs) is shown, indicating the currents

ip and ic entering into the pad and the chip parasitics, respectively. In order to achieve the

intrinsic modulation bandwidth, those currents have to be minimized. Hereafter we will

derive the intrinsic modulation bandwidth for the two polariton LDs described in section 2.2.

Unfortunately, exact analytical solutions to the full rate equations 2.10 and 2.11 cannot be

obtained. Thus we will perform a differential analysis of the rate equations as described in

Ref. [156] for the case of conventional LDs. The differential of the rate equations can be written

in compact matrix form:
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Electrical pumping geometry

d

d t

[
dnx

dnp

]
=

[
−γxx −γxp

γpx −γpp

][
dnx

dnp

]
+

[
dneh(W − cnx∞np∞)

dneh(cnx∞np∞)

]
, (2.15)

where

γxx = 1

τx
+anp∞+2bnx∞np∞+ cneh∞np∞−anp∞e−β∆esc , (2.16)

γpp = 1

τp
−anx∞−bn2

x∞− cneh∞nx∞+anx∞e−β∆esc , (2.17)

γxp = anx∞+bn2
x∞+ cneh∞nx∞−anx∞e−β∆esc , (2.18)

γpx = anp∞+2bnx∞np∞+ cneh∞np∞−anp∞e−β∆esc . (2.19)

Intracavity pumping geometry

d

d t

[
dnx

dnp

]
=

[
−γxx −γxp

γpx −γpp

][
dnx

dnp

]
+

[
ηi nt

e d J

0

]
, (2.20)

where

γxx = 1

τx
+anp∞+2bnx∞np∞+ cnd np∞−anp∞e−β∆esc , (2.21)

γpp = 1

τp
−anx∞−bn2

x∞− cnd nx∞+anx∞e−β∆esc , (2.22)

γxp = anx∞+bn2
x∞+ cnd nx∞−anx∞e−β∆esc , (2.23)

γpx = anp∞+2bnx∞np∞+ cnd np∞−anp∞e−β∆esc . (2.24)

To obtain the small-signal response of the exciton and the polariton concentration, dnx

and dnp respectively, to a sinusoidal current modulation d J , we assume d J = J1 exp(iωt),

dneh = neh1 exp(iωt), dnx = nx1 exp(iωt), and dnp = np1 exp(iωt). The linear systems 2.15

and 2.20 can be solved for the small-signal polariton concentration by simply applying

Kramer’s theorem:

Electrical pumping geometry

np1(ω) = γpx [W − cnx∞np∞]+ (iω+γxx )cnx∞np∞
(γpx /τp −ω2 + iωγxx )

J1/e

iω+W +1/τeh
= np1(0)H(ω),

(2.25)
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Figure 2.9: (a) Polariton condensate occupation number vs current density for the electrical
(black line) and intracavity (red line) pumping geometries determined at 320 K and at the
optimum detuning. (b) Frequency dependence (ν = ω/2π) of the square modulus of the
modulation transfer function, |H(ω)|2. Each curve corresponds to one of the steady-state
solutions indicated in Fig. 2.9(a). Furthermore, corresponding cutoff frequencies ω3dB can
be deduced by intersection of the gray line with |H(ω)|2 and the one of the pumping LED
ω3dB ,LED is indicated. Adapted from Ref. [26].

where H(ω) is the modulation transfer function:

H(ω) = γpx /τp (W +1/τeh)

γpx [W − cnx∞np∞]+γxx cnx∞np∞

γpx [W − cnx∞np∞]+ (iω+γxx )cnx∞np∞
(γpx /τp −ω2 + iωγxx )(iω+1/τeh +W )

.

(2.26)

Intracavity pumping geometry

np1(ω) = γpxηi nt J1/e

(γpx /τp −ω2 + iωγxx )
= np1(0)H(ω), (2.27)

where H(ω) is the modulation transfer function:

H(ω) = γpx /τp

(γpx /τp −ω2 + iωγxx )
. (2.28)

The general behaviour of |H(ω)|2 is shown in Fig. 2.9(b) for the two pumping geometries at

room temperature and at the optimum detuning δopt for different values of the input current

J (cf. Fig. 2.9(a)).

It is essentially a second order low-pass filter for the intracavity pumping geometry and a

third order low-pass filter for the electrical pumping geometry.9 However, for both pumping

9Second or third order filters are filters with a denominator polynomial that is of second or third order, respec-
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geometries a relaxation resonance frequency ωR,polLD =
√
γpx /τp and a damping factor γxx

can be defined. The intensity modulation can follow the current modulation at frequencies

nearωR,polLD , with an enhancement atωR,polLD before the response drops off drastically. The

resonance frequency can be greatly simplified since the term 2bnx∞np∞ in the expression of

γpx (equations 2.19 and 2.24) dominates independently of the detuning and the temperature.

Consequently, the square of the resonance frequency reduces to:

ω2
R,polLD ≈ 2bnx∞np∞

τp
≈ 2np∞

√
b

τ3
p

. (2.29)

Therefore, within this theoretical framework, the resonance frequency for polariton LDs is

directly proportional to the square root of the polariton population in the condensate and

inversely proportional to the square root of the polariton lifetime (keeping in mind that the

exciton population of the reservoir nx∞ is clamped above threshold). In this respect, such a

dependence is similar to the dependence of ωR in conventional LDs above threshold, since in

this latter case [156]:

ω2
R ≈ vg adi f f Np

τcav
, (2.30)

where vg is the group velocity, adi f f is the differential gain, Np is the average photon density

in the cavity, and τcav is the cavity photon lifetime already defined in Table 2.1.

The damping factor can be rewritten using equations 2.16 and 2.21 as:

γxx = 1

τx
+γpx = 1

τx
+ω2

R,polLDτp . (2.31)

It is thus seen that for large resonance frequencies, the damping of the response is ruled

by the polariton lifetime. On the other hand, the inverse of the exciton lifetime acts as a

damping factor offset, which is important for small polariton condensate populations where

the resonance frequency is small.

At this stage, we should point out that the validity of the previous treatment for the intracavity

pumping scheme might be limited by the actual response of the pumping LED. Therefore, it

is necessary to determine the LED cutoff frequency ω3dB ,LED , i.e., the frequency at which the

input power, i.e., its dc value, is attenuated by half or 3 dB,10 and compare it to ωR,polLD .

Following the theoretical approach described in the previous sections, the rate equations

governing the emission of the LED are given by equation 2.6 and:

dnx

d t
=−nx

τx
+W ne−h , (2.32)

tively, usually presenting complex roots. In general, the higher the order the faster the transition from pass-band
to stop-band.

10Note that the frequency response in decibels is given by 10log10|H(ω)|2. Thus if the input power is attenuated
by half |H(ω)|2 = 1/2 and 10log10(1/2) ∼ - 3 dB.
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from which one can deduce the modulation transfer function HLED (ω) using harmonic analy-

sis:

HLED (ω) =
1
τx

(
1

τe−h
+W

)
(
iω+ 1

τx

)(
iω+ 1

τe−h
+W

) . (2.33)

The corresponding relaxation resonance frequency ωR,LED and the damping factor γLED can

be written as:

ωR,LED =
√

1

τx

(
1

τe−h
+W

)
≈ 3.2 GHz (2.34)

and

γLED = 1

τx
+ 1

τe−h
+W ≈ 11.2 GHz, (2.35)

respectively. As we deal with a large damping (γLED >ωR,LED ), the response drops below the 3

dB cutoff at a frequency less than ωR,LED . The frequency cutoff ω3dB ,LED can be determined

by setting |HLED (ω3dB ,LED )|2 = 1/2:

ω3dB ,LED =

√√√√√ω2
R,LED − γ2

LED

2
+

√√√√(
ω2

R,LED − γ2
LED

2

)2

+ω4
R,LED ≈ 1 GHz. (2.36)

Much larger values are predicted for the intracavity pumping geometry when using equation

2.28 (up to ω3dB ∼ 200 GHz cf. Fig. 2.9(b)). However, in this regime the modulation transfer

function of the device is limited by the frequency response of the pumping LED, which has a

cutoff frequency given by equation 2.36. However, for the electrical pumping case (equation

2.26) with current densities in the range 10–20 A cm−2, the peak frequency ωP lies in the range

6-12 GHz and the cutoff frequency ω3dB is expected to be ∼ 16 GHz (Fig. 2.9(b)).

The analysis of the intrinsic modulation transfer function, derived from the dynamical re-

sponse of polariton LDs to a small modulation of the current above threshold, demonstrates

the interesting potential of the direct electrical pumping scheme, since a cutoff frequency

ω3dB up to ∼ 16 GHz is predicted, whereas for the intracavity optical pumping scheme, the

cutoff frequency is shown to be limited by the frequency response of the pumping LED, for

whichω3dB ∼ 1 GHz. As already mentioned before, devices characteristics can be considerably

changed due to parasitic effects, i.e., the overall modulation transfer function is given by [154]

H(ω) = Hext (ω)Hi nt (ω), (2.37)

with

Hext (ω) = Ac

1+ iω/ω0
, (2.38)
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Figure 2.10: Noise in mod-
ulated laser signals for
digital applications illus-
trating the definition of
RIN assuming a mean-
squared noise distribution
< δP (t )2 > at 0 and P0 out-
put power. Adapted from
Ref. [156].
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where Ac is a proportionality constant and ω0 is the parasitic roll-off frequency. This gives the

commonly used equation, which is squared for fitting the frequency response to extract ωR , γ,

and ω0. Furthermore, thermal management is also an important issue. For example, the first

VCSEL to demonstrate a bandwidth in excess of 20 GHz was achieved with a GaAs/AlGaAs

MQW active region emitting at 850 nm in 1997. This is still the highest reported bandwidth

for the common 850-nm VCSELs, whose operation is neither limited by parasitics nor by its

intrinsic response but by thermal effects [157].

2.4.3 Relative intensity noise

Conventional LDs suffer from random temporal fluctuations in the carrier and photon densi-

ties, even in the absence of current modulation. For digital applications one can define the

bit-error-rate (BER). The BER measures the probability to record a noise spike, i.e., a potential

false reading, as illustrated in Fig. 2.10. If the noise spike exceeds the decision level, then a

false recording might be made. Such a noise floor can eventually have a detrimental impact

for both analog and digital applications and thus it is useful to quantify the RIN of a laser:

RI N = < δP (t )2 >
P 2

0

, (2.39)

where P0 denotes the laser output power and < δP (t )2 > is the mean-squared noise distribu-

tion. However, LDs are often driven at a specific frequency, which depends on the application

and thus it is common to define the RIN per unit bandwidth (in dB/Hz), (RIN/∆ f ). Note

that the full RIN can be found by integrating the RIN per unit bandwidth over the detection

bandwidth of the system of practical interest. Now, we would like to derive the expressions of

the RIN/∆ f for polariton LDs. To compute this quantity, we first derive the expression of the

spectral density of the output power SδP (ω) using the simplified differential rate equations

given in section 2.4.1 written in a compact matrix form in a way similar to that developed by

Coldren and Corzine [156]. The relevant Langevin noise source spectral densities or corre-

lation strengths have to be evaluated. The latter is done in Appendix A.2.1. Eventually, the

RIN/∆ f is obtained for the two pumping geometries described in section 2.2 at RT and at δopt .
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The Langevin approach

Because the subsequent analysis is restricted to polariton devices operating above the lasing

threshold, the terms of spontaneous origin can be omitted. In other words the (1+np ) terms

appearing in the rate equations 2.10 and 2.11 can be approximated as np . To determine RI N
∆ f ,

we introduce the time-dependent Langevin noise sources Fnx (t ) and Fnp (t ) as the ac driving

sources for the exciton reservoir and ground state polariton populations, respectively. The

usual assumption of white noise is made for those sources, which allows to make use of the

differential rate equations. The whole treatment is considered for a constant drive current (i.e.,

d I = 0) so that the differential rate equations written in compact matrix form in the frequency

domain become:

[
γxx + jω γxp

−γpx γpp + jω

][
nx1(ω)

np1(ω)

]
=

[
Fnx (ω)

Fnp (ω)

]
, (2.40)

where nx1, np1, Fnx , and Fnp correspond to the components of the noise that fluctuate at

frequency ω. The expressions for γxx , γpp , γxp , and γpx are pumping geometry dependent

and are given in equations 2.16-2.24. Once again using Kramer’s theorem expression for nx1(ω)

and np1(ω) can be obtained. The exciton and the ground state polariton spectral densities

Snx (ω) and Snp (ω), respectively, are defined as:

Snx,p (ω) = 1

2π

∫
< nx1,p1(ω)nx1,p1(ω′)∗ > dω′. (2.41)

Hereafter we are only interested in the expression of Snp (ω). The latter can be obtained using

the expression of np1(ω) derived from the complex matrix form 2.40:

Snp (ω) = |H(ω)|2
ω4

R

[
(γ2

xx +ω2) < Fnp Fnp >+2γxxγpx < Fnp Fnx >+γ2
px < Fnx Fnx >

]
, (2.42)

where H(ω) is the pumping geometry dependent modulation transfer function (cf. equations

2.26 and 2.28) and ωR is the relaxation resonance frequency equal to
√
γpx /τp . The Langevin

noise correlation strengths < Fnp Fnp >, < Fnp Fnx >, < Fnx Fnx > are given in Appendix A.2. Fur-

thermore, as the compact matrix form 2.40 is identical to that of a conventional semiconductor

LD [156], we can readily express SδP (ω):

SδP (ω) =
(
η0hν

τp

)2

Snp (ω)+2Re

[(
η0hν

τp

)
< np1F0 >

]
+< F0F0 >, (2.43)

where η0 is the optical efficiency of the laser taken equal to 0.6, and F0 is the Langevin noise
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source for the stream of output photons resulting from the spontaneous decay of ground state

polaritons.

Note that the optical efficiency defined here multiplied by the injection efficiency (ηi ) yields

the differential quantum efficiency also called slope efficiency, ηd = ηi ·η0. The injection

efficiency is defined as the fraction of current above threshold which results in stimulated

emission and the differential quantum efficiency is proportional to the slope of the PI curve

(output power vs current curve). The optical efficiency depends as well on the transmission

of the top and bottom DBR (Tt and Tb), i.e., η0 = η̂0 ·ηut with ηut ≈ Tt /(Tt +Tb) [154]. For η̂0,

values of 0.6 - 0.8 can be found in the literature [154, 156] and thus taking ηut ≈ (1−0.99)/(2−
(0.99+0.996)) ≈ 0.7111 results in an optimistic value of ∼ 0.6 for η0. F0 is accounting for the fact

that the partition noise of photons transmitted outside the cavity differs from that of photons

reflected back in. Note that the output power P0 is given by:

P0 = η0
np∞
τp

hν. (2.44)

Together with the correlation strengths associated with the partition noise (cf. Appendix A.2),

we can now evaluate SδP (ω) given by equation 2.43 for the two pumping geometries. For the

intracavity pumping geometry, we obtain:

SδP,i ntr a(ω) = hνP0

[
1+ |H(ω)|2

ω4
R

[a1 +a2ω
2]

]
, (2.45)

where

a1 = 2η0

τp

[
1

2np∞

(
γ2

xx < Fnp Fnp >+2γxxγpx < Fnp Fnx >+γ2
px < Fnx Fnx >

)
−γxxω

2
R

]
, (2.46)

and

a2 =
< Fnp Fnp > P0

hνn2
p∞

= 2η0

τp

(
1

τp
+anx∞e−β∆esc

)
. (2.47)

Once the expression of SδP (ω) is known, we can readily determine RI N
∆ f since both quantities

11If mirror losses are neglected Tt ,b =1-Rt ,b,max . Furthermore, a Rb,max of 99.6% can be achieved for LM
InAlN/GaN DBRs [158] and a Rt ,max of 99% for SiO2/TiO2 DBR when using 4 quarter-wave pairs (cf. equation
1.27).
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are linked by:

RI Ni ntr a

∆ f
= 2SδP,i ntr a(ω)

P 2
0

= 2hν

P0

[
1+ |H(ω)|2

ω4
R

[a1 +a2ω
2]

]
. (2.48)

For this pumping geometry, we can point out the close similarity of the RIN expression with

that of conventional LDs that only differs by the a1 and a2 coefficients.

For the direct electrical pumping geometry, the determination of the expression of the spectral

density of the output power SδP (ω) and hence that of RI N
∆ f are more tedious because of the

form of the modulation transfer function, which is more complex. We finally derive for RI N
∆ f :

RI Nel ec

∆ f
= 2hν

P0

[
1+ |H(ω)|2

ω4
R

[
a1 +a2ω

2 − A′+ 2η0

τp
γxxω

2
R

]]
, (2.49)

where

A′ = −2
η0

τp
ω2

R [C1(C 2
2 + c2n2

x∞n2
p∞ω

2)]−1[cnx npγxxω
4 + (C2C3 −C2γ

2
xx +C2C4γxx

−C3C4cnx∞np∞ +C3cnx∞np∞γxx +C4cnx∞np∞γ
2
xx )ω2 +C2C3C4γxx ], (2.50)

and

|H(ω)|2 =
C 2

1 (C 2
2 + c2n2

x∞n2
p∞ω

2)

(C 2
3 +γ2

xxω
2)(C 2

4 +ω2)
. (2.51)

where the expression of the Ci coefficients with i ∈ {1,4} are given in the Appendix A.2.2.

The polariton laser RIN is plotted in Figs. 2.11(a) and 2.11(b) for the intracavity and the

electrical pumping geometries, respectively, based on the parameters listed in Table 2.1 and

using the expressions given in section 2.4.1 for ne−h∞ , nx∞ , and np∞ . It can be readily seen

that as for conventional semiconductor LDs, the expected minimum RIN of polariton LDs –

whatever the pumping geometry – is equal to 2hν
P0

, i.e., to the standard quantum limit, also

called shot noise floor. This is the case for the high-frequency range, i.e., for frequencies

well above the relaxation resonance frequency. However contrary to conventional LDs where
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(a) optical

(b) electrical

shot noise 
level

shot noise 
level

Figure 2.11: Calculated relative intensity noise as a function of frequency (ν=ω/2π) at different
optical output power levels at RT and at δopt for an InGaN/GaN MQW polariton LD with (a)
the intracavity optical pumping and (b) the direct electrical pumping geometries, based on
the parameters given in Table 2.1. The insets display the corresponding modulation transfer
functions for the same output powers as in the corresponding main figures. Adapted from
Ref. [159].

the excess intensity noise is mostly dominating in the vicinity of ωR at high output powers,

an excess noise is still present at low frequencies (ω < 0.1ωR ), whose origin will be briefly

commented hereafter. For the electrical pumping geometry it can also be seen that for high

optical output power levels, a shoulder (i.e., extra-noise) is present on the low-frequency side

of the resonance, which is inherited from the non-conventional lineshape of the modulation

transfer function (cf. inset of Fig. 2.11(a)). In this latter geometry, the peculiar lineshape of

H (ω) is also responsible for a sharp decrease in the RIN aboveωR – whose slope increases with

output power – leading to a much faster convergence toward the shot noise level than under

the intracavity pumping geometry, which exhibits a behavior closer to that of conventional

semiconductor LDs with a RIN that falls off at high frequencies at 20 dB/decade before reaching

the shot noise level. Note also that the damping of the RIN peak is much more pronounced

for polariton LDs having the direct electrical pumping geometry than for the intracavity one.

Finally unlike conventional LDs, the RIN peak gets narrower with increasing optical output

power, which is likely due to the absence of an equivalent gain suppression factor in our

modeling [156, 160]. Indeed in order to model properly the operating behavior of this former

type of devices, the damping factor, which enters in the expression of the modulation transfer

function, includes a phenomenological expression for the gain accounting for saturation

phenomena via a gain suppression factor [156]. This decrease in the gain with increasing

current induces a broadening of |H(ω)|2 and hence of the RIN peak as can be directly inferred

from equations 2.48 and 2.49, which is, as we pointed out, fairly similar to that of conventional

LDs. The main underlying physical phenomenon responsible for saturation is usually ascribed

to intraband carrier relaxation, which leads to a sublinear increase in the intracavity photon

density for large currents [128]. In the case of the modeling of polariton LDs, intraband carrier

relaxation is at the heart of the semi-classical Boltzmann equations that are computed to

derive the evolution of the carrier densities along polariton branches as a function of the
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pumping rate. Such an effect is thus phenomenologically included in the rate equations 2.10

and 2.11 but contrary to the case of conventional LDs it does not induce a broadening of the

lineshape of the RIN peak with increasing optical output power. However, at this stage we

cannot fully discard the contribution of other phenomena that could also induce a behavior

similar to that observed for conventional LDs. In particular, it was highlighted by Tassone

and Yamamoto that heating of excitons in the reservoir above threshold would decrease

the exciton-exciton scattering efficiency, which would subsequently induce an incomplete

clamping of nx [161]. Such an effect could manifest itself in polariton LDs in a way similar to

gain suppression in conventional LDs.

In order to get more insights into RI N
∆ f , we should notice that the expression for the RIN derived

for the intracavity pumping geometry can be further simplified when considering the power

dependence of the a1 and a2 terms (cf. equation 2.48). This simplification step is much easier

to perform for this latter pumping geometry compared with the electrical one because the

modulation transfer function is identical to that of conventional LDs. In this latter case when

only keeping terms in a1 and a2 that depend on P0, we obtain:

RI Ni ntr a,appr ox

∆ f
= 2hν

P0
+ |H(ω)|2

ω4
R

< Fnp Fnp >
2

n2
p∞

(
1

τ2
x
+ω2

)
. (2.52)

The suitability of this simplified expression for the RIN in polariton LDs having the intracavity

pumping geometry is illustrated in Fig. 2.12(a) where an excellent agreement is observed

between equations 2.48 and 2.52 at low output power levels. When setting ω= 0 in equation

2.52, we obtain:

RI Ni ntr a,appr ox

∆ f
(ω= 0) = 2hν

P0
+ 2hν

P0

[
2

ω4
R

(
1

τp
+anx∞e−β∆esc

)
η0

τpτ
2
x

]
, (2.53)

where the second term on the right-hand side decreases as 1/P 3
0 sinceω4

R ∝ P 2
0 . Consequently,

this term will rapidly drop below the shot noise floor with increasing power. From equation

2.53, we therefore expect a low-frequency RI N
∆ f converging toward the shot noise level. Obvi-

ously this is not the case, as can be seen in Figs. 2.11 and 2.12(a), because of an irreducible

offset introduced by the terms contained in the expression of a1 (equation 2.46). All of them

being of similar weight, except for the very last one (∝ω2
R ) that can be neglected, a tractable

analytic expression of the RIN at large optical output powers cannot be readily derived from

equations 2.46-2.48. Finally let us recall that for this specific geometry, the reported high-

frequency behavior of the RIN should likely be affected by the cutoff frequency of the pumping

LED, which was shown to amount to 1 GHz for the set of considered parameters (cf. equation

2.36).
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Eq. 2.48
Eq. 2.52

Eq. 2.49
Eq. 2.54
Eq. 2.52

(a) optical (b) electrical

Figure 2.12: Calculated RIN as a function of frequency (ν = ω/2π) at two different optical
output power levels (low and high) at RT and at δopt for an InGaN/GaN MQW polariton LD for
(a) the intracavity optical pumping geometry using equations 2.48 (black lines) and 2.52 (red
lines) (b) for the direct electrical pumping geometry using equations 2.49 (black lines), 2.52
(red lines) and 2.54 (blue dash-dotted lines). Adapted from Ref. [159].

As briefly mentioned above, at first sight such a simplified treatment cannot be easily carried

out for the electrical pumping geometry due to the complexity of the modulation transfer

function. However, when applying equation 2.52 to this geometry with the proper set of param-

eters, a reasonable agreement is achieved between the exact and the simplified expressions

for RI N
∆ f – especially at low output power – as can be seen in Fig. 2.12(b); meaning thereby

that the qualitative evolution of the latter is, as could be anticipated, governed by the same

parameters. Contrary to the intracavity pumping scheme a slight difference can be noticed

for the high-frequency tail of the RIN peak whatever the output power level. In fact it can be

shown that it arises from an extra term that is given in the following improved expression for
RI N
∆ f under direct electrical pumping that is also displayed in Fig. 2.12(b):

RI Nel ec,appr ox

∆ f
= 2hν

P0

[
1+ |H(ω)|2

ω4
R

(
< Fnp Fnp >

η0

τp np∞

(
1

τ2
x
+ω2

)

−2η0

τp

C4(ω2
R −ω2)ω2ω4

R

ω4
RC 2

4 +ω2C 2
1 (cnx∞np∞)2

)]
. (2.54)

In summary, we have carried out an analysis of the relative intensity noise per unit bandwidth

in polariton LDs for two relevant pumping geometries, namely, the direct electrical and the

intracavity ones (cf. section 2.2), in the framework of a theoretical treatment adapted from

that applied to conventional semiconductor LDs using rate equations including Langevin

noise sources. The resulting general expressions can be applied to all inorganic semiconductor

polariton LDs, but numerical calculations have been performed in the specific case of III-

nitride devices. It was shown that in the high-frequency range the expected minimum RIN
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of polariton LDs—whatever the pumping geometry—is equal to the standard quantum limit

2hν/P0. The general line shape of the RIN as a function of frequency and optical output power

has been discussed for the two geometries and approximate (simplified) expressions for the

RIN have been given.

2.4.4 Emission linewidth

Unless great care is taken, conventional LDs and VCSELs do have laser linewidths much

greater than the MHz. It results from phase fluctuations in their output, mainly arising from

spontaneous emission and carrier density fluctuations. However, for many applications, such

as sensor or communication systems, it is advantageous to have submegahertz linewidths

[162]. Thus, achieving a precise understanding of the emission linewidth of any practical

devices, such as future polariton LDs, is of great importance.

An accurate calculation of the emission linewidth (γpolLD ) of a polariton LD would require

a proper quantum optics treatment, which is clearly beyond the scope of the present work.

However, in this section we wish to point out the critical parameters that will likely affectγpolLD

and to derive the modified Schawlow-Townes linewidth for the two pumping geometries given

in section 2.2. In the case of conventional LDs the modified Schawlow-Townes linewidth only

considers spontaneous emission noise. In the very same way as it is done for conventional

semiconductor LDs, using the rate equation 2.11, i.e., including the terms of spontaneous

origin, we can extract the expression of the effective polariton lifetime τ′p :

1

τ′p
= 1

τp
−

[
a(1−e−β∆esc )+ cn′

e∞ +bnx∞

]
nx∞ , (2.55)

where the second term on the right-hand side of equation 2.55 is obviously the equivalent

for polariton LDs to the product of the confinement factor (Γc f ) with the group velocity (vg )

and the material gain per unit length (g ) in VCSELs or conventional LDs (the effective cavity

lifetime (τ′cav ) is then given by: 1/τ′cav = 1/τcav + Γc f g vg [156]). It describes the increase in

the ground state polariton lifetime resulting from the efficient relaxation of excitons from the

reservoir that will compensate for polariton losses. The below-threshold linewidth, accurate

for amplified spontaneous emission, namely the famous Schawlow-Townes linewidth is given

by h/2πτ′p . However, M. Lax showed that above threshold the nonlinear coupling between the

rate equations resulted in a factor of 2 reduction in the linewidth [163]. Thus, the modified

Schawlow-Townes linewidth formula when accounting for the 1/2 correction factor [156] is

then such that:

γST = h

4πτ′p
. (2.56)
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Figure 2.13: Evolution of the modified
Schawlow-Townes linewidth of polariton LDs
at the optimum detuning as a function of
temperature for the electrical (red dots) and
the intracavity optical (black dots) pumping
geometry. Taken from Ref. [159].

Optical
Electrical

The evolution of γST for the two pumping geometries is displayed in Fig. 2.13 at the optimum

detuning as a function of temperature. Note here that the exact behavior reported for tem-

peratures below 200 K should only be considered as indicative because electrically-injected

devices become progressively less efficient with decreasing temperature due to the reduced

p−type conductivity.

Note that for conventional LDs γST,LD = Γc f Rsp /4πn, where Rsp is the spontaneous emission

rate, and n is the photon density (or output power) [156]. One central conclusion of this

formula is that the LD linewidth varies inversely with the output power, leading to a linewidth

collapse at high current densities. Note that equation 2.56 is not independent of the polariton

density as a, b, and c all depend on np . Furthermore, for conventional LDs it can be shown

that the linewidth is enhanced by a factor (1+α2), i.e., γLD = γST,LD (1+α2). The 1 represents the

spontaneous emission noise (γST,LD ) and α2 represents the carrier noise contribution [156].

Haug and co-workers [164] showed that the polariton linewidth can be expressed in a similar

way as to conventional LDs with a linewidth enhancement factor α2 = (∆ω/Γ)2, where ∆ω is

the frequency shift associated with phase fluctuations, and Γ is the decay rate of the density

fluctuations.

In ’early’ experiments a net increase in the emission linewidth of optically pumped MCs

above threshold with increasing density (Px ) was observed and explained to originate from

polariton-polariton interactions [165]. Tassone and Yamamoto [161], and then Porras and

Tejedor [166], suggested that a self-phase modulation term, not present in conventional LDs,

should lead to an increased γpolLD with increasing Px . However, those ’early’ measurements

suffered from intensity noise fluctuations of the pump laser. The ’true’ emission linewidth

associated with polariton condensates was only made accessible thanks to the use of semi-

conductor LDs free from intensity fluctuations on the ns time scale, leading to a coherence

time of 120–150 ps in a CdTe MC at cryogenic temperatures, i.e., corresponding to a linewidth

of ∼ 10 µeV [167]. In Fig. 2.14(a) the corresponding first-order coherence function g (1)(τ)

versus delay time τ for a polariton condensate above threshold is shown. Note that the spectral
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(c) (d)

(a) (b)

Figure 2.14: Coherence properties of a po-
lariton condensate. Experimentally deter-
mined (a) first-order coherence function
g (1)(τ) above threshold and (b) dependence
of the coherence time on pumping inten-
sity. Calculated (c) decay of g (1)(τ) for pop-
ulations 〈n〉 = 50, 500, 1000 and (d) decay
time (γ−1 = τcav /2) for g (1)(τ) as a function of
the population obtained applying the Kubo
statistic lineshape theory. Experimental and
calculated results adapted from Refs. [167]
and [168], respectively.

shape of emission is obtained by taking the Fourier transform of g (1)(τ) [168] and thus the

linewidth is proportional to 1/τc , where τc is the coherence time. In Fig. 2.14(b) the variation

of the coherence time is plotted as a function of the emission intensity, which is proportional

to the mean number of particles in the condensate state (〈n〉). Close to threshold when 〈n〉
is small the Schawlow-Townes decay is responsible for the increase of τc . Whittaker and

Eastham attributed the observed plateau in the variation of τc with condensate occupation

(Fig. 2.14(b)) to a critical slowing down of number fluctuations [168]. Note that the same

trend is observed in conventional LDs close to threshold and Haken [169] showed a close

analogy of this behavior with the critical slowing down of number fluctuations in the vicinity

of an equilibrium phase transition. In Figs. 2.14(c) and 2.14(d) the results of Whittaker’s and

Eastham’s theoretical quantum model, which is based on the Kubo statistic lineshape model

and self-phase modulation, are shown. Those authors show that the available experimental

results (Figs. 2.14(a) and 2.14(b)) are well explained by their model describing a MC polari-

ton condensate as a pumped dissipative system where the main decoherence process is the

combined effect of number fluctuations and inter-particle interactions. However, their model

predicts a regime of motional narrowing at higher pump powers, which has not been observed

so far, possibly due to the disorder limited size of the condensates.

Provided linewidth enhancement effects do not play a significant role, which should be the

case at least at cryogenic temperatures according to the most recent theories [164, 167, 168],

it is predicted that the linewidth of III-nitride polariton LDs γpolLD should be equal to γST

at least close to threshold [168]. Thus, γpolLD can be deduced directly from Fig. 2.13. The

slightly narrower linewidth predicted for the direct electrical pumping geometry, 5.7 × 10−2

(14 MHz) vs 7.3 × 10−2 µeV (18 MHz) for the intracavity one, is likely inherited from the strong

dependence of the effective ground-state polariton lifetime given by equation 2.55 on the term

proportional to the exciton-exciton scattering rate. The latter is slightly larger for the direct

electrical pumping geometry compared with the intracavity one, which is inherited from the

δopt value that is closer to zero detuning with this geometry (cf. Fig. 2.4(c)). Qualitatively we
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Microcavity Laser
VCSEL Polariton LD

Reservoir unbound e-h pairs excitons
Stimulation condition population inversion ground state occupancy > 1
Emission wavelength λcav λpol = hc/ELPB (0)
lifetime τcav τp (δ)
Equilibrium None δ-dependent
Jthr (kA/cm2) 1 - 10 10−1-10−3

δopt (meV) 0 < 0
Above threshold clamping of carriers (e and h) excitons

ω2
R vg adi f f Np /τcav 2np∞

√
b/τ3

p

Linewidth γLD ∝ 1/τ′cav γpolLD ∝ 1/τ′p

Table 2.2: Comparison between VCSELs and polariton LDs at RT for III-nitride based devices.

can understand that when going toward more positive detunings, the critical density leading

to condensation increases [138], hence nx∞, which subsequently implies an overall decrease

in 1/τ′p and thus in γST .

2.5 Polariton laser vs. VCSEL

The main differences between VCSELs and polariton LDs are given in Table 2.2, which summa-

rizes partly the results of sections 2.3.2, 2.4.2 and 2.4.4. Conventional LDs such as VCSELs are

ruled by fermionic statistics, i.e., they form a class of coherent light-emitting devices where

the Bernard-Duraffourg condition is fulfilled, which is for the bulk case [30]:

EF c −EF v ≥ ~ω≥ Eg , (2.57)

where EF c and EF v are the quasi-Fermi levels describing the band filling of the semiconductor

with bandgap energy Eg out of equilibrium. The latter means that population inversion is

reached. Whenever the Fermi-Dirac function describing the electron occupation probability

of levels at an energy ~ω in the conduction band fc (~ω) exceeds the one in the valence band

fv (~ω), i.e., fc (~ω) > fv (~ω), the absorption α(ω) of the medium becomes negative. In other

words the system exhibits gain g (ω) [128, 170]:

α(ω) =−g (ω) =α2D,3D (~ω)( fv (~ω)− fc (~ω)), (2.58)

where α2D,3D depends on the dimensionality of the system (cf. equation 3.12). As already

mentioned previously the physics involved in polariton lasing is very different, since it is based

on stimulated relaxation of exciton-polaritons from a reservoir to a lower lasing state of the

lower polariton branch triggered by final state occupancy exceeding unity (cf. section 2.3.1).

The emission energy (or wavelength) of coherent light in the case of polariton lasers depends
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on the detuning and vacuum Rabi splitting, whereas in the case of a VCSEL, the latter is solely

determined by the cavity mode. Furthermore, the threshold of the polariton system does not

require population inversion and thus the threshold current density (Jthr ) is clearly lower than

that of a VCSEL. Note that in a polariton LD the total lower polariton density at threshold is well

below the exciton saturation density, i.e., a polariton LD operates below the Mott transition,

whereas a conventional photon laser such as a EELD or a VCSEL operates clearly above it.

Hence the exciton saturation density provides an upper limit for the operation of polariton

LDs, i.e., the output power can not be increased indefinitely. However, output powers (P0)

up to several hundreds of µW are expected for polariton LDs (cf. section 2.4.3). Note that the

threshold of a conventional photon laser lies clearly above the Mott transition, where the onset

of gain occurs (semiconductor transparency), as internal losses have to be compensated for.

In the previous section the low lasing threshold of polariton LDs has already been highlighted.

Furthermore, δopt in the case of polariton LDs has been shown to be temperature dependent

and different from zero for most of the temperature range (cf. Fig. 2.4). In the case of a VCSEL,

the minimum in the threshold current is expected to occur close to zero detuning, when

the overlap between the gain band of the active medium and the cavity mode is maximum.

In Fig. 2.15(a) the lasing threshold (Pthr ) of an InGaN/GaN MQW VCSEL measured at RT

under non-resonant excitation for several detuning values is plotted and δopt can be readily

identified [171]. In Fig. 2.15(b) the lasing threshold (Jthr ) with either an electrical or an intra-

cavity optical pumping geometry at RT shows a quite different δ dependence (theory based).

Note that besides the negative δopt value expected for both geometries the strong increase of

the threshold current density by several orders of magnitude when departing from the δopt

position is surprising, especially because no such dependence has ever been observed in

the case of the optically pumped GaN/AlGaN MQW based MC [137, 138]. Furthermore, the

experimentally determined threshold for the latter MC has been found to occur one to two

orders of magnitude below the Mott transition [172], whereas the predicted threshold is two
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Figure 2.15: Evolution of the nonlinear emission threshold at room temperature versus δ in
the case of (a) a VCSEL (experiments), and of (b) polariton LDs with either an electrical or an
intracavity optical pumping geometry (theory). (a) Note that the blue line is a guide to the eye.
Adapted from Ref. [171].
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Chapter 2. Theoretical study of emission properties of III-nitride polariton laser diodes

orders of magnitude lower. Thus, the quantitative validity of the full semiclassical Boltzmann

model applied to the two puming geometries remains to be proven.

Using a simplified quasi-analytical model based on a two-level system, i.e., based on two rate

equations, provides comparable results to the case of conventional LDs. Indeed, it has been

shown (cf. section 2.4.1) that the exciton population, which acts as a reservoir for the stimu-

lated relaxation process, gets clamped once the condensation threshold is crossed, a behavior

analogous to what happens in conventional LDs with the carrier density above threshold.

Furthermore, an expression for the relaxation resonance frequency (ωR ) for polariton LDs

has been derived (cf. Table 2.2 and section 2.4.2). Another important feature of light emitting

devices is their emission linewidth (cf. section 2.4.4). In the case of polariton LDs γpolLD

is expected to be inversely proportional to the effective polariton lifetime and γpolLD with

increasing pump strength is considered to be mainly constant. Note that this is not the case in

conventional single mode LDs: at threshold the linewidth (γLD ) is inversely proportional to

τcav ′ and above threshold γLD decreases with increasing pump strength [156].

2.6 Summary of the results

The main emission characteristics of electrically-driven polariton lasers

based on planar GaN MCs with embedded InGaN/GaN MQWs were studied

theoretically. Two experimentally relevant pumping geometries have been

considered, namely the direct injection of electrons and holes into the strongly

coupled MC region and intracavity optical pumping via an embedded LED.

The minimum threshold current density Jthr as a function of lattice tempera-

ture and exciton-cavity photon detuning was calculated in the framework of

semiclassical Boltzmann equations leading to optimum values two orders of

magnitude lower than in equivalent III-nitride based VCSELs (at RT Jthr ∼ 5

A/cm2 vs 1-10 kA/cm2). Using a quasi-analytical model the steady-state and the

high-speed current modulation including the relaxation oscillation frequency

features were derived. Through this analysis it was shown that the exciton

population in the reservoir gets clamped above the condensation threshold

and is governed by the exciton-exciton scattering rate and the ground state

polariton lifetime. Two other important figures of merit, namely the RIN and

the modified Schawlow-Townes linewidth were also determined within this

theoretical framework, which overall allows establishing a direct comparison

with the main emission features of conventional single mode LDs.

For future experiments an interesting aspect to be checked in polariton LDs

is their linewidth evolution with pumping strength, which is expected to be

mainly constant, whereas for conventional single mode LDs it is known to

decrease.
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3 Design of microcavities and critical
aspects

As already mentioned in section 1.2.1 a microcavity contains the following building blocks:

a bottom mirror, an active medium, and a top mirror. First we will consider the optical and

structural properties of two kinds of distributed Bragg reflectors, those built from dielectric

materials and those from III-nitride-based bilayers. Then a section will be devoted to the

design of InGaN/GaN MQW based planar microcavity structures suitable for strong coupling

studies under non-resonant optical pumping. We will first detail the requirements in terms

of QW absorption features, NQW , and optical cavity length for achieving the strong coupling

regime in InGaN/GaN MQW-based MCs by combining envelope function calculations and

TMS for to two structure designs: a semi-hybrid and a full-hybrid approach.

3.1 High-quality dielectric Bragg mirrors

3.1.1 Determination of the complex refractive index

The interaction of electromagnetic radiation with electrons of a material affects the propaga-

tion of this radiation. As a result, there is a change in wave velocity and intensity described by

the complex optical refractive index of the material:

ñ = nop − i kop , (3.1)

where nop is the real index of refraction, and kop is the index of absorption, which is also known

as the extinction coefficient. The electric field component associated to the propagating wave

in the x direction is then expressed by

E = E0e
−i 2πñx

λ = E0e
−i 2πnop x

λ e
−2πkop x

λ , (3.2)

where E0 is the field amplitude and λ is the wavelength. From the latter the wave velocity vp

can be identified readily using the angular frequency ω and the wave vector k as vp =ω/|k| =
2πc
λ

λ
2πnop

= c/nop , whereas in free space the wave velocity is c as nop is equal to unity. The
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intensity of the radiation I is proportional to EE∗, thus I∝E 2
0 exp(−4πkx/λ). Therefore,

I = I0e−αx , (3.3)

where the absorption coefficient α is defined by 4πk/λ, and I0 is the intensity of the incident

radiation. The absorption coefficient can be determined by measuring the reflectivity R and

the transmission T of a thin layer. The transmitted intensity T , neglecting interference effects

and losses due to scattering is given by [170]:

T = (1−R)e−αl , (3.4)

where l is the layer thickness. Thus, the absorption coefficient can be found easily:

α=−1

l
ln

(
T

(1−R)

)
. (3.5)

A Varian Cary 500 spectrophotometer has been used to measure T and R. The absolute

reflectivity has been determined using the V-W configuration, as schematically represented

in Fig. 3.1(b). In the V configuration, used for calibration, the measured intensity Im,V

depends on the incident intensity I0 and the reflectivity of the mirrors R1, R2 and R3 via the

relationship Im,V = I0R1R2R3, whereas in the VW configuration Im,V W = I0R1R2R3R2
sample .

Thus the reflectivity of the sample can be obtained by Rsample =
√

Im,V W /Im,V . Within such

a configuration the absolute reflectivity at ∼ 7◦ and with a precision of at best 1% can be

obtained. As an illustration the reflectivity and transmission curve measured on a thin TiO2

layer are shown in the inset of Fig. 3.1(c). The thin TiO2 layer has been deposited by magnetron

sputtering onto a transparent, double side polished sapphire substrate. Furthermore, the

extinction coefficient k has been derived using equation 3.5 and is plotted versus wavelength

in Fig. 3.1(c).

In order to determine the real index of refraction n(λ) the Sellmeier model can be used. The

Sellmeier model corresponds to a region where ε2 ∼ 0 in the Lorentz model, i.e., Γ→ 0 in L(E)

∝ 1/(E 2
0 -E 2-iΓE) using E = hc/λ [173]:

ε(λ) = ε1(λ) = n(λ)2 = A+∑
j

B jλ
2

λ2 −λ2
0, j

, (3.6)

where A and B j represent analytical parameters used in data analysis. The one-pole Sellmeier

dispersion formula, i.e., j = 1 in equation 3.6, gives satisfactory results for the dielectric ma-

terials under study. In Fig. 3.1(c) the refractive index nop (λ) of a TiO2 layer is derived from

the reflectivity and transmission curves shown in the inset using the fact that constructive

interference occurs at λm = 2l nop (λm)/m, with m a positive integer number (the interference

maxima (minima) of the reflectivity curve are indicated by red (black) dots in the inset of Fig.
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Figure 3.1: Schematic drawing of the (a) V-configuration used for calibration and the (b) V-W
configuration used for absolute reflectivity measurements. (c) The blue (red) line corresponds
to the imaginary (real) part of the refractive index of a TiO2 layer derived from the transmission
and reflectivity measurements shown in the inset using equations 3.5 and 3.6, respectively.
Furthermore, the complex refractive index has been derived from ellipsometry measurements
and is shown for comparison in red and blue dashed lines.

3.1(c)). The layer thickness l has been determined from a scanning electron microscope (SEM)

image.

The complex refractive index ñ and the layer thickness l can also be obtained by spectroscopic

ellipsometry.1 A SOPRA GES5E spectroscopic ellipsometer has been used to measure the

amplitude ratioψ and the phase difference∆ between s- and p-polarized light waves reflected

on several thin dielectric layers (TiO2, SiO2, ZrO2) deposited on a Si substrate.2 WinElli II,

a data analysis software of SOPRA, is used to model (ψ, ∆) in order to extract nop and kop ,

whereas for the infrared (IR) spectral range a modified Cauchy law is applied and several

Lorentz peaks are added in the UV spectral range. Furthermore, (ψ, ∆) has been modeled

by a software written by Georg Rossbach (LASPE-EPFL) and the extracted nop , kop values

were in good agreement with those obtained from WinElli II. The experimental results for a

thin TiO2 layer are shown in Fig. 3.1(c) (dashed lines). A slight variation with respect to the

values extracted from R and T measurements can be seen, which can be mainly attributed

to the precision of the above-mentioned method. However, the former method is preferred

to ellipsometric measurements due to impeded access to the ellipsometer (located in the

cleanrooms of CMI) and time-consuming modeling.

3.1.2 Improvement of dielectric materials

Most of the dielectric materials employed in the DBRs presented in this work have been

deposited by e-beam evaporation using a Leybold – Optics LAB 600 H at the center of Mi-

1A complete introduction to spectroscopic ellipsometry is given in Ref. [173].
2Si has been chosen as substrate because of its large refractive index nop ∼3.3 and the well known wavelength

dependence of its complex refractive index.
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ARef. [174]

Figure 3.2: (a) Absorption coefficient as a function of the wavelength for TiO2 layers deposited
under different sputtering conditions. (b) The best layers in terms of reduced absorption in
the near UV region have been annealed for 1h at 400◦C.

croNanoTechnology (CMi) at EPFL. Optimization of materials and subsequent ellipsometric

characterization have been done by Gatien Cosendey and Georg Rossbach (LASPE-EPFL),

respectively.

Recently, a magnetron sputtering machine has been installed by Kenositec (KS 500 CONFO-

CAL) in the cleanroom facilities of our Institute. Deposition parameters have been optimized

for TiO2, SiO2, and ZrO2 layers to obtain a reduced absorption in the near UV spectral range.

Fig. 3.2(a) shows the absorption coefficient, derived using the first method mentioned in

section 3.1.1, of thin TiO2 layers deposited under different conditions. In all cases depositions

have been carrried out at RT and under an argon flux of 40 sccm. Different deposition pres-

sures (1-10µbar), and forward powers (100 - 300 W), and the appliance of a RF bias at the

substrate have been tested. The best conditions also in terms of deposition rate, which is about
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Figure 3.3: The blue dashed (red dashed) line and the blue solid (red solid) line correspond
to the imaginary (real) part of the refractive index of SiO2 and ZrO2, respectively, derived
from ellipsometry measurements. (b) Experimental (red line) and simulated reflectivity curve
obtained using TMS (pink dashed line) of a λ/2 ZrO2 cavity surrounded by a bottom 3 pair and
a top 2 pair SiO2/ZrO2 DBR. (c) Reflectivity (R), transmission (T), and absorption (A) measured
on a 6-pair SiO2/TiO2 DBR. The absorption is obtained through the relation A = 1 - R - T and
the simulated reflectivity spectrum by transfer matrix simulation.
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0.02 nm/s for TiO2, are achieved when layers are sputtered at 5 µbar and at a forward power

of 200 W. For comparison the absorption coefficient of amorphous TiO2 given in Ref. [174]

is plotted in black. Furthermore, the effect of annealing at 400◦C for 1h has also been tested

(cf. Fig. 3.2) and improvements in the visible range can be highlighted. However, around 400

nm a slight increase of the absorption has been observed and thus annealing has not been

introduced as a standard processing step. High-quality layers have been obtained for SiO2

and ZrO2 under the same conditions, i.e., 5 µbar and 200 W, leading to a deposition rate of

0.04 nm/s and 0.035 nm/s, respectively. The complex refractive index of SiO2 and ZrO2 layers

derived from ellipsometry measurements is shown in Fig. 3.3. It can be seen that SiO2 layers

do not present any relevant absorption and that the absorption edge in ZrO2 layers is only at ∼
270 nm, whereas in TiO2 it occurs at around 360 nm. Thus, thanks to their reduced absorption,

even in the UV spectral range, SiO2 and ZrO2 layers are commonly used as quarter-wave

layers in top DBRs of non-resonantly optically pumped microcavities [104]. However, for

electrically injected devices the SiO2/TiO2 bilayer system is preferred since it exhibits a larger

refractive index contrast (∆nop /nop ) of 46% (at 415 nm) with respect to 30% (at 415 nm) for

SiO2/ZrO2 [18].

3.1.3 Dielectric DBRs

Dielectric DBRs obtained by e-beam evaporation present peak reflectivities over 99.5% when

using a minimum number of 7 and 8 pairs for the SiO2/TiO2 and the SiO2/ZrO2 bilayer

system, respectively [124]. A peak reflectivity of 99.3% has been achieved as well for a 7 pair

SiO2/TiO2 DBR at 440 nm deposited by magnetron sputtering using optimized deposition

parameters. However, so far, there was no need to exceed the 99.3% limit as the main goal

was the achievement of green LDs (i.e., lasing beyond 500 nm). The latter have been achieved

thanks to the deposition of SiO2/TiO2 DBRs onto the cleaved facets. For those DBRs a high

reflectivity at 500 nm and a minimum at 450 nm was desired. Such requirements were met

by a 6 pair SiO2/TiO2 DBR exhibiting a peak reflectivity of 98.5% as shown in Fig. 3.3(c). The

reflectivity measurements have been performed in the V-W configuration. Note that the slight

oscillations visible in the absorption curve, which has been calculated using the relation A = 1

- R - T, are due to the fact that transmission measurements are performed at perpendicular

incidence, while the reflectivity spectrum is acquired at an incidence angle of ∼ 7◦.

So far no highly reflective SiO2/ZrO2 based DBRs have been achieved by magnetron sputtering.

However, to test the material quality a low Q cavity has been deposited onto a double-side

polished sapphire substrate. The reflectivity measurement performed in V-W configuration is

depicted in Fig. 3.3(b). As it is the case for the SiO2/TiO2 DBR (cf. Fig. 3.3 (c)) the simulated

reflectivity curve obtained by TMS matches well the measured reflectivity spectrum, which

indicates a good knowledge of the optical layer properties and a limited impact of layer

roughness.

65



Chapter 3. Design of microcavities and critical aspects

3.2 High-quality III-nitride Bragg mirrors

3.2.1 An introduction to III-nitride DBRs

Nitride-based DBRs facilitate the fabrication of advanced nitride structures such as (i) RCLEDs,

(ii) VCSELs, and (iii) microcavities for fundamental studies (e.g., strong coupling applications,

Purcell enhancement,...). Different combinations can be found in the literature for the practi-

cal implementation of the latter: AlN/GaN-DBRs [175, 176], AlN-(In)GaN superlattice/GaN-

DBRs [177], AlGaN/(Al)GaN-DBRs [178, 179], and InAlN/(Al)GaN-DBRs [101, 180].

The large lattice-mismatch offered by the AlN/GaN quarter-wave combination (∼ 2.4%) results

in a large build-up of tensile strain with increasing number of pairs, which eventually leads to

cracks and threading dislocation generation. However, thanks to the introduction of strain

relieving AlN/GaN superlattices into the AlN/GaN DBR, the first cw electrically injected VCSEL

has been obtained at 77 K in 2008 [13].3 This latter VCSEL was based on intracavity contacts as

vertical electrical transport through nitride-based DBRs is quite challenging, due to the band

offsets in the DBR lattice resulting into 2-dimensional electron gases that enhance the lateral

conductivity and degrade largely the vertical one. Recently n-type doped AlGaN/GaN-DBRs

based on a corrugated refractive index profile, i.e., on a sinusoidal composition profile, have

been realized and a reasonable conductivity was achieved, making such DBRs interesting

for electrically-driven devices [181]. Such an approach cannot be easily transposed to the

InAlN/GaN system due to the challenges occurring in the growth of the quaternary material

AlInGaN, namely non linear flows and strong growth temperature dependence. However,

InAlN can be grown lattice-matched to GaN and thus DBRs combining the latter bilayers

reveal outstanding results with regard to peak reflectivity and structural quality [101, 177],

especially when grown on FS-GaN substrates [158]. Note that only recently the latter have

been implemented successfully into a VCSEL structure [18]. In Fig. 3.4 the refractive index

contrast (∆nop /nop ) for Inx Al1−x N and Alx Ga1−x N layers deposited on GaN vs the in-plane

lattice parameter mismatch is displayed. It can be seen that for nearly LM layers in the case of

Inx Al1−x N, corresponding to an In composition of ∼ 0.2, a ∆nop /nop of ∼ 7% can be achieved

at a wavelength of 480 nm, whereas in the case of Alx Ga1−x N only values below 2% are within

reach. Note that the values used to calculate ∆nop /nop for the Inx Al1−x N layers rely on equa-

tion 3.8, whereas for the Alx Ga1−x N layers a semiempirical formula, given by equation 3.7,

achieved by Brunner et al. [182] on thick GaN and Alx Ga1−x N layers with x ranging between

0.11-1, has been used.

Furthermore, the LM system In0.15Al0.85N/Al0.2Ga0.8N has been proven to provide crack-free

highly reflective UV-DBRs exhibiting a peak reflectivity higher than 99% at a wavelength as

short as ∼ 340 nm [180]. The latter has been achieved thanks to a strain engineering solution

relying on a short period GaN/AlN superlattice grown underneath a thick Al0.2Ga0.8N layer.

Considering microcavities, an In0.15Al0.85N/Al0.2Ga0.8N DBR grown underneath an active

medium based on bulk GaN or GaN/AlGaN MQWs proved to be a key element in III-nitride

3Note that cw operation at RT for almost the same VCSEL structure besides some improvements has been
reported by the same group only 2 years later [15].
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x ~ 0.2 

Figure 3.4: Refractive index contrast (nGaN −
nY )/nGaN vs in-plane lattice parameter mis-
match (aY −aGaN)/aGaN for Y = Inx Al1−x N lay-
ers (red curve) [101] and Y = Alx Ga1−x N (black
curve) [182] at a wavelength of 480 nm. The
shaded areas correspond to the refractive index
contrast of InAlN or AlGaN layers nearly LM to
GaN, i.e., |(aY −aGaN)|/aGaN < 0.5%.

microcavities to achieve polariton lasing [54, 55].

3.2.2 Optical properties of GaN and InAlN layers

The optical constants for GaN are well known thanks to experimental techniques such as

transmission, photothermal deflection spectroscopy [182], and spectroscopic ellipsometry

[183]. The real index of refraction of MBE grown Alx Ga1−x N layers in the entire range of

composition (0≤x≤1) have been extracted from transmission and photothermal deflection

spectroscopy below their bandgap energy by Brunner et al. [182]:

nop (y) = (C (x)+ A(x)y−2(2− (1+ y)1/2 − (1− y)1/2)1/2, where

C (x) =−2.2x +2.66,

A(x) = 3.17x1/2 +9.98,

y = hν/Eg ,AlxGa1−x N , and

(3.7)

Eg ,AlxGa1−x N is the bandgap energy of the alloy given in equation 1.8.4 Experimentally-determined

optical constants for InAlN layers LM to GaN are extremely scarce. The first report made by

Carlin and Ilegems [101] when demonstrating the successful fabrication of highly reflective

crack-free InAlN/GaN Bragg mirrors showed that the refractive index contrast (∆nop /nop ) of

Inx Al1−x N to GaN is well fitted by a linear dependence with indium content within the 6-21%

explored range, according to

∆nop

nop
= 0.127−0.35x. (3.8)

Furthermore, it was highlighted that the wavelength dependence of the refractive index of

LM In0.17Al0.83N follows closely that of Al0.46Ga0.54N, which is as well the AlGaN alloy having

the same bandgap energy than In0.17Al0.83N [185]. Thus, its dispersion is given for x = 0.46 by

equation 3.7.

Note that the lack of information on the optical constants and their wavelength dependence,

4Furthermore, the anisotropic dielectric function has been determined for AlN and GaN by spectroscopic
ellipsometry in Ref. [184].
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especially considering the extinction coefficient kop , for InAlN layers in the region up to 25%

of indium has been overcome only recently by variable-angle spectroscopic ellipsometry

[186, 187].

3.2.3 LM InAlN/GaN DBRs grown onto different substrates

The growth of LM InAlN films on GaN is possible only under specific growth conditions. The

main challenge arises from the huge difference in the growth temperature between AlN (∼
1100◦C) and InN (∼ 600◦C). A typical growth temperature of ∼ 800◦C is chosen, which is a

compromise between the reduced surface diffusion length of Al adatoms at lower growth

temperatures and the increased In desorption at higher growth temperatures. The growth

temperature is actually the key parameter in order to tune the indium content in the InAlN

layers. In order to achieve LM conditions an In content of 17% is targeted for structures grown

on c-plane sapphire substrates [188], whereas for structures grown on FS-GaN substrates a

slightly higher In content of 18% is suited [189]. This discrepancy is ascribed to the different

residual strain state of GaN buffer layers grown on the two types of substrate.

InAlN/GaN DBRs grown on c-plane sapphire are deposited on top of a 2 µm thick GaN buffer

layer with a threading dislocation density (TDD) of the order of ∼ 8-10 × 108 cm−2 using

trimethyl-indium (TMIn) and trimethyl-aluminum (TMAl) as metal precursors for InAlN,

triethyl-gallium (TEGa) as metal precursor for GaN, and NH3. The InAlN and GaN growth

temperature (rate) is 835◦C (Tsapphi r e ) (∼ 140 nm/h) and 1065◦C (∼ 700 nm/h), respectively.

N2 is used as carrier gas for both GaN and InAlN layers. The growth rates are calibrated in a

separate run performed prior to the DBR growth using i nsi tu reflectivity measurements to

determine the thicknesses of thick InAlN and GaN layers. Such structures are well-suited for

RC-LED applications [190]. However, the low thermal conductivity of the sapphire substrate

together with large TDDs and an increased surface roughness (cf. Fig. 3.5) with respect to

DBRs grown on FS-GaN substrates, make such structures suboptimal for the realization of

VCSEL devices despite the achievement of a peak reflectivity above 99%.

The DBR growth parameters on c-plane FS-GaN substrates are exactly the same than those of

DBRs grown on sapphire, except for a tuning of the InAlN growth temperature setpoint, due to

the above-mentioned slight difference in the residual strain state of the buffer layer and the

different thermal conductivity of the substrate. The latter has to be considered with great care,

as the growth temperature is measured on the susceptor and thus is not the actual sample

temperature. As a rule of thumb, InAlN layers LM to GaN have to be grown at Tsapphi r e + 30◦C

(Tsapphi r e + 40◦C) onto single-side polished FS-GaN substrates (onto double-side polished

FS-GaN substrates). They are deposited onto a 1 µm thick GaN buffer grown on two different

kinds of FS-GaN substrates. The first substrate type exhibits a dislocation density of 4 ×
107 cm−2 and is hereafter referred to as intermediate quality FS-GaN substrate. The second
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Figure 3.5: 10×10 µm2 AFM scans of the final top GaN layer of LM InAlN/GaN DBRs grown
onto a c-plane (a) sapphire substrate (courtesy of Nils A. K. Kaufmann (LASPE-EPFL)), (b)
intermediate quality FS-GaN substrate (courtesy of Gatien Cosendey (LASPE-EPFL)), (c) and
(d) high-quality FS-GaN substrate under slightly different growth conditions.

substrate, the so-called high-quality FS-GaN substrate, was achieved through epitaxial-growth

with inverse-pyramidal pits and shows a reduced dislocation density amounting to 1 × 106

cm−2.

In Figs. 3.5(a) - 3.5(d) 10×10 µm2 AFM scans of the final top GaN layer of LM InAlN/GaN DBRs

grown onto a c-plane sapphire substrate, an intermediate quality FS-GaN substrate, and two

high-quality FS-GaN substrates are shown. Note that a slightly too high growth temperature

(by only 10◦C) might result into a high TDD which can be seen in Fig. 3.5(c) with respect to

Fig. 3.5(d). A growth temperature rise of 10◦C reduces the In content by about 2% and thus

results in an increased tensile strain in the InAlN layers [191]. However, the rms roughness of

the final top GaN layer is clearly reduced for DBRs grown onto high-quality FS-GaN substrates

(0.65 nm for Fig. 3.5(c) and 0.24 nm for Fig. 3.5(d)) with respect to DBRs grown onto sapphire

or intermediate quality FS-GaN substrates (1.49 nm for Fig. 3.5(a) and 1.1 nm for Fig. 3.5(b),

respectively).

Probing the photonic disorder

In addition to standard structural characterization tools (namely AFM, scanning and transmis-

sion electron microscopies) the following characterization method has been used: on top of

two 42 pair InAlN/GaN DBRs, one grown onto an intermediate quality FS-GaN substrate and

the other onto a high-quality FS-GaN substrate (corresponding AFM images of the top GaN

surface are shown in Figs. 3.5(b) and 3.5(c), respectively) a seven-pair ZrO2/SiO2 Bragg mirror

has been deposited by electron beam evaporation resulting in λ/2 GaN-ZrO2 cavities. Note

that identical growth conditions were employed for the two DBRs except for a slight variation

in the layer thicknesses resulting in a stopband shift of ∼20 nm. However, the latter is not

expected to affect the following analysis. The in-plane disorder of those test-microcavities,

which is directly linked to the DBR structural and optical properties, has been probed through

RT two-dimensional micro-transmission mappings using the continuous spectrum of a xenon

lamp as incident light source. The light was focused down to a spot size ∼2 µm in diameter
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Figure 3.6: (a) and (d) micro-
transmission mappings (50×50
µm2) of the cavity mode wave-
length, (b) and (e) corresponding
cavity quality factor Q, and (c) and
(f ) transmission spectra recorded
every 2 µm along the continuous
and the dashed arrow on a cold
GaN/ZrO2 cavity formed on top
of a DBR structure grown on a
high-quality FS-GaN substrate
(left-hand side column) and on
an intermediate quality FS-GaN
substrate (right-hand side col-
umn), respectively. Adapted from
Ref. [191].

on the sample using a long working distance near UV microscope objective (× 100) with a

numerical aperture (N.A.) of 0.5. The transmitted light was then collected by a UV optical

fiber in far-field configuration ensuring an angular selection of ∼ 0.6◦. Transmission spectra of

the cavities have been acquired every micron over a 50 × 50 µm2 area (Fig. 3.6). For the DBR

structure grown onto the low dislocation density substrate (Fig. 3.6, left-hand side column)

a low photonic disorder is evidenced. The cavity mode position is fluctuating by ∼ 0.45 nm

(∼0.1%) and can be related to cavity thickness changes of ∼ 1 nm (cf. Fig.3.7(c)). The cavity

mode radius ap can be expressed using the FWHM of the beam divergence angle θFW H M [192]

ap ≈ λ0

2θFW H M
= λ0

√
Q

4nc
. (3.9)

Q for the microcavity grown onto the high-quality FS-GaN substrate reaches values up to 800

(cf. Fig. 3.6(b)) matching those deduced from TMS (cf. Fig. 3.7(c)). Using equation 3.9 the

cavity mode for the lowest Q factor (340) has a spatial extension of ap ∼ 830 nm, whereas a

spatial extension ap ∼ 330 nm has been deduced from the measured beam divergence angle

below threshold in the case of a VCSEL based on a LM InAlN/GaN DBR [18]. Thus, in the

following the cavity mode is approximated by a square of lateral dimension of ∼ 1 µm and

the AFM map can be used to calculate the mean height map felt by the cavity mode (cf. Fig.

3.7(b)). Over an area of 10×10 µm2 the mode feels changes in height by ∼ ± 1 nm.
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Figure 3.7: (a) 10×10 µm2 AFM scans of the final top GaN layer of a 42 pair LM InAlN/GaN
DBR grown onto a c-plane high-quality FS-GaN substrate and (b) the derived mean height
map as felt by a cavity mode with a lateral extension of ∼ 1 µm indicated as black square. (c)
Transmission spectra of the λ/2 GaN-ZrO2 cavity obtained using transfer matrix simulation for
thickness changes in the λ/4 GaN layer of 0, ± 0.5, and ± 1 nm. In the inset the demagnified
transmission spectra are shown.

On the other hand, for the DBR structure grown onto the intermediate quality FS-GaN sub-

strate, the photonic disorder is considerably increased. For the second test-microcavity

structure, the Q factor only amounts to half that of the former one whereas an identical value

is expected. Such an analysis clearly demonstrates that the dislocation density measured on

the final top GaN layer does not play a major role for the achievement of samples charac-

terized with a low photonic disorder. However, the dislocation density plays a crucial role

for electrically driven devices. It was reported that the reduction in the TDD was essential

for obtaining long-lived blue-violet EELDs [193]. The observed difference might originate

from different polishing procedures used for the two kinds of substrates. For the intermediate

quality FS-GaN substrate local offcut variations are present as can be seen by 10×10 µm2 AFM

scans (cf., e.g., Fig. 3.5(b)).

Note that the success in imaging dislocations by AFM, especially etch-type ones, is highly

dependent on the tip used [194]. In order to conclude on the TDD of those DBRs efforts should

be made to increase the size of these pits in order to be probed easily by AFM.

Further improvements

For information, the highest quality factor value obtained in our laboratory with a III-nitride

microcavity has been observed in a 5λ cavity containing 3 In0.15Ga0.85N/GaN QWs based on

a 50 pair bottom LM InAlN/GaN DBR grown on sapphire and a 20 pair top SiO2/Si3N4 DBR.

Using microphotoluminescence (µ-PL) a Q value of 6400 has been measured [114]. However,

for practical applications such as VCSELs and polariton LDs such a high quality factor is not

required and has even a detrimental impact considering the outcoupling of the emission.

Thus, if a differential efficiency of 50% is desired, the output mirror transmission must be

about equal to 0.5% [87].
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Figure 3.8: (a) Micro-transmission mappings (50×50 µm2) of the cavity mode wavelength, (b)
corresponding cavity quality factor Q, and (c) the transmission spectra of regions A and B. (d)
Detailed HAADF STEM cross-section view of InAlN/GaN interfaces in DBRs (courtesy of Dr.
Guillaume Périllat-Merceroz (LASPE-EPFL)).

In Figs. 3.8(a)-3.8(c) the results of the micro-transmission mapping, acquired under the

above described conditions on a λ/2 GaN-TiO2 cavity are shown. The λ/2 GaN-TiO2 cavity is

based on a bottom 42 pair InAlN/GaN DBR (the corresponding AFM image of the top GaN

surface is shown in Fig. 3.5(d)) grown onto a high-quality FS-GaN substrate and a top seven-

pair TiO2/SiO2 Bragg mirror. Note that such a mirror configuration has been successfully

used to achieve the first InAlN-based VCSEL [18]. As for the λ/2 GaN-ZrO2 cavity the mode

position is fluctuating by only ∼ 0.5 nm (0.1%) thanks to the small rms surface roughness

of the top GaN surface (Fig. 3.5(d)). However, the increased ∆n/n value with respect to the

SiO2/ZrO2 bilayer system, leads to higher quality factors (cf. Fig. 3.8(b)). Although, regions

with low quality factor are observed as well. In the transmission spectra corresponding to such

regions typically two cavity modes are observed (cf. Fig. 3.8(c)). However, those region are

outnumbered by large regions exhibiting high quality factors up to ∼ 1500. Note that we do

not reach a value up to 3800 as expected from transfer matrix simulations. The latter might

be due to rough InAlN/GaN interfaces leading to layer thickness fluctuations. In Fig. 3.8(d) a

high angle annular dark field scanning transmission electron microscope (HAADF STEM)5

cross section view of an InAlN-based DBR clearly shows the presence of dark lines at the

InAlN/GaN interfaces, suggesting the presence of thin indium poor layers. Phase separation

of the InAlN and uncontrolled desorption of material might occur when growing GaN at a

temperature (∼ 1050◦C) above the thermal stability of LM InAlN, which is about 960◦C [195].

To circumvent this drawback, Sadler et al. proposed two solutions for the growth of GaN layers

used in DBRs [196]. The GaN layer can be grown at the growth temperature of InAlN but this

results into a top surface with large undulations unsuitable for DBRs. The second approach

relies on the low temperature growth of a thin GaN sublayer followed by a temperature ramp

and the subsequent growth of GaN at high temperature. This latter method seems much more

promising since it should not alter the GaN surface morphology (smooth layers as shown in Fig.

3.5(d) are expected) while preventing the InAlN desorption at each InAlN/GaN interface. Thus,

the overall quality of InAlN-based DBRs is expected to be improved. The implementation of

this technique has not yet been realized in our laboratory but is foreseen for the growth of

forthcoming DBR samples.

5An annular dark field image sampled in a STEM is highly sensitive to variations in the atomic number of atoms
in the sample (Z-contrast images).
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3.3 Design of microcavities

This section is devoted to the design of InGaN/GaN MQW based planar MC structures suit-

able for strong coupling studies under non-resonant optical pumping. We first detail the

requirements in terms of QW absorption features, NQW value per antinode, and optical cavity

length for achieving the strong coupling regime in InGaN/GaN MQW-based semi-hybrid and

full-hybrid MCs by combining envelope function calculations and TMS, which leads to two

corresponding optimum structure designs. Note that we will not consider monolithic MC

designs due to disadvantages like time-consuming growth, narrow stopband width of the

III-nitride based DBRs and consequent difficult spectral alignment of the top DBR with respect

to the bottom one. Furthermore, high absorption occurring in such top DBRs at the pump

wavelength of the excitation laser is highly detrimental.

3.3.1 Semi-hybrid and full-hybrid approach

In order to properly design an InGaN/GaN MQW based planar MC suitable for strong coupling

studies, the requirements resulting from envelope function calculations, TMS and fabrication

challenges should all be considered. Among the first straightforward elements to consider, we

can cite the bottom and the top DBRs, as well as the central wavelength of the targeted MC

structure.

Crack-free high-quality nearly LM InAlN/GaN DBRs grown on c-plane FS-GaN substrate con-

stitute an ideal template for the growth of the active region. On the other hand dielectric DBRs

are usually preferred as top DBR because they are much less time-consuming than epitaxial

mirrors in terms of fabrication while presenting a large stopband, low residual absorption at

the pump wavelength of the excitation laser (typically 244, 266, and 355 nm) and a high peak

reflectivity, typically well in excess of 99%, for a limited number of pairs due to the large refrac-

tive index contrast of the bilayer constituents. With respect to the low residual absorption at

the pump wavelength of the excitation laser the SiO2/ZrO2 combination is preferred whereas

for structures based on electrical intracavity contacts one might rather consider the SiO2/TiO2

bilayer system since it exhibits a very large refractive index contrast (cf. section 3.1.2).

The nature and the geometry of the MQW active region are obviously critical when it comes to

RT strong coupling applications due to the stringent requirements the former should fulfill to

ensure that cavity polaritons are still robust quasiparticles. Because RT residual absorption

in the LM InAlN/GaN DBR is expected to significantly increase for energies larger than 3.3

eV due to the subbandgap absorption occurring in the bilayer constituents (cf. Fig. 3.9), the

Inx Ga1−x N/GaN QWs should be designed such that their excitonic QW absorption lies well

below this value. A 300 meV safety margin appears as a reasonable trade-off, hence leading

to a maximum value for the absorption peak of ∼ 3.0 eV, i.e., ∼ 413 nm. Thus in order to

minimize the impact of the QCSE, 2 nm thick In0.1Ga0.9N wells surrounded by 3 nm thick GaN

barriers have been chosen since their emission energy also closely matches that of a cavity

mode centered at 3.0 eV.
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Table 3.1: Com-
parison between
the semi-hybrid
and the full-hybrid
approach.

Bottom DBRs

LM InAlN/GaN SiO2/ZrO2 SiO2/TiO2

LDBR at 3 eV (nm) 473 81 53

Absorption edge (eV) 3.29 4.59 3.31

Such a geometry is much easier to handle than full-hybrid MC structures for which the required

extra processing steps, like substrate removal and flip-chip, are known to affect the fabrication

yield. However, a full-hybrid approach presents also some advantages with respect to the

above-described semi-hybrid approach: (i) the mirror penetration depth (LDBR ) is much

shorter and (ii) very low In content QWs can be chosen as absorption in the near UV spectral

region is not an issue for dielectric Bragg mirrors (i.e., SiO2/ZrO2 DBRs). The bottom mirror

penetration depth LDBR given by equation 1.28 for the semi-hybrid approach is increased by a

factor 6 or 9 with respect to the full-hybrid approach relying on a SiO2/ZrO2 or a SiO2/TiO2

bottom DBR, respectively (cf. Table 3.1). We can estimate the maximum reflectivity (Rmax )

achievable with Bragg mirrors using the relationship [197]:

Rmax (E) = 1−α(E)LDBR (E). (3.10)

For strong coupling regime and VCSELs it is desirable to have mirrors characterized by a

Rmax > 98.5% [87]. Thus, using equation 3.10 one can calculate the limit of the admitted

DBR absorption (cf. red lines in Fig. 3.9). As long as the DBR absorption stays below this

limit, highly reflective mirrors can be obtained. From Fig. 3.9 it can be deduced that below

a wavelength of 377 nm (375 nm) this is not anymore the case for the LM InAlN/GaN DBR

(SiO2/TiO2 DBR, respectively). The latter values are listed in Table 3.1 under absorption edge.

Consequently, for UV applications requiring high reflectivity mirrors, the development of LM

AlGaN–InAlN reflectors is a better option, whereas in the case of the full-hybrid approach the

bottom DBR has to be exchanged with a SiO2/ZrO2 one.

In order to bring useful insights into the way to achieve the strong coupling regime with

InGaN-based MC structures, TMS have been performed for the semi-hybrid and the full-

hybrid approach (cf. section 3.3.4). Note that for both approaches, in order to compare

the latter, the same QW structure has been chosen, i.e., 2 nm thick In0.1Ga0.9N/GaN QWs

Figure 3.9: Absorption vs. wavelength in a 40-
pair LM InAlN/GaN DBR (adapted from Ref.
[197]) and in a 7-pair SiO2/TiO2 DBR only
taking into account the absorption occurring
in the TiO2 layers (black lines). αl i mi t (red
lines) indicates the wavefunction dependent
limit in which highly reflective mirrors with
Rmax ≥ 98.5% can be obtained, as long as the
DBR absorption stays below it.
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Figure 3.10: (a) The black (red) dashed line corresponds to the real (imaginary) part of the
refractive index of an In0.1Ga0.9N layer at RT approximated by shifting the refractive index of
GaN according to the band-gap energy of the alloy as proposed by Bergman and Casey [198] (cf.
equation 3.11). For the black (red) line excitonic effects are included and the latter refractive
index dispersion is used in TMS. (b) Same as (a) for the LT case (T = 10 K). (c) The absorption
(black line) of the InGaN layer is deduced from the extinction coefficient k shown in (b) and
the corresponding excitonic emission lineshape (blue line) is estimated using the approach
developed by F. Yang et al. [199]. Adapted from Ref. [200].

surrounded by 3 nm thick GaN barriers. TMS a priori require reliable optical constants for all

the materials at play. The optical constants for selected dielectric materials (SiO2, TiO2, and

ZrO2) and the III-nitride compounds GaN and InAlN have been given in the previous sections

(cf. sections 3.1.2 and 3.2.2, respectively). However, so far we have not discussed the optical

constants of InGaN QWs.

3.3.2 Optical properties of InGaN layers

Experimentally-determined optical constants for InGaN layers are extremely scarce or even

not existing in the case of InGaN layers grown on FS-GaN substrates due to the lack of thick

high-quality layers. In order to determine the dielectric function of the latter by ellipsometry

sufficiently thick layers need to be grown. The heteroepitaxial nature of those epilayers (InGaN

layers grown on GaN) implies a trade-off between the layer thickness and its quality. Indeed,

the latter should significantly decrease beyond a certain critical thickness, as pseudomorphic

growth could not hold anymore and relaxation of misfit strain via plastic deformation, mainly

generating misfit dislocations, inevitably occurs (cf. section 4.2.1).

The refractive index dispersion of the Inx Ga1−x N alloy is approximated by shifting the refractive

index of GaN (cf. equation 3.7) according to the bandgap energy of the alloy such as proposed

by Bergman and Casey [198]:

nInxGa1−x N (E) ∼ nGaN (E − (Eg ,InxGa1−x N −Eg ,GaN )), (3.11)

where Eg ,InxGa1−x N is the bandgap energy of the Inx Ga1−x N alloy given in equation 1.8.

For direct bandgap semiconductors the absorption coefficient α(E) at zero temperature is
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derived from the joint density of states and thus depends on the dimensionality of the system.

Using the effective-mass approximation [170]:

α2D (E) = e2

2ε0cnop~

(
µ∗
m0

)
foscΘ(E −Eg ) =α0,2DΘ(E −Eg −e1 −hh1),

α3D (E) = e2pm0p
2πε0cnop~2

(
µ∗
m0

)3/2
fosc

√
E −EgΘ(E −Eg ) =α0,3D

√
E −EgΘ(E −Eg ),

(3.12)

whereΘ(E ) corresponds to the step function and the oscillator strength of the optical transition

fosc is determined by the momentum matrix element PCV , i.e., [170]

fosc = 2|PCV |2
m0E

. (3.13)

The momentum matrix element can be written as a function of the Kane element P [170]:

|PCV |2 = m2
0P 2

3~2 = m0
m0/m∗

e −1

6

Eg +∆
1+ 2∆

3Eg

, (3.14)

where ∆ is the split-off hole energy. Note that in those expressions excitonic effects are not

taken into account. Moreover, the absorption is modified at finite temperatures by the Fermi-

Dirac distribution (cf. equation 2.58). Hereafter, we will only consider small displacements

from the equilibrium of the semiconductor, i.e., the two quasi-Fermi levels lie within the

bandgap, and the modification of the absorption coefficient can be considered as a first

approximation independent of energy [128]. However, once the energy separation between the

two quasi-Fermi levels exceeds the bandgap, photon amplification takes place (the Bernard-

Duraffourg condition is fulfilled) and thus the absorption is strongly modified.

In order to account for the band-to-band absorption (αBB ) a broadened sigmoid profile is

commonly convoluted to the α2D given by equation 3.12 [201, 202]:

αBB (E) = α0

1+exp(
Eg ,Inx Ga1−x N−E

∆E )
, (3.15)

where the broadening parameter ∆E is equivalent to the Urbach tail energy. We display in

Figs. 3.10(a) and 3.10(b) the complex refractive index dispersion of a low In content two

dimensional InGaN layer at RT and LT (dashed lines), respectively. As the bandgap changes

with temperature the dispersions are blueshifted by ∼ 60 meV (cf. Table 1.2). For the band-

to-band absorption the broadened sigmoid profile given by equation 3.15 is used with a

broadening parameter ∆E of 40 meV taken from the values found by R. W. Martin et al. [202]

for low In content InGaN epilayers emitting at 3.0 ± 0.1 eV.6

6A similar broadening parameter is found for 100 nm thick InGaN bulk layers grown on FS-GaN substrates
emitting at ∼ 3 eV (cf. section 4.3.6).
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3.3.3 Optical properties of InGaN layers including excitonic effects

In order to include excitonic effects, the dispersion of the refractive index given in the previous

section is modified in the following way: an excitonic transition at RT might be represented by

a Voigt profile superimposed to the band-to-band absorption edge and energetically separated

by the exciton binding energy. The Voigt profile of the excitonic transition is the convolution

of a homogeneous line (εhom(ω) = Lorentzian) of a given FWHM Γh and an inhomogeneous

line (g (ω′) = Gaussian) of FWHM Γi nh [96, 102]:

ε(ω) = (nop (ω)− i kop (ω))2 = ∫
εhom(ω−ω′)g (ω′)dω′,

with εhom(ω) = ε∞+ f QW
osc
S

e2~2

[(lW ε0M)(ω2
0−ω2+iωΓh /2)]

in the 2D case,

and εhom(ω) = ε∞+ f bulk
osc
V

e2~2

[(ε0M)(ω2
0−ω2+iωΓh /2)]

= ε∞+ 4παX Aω
2
0

[ω2
0−ω2+iωΓh /2]

in the 3D case ,

(3.16)

where ε∞ = n2
op (ω) (i.e., the dispersion without excitonic effects given by equation 3.11) is

the background dielectric constant, M is the exciton effective mass equal to m∗
e +m∗

h , ω0 is

the pulsation of the excitonic resonance, f QW
osc /S is the excitonic QW oscillator strength per

unit surface, and f bulk
osc /V is the excitonic bulk oscillator strength per unit volume. Note that

f bulk
osc /V can be shown to be fosc /πaB ,3D [203]. In the 2D case depending on the wave-function

overlap the oscillator strength is expected to be enhanced with repect to the 3D case [203]:

f QW
osc

S
=

4|PCV |2P 2
QW

m0E

1

πaB ,3D
, (3.17)

where PQW is the overlap integral between electron and hole envelope wave-functions. Note

that using such an approach, we do not take into account the Sommerfeld or Coulomb

enhancement factor, which increases the absorption coefficient α3,2D given by equation 3.12

even above the band edge [170, 201].

The excitonic Voigt profile separated by an exciton binding energy of ∼ 45 meV deduced

from envelope function calculations (cf. Fig. 1.3(b)) is superimposed to the band-to-band

absorption edge. For the homogeneous line broadening a value of 25 meV, corresponding

to the RT case [113], and an inhomogeneous line broadening of 45 meV have been chosen.7

Thus, in Figs. 3.10(a) and 3.10(b) the complex refractive index dispersion of a low In content

two dimensional InGaN layer including an excitonic transition is displayed for the RT and LT

case (solid lines), respectively.

3.3.4 Modeling: Transfer matrix simulations

As already mentioned the light-matter coupling strength scales like
√

N e f f
QW /Le f f (cf. equation

1.37) [92]. Therefore, it is of interest to map the evolution of ΩV RS by TMS for different

7We emphasize that the value of 45 meV has been derived following the approach reported by F. Yang et al. [199],
as explained in the section, by considering the FWHM of the emission line of a single In0.1Ga0.9N/GaN QW
acquired at LT and under low excitation, which amounts to ∼ 32 meV (cf. section).
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geometries of the active medium for the semi-hybrid and the full-hybrid approach (cf. section

3.3.1). ΩV RS has thus been calculated for a given number of QWs (NQW /AN ), ranging from

1 to 14, which is repeated at each cavity light field antinode, the latter also ranging from 1

to 14 (Nmax ) (Figs. 3.11(a) and 3.11(b)). We point out that except for the QWs the imaginary

part of all the remaining optical layers has been neglected as the operating wavelength of the

microcavity is targeted at an energy located about 500 meV below the absorption edge of GaN

(even more in the case of LM InAlN layers).

Simulations are first performed for a negligibly small inhomogeneous broadening Γi nh (<
1 meV) of the QWs, a homogeneous broadening Γh of 25 meV and an oscillator strength

fosc ∼ 1.3×1013 cm−2. Note that for narrow GaN (1.2 nm)/Al0.2Ga0.8N (3.6 nm) MQWs a

value of fosc ∼ 2.1×1013 cm−2 has been previously determined [70]. As can be seen in Fig.

1.3(b), the wavefunction overlap in a 2 nm thick In0.1Ga0.9N/GaN SQW is reduced by almost a

factor of 2 compared to the 1.2 nm thick GaN/Al0.2Ga0.8N SQW. However, for the 2 nm thick

In0.1Ga0.9N/GaN MQW structure the reduction in the wavefunction overlap is less drastic and

amounts to a factor of ∼ 1.26 (cf. Fig. 1.3(b)). Thus employing a value of ∼ 1.3×1013 cm−2 for

fosc in TMS appears as a reasonable choice for the present MQW geometry. At this stage, it is

worth pointing out that MC structures with NQW ≥ 35, i.e., structures corresponding to the

upper right part in Figs. 3.11(a) and 3.11(b) (cf. white dashed lines), are expected to suffer

from strain relaxation. Indeed in section 4.2.2 we highlight that in the case of In0.12Ga0.88N

(2 nm)/GaN (3 nm) MQWs grown on FS-GaN beyond a critical number of QWs of ∼ 30, a

pronounced increase in the inhomogeneous linewidth broadening was observed by means
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Figure 3.11: Normal mode splitting ΩV RS calculated by TMS for microcavities based on a
bottom (a) 42 pair InAlN/GaN DBR (semi-hybrid approach) and (b) 7 pair SiO2/TiO2 (full-
hybrid approach). For both approaches a 7 pair SiO2/ZrO2 top DBR, and different geometries
for the active medium assuming a homogeneous broadening Γh = 25 meV and an oscillator
strength fosc = 1.3 × 1013 cm−2 have been considered. Nmax is the number of cavity light
field antinodes, which is proportional to the physical cavity length Lcav , whereas NQW /AN is
the number of InGaN(2 nm)/GaN(3 nm) QWs positioned at each antinode. (c) A schematic
drawing of the most adapted structures surrounded by black squares in (a) and (b) is shown.
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of microphotoluminescence (µ-PL) measurements. As a result, for both approaches and for

a negligibly small Γi nh value the most adapted structure deduced from our TMS in terms

of ΩV RS value would be composed of 5 antinodes with 5 QWs. In such a case, a normal

mode splitting of 36 meV (49 meV) is obtained for the semi-hybrid MC (full-hybrid MC,

respectively). The increased mode splitting in the full-hybrid MC structure can be readily

explained by a reduced effective cavity length (Le f f ,F H ∼ 624 nm)8 with respect to the semi-

hybrid MC structure (Le f f ,SH ∼ 1044 nm). Note that for a Le f f ,SH /Le f f ,F H ratio of ∼ 1.7 a

VRS ratio of ∼ 0.77 is expected when using a simple proportionality ruleΩV RS,SH /ΩV RS,F H ∼
(Le f f ,SH /Le f f ,F H )−1/2. However, a VRS ratio of 0.73 is found from TMS. The difference might

be attributed primarily to the dependence of the mode splitting on Γh and γc (cf. equation

1.39). Furthermore, the expression of the mirror penetration depth has been derived for an

infinite number of quarter-wave pairs.

Now, in order to derive the expected features of a cavity having a realistic active region, the

impact of the inhomogeneous broadening of the excitonic transition on the absorption has to

be accounted for. Previously, such calculations performed for a GaN/AlGaN MQW based MC

led to a good agreement with experimental data [113]. The evolution of the cavity absorption

spectrum at zero cavity photon - exciton detuning as a function of Γi nh for the two most

adapted structures depicted in Fig. 3.11(c) has been calculated in a similar fashion and are

displayed in Figs. 3.12(a) and 3.12(b). As mentioned above, for low Γi nh values compared

to ΩV RS , the normal mode splitting remains almost unaffected and is equal to 36 meV (49

meV). Once Γabs matches ΩV RS , which occurs for Γi nh = 19 meV (Γi nh = 34 meV) when using

equation 4.4, a progressive collapse of the normal mode splitting with increasing Γi nh values is

observed until it is completely lost. To be more quantitative two absorption peaks can still be

resolved, i.e., there is a well defined minimum between the peaks up to a Γi nh value equal to ∼
46 meV (region III in Fig. 3.12(a)) (∼ 65 meV (region III in Fig. 3.12(b))). Note however that the

corresponding PL spectra show hardly separable peaks for Γi nh values larger than 36 meV (49

meV) (cf. horizontal white dashed line in Fig. 3.12(a) and Fig. 3.12(b), respectively) as depicted

in Fig. 3.12(c). To obtain those PL spectra, we assumed that they possess a thermal lineshape

and hence they are given by the absorption spectra multiplied by a Boltzmann occupancy

factor [113, 204].

From the previous analysis, the following conclusion can be drawn: considering the semi-

hybrid approach the strong coupling regime might be observable at RT up to a Γi nh value

of 46 meV by means of linear spectroscopy techniques such as absorption, reflectivity or

transmission measurements, whereas for the full-hybrid approach the latter observation

might be possible up to a Γi nh value of 65 meV. Switching now to PL measurements, the

discrimination of the upper polariton branch (UPB) might not be possible anymore for Γi nh

values larger than 36 meV (49 meV). However, the mode coupling is not yet completely lost

at this point and polaritonic features such as non-parabolic mode dispersion and polariton

lasing might still be observable by means of RT PL measurements. Thus we estimate that

the critical value for Γi nh that would still be compatible with the observation of the strong

8Equation 1.25 has been used to calculate the effective cavity length.
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Semi-hybrid MC Full-hybrid MC

Figure 3.12: (a) and (b) Simulated absorption spectra at zero cavity photon - exciton detuning
as a function of Γi nh for the structures surrounded by the black square in Figs. 3.11(a) and
3.11(b), respectively, i.e., 3λ cavities containing 5 QWs at each antinode. (b) RT PL spectra
deduced from absorption spectra, corresponding to the arrows I–III shown in (a), by using a
Boltzmann occupancy factor.

coupling regime amounts to 46 meV for the semi-hybrid approach and to 65 meV for the

full-hybrid approach. In conclusion, the critical value for Γi nh of a full-hybrid MC structure

with respect to a semi-hybrid MC structure is increased by a factor of 1.41. Thus, in the next

chapter we will have a closer look at InGaN/GaN MQWs with the aim to estimate Γi nh , the

inhomogeneous absorption line broadening.

3.4 Summary of the results

The optical and structural properties of dielectric and III-nitride based

Bragg mirrors have been discussed. A new kind of characterization method

for III-nitride Bragg mirrors has been implemented: a dielectric DBR has been

deposited directly on top of the latter resulting in a passive MC. Probing the

photonic disorder of such a MC provides information about the crystalline qual-

ity of the III-nitride DBR. For mirrors grown on high-quality FS-GaN substrate

a low photonic disorder has been measured. Note that such a low photonic

disorder is crucial for both strong coupling applications and VCSELs.

Using envelope function calculations and TMS, the requirements in terms of

QW absorption features (Γi nh), NQW per antinode, and the optical cavity length

for achieving the strong coupling regime in InGaN/GaN-based MCs have been

investigated for two structure designs: a semi-hybrid and a full-hybrid ap-

proach. For the semi-hybrid MC a critical value of Γi nh equal to 46 meV has

been found to maintain the SCR, while 65 meV is the limit for the full-hybrid

MC.
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4 Active medium: Low In content In-
GaN/GaN QWs and InGaN bulk layers

Since the first realization of an efficient blue LED based on InGaN/GaN QWs in the mid-

nineties by S. Nakamura and co-workers [7] the number of publications related to the InGaN

alloy is increasing continuously. Even though several technical breakthroughs such as the com-

mercialization of blue LEDs and LDs have seen the light of day, their most crucial component,

the active medium, remains not fully understood. One of the main questions preoccupying

the III-nitride LED and LD communities nowadays is related to the nature of the carrier local-

ization process in such QWs.

However, before addressing this issue, growth and strain relaxation aspects have to be con-

sidered. In particular, strain accumulation and consequent relaxation processes prove to be

detrimental for strong coupling applications. In addition, the relationship existing between

absorption linewidth, emission linewidth, and localization energy is crucial for these latter ap-

plications but for conventional LDs as well. Therefore, an absorption-like technique, namely

the photoreflectance (PR) spectroscopy, has been introduced, allowing to probe intrinsic

electronic properties from cryogenic to RT. Furthermore, comparisons to the GaN/AlGaN QW

system are drawn in order to conclude on the stringent requirements for the observation of

the strong coupling regime as deduced from TMS in the previous section.

Complementary, InGaN bulk layers grown on high-quality FS-GaN substrates have also been

characterized in order to better understand some of the observed features in temperature-

dependent PR spectra acquired on InGaN/GaN MQWs. These layers allow investigating in a

careful way the localization mechanisms. Eventually, experimental results are compared to a

model based on a stochastic distribution of indium atoms at the atomic scale.

4.1 Low indium content InGaN/GaN QWs grown onto different sub-

strates

Over the past two decades various growth conditions of MOVPE grown InGaN/GaN QWs have

been investigated. The very high equilibrium vapor pressure of nitrogen over InN which is

several orders of magnitude higher than that over AlN or GaN, prohibits any In incorporation
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Chapter 4. Active medium: Low In content InGaN/GaN QWs and InGaN bulk layers

under typical GaN growth conditions (∼ 1000◦C, ∼ 200 mbar) [205]. Note that the same incor-

poration efficiency may be obtained at about 500◦C for In and Ga [206]. Unfortunately, the

crystalline quality of layers grown at such a low temperature is limited. Furthermore, the NH3

cracking efficiency becomes small. Therefore, InGaN/GaN QWs are typically grown between

700 and 900◦C. Several studies have been done on the effect of the barrier temperature growth.

Kumar et al. [207] reported that GaN barriers grown at temperatures below 800◦C exhibit

defects and In inclusions. Thus, temperature ramp-ups for the barrier growth have shown

to improve the maximum output power of green LEDs [208] and to sharpen the interfaces

of capped In0.1Ga0.9N/GaN SQWs [209].1 However, the latter SQWs exhibit a broad RT PL

linewidth (FWHM) of > 27 nm (195 meV) at 414 nm (3 eV) and to our knowledge such studies

have not yet been published for QWs emitting at the same wavelength but with a state of the

art linewidth broadening of ∼ 11 nm (80 meV). Furthermore, if no In droplets are present

such temperature ramps are not expected to improve considerably the homogeneity of the

QWs and thus the FWHM of the absorption line, which is one of the parameters of interest

to achieve the SCR [211]. Note that In droplets might form even for low In content MOVPE

grown InGaN layers under particular growth conditions [212,213] and in this case temperature

ramps might help evaporating them.

The effect of growth interruptions on the light emission and indium clustering of InGaN/GaN

MQWs was investigated by H. K. Cho et al. [214]. In order to achieve homogeneous MQWs,

they concluded in favor of growth interruption, as for no growth interruption they observed

clear indium clustering in energy-filtered TEM images. However, no special care was taken in

order to prevent indium clustering by the exposure of the MQWs to the electron beam in TEM,

as only about two years later T.M. Smeeton et al. [215] pointed out that false indium cluster

detection in TEM might occur.

Actually, LEDs with QWs presenting gross well width fluctuations (WWFs) exhibit better per-

formance due to a reduction of defect-related nonradiative recombinations by providing an

additional barrier to carrier diffusion to defect sites [211]. Note that the LED’s performance is

not directly related to the FWHM of the absorption line contrary to the case of LDs, where an

increased absorption line might be detrimental to the lasing threshold [216].

In our case, low indium content QWs and GaN barriers are grown at an equal temperature of ∼
855◦C at a growth rate of ∼ 160 nm/h.2 The precursors are TEGa, TMIn, and NH3 and nitrogen

is used as carrier gas. The V/III ratio corresponds to ∼ 1300 and growth interruptions of 30

seconds are used before and after each QW interface.

InGaN/GaN QWs in this work are mainly grown on c-plane FS-GaN substrates. As for LM

InAlN/GaN DBRs (cf. section 3.2.3) the growth parameters of InGaN/GaN QWs on c-plane FS-

GaN substrates are exactly the same than that of InGaN/GaN ones grown on c-plane sapphire,

except for a tuning of the growth temperature. Furthermore, similar PL linewidths have been

1Note that growth interruptions proved to smooth out the interface roughness of GaAs-based QWs, leading to a
drastic sharpening of the PL spectra by a factor of 4-5 [210].

2As a rule of thumb, an increase of 10 ◦C translates into a reduction in indium incorporation followed by a blue
shift of the emission wavelength by about 10 nm.
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observed for 5 In0.1Ga0.9N (2 nm)/GaN (3 nm) QWs when grown on FS-GaN or sapphire

(not shown hereafter). However, as already mentioned, FS-GaN substrates are favored as the

reduction in TDD is essential for obtaining long-lived blue-violet LDs [193].

Probing excitonic disorder

Two nominally identical In0.1Ga0.9N (2nm)/GaN SQWs capped with a 20 nm thick GaN layer,

one grown onto a high-quality FS-GaN substrate (substrate 1) and the other one onto an

intermediate quality FS-GaN substrate (substrate 2), were characterized by LT µ-PL mappings

and AFM measurements. For both structures, 10 × 10 µm2 AFM scans revealed a dislocation

density similar to that of the substrate indicating that no additional dislocations are formed

during the growth. However, in the case of the SQW grown onto the intermediate quality

FS-GaN substrate local offcut variations similar to the ones seen in Fig. 3.5(b) are present.

LT µ-PL experiments, performed in the backscattering configuration, relied on the frequency-

doubled line of a cw Ar+-laser (λ = 244 nm) as excitation source focused down to a spot size of

∼ 1 µm. The µ-PL setup includes a high N.A. (0.55) UV microscope objective, a low mechanical

drift cryostat, and a closed-loop piezo-stage for performing spatially-resolved mappings.

LT µ-PL mappings (T = 10 K, 50 × 50 µm2) of the peak energy of the two InGaN/GaN SQW are

displayed in Figs. 4.1(a) and 4.1(b), respectively. The homogeneity of the SQW sample grown

onto substrate 1 is highlighted by the standard deviation of the emission energy, centered

at 3.030 eV, which only amounts to 0.8 meV and by a narrow mean linewidth of 33.6 meV.

Furthermore, the peak to valley energy difference (∆Epeak−val l e y ), i.e., the maximal emission

energy difference occurring on the LT µ-PL mapping, amounts to only 8 meV.

3.034

3.026 2.982

3.014

Figure 4.1: (a) and (b) LT (10 K)
µ-PL mapping (50 × 50 µm2) and
(c) and (d) corresponding spectra
recorded every 2 µm along the con-
tinuous and dashed arrow of an In-
GaN/GaN SQW grown on a high-
quality FS-GaN substrate (left-hand
side column) and on an intermedi-
ate quality FS-GaN substrate (right-
hand side column), respectively.
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Table 4.1: Mean values µ and standard
deviationsσ of the energy-peak position
and the emission FWHM extracted from
the LT µ-PL mappings (T = 10 K, 50 × 50
µm2) shown in Fig. 4.1. Furthermore,
the maximal difference in the energy-
peak position over such a mapping is
given by ∆Epeak−val l e y .

Sample grown on Substrate 1 Substrate 2

µ σ µ σ

Epeak (meV) 3030 0.8 2998 3.3

FWHM (meV) 33.6 0.6 33.3 3.1

∆Epeak−val l e y (meV) 8 32

The average FWHM extracted from those mappings acquired every micron does not seem to

depend on the sample substrate as for both QWs a LT FWHM of ∼ 33 meV is measured (cf.

Table 4.1). However, the homogeneity does depend on the choice of the substrate, as can be

inferred from the standard deviation σ of the energy-peak position, which increases from 0.8

meV for substrate 1 up to 3.3 meV for substrate 2, and from ∆Epeak−val l e y , which increases to

32 meV (cf. Table 4.1). Furthermore, from the spectra displayed in Figs. 4.1(c) and 4.1(d) it

can be seen that in the case of the SQW grown on substrate 1 the spectra preserve a Gaussian

lineshape over 50 µm whereas in the case of the SQW grown on substrate 2 an asymmetrical

lineshape is observed over the same distance. Nonetheless, we can conclude that the role

played by excitonic disorder is marginal for the In0.1Ga0.9N/GaN SQWs grown on the present

FS-GaN substrates. Moreover, in contrast to the photonic disorder (cf. section 3.2.3), local

offcut variations only slightly affect the excitonic disorder. Note that a slight difference is

observed for the energy-peak position (Epeak ) of the two InGaN/GaN SQWs even though

exactly the same growth conditions have been used. The latter might originate from a small

variation in the In content (originating from a weak temperature difference and/or offcut

variations) and/or a variation in the QW thickness. Note that it has been shown that the In

incorporation strongly depends on the offcut orientation of the GaN substrate [217, 218].

4.2 Relaxation issues for InGaN/GaN MQW structures and InGaN

bulk layers

4.2.1 Strain relaxation of heterostructures of (0001) InGaN on GaN

Strain relaxation is a well-known, undesired phenomenon in heteroepitaxy, as it results in

the generation of misfit dislocations (MDs), which are detrimental to device performance.

Therefore, the understanding of the relaxation mechanisms and of the conditions favorable

for the relaxation onset is of primary importance. Thus, several models have been introduced

to calculate the critical thickness hcr i t for relaxation of pseudomorphically grown layers.

Most commonly used is the formula of Matthews and Blakeslee [219], initially introduced to

calculate hcr i t in cubic III-V heterostructures. In contrast, the mechanism responsible for

relaxation in III-nitride compounds having the wurtzite structure differs from the latter and

have been addressed by several authors [220, 221]. In Fig. 4.2 frequently used models are

compared to experimental values of InGaN on GaN (0001). The recently suggested formula for
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Inx Ga1−x N on GaN by Pristovsek et al. [222]

hcr i t (x) = 1

2Gx

(
1−νx

1+νx

)
Ecr i t

f 2(x)
, (4.1)

where Gx is the shear modulus, νx the Poisson ratio, Ecr i t the critical energy given by the

formation of dislocations at the onset of relaxation, and f (x) the misfit a(x)−asub
asub

, with a(x)

the in-plane lattice parameter of the alloy with composition x, fits the best the experimental

values (cf. black line in Fig. 4.2 issued from Ref. [223]).

The critical thickness such as shown in Fig. 4.2 is only valid for single layers and not for MQWs.

A. D. Bykhovski et al. [233] calculated the elastic strain relaxation for III-nitride superlattices

(SLs). In the case of (GaN)n/(AlN)m SLs, where n and m are the corresponding numbers of

atomic layers, they showed that the critical thickness for such SLs (hcr i t ,SL) with arbitrary n/m

ratio can be estimated as follows:

hcr i t < hcr i t ,SL < 1.45hcr i t , (4.2)

where the upper limit corresponds to the case of a symmetrical SL, i.e., n = m.

4.2.2 Relaxation issues in the case of MC structures based on InGaN/GaN MQWs

In polar III-nitride cavities containing a GaN/AlGaN MQW region, polariton lasing was re-

ported for a 3λ MC containing 67 GaN/AlGaN QWs homogeneously distributed across the

cavity region leading to a vacuum Rabi splittingΩV RS = 56 meV in the low density regime [55].

Thus, as a first attempt a similar approach has been considered to demonstrate the SCR when

using an InGaN/GaN MQW active region. A MC was therefore grown on a c-plane sapphire

substrate. The structure consists of a bottom LM 42 pair InAlN/GaN DBR followed by a 3λ

cavity containing 62 In0.12Ga0.88N (2 nm)/GaN (3 nm) QWs. For such a structure when com-

pleted with a 7 pair SiO2/ZrO2 DBR a vacuum Rabi splitting at negligible Γi nh of ∼ 50 meV is

Ecrit = 8.7 eV nm-1
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Figure 4.2: Inx Ga1−x N layer thickness for re-
laxation on GaN (0001) as a function of in-
dium content (© (see, e.g., Ref. [222]),� (e.g.,
Ref. [224]), N (e.g., Ref. [225]), H (e.g., Ref.
[226]), ? (e.g., Ref. [227]), � (e.g., Ref. [228]),
hatched area is between last strained and
first relaxed (Ref. [229])). The critical thick-
ness was calculated (in quantities of strained
ML in [0001]) by People and Bean [230] (blue
line), by Matthews and Blakeslee [219] (red
line), by Fischer et al. [231] (green line), and
by Holec et al. [232](violet line). The thick
solid line is calculated from equation 4.1 us-
ing Ecr i t = 8.7 eV nm−2. Adapted from Ref.
[223].
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Figure 4.3: (a) Detailed HAADF STEM cross-section view of an InGaN/GaN MQW based half-
cavity grown onto LM InAlN/GaN DBR , (b) LT STEM-CL linescan over the cavity region where
white dashed lines mark the DBR/cavity and cavity/surface interfaces, respectively. The red
dashed line marks the onset of strain relaxation. (c) Reciprocal space map of the asymmetric
GaN (11-24) reflex. The GaN, InAlN, and QW SL (SL0, SL-1, SL-2) are identified. ((a) and (b)
courtesy of G. Schmidt [234] and (c) courtesy of Dr. F. Bertram, Otto-von-Guericke-University
Magdeburg.)

predicted (cf. Fig. 3.11(a) for Nmax = 5 and NQW /AN = 12). However, such a structure presents

a poor material quality as can be seen in the HAADF STEM cross-section view displayed in Fig.

4.3(a) (courtesy of G. Schmidt, Otto-von-Guericke-University, [234]). Threading dislocations

(TDs) that pass through the DBR layers and the active region can be identified. Within the

InGaN/GaN MQWs these TDs are the origin of pit formation in the upper part of the cavity

(cf. Fig. 4.3 (a)). From SEM and AFM images the density of those pits, also called V-defects,

has been estimated to 2 × 109 cm−2. Such pits considerably increase the PL line broadening

(hence Γi nh) and are therefore detrimental to the achievement of SCR. In Fig. 4.3(b) a STEM

cathodoluminescence (CL) linescan over the cavity region, acquired at 16 K, is displayed.

From the bottom of the cavity to the surface the QW emission exhibits a redshift (from 407

to 429 nm) accompanied by a decrease in intensity. At about 190 nm from the cavity/DBR

interface, indicated by a red dashed line and an arrow in Fig. 4.3(b), the CL signal reveals

a step of 30 meV in its peak position, an increased FWHM, and a considerably decreased

intensity. Thus, when In0.12Ga0.88N (2 nm)/GaN (3 nm) MQWs are grown on a LM InAlN/GaN

DBR on c-plane sapphire, above 30 QWs (corresponding to the above-mentioned 200 nm or

to a hcr i t ,SL = 160 nm after substracting a quarter-wave layer of GaN (∼ 40 nm)) the material

quality is considerably affected, i.e., plastic strain relaxation occurs.

Furthermore, a X-ray diffraction (XRD) reciprocal space map of the asymmetric GaN (11-24)

reflex indicates gradual relaxations (cf. Fig. 4.3(c), courtesy of Dr. F. Bertram, Otto-von-

Guericke-University). The latter can be seen from the asymmetric peak distribution of the

QW reflections denoted by (SL0, SL-1, SL-2). The QW reflections are broadened along the

relaxation line. However, the relaxation is less than 50%.
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Figure 4.4: LT µPL measurements on InGaN/GaN MQWs carried out at various etching depths.
(a) Peak position (red dots) and peak broadening, i.e., its FWHM (black dots) are deduced from
µPL linescan measurements taken every 5 µm. Note, that every 100 µm a step of about 50 nm,
i.e., 10 InGaN/GaN QWs, occurs. The blue lines are guides to the eye. (b) Mean integrated PL
intensity vs QW number compared to TMS results. The transmitted intensity Tn as a function
of the QW number deduced from TMS is shown in the inset. (c) µ-PL spectra of the first 20, 40
and 60 QWs are shown. Adapted from Ref. [235].

Furthermore, the same active medium has been grown on a FS-GaN substrate. For GaN

epilayers grown on such substrates a slightly different basal strain is expected, i.e., they are

expected to be more relaxed than GaN epilayers grown on sapphire. Thus, strain relaxation in

InGaN/GaN SLs is expected to occur at a slightly increased hcr i t ,SL value. Indeed, from AFM

scans the pit density is estimated to only 2 × 107 cm−2 (cf. Fig. 4.5(a)). To further investigate

the origin of such a relaxation, a series of 100 µm wide terraces each separated by 50 nm high

steps was realized using conventional photolithography and dry etching techniques, which

leads to a staircase profile allowing to probe buried QWs from the surface (whole set of QWs)

down to the substrate (no QW), each step corresponding to the removal of ∼10 QWs. µPL

linescan measurements were performed at 6 K with a cw 375 nm LD, for which one spectrum

was taken every 5 µm along the staircase profile. In Fig. 4.4(a), the peak position and the

broadening deduced from the µPL spectra vs the measurement position are displayed. A slight

redshift of the PL peak can be seen with increasing QW number together with a considerable

linewidth broadening (cf. blue guides to the eye). Furthermore, the mean integrated PL

intensity per step can be deduced. The result is compared to TMS in Fig. 4.4(b). From

the normal incident laser light only a small fraction (∼ 20%) penetrates through all the 62

InGaN/GaN QWs due to absorption occurring mainly in the QWs. In the inset of Fig. 4.4(b)

the transmitted intensity Tn , starting from I0 = 100, is shown as a function of the penetration

depth, i.e., the number of QWs. Note that QWs have been considered to be all identical and the

complex refractive index dispersion of excitonic InGaN given in section 3.3.3 has been used

for TMS. A residual absorption in the GaN barriers corresponding to α = 900 cm−1 has also

been taken into account. Then, identical absorption and losses due to scattering are assumed

and thus the emission (Nph) vs number of QWs is proportional to the sum of the transmitted

intensities, i.e.,

Nph(NQW ) ∝
NQW∑
n=1

Tn · A, (4.3)
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where A is a constant corresponding to the number of photons collected per QW. Indeed,

in such a simple model photon reabsorption is neglected, which is reasonable considering

the significant Stokes shift present in such samples (cf. section 4.3.4). However, the mean

integrated PL intensity shown in Fig. 4.4(b) follows closely the predicted behavior, i.e., it does

not quench considerably for a high number of QWs. The latter is a sign of improved material

quality with respect to the active medium grown onto the LM InAlN/GaN DBR on c-plane

sapphire, which is further confirmed by a comparison of XRD measurements (not shown here-

after). The asymmetric peak distribution of the QW reflections in the reciprocal space map of

the (11-24) reflex is less pronounced. Furthermore, the broadening of the QW reflections is

reduced. However, when having a look at typical µPL spectra, those corresponding to the first

20, 40, and 60 QWs starting from the substrate are shown in Fig. 4.4(c), it can be seen that the

FWHM for the PL emission originating from 60 MQWs is equal to 70 meV, i.e., it is increased by

a factor of ∼ 1.5 with respect to 20 MQWs. If one makes the hypothesis that the present MQW

active region undergoes marginal thickness and In composition fluctuations, the observed

changes in µPL spectra could be ascribed to plastic strain relaxation. For our MQW sample,

changes in the µPL spectra are seen beyond a hcr i t ,SL value of 160-200 nm (i.e., the change in

linewidth occurs for a QW number ranging between 30 and 40 starting from the substrate).

In conclusion, hcr i t ,SL for an In0.12Ga0.88N (2 nm)/GaN (3 nm) MQW structure has been

estimated using two different approaches to exceed 160 nm, i.e., it corresponds to a critical

QW number of ∼ 30. Using equation 4.2 hcr i t for a bulk In0.12Ga0.88N layer deposited on GaN

is estimated to amount to ∼ 110 nm. Note that with such a value we are above all theoretical

predictions (cf. Fig. 4.2) but only slightly above the reported experimental results (Ref. [229]).

Anyhow, the very onset of misfit strain relief can hardly be seen by means of PL [232] nor by CL.

Indeed, changes might only be visible in CL and PL spectra when the plastic strain relaxation

occurring through MD formation is significant. Furthermore, note that we cannot discard

dislocation climbing downwards to the MQW structure/GaN interface [221]. Thus, in order to

properly deduce hcr i t ,SL , a series of layers with an increasing QW number should be grown

and analyzed, which is well beyond the scope of this work.

4.2.3 A promissing solution: MCs based on interlayers

Not only the number of QWs is problematic, but as well the top interface roughness has to be

considered with great care. In Fig. 4.5(a) a 10×10µm2 AFM scan of a 68 In0.1Ga0.9N (2 nm)/GaN

(3 nm) MQW region grown onto a FS-GaN substrate reveals a so-called finger-like morphology.

Such a morphology is typical for thick layers (GaN or InGaN with low In content) when grown

at conventional QW growth temperatures, i.e., at 840 ◦C, and with N2 carrier gas [236]. In Fig.

4.5(c) the 10×10 µm2 AFM scan of the final top GaN layer of a 4×5 In0.1Ga0.9N (2 nm)/GaN

(3 nm) MQW structure shows a very smooth morphology without any V-defects. Such a

morphology has been obtained thanks to the introduction of high temperature (HT) GaN

layers. About 30 nm of HT GaN has been inserted between the four sets of 5 MQWs positioned
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Figure 4.5: (a) and (c) 10×10 µm2 AFM scans
of the final top GaN layer of a 68 (4×5, re-
spectively) InGaN/GaN MQW sample grown
on a FS-GaN substrate and (b) and (d) corre-
sponding SEM images when such an active
medium is deposited on top of a LM InAlN/-
GaN DBR grown on a FS-GaN substrate. The
inset in (c), a 4×4 µm2 AFM scan, highlights
the regular staircase morphology.

at cavity light field antinodes. The growth conditions used for GaN quarter-wave layers in LM

InAlN/GaN DBRs have been applied, i.e., a growth temperature of 1065◦C (cf. section 3.2.3).

In Figs. 4.5(b) and 4.5(d) SEM images of MCs based on a high number of InGaN/GaN MQWs

and on a reduced number of MQWs including HT GaN interlayers, respectively, are shown.

V-defects are clearly visible at the top cavity-DBR interface in the first case (Fig. 4.5(b)).

4.3 On the nature of localization in InGaN/GaN QWs and InGaN bulk

layers

4.3.1 Carrier localization mechanism

The startling success of InGaN-based LEDs has been attributed to carrier localization occur-

ring in the QWs. As III-nitride based QW structures present relatively high dislocation densities

compared to their III-arsenide counterpart, nonradiative recombinations at dislocations were

first thought to be detrimental for the achievement of efficient light emitting devices. Fortu-

nately, the latter proved not to be an issue as in InGaN/GaN QWs carrier localization is an

efficient barrier against carrier diffusion toward nonradiative defect sites [237]. Note that a

few reports suggested that the high efficiency of light emitting devices might also arise from

dislocation screening by different microstructures such as (i) V-defects formed around dislo-

cation cores providing an energy barrier due to the thinner QWs at the V-defect walls [238],

(ii) step-pinning by dislocations leading to locally thinner QWs [239, 240], and (iii) ’gappy’

QWs consisting of interlinked dislocation-free InGaN stripes separated by dislocation-rich

GaN troughs [241]. However, dislocation screening is unlikely to be the main mechanism

influencing carrier nonradiative recombinations and thus it is essential to understand carrier

localization mechanism. The precise nature of those localization centers is still a matter of

debate. Three possible causes of carrier localization occurring at different scales have been

mostly considered in the literature, namely: (i) random alloy fluctuations at the atomic scale

involving In-N-In chains [242, 243], (ii) WWFs [244, 245], and (iii) indium clustering [246].

D. Watson-Parris et al. [247] recently reported via simulations that fluctuations in the alloy
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concentration originating from a random distribution of indium atoms in the GaN matrix

together with an electron localization occurring at a larger scale on WWFs can satisfactorily re-

produce localization features of InGaN/GaN QWs. According to their model, holes are strongly

localized in regions of above average indium content (cf. section 4.3.6 for further elucidations),

whereas electrons mainly feel WWFs. Thus, the commonly observed inhomogeneous PL

linewidth broadening is mainly attributed to the hole localization.

Besides the presence of such localization centers, there is another important effect that has a

strong impact on the optical properties and therefore on the device functionality of nitride

heterostructures: the internal electric field. Having these two effects in mind, the optical

properties of an InGaN/GaN SQW grown on a high-quality FS-GaN substrate are examined

carefully in the next section.

4.3.2 Optical properties of InGaN/GaN SQWs at low temperature

In0.1Ga0.9N (2nm)/GaN (3nm) SQWs grown onto FS-GaN substrates exhibit very homogeneous

LT µ-PL mappings (cf. section 4.1), a proof of high structural homogeneity. In order to gain

further insights into the properties of such SQW samples, further LT µ-PL measurements

(using the same experimental conditions as mentioned in section 4.1), amongst others with

subwavelength lateral resolution, have then been performed on the InGaN/GaN SQW grown

onto the high-quality FS-GaN substrate mentioned in section 4.1.

Probing individual localization centers

To probe the eventual signature of individual localization centers the SQW was patterned

using electron beam lithography and subsequently etched using a chlorine-based inductively

coupled plasma into pillars of ∼ 60 nm in height and down to 100 nm in diameter. In the

optical microscope image shown in Fig. 4.6(a) the position of the 2000 - 500 nm size mesas

can be seen readily. The 200 nm mesa can be guessed but the 100 nm mesa cannot be seen

at all and its position is indicated by a lithographically defined arrow at the left hand side.

Note also that the pillars were covered by a ∼ 100 nm thick layer of SiO2 in order to passivate

surface states. Such a procedure allows one to reach subwavelength lateral resolution for the

smallest mesas. The corresponding spectra, obtained in the low-excitation power density

regime, are shown in Fig. 4.6(b). When decreasing the mesa size, the PL signal progressively

splits into individual, spectrally narrow emission lines, which are tentatively ascribed to the

recombination of electron-hole pairs occurring in single localization centers [248]. We can

notice that despite the presence of those individual lines, the Gaussian-like character of the

emission is preserved down to a mesa diameter of 200 nm. Transitions with a narrow linewidth

down to 3.5 meV can be observed for the 100 nm mesa together with the corresponding first

LO-phonon replica located 92 meV below the zero-phonon-line transition. Such a linewidth

remains larger than the 0.8 meV reported by Schömig and co-workers for a similar InGaN/GaN

SQW grown on c-plane sapphire substrate, [248] which might likely be due to a different

sensitivity to the local environment, hence leading to a larger spectral diffusion in the present
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Figure 4.6: (a) Optical microscope image of the patterned InGaN/GaN SQW. (b) LT µ-PL
measurements taken for different sizes of the lithographically defined mesas shown in (a).

sample. In particular, the presence of surface states on the mesa sidewalls could potentially

explain this larger value since in the sample investigated by Schömig and co-workers a metal

mask with nanoapertures down to 100 nm in diameter was deposited on the sample surface

to limit the probed area.

LT excitation power-dependent µ-PL measurements performed on the unpatterned SQW

are reported in Fig. 4.7. At low injection power density several individual emission lines

emerge from the Gaussian background. When increasing the power density, they remain at

the same energy position (cf. red dashed lines in Fig. 4.7(a)) whereas the Gaussian background

slightly blueshifts while gaining in importance. A similar power dependence was observed

in the above-mentioned InGaN/GaN SQW by Schömig et al. [248] as well as in InGaN/GaN

nanowire heterostructures [249]. Such a counterintuitive behavior for III-N heterostructures

grown along the c-axis can be ascribed to the following qualitative picture: at the initial stage

individual localization centers remain occupied at most by a single electron-hole pair when

increasing the excitation power density (cf. region I in Fig. 4.7(b) corresponding to a maximum

excitation power density of ∼ 600 W/cm2), which is supported by a linear increase in the emit-

ted light in this region, while keeping the charge configuration of the nanoenvironment of the

localization centers unmodified. The overall blueshift of the emission is then ascribed to the

progressive filling of multiple individual localization centers of higher energy. For excitation

power densities larger than ∼ 600 W/cm2, individual emission lines cannot be distinguished

anymore and the QW Gaussian-like emission linewidth starts to increase. Above a certain

excitation power density one can expect the nanoenvironment of the localization centers to

be affected. Note, however, that such an effect will likely depend on the size, shape, and strain

state of the localization centers [250], which makes a quantitative estimate of the interaction

of carriers with the local polarization field leading to a screening of the QCSE in indium-rich

localization centers relatively challenging. In the present QW sample such a screening likely
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Figure 4.7: (a) Excitation power-dependent PL emission spectra taken on the InGaN/GaN SQW
sample at 4 K. (b) QW emission linewidth and energy-peak position deduced from a Gaussian
profile analysis. Taken from Ref. [200].

occurs in region II (see Fig. 4.7(b)), in which the QW emission linewidth increases and is

accompanied by a more pronounced blueshift than in region I, the latter amounting to ∼ 43

meV at ∼ 2.5 × 104 W/cm2. This increase in the linewidth is likely due to a combination of

several mechanisms such as band-filling effects, i.e., the successive population of localized and

delocalized states, collisional broadening and spectral diffusion. The QW emission lineshape

asymmetry and the flattening of QW spectra toward the high energy side observed for the

highest excitation power densities for this SQW sample are also a hint for the transition from

an exciton population toward an electron-hole plasma one, i.e., the signature of the Mott tran-

sition [251]. Note however that a precise understanding of this effect for the present sample

would require a careful and quantitative analysis that lies beyond the scope of the present work.

4.3.3 On the suitability of the envelope function formalism for optical transitions
in InGaN/GaN SQWs

Based on the above-mentioned results, it is legitimate to wonder whether we should account

for a breakdown of the conventional 2D picture to describe the present InGaN/GaN SQW.

Indeed, recent studies performed on InGaN QW heterostructures showed that to theoretically

account for their spectral features modeling based on a so-called quantum dot- or nanodisk-

like picture is employed, which includes lateral confinement [252]. In addition, we could also

question the suitability of our envelope function formalism since it is a simple continuum-

based theoretical model, which does not account for alloy or built-in field fluctuations at the

microscopic level. Note that numerical solutions of the effective mass Schrödinger equation

have been calculated including such fluctuations in Ref. [247]. To check the robustness of

our approach, we can therefore focus on the computed value for the LT transition energy of

the ground state including excitonic effects for a single QW corresponding to the nominal

growth conditions: a 2 nm-thick In0.1Ga0.9N well pseudomorphically grown on GaN subjected
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to a built-in field of 1.5 MV/cm (cf. section 1.1.1). The obtained value of 3.127 eV differs from

the 3.030 eV reported in Tab. 4.1. However, it is important to notice that the value derived

from simulations does not account for the Stokes shift which amounts to 46 meV (cf. section

4.3.4 and Tab. 4.3) for the QW of interest. When including such a correction, the energy

difference between theory and experiment is reduced to 51 meV. Such a difference can easily

be accounted for by considering the very same well except for: (i) an increased thickness of 1

monolayer, or (ii) an increased indium content of 1% (and hence of the built-in field). Indeed

when subtracting the measured SS value transition energies of (i) 3.036 and (ii) 3.041 eV are

then obtained, which are reasonably close to the measured one. It therefore means that the

energy position of the intrinsic ground state of this InGaN/GaN SQW can be well reproduced

using a standard 2D-picture. This aspect is of prime importance as it indicates that in such

a case the in-plane wave vector is a good quantum number and that such heterostructure

is compatible with the formation of 2D cavity polaritons. Obviously one could argue that

such an agreement is purely fortuitous and that the combination of local strain and alloy

compositions could lead to an assembly of zero-dimensional emitting regions whose emission

energy corresponds to the experimentally measured one. However, we also pointed out that

WWFs are likely limited in those wells, which is supported by the reasonable inhomogeneous

broadenings and Stokes shift values (cf. section 4.3.4). Hence, it is fair to say that for such a

low indium-content QW, the appropriateness of the conventional 2D-picture is plausible.

4.3.4 Estimation of Γi nh : absorption-like measurements at low temperature

The preservation of a narrow absorption linewidth (Γabs) in InGaN/GaN QWs is a key issue

for (i) the realization of efficient III-nitride blue to green EELDs and (ii) strong coupling ap-

plications. Indeed, inhomogeneous gain broadening is known to have a detrimental impact

on the general properties of EELDs including the threshold current density. In section 3.3.4

the effect of Γi nh onto the mode splitting is illustrated by TMS. Note that considering a Voigt

profile for the excitonic transition (cf. section 3.3.3) Γabs can be related to the inhomoge-

neous and homogeneous broadening through the approximate formula given by Oliviero and

Longbothum [253]:

Γabs ∼ 0.5346Γh +
√

0.2166Γ2
h +Γ2

i nh , (4.4)

for which Γh ∼ 0 at LT, hence leading to Γabs = Γi nh . Furthermore, theoretical attempts have

been made to relate the optical absorption to emission spectra of excitons in disordered

two-dimensional semiconductors. Thus, F. Yang et al. [199] developed a model linking the

Stokes shift (SS),3 the absorption and the excitonic emission linewidth in terms of statistical

properties of a Gaussian random function. Their approach can be used as a basis to derive the

excitonic absorption features in two-dimensional semiconductors at LT. They found that Γabs

3The Stokes shift is defined as the energy difference between the maximum of the emission and absorption
spectrum of the same optical transition.
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is connected to SS and the FWHM of the emission line (ΓPL) through the relationship

Γabs ∼ 1.81 ·SS ∼ 1.42 ·ΓPL . (4.5)

Thus, the emission lineshape corresponding to the absorption spectrum calculated from the

extinction coefficient kop presented in Fig. 3.10(b) (red line) is estimated and plotted as a

function of energy in Fig. 3.10(c) (blue line). As a consequence if the absorption linewidth Γabs

amounts to 45 meV as this is the case in Fig. 3.10(b), the corresponding emission spectrum

is expected to occur slightly redshifted, by a SS value of ∼ 25 meV, and to exhibit a narrower

linewidth of ∼ 32 meV.

In order to test the validity of the latter relationship for III-nitride QW structures, an adapted

experimental technique has to be chosen. Note that optical properties related to electronic

states of semiconductors can be studied by various spectroscopic methods such as photo-

luminescence excitation spectroscopy (PLE), spectroscopic ellipsometry, Raman scattering,

photocurrent spectroscopy, absorption, reflectivity, and transmission spectroscopy, modula-

tion spectroscopy, etc. In contrast to PL measurements, the above-mentioned spectroscopic

methods allow accessing the intrinsic properties of the investigated samples. However, since

its inception in 1964, it has been recognized that, with respect to sharp, highly structured

spectra, modulation spectroscopy is unsurpassed. It is the only experimental technique that

enables the direct measure of derivatives of ε(ω) with respect to some modulation parameters.

One distinguishes between external and internal modulation. In the case of internal modula-

tion the modulation is applied to the measuring system itself (e.g., wavelength modulation

spectroscopy), whereas in the case of external modulation, the properties of the sample itself

are directly altered (e.g., in electroreflectance (ER), thermoreflectance, or piezoreflectance

spectroscopy).

Photoreflectance

Photoreflectance (PR) belongs to the external modulation techniques where the varying

parameter is the internal (built-in) electric field, i.e., the depletion layer field is screened

by absorbed carriers of the modulated laser beam. In this case PR can be considered as an

electromodulation technique. However, the optical features can also be related to screening of

the exciton interaction by the induced carriers modulated by the laser beam [254] and/or the

partial screening of the QCSE.

Line shape considerations

Differential changes in the reflectivity can be written as:

∆R

R
=αs(ε1,ε2)∆ε1 +βs(ε1,ε2)∆ε2, (4.6)
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Range Intraband Interband Spectral characteristics
High |~Θ| ≥ γPR

eE a0 ∼ Eg Stark shifts and modified selection rules
Intermediate

eE a0 ¿ Eg
FKOs (equation 4.8)

Low |~Θ| ≤ γPR /3 Third-derivative or first-derivative dependence
of ε1,2 and equation 4.9 or 4.10 does apply

Table 4.2: The three ranges of ER spectra depending on the relative strength of the perturbation
(E ).

where αs and βs are the Seraphin coefficients, related to the unperturbed dielectric function,

and ∆ε1 and ∆ε2 are the changes induced in the complex dielectric function due to the pertur-

bation. In ER and in PR the relative strength of the perturbation with respect to characteristic

quantities of the semiconductor under consideration affects the recorded spectra. As most of

the theoretical considerations have been done for ER (cf. Aspnes [255]), in the following mainly

ER is mentioned. However, the same formalism is commonly used for the interpretation of PR.

One distinguishes between three different regimes: (i) high, (ii) intermediate, (iii) and low field

regime (cf. Table 4.2). In the high-field regime the electro-optic energy (|~Θ|), given by [256]

: |~Θ| =
(

e2E 2~2

8µ∗

)1/3

, (4.7)

where E is the relative strength of the perturbation, is much greater than the broadening

parameter of the transition (γPR ) but eE a0 ∼ Eg (a0 beeing the lattice parameter) so that Stark

shifts are produced and selection rules are modified. When eE a0 ¿ Eg the band structure is

not modified but Franz-Keldysh oscillations (FKOs) above the band edge might be observable

[255]:

∆R

R
(E) ∝ 1

E 2(E −Eg )
exp

(−2
√

E −EgγPR

(~Θ)3/2

)
cos

(
4

3

(
E −Eg

~Θ

)3/2

+φ
)

. (4.8)

In the low field regime |~Θ| ≤ Γ/3 holds in addition. FKOs disappear from the spectrum and

the lineshape can be fitted using equation 4.9 or 4.10.

Aspnes developed a formalism for third-derivative ER spectra where the normalized differen-

tial reflectivity ∆R
R (E) is given by [256]:

∆R

R
(E) = Re[Ce iθ(E −E0 + iγPR )−m], (4.9)

where C and θ are the amplitude and phase factors that determine the amplitude and the

asymmetry of the lineshape, respectively. E0 and γPR determine the energy location and width

of the transition and m depends on the dimensionality of the critical point. Note that equation

4.9 can be derived from equation 4.6 for a Lorentzian form of the dielectric function assuming

a parabolic band approximation.
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However, the situation is different for bound states, including excitons, because the particle

(electron or hole) and its wavefunction are localized in space. The formalism derived by

Aspnes is no longer valid and the change in the dielectric function induced by the modulation

is first derivative and can be expressed as [257, 258]:

∆ε=
[
δε

δEg

δEg

δF
+ δε

δΓ

δΓ

δF
+ δε

δI

δI

δF

]
∆F, (4.10)

where ∆F is the change in the field, I the intensity of the optical transition, and Γ the broaden-

ing of the latter. Equation 4.10 has been developed for a dielectric function of either Lorentzian

or Gaussian form and satisfactory fits have been obtained for several MQW systems, e.g., for

a GaAs/AlGaAs MQW structure [259]. However, equation 4.9 with parameter m = 3 is some-

times used to reflect the first derivative functional form in the case of a Gaussian broadened

transition [260, 261]. Note that for QW structures FKOs are not expected, as QW structures do

not suffer from the Franz-Keldysh effect but rather from the QCSE when subject to an electric

field, even though reports on FKOs in QWs can be found in the literature [262].

Evaluation of the Stokes shift

In order to evaluate the Stokes shift of InGaN/GaN MQWs, PR spectra are compared to PL ones.

Note that such a comparison might result into the extraction of a quasi-Stokes shift when

dealing with InGaN/GaN MQWs suffering from a strong built-in electric field (strong QCSE).

The latter separates the electron and hole wavefunctions and reduces strongly the oscillator

strength of the fundamental transition without necessarily affecting higher order transitions

whose confinement is given by a rectangular potential. Thus, the latter might prime over the

fundamental transition and the difference between PL and any absorption-like measurement

will result into a quasi-Stokes shift (cf. Fig. 4.8 adapted from Ref. [263]). Note that we expect

the latter effect to be marginal in the InGaN/GaN QW samples considered hereafter (i.e., our

QWs are too thin and the In content is too small).

Figure 4.8: PL spectra are compared to inter-
band absorption spectra calculated for In-
GaN QWs with x = 0.175, for the three cor-
responding well widths. The Stokes shift
of the e1-hh1 transition resulting from the
disorder-induced fluctuations was kept con-
stant and equal to 120 meV (red horizontal
segments). The black horizontal segments
indicate the experimental quasi -Stokes shift
occurring in thicker QWs due to an absorp-
tion onset made of transitions between ex-
cited levels. Adapted from Ref. [263].

In0.18Ga0.82N/GaN QWs
F = 2.45 MV/cm

Stokes shift of e1-hh1

quasi-Stokes shift

quasi-Stokes shift
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Sample ΓPL γPR SS Γabs

(meV) (meV) (meV) (meV)
(a) In0.1Ga0.9N/GaN SQW 32 44 46 45
(b) 5 In0.1Ga0.9N/GaN MQWs 45 43 58 63
(c) 4×5 In0.1Ga0.9N/GaN MQWs 55 48 60 77
(d) GaN/Al0.15Ga0.85 SQW 15 23 8 21
(e) 67 GaN/Al0.2Ga0.8N MQWs 10 24 10 14

Table 4.3: Spectroscopic features deduced from LT measurements performed on the three
different InGaN/GaN QW samples and the two GaN/AlGaN ones. ΓPL is the PL linewidth, γPR

is the PR linewidth. The other parameters are defined in the main text.

We will consider the above-mentioned SQWs, 5 MQWs, and four sets of 5 MQWs separated

from each other by 30 nm of GaN. They are nominally identical In0.1Ga0.9N (2 nm)/GaN (3

nm) QWs capped with a 20 nm thick GaN layer in the case of the SQW and the 5 MQW sample.

Note that growth conditions have been described in sections 4.1 and 4.2.3 and all the samples

revealed a dislocation density, determined by AFM, similar to that of the FS-GaN substrate (∼
1 × 106 cm−2) indicating that no additional dislocations are formed during the growth. In Fig.

4.5(c) 4×4 and 10×10 µm2 AFM scans of the final top GaN layer of the 4 × 5 MQW sample are

presented.

To help estimating the absorption linewidth of the above-mentioned InGaN/GaN QWs two

different GaN/AlGaN QW samples were considered as a reference. The first sample consists of

a 1.5 nm thick GaN SQW deposited on a barrier composed of a 10 nm thick Al0.3Ga0.7N layer

followed by 50 nm of Al0.15Ga0.85N grown on a FS-GaN substrate. It was then capped with a 30

nm thick Al0.15Ga0.85N layer followed by 10 nm of Al0.3Ga0.7N. A detailed description of the

growth process and optimization of the interfaces for such QWs can be found in Ref. [264].

A 67 GaN (1.2 nm)/Al0.2Ga0.8N (3.6 nm) MQW sample grown on c-plane sapphire was also

considered, which was deposited during the same run as a reference microcavity structure for

which RT polariton lasing was demonstrated several years ago [55, 70].

The LT PL linewidth of the 5 InGaN/GaN MQW in the low injection regime is increased to

a value of 45 meV compared to 32 meV for the SQW (cf. Fig. 4.9(b) and Table 4.3). This

increase can certainly be partly attributed to the sample geometry, i.e., to the inhomogeneous

redistribution of the polarization fields among wells and barriers. Indeed, the two external

QWs of the 5-QW set are expected to experience a larger built-in field than the three inner

ones, which most likely leads to slightly different emission energies. In addition, QW and

barrier thickness fluctuations as well as In content variations cannot be fully excluded. A

further increase in the LT PL linewidth to 55 meV is observed for the 4 × 5 InGaN/GaN MQW

sample. In this case the linewidth increase might originate from a slight strain accumulation

and some unwanted In diffusion effects for the first sets of QWs as they must undergo several

temperature ramps up to 1065◦C for the growth of the GaN interlayers.
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Figure 4.9: LT ER, PR signal (red dots) compared with the PL spectrum (blue) mea-
sured at the same position on a series of QW samples: (a) In0.1Ga0.9N/GaN SQW, (b) 5
In0.1Ga0.9N/GaN MQWs, (c) 4 × 5 In0.1Ga0.9N/GaN MQWs, (d) GaN/Al0.15Ga0.85N SQW, and
(e) 67 GaN/Al0.2Ga0.8N MQWs. For each sample, the LT reflectivity spectrum (dark green)
measured at the same sample position is also shown. The blue vertical dashed lines and the
black vertical dashed lines indicate the position of the excitonic resonance deduced from PL
and ER, PR measurements, respectively. The energy difference between those resonances
leads to the Stokes shift values that are listed in Table 4.3. In (f) an absorption measurement of
the same sample as shown in (c) together with PL is displayed. Taken from Ref. [200].

We point out that in the specific case of the InGaN/GaN SQW PR measurements were not

successful, which is likely due to a combination of (i) the lower oscillator strength compared to

its GaN/AlGaN counterpart, (ii) the inhomogeneous broadening that blurs the transition, and

(iii) the small amount of absorbing material at play. However, the fundamental transition of

this SQW could be resolved using the semi-contactless ER technique (cf. Fig. 4.9(a)). For com-

parison, the LT PR linewidth measured on the two GaN/AlGaN QW samples lies well below 30

meV (Figs. 4.9(d) and 4.9(e)). Note that with GaN SQWs even narrower spectroscopic features

(PL and reflectivity linewidths) can be observed when choosing a slightly different sample

geometry. The best GaN SQWs in terms of narrow spectroscopic features are surrounded by

low Al content AlGaN barriers (typically with 5% Al content) and have a slightly larger well

thickness [264, 265]. As such QWs are energetically closer to the transition of bulk GaN, our

reference GaN/AlGaN SQW sample is more compliant with our request, i.e., it is characterized

with well resolved PR spectra with a resonance occurring far enough from the bulk transition.

In each case, the fundamental PR QW resonance has been fitted using equation 4.9 with m =

3 as we consider Gaussian-broadened excitonic transitions due to inhomogeneities such as

composition and thickness fluctuations. The reference baseline for those fits was taken on the

low energy side of each InGaN/GaN QW ER/PR spectrum as it allows avoiding uncertainties

related with higher energy QW resonances. The PR linewidth of the 67 GaN/AlGaN MQW

sample, which encompasses the A and B excitons, amounts to 24 meV and in the reflectivity
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spectrum the A and B exciton transitions XA and XB can be clearly identified (cf. Fig. 4.9(e)).

Note that for this sample a smaller ΓPL than for the GaN/AlGaN SQW has been measured.

This might be due to the higher carrier densities present in the SQW with respect to the MQW

sample.

For the InGaN/GaN QWs the PR linewidth is significantly increased by more than a factor of

2 (cf. Figs. 4.9(a)-4.9(c), and Table 4.3). Furthermore, the SS value has been derived for all

the investigated samples from both PL and ER/PR spectra (cf. Table 4.3). Thus SS values are

about four to six times larger for InGaN/GaN QWs compared with GaN/AlGaN ones. We point

out that when considering the corresponding LT reflectivity spectra the determination of the

fundamental QW optical transition is hardly possible for the InGaN/GaN SQW sample and the

5 InGaN/GaN MQW sample. However, for the 4 × 5 InGaN/GaN MQW sample a weak optical

transition feature can be identified both in the reflectivity and the transmission spectra shown

in Figs. 4.9(c) and 4.9(f), respectively. For this latter sample the analysis of the PR spectrum

(lineshape fitting) can be validated by the transmission measurement as the same SS value

is deduced (cf. vertical dashed lines in Figs. 4.9(c) and 4.9(f)). Here we used the fact that

the relative absorption coefficient can be computed from the natural logarithm of the trans-

mission (cf. equation 3.5). The spectral position of the resonance was then obtained using

equation 3.12, i.e., the QW absorption edge is just modeled by a sigmoid profile as no excitonic

features can be resolved. Note that the height of the plateau is set by the kink observed in the

transmission spectrum. In the absence of available transmission measurements for samples

(a) and (b) due to the above-mentioned experimental issues, we can further make use of the

consistency between the PR and transmission results obtained for the 4 × 5 InGaN/GaN MQW

sample to confirm the position of the transition deduced from the PR fits performed for those

low QW number samples since a similar approach was used for the PR lineshape fitting of all

the samples. The precision in the SS values amounts to about 10 meV, which is reasonable

given the involved broadenings. These results clearly show that with InGaN/GaN QWs the

absorption linewidth is significantly increased compared to GaN/AlGaN ones (cf. Table 4.3).

The Γabs values are estimated from LT PL linewidth measurements using the relation 4.5. Note

that the larger ΓPL value compared to γPR for the 5 InGaN/GaN and the 4 × 5 InGaN/GaN

MQW samples could be explained by the fact that not all the QWs are probed via PR, which is

a technique known to be mostly sensitive to the region close to the sample surface. Such an

assumption is consistent with the fact that the difference between ΓPL and γPR is larger for the

4 × 5 InGaN/GaN MQW sample. Here we wish to point out that even though the parameter

C appearing in equation 4.9 is related to the oscillator strength of an optical transition, it is

hazardous to compare its value from one sample to another. Indeed, it is extremely sensitive

to: (i) the lateral extent of the modulation (spot size), (ii) the cap thickness which will affect the

modulation depth, (iii) undesired PL collected by the photodiodes, which is not necessarily

originating from the QWs, (iv) the thickness of barriers and/or interlayers that will affect

the number of effectively probed QWs, (v) the surface roughness that can be responsible for

parasitic light scattering. All those considerations indicate that any quantitative estimate

of fosc to draw a comparison between the present heterostructures would most likely be

entailed by too large uncertainties, which explains why such an information is not given. As
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a consequence, when combining the lower oscillator strength of the fundamental excitonic

transition of InGaN/GaN QWs compared to that estimated for GaN/AlGaN ones (cf. section

3.3.4) and the significantly broader absorption lineshape, it appears that the SCR should prove

much more challenging to achieve with the former active region.

4.3.5 Temperature-dependent studies of InGaN/GaN MQWs and bulk InGaN lay-
ers

In every semiconductor an increase in temperature results in a reduction of its bandgap (cf.

section 1.1.2) and more energetic carriers. However, in the case of strongly disordered alloys

such as InGaN based structures (MQWs or bulk ones) carrier localization leads to a partic-

ular temperature dependent behavior. As the absorption strength of the above-mentioned

InGaN/GaN SQW is not sufficient to induce an optical signature when measuring PR spectra

whatever the temperature, we will compare the above-mentioned 5 In0.1Ga0.9N (2 nm)/GaN

(3 nm) MQW sample to a bulk GaN layer and GaN/AlGaN QWs.

Temperature-dependence of 5 InGaN/GaN MQWs

From Fig. 4.10 the evolution of the Stokes shift as a function of temperature of a bulk GaN

layer and of 5 InGaN/GaN MQWs, both grown onto high-quality c-plane FS-GaN substrates,

can be deduced. In the case of the bulk GaN sample no Stokes shift is measured. In addition

reflectivity (R) measurements reveal clear excitonic transitions. Note that the resolution of R

spectra is improved with respect to that of PR spectra due to limitations of the PR setup (cf.

Appendix A.3). However, two transitions can be readily identified in PR and R measurements

corresponding to the fundamental A exciton (Xn=1
A ) and the B exciton (Xn=1

B ) transition. A third

feature corresponding most probably to a mixture of three transitions, namely the C exciton

(Xn=1
C ) transition and the first excited states of the A exciton (Xn=2

A ) and B exciton (Xn=2
B ), can

be identified [83]. However, the extraction of the exact position of the particular transitions

from R measurements is only possible within an exciton-polariton model including spatial

dispersion [266], which is beyond the scope of this work.

If one considers the best GaN/AlGaN SQWs in terms of narrow spectroscopic features, the

observation of Xn=1
A and Xn=1

B transitions has been reported in low-temperature (T = 10 K)

reflectivity and PL spectra [267, 268].

The situation is quite different for InGaN/GaN QWs. To our knowledge no sufficiently narrow

spectroscopic features in order to distinguish between Xn=1
A and Xn=1

B have been reported yet

in the latter material system. Furthermore, R measurements do not allow the extraction of any

intrinsic transition related to the 5 InGaN/GaN MQWs under study.

Thus, in Fig. 4.10 temperature-dependent PL and PR measurements only are shown for the

5 MQW sample. In Figs. 4.10(e) and 4.10(g) the typical S-shaped temperature-dependent

emission shift measured on the 5 InGaN/GaN MQW sample can be seen [269], which is com-
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(a) (b) (c)

(d)

(e) (f) (g)

Figure 4.10: Temperature-dependent PL and PR measurements done on a bulk GaN layer
(top row) and on 5 In0.1Ga0.9N (2 nm)/GaN (3 nm) MQWs (bottom row): PL in (a) and (e), PR
(∆R/R) in (b) and (f), and of reflectivity (R) in (c). (d) A exciton (Xn=1

A ), B exciton (Xn=1
B ), and

the donor-bound (D0,Xn=1
A ) transition energy extracted from (a). (g) PR measurements shown

in (f) are compared to PL measurements acquired under the same excitation conditions (not
shown here).

monly attributed to a temperature-dependent carrier distribution among different localized

states, also referred to as exciton hopping [243, 270]. Note that such a PL behavior related to

exciton hopping was initially revealed in InGaAs/InP and ZnCdSe/ZnSe QWs [271, 272] and

was accounted for in terms of incomplete thermalization of localized excitons at LT. The latter

is also observed for bulk InGaN layers. Thus, the carrier dynamics occurring in such layers are

further discussed in section 4.3.6.

We point out that in Fig. 4.10(g) PL measurements have been acquired under modulation

conditions, i.e., under very low injection conditions using two different laser sources, namely

a pulsed frequency-quadrupled Nd:yttrium aluminum garnet (Nd:YAG) laser (λ = 266 nm),

providing a pulse length of 500 ps, a repetition rate of 8.52 kHz and a cw HeCd laser (λ = 325

nm). Beyond 240 K, nonradiative recombinations prevent the acquisition of PL spectra in

this excitation regime. Furthermore, PL measurements acquired with the Nd:YAG laser do

not overlap with those acquired with the HeCd likely due to different excitation conditions.
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Power-dependent studies have also been performed on this 5 InGaN/GaN MQW sample and a

behavior similar to that of the InGaN/GaN SQW sample (cf. section 4.3.2) has been found. In

the temperature-dependent PR spectra of the 5 InGaN/GaN MQW sample several features are

worth being mentioned: (i) the temperature dependence of the signature of the GaN bandgap

(mainly due to the cap and barrier material) follows the conventional trend, as observed for

bulk GaN (cf. Fig. 4.10(d)) and GaN/AlGaN QWs (not shown here), (ii) the fundamental QW

transition probed in PR exhibits an anomalously large shift with temperature (∼ 115 meV over

the 10 to 300 K range) whatever the modulated laser type (either the pulsed Nd:YAG laser or

the cw 325 nm HeCd laser) (cf. Fig. 4.10(g)), (iii) even at 300 K, there is no overlap between

the PL and PR spectrum of the fundamental QW transition, contrary to the GaN/AlGaN QW

case (not shown here). (iv) Several excited QW transitions appear between the fundamental

QW transition and the signature of the bulk GaN layer. Their temperature dependence bears a

resemblance to the fundamental transition for lower excited states and switches to a more or

less conventional trend for the higher excited ones.

Using the empirical Varshni formula 1.9 we find a shift of 72 (24) meV for a temperature change

from 10 to 300 K in GaN (InN). Thus, InGaN layers are expected to exhibit an intermediate

value, which is not the case. An alternative explanation might be a significant change in the

built-in field over temperature due to a different thermal expansion of the GaN barriers with

respect to one of the In0.1Ga0.9N QW layer. The variation in transition energy due to a change

in the piezoelectric polarization4 for an In0.1Ga0.9N/GaN SQW has been calculated using

equation 1.5 but only between 50 and 300 K due to the accessible range for the temperature-

dependent lattice parameters [273, 274]. A value of ∼ 0.9 meV has been found and since a

very small increase is expected between 10 and 50 K, this alternative explanation has to be

withdrawn.

The observed shift might be ascribed to a screening of the QCSE by the injected carriers. Note

however that, the injected carrier density (N2D ), given by:

N2D = (1−R)AIpτx

πr 2hν
, (4.11)

amounts to 3.2 × 107 cm−2. The latter has been calculated using a reflectivity at the air-sample

interface (R) equal to ∼ 0.2, an absorption of the excitation source A equal to ∼ 1, a τx value

equal to that quoted in Table 2.1, an excitation spot radius r equal to 500 µm, and an excitation

source (cw the HeCd laser with hν = 3.81 eV) intensity Ip equal to 200 µW . Note that such a

low carrier density should not affect the transitions of the QW, as carrier densities above ∼ 1011

cm−2 are expected to induce partial screening of the built-in electric field of such QWs [275].

However, it is possible that locally strongly inhomogeneous carrier densities are present, due

to carrier localization, and shift the fundamental QW transition measured in PR spectra. Since

4We expect the change in spontaneous polarization with temperature to be negligible (cf. section 1.1.1).
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with increasing temperature nonradiative channels start to play an important role, the carrier

density in the QW is reduced, thus mitigating the effect on the PR spectra.

Franz-Keldysh oscillations

The latter explanation can be further supported by temperature-dependent PR measurements

performed on thick InGaN layers. Several 100 nm thick InGaN layers with In contents in the

2-18% range have been grown onto high-quality FS-GaN substrates. As an illustration, in

Fig. 4.11 temperature-dependent PR measurements done on a 100 nm thick In0.07GaN0.93N

layer are shown. Above the In0.07GaN0.93N band edge strong FKOs are observed. At the

InGaN/air interface the Fermi-level pinning by surface states of intrinsic origin (dangling

bonds) and/or extrinsic origin (e.g., presence of a native oxide on the surface) and the presence

of surface charges can result in a band bending. The origin of the surface charges is related

to the total polarization of the InGaN layer, its impurity concentration, or rather its doping.

The composition dependence of the Fermi-level pinning at the oxidized surfaces of n-type

Inx Ga1−x N films has been investigated by X-ray photoemission spectroscopy. The band

bending magnitude, i.e., the barrier height (ΦB ) was estimated to be composition-dependent

as follows [276]:

ΦB = 0.53−2.1x +0.95x2. (4.12)

Note that a positiveΦB value corresponds to an upward band bending and a positive surface

charge density. Thus, ionized impurities are distributed over a depletion width (w):

w =
√

2|ΦB |εr ε0

eNd
, (4.13)

where Nd is the donor concentration. Furthermore, from Poisson’s equation an electric field

whose magnitude varies linearly with the distance from the surface (z) is deduced:

F (z) =−eNd

εr ε0
(w − z). (4.14)

PR and ER spectra allow the extraction of a mean value for the latter, i.e., [277]:

FF KO = eNd w

2εr ε0
= ΦB

w
=

√
|ΦB |eNd

2εr ε0
. (4.15)

The magnitude of this electric field can be derived from the oscillatory behavior of the PR or

ER spectra observed above the bandgap (FKOs). A commonly used method is illustrated in Fig.

4.11(b), in which the Franz-Keldysh extremum position 4/(3π)·(E j -Eg )3/2 is plotted over its

index ( j ). The extracted positions follow approximately a straight line with a slope S, which is
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related to the electric field by:

S = (~Θ)3/2 = ~eFF KO

(2µ∗)1/2
. (4.16)

A more convenient method is based on the fitting of equation 4.9 with m = 3 to account

for Gaussian broadened excitonic transitions and equation 4.8 to account for FKOs above

the band edge to the experimental spectra. The two methods give consistent results: the

field increases with temperature by almost a factor two. This effect might be related to an

enhanced screening by injected carriers at low temperatures, as already advanced to account

for the particular temperature-dependent behavior observed in the PR measurements of the

5 InGaN/GaN MQW sample. Note that at RT the extracted field (FF KO) amounts to ∼ 100

kV/cm. It has the same magnitude than the one extracted from contactless electroreflectance

(CER) studies performed on non-intentionally doped GaN layers [277]. For non-intentionally

doped GaN the electron background concentration is about ∼ 1017 cm−3 [278]. Indeed, using

ħ(
Θ

)
2/3

01( 
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)
Ve( )
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300 K
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(b)
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  j

Figure 4.11: (a) Temperature-dependent PR measurements performed on a 100 nm thick
In0.07Ga0.93N layer. (b) Analysis of PR extrema according to Aspnes [255, 256] for two different
temperatures (20 and 240 K): The position of FKO-extrema ((E j -Eg )3/2) extracted as illustrated
in the inset over its index results in a straight line, whose slope is proportional to the electric
field (cf. equation 4.16). (c) Temperature-dependent field (electro-optic energy ~Θ) origi-
nating from surface charges extracted from fitting using equations 4.9 with m = 3 and 4.8 to
experimental spectra. An example of such a fit is given for T = 240 K in (a).
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GaN
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Figure 4.12: Reciprocal space map of the
asymmetric GaN (10-15) reflex of a 100 nm
thick InGaN layer grown on FS-GaN sub-
strate. Courtesy of Dr. Lise Lahourcade
(LASPE-EPFL).

equations 4.12 and 4.15 a value of ∼ 2 × 1017cm−3 is found for the carrier concentration of

our In0.07Ga0.93N layer. Note that the interpretation of C-V measurements performed on low

In content layers (x . 0.1) proved to be difficult. However, a carrier concentration of ∼ 3 ×
1018cm−3 was deduced for a 100 nm thick In0.2Ga0.8N layer.

Note that PR measurements acquired under the same modulation conditions (i.e., the same

Ip ) have been performed on all 100 nm thick InGaN layers. However, FKOs have not been

systematically observed including the case of bulk GaN (cf. Fig. 4.10(b)). The latter might

be explained by the dependence of w (w ∝ p
ΦB , cf. equation 4.13) with In content. For

layers without In or with a low In content w is relatively large and the amount of injected

carriers is not sufficient to achieve PR spectra in the intermediate regime (cf. section 4.3.4).

However, if the In content is increased w decreases and the depletion layer field is screened

more efficiently by the same amount of injected carriers. Thus, PR spectra can be recorded in

the intermediate regime and FKOs above the band edge are visible. Note that Ip cannot be

arbitrarily chosen, as PR spectra are acquired under modulation conditions allowing for an

optimal signal to noise ratio (cf. Appendix A.3). For a more systematic study of the electric

field in such layers CER seems a more suitable technique [277] but it is more time-consuming

to implement.

Temperature-dependence of InGaN bulk layers

Several 100 nm thick InGaN layers with different In contents ranging between 2 and 18% have

been grown on FS-GaN substrates. In a first attempt the In content has been determined by

XRD measurements. A detailed analysis of reciprocal space mappings of such layers has been

done by my colleague Dr. Lise Lahourcade (LASPE-EPFL) and will not be presented hereafter.

However, in Fig. 4.12 a reciprocal space map of the asymmetric GaN (10-15) reflex of a 100 nm

thick InGaN layer grown on FS-GaN substrate is shown, indicating no strain relaxation. Its

In content is approximatively 8%. Furthermore, energy-dispersive X-ray (EDX) spectroscopy

measurements have been performed to get rid of strain issues in the determination of the In

content. A brief discussion about the determination of the In content is given later and in a

first attempt reference is made to the In contents determined by EDX measurements.
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Figure 4.13: (a) Temperature-dependent behavior of the bandgap of 100 nm thick InGaN
layers with six different In contents ranging between 2 and 12% deduced from PL and PR
measurements. It is best accounted for when using equation 1.10 (red lines) and the corre-
sponding fitting parameters are listed in Table 4.4. (b)-(d) 10×10 µm2 AFM scans of InGaN
layers with 2, 10, and 18% of In, respectively. (e) Localization energies versus Eg deduced from
PR measurements (PRLT ). Note that the brown and red lines are a guide to the eye.

The temperature-dependent behavior of the bandgap of such layers deduced from PL and PR

measurements are shown in Fig. 4.13(a). It is best accounted for when using equation 1.10 in-

stead of the usual Varshni formula (cf. red lines in Fig. 4.13(a)). The corresponding parameters

E PR
g (T = 0 K), aPR

BE , andΘPR
BE are listed in Table 4.4 together with the In content determined by

EDX measurements. On every sample complementary temperature-dependent transmission

measurements have been performed and the corresponding parameter set (E T
g (T = 0 K), aT

BE ,

ΘT
BE ) is listed as well in Table 4.4. Note that equation 1.10 has been successfully applied to the

case of AlGaN alloys. Brunner et al. [182] showed that the temperature-dependent bandgap

reduction was independent of the Al content. Such a situation does not occur in InGaN alloys:

θBE seems to increase with the In content, whereas aBE fluctuates around a value of 0.35 ±
0.08. Even though care was taken to probe the same sample region in PR and in transmission

measurements, the parameter sets (Eg (T = 0 K), aBE , ΘBE ) do not overlap completely. This

can be easily understood, as for layers with increasing In content spatial fluctuations in the

In incorporation cannot be neglected anymore, as discussed further below. However, the

difference in the parameter set of GaN with respect to the one of sample I (2% InGaN layer)

and the anomalous parameter set deduced from PR measurements for sample IV remain open

questions.

Note that for layers with an In content below 4% very sharp excitonic transitions were mea-

sured at LT (≤ 20 K). Excitonic features related to X A and XB have been clearly resolved in LT
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PR, PLE and transmission spectra. The LT PLE spectrum of an InGaN layer with 2% of In is

shown in Fig. 4.14(a). Furthermore, the biexciton (XX) transition is seen in the corresponding

LT PL spectrum achieved under high injection PLE excitation conditions using an optical para-

metric oscillator system operating at 350 nm and 1.5 kW cm−2. The latter has been validated

through power dependent studies (not shown here). In agreement with LT PR measurements

a Stokes shift of ∼ 7 meV is revealed from the comparison of the XA transition observed in PL

and in PLE. Furthermore, the S-shaped temperature-dependent emission shift is not observed

for such low In content layers and the Stokes shift at RT (labeled E2 in Fig. 4.13(a)) is equal to 0

(cf. sample I and II in Fig. 4.13(a)). However, with increasing indium content the Stokes shift

increases. For layers with an In content above ∼ 7% a significant Stokes shift is measured at

RT (cf. sample IV in Fig. 4.13(a)). In Fig. 4.13(a) the Stokes shift observed between PR and PL

spectra of sample IV is tentatively attributed to two different localization effects characterized

by two different localization energies (E1 and E2). E1 corresponds to the minimum in the

S-shaped emission shift located between 20 and 150 K. E2 determines the localization above

∼ 150 K. Comparing the experimental results of samples V and VI presented in Fig. 4.13(a), it

can be seen that they are characterized by a similar value of E1, whereas E2 is clearly increased

for sample VI. In Fig. 4.13(e) E1 and E2 versus decreasing LT PR energy, i.e., increasing In

content, are plotted. E1 saturates above ∼ 3.2 eV, corresponding to an In content of ∼ 10%.

On the other hand E2 starts to strongly increase above the latter In content. Before providing

an interpretation for the particular behavior of E1 and E2 with increasing indium content (cf.

section 4.3.6), the crystalline quality of such layers has to be investigated.

When increasing the indium content, a progressive degradation of the surface quality is clearly

seen on 10×10 µm2 AFM scans (Figs. 4.13(b) to 4.13(d)). For In contents ≥ 15% an even

stronger degradation is expected as the critical thickness for relaxation is clearly crossed. Ac-

cording to M. Pristovsek [223] (cf. Fig. 4.2) the critical In content for 100 nm thick InGaN layers

grown on GaN leading to relaxation is ∼ 6%. Indeed, a pronounced wavelike (or valley-hill)

Sample In content E PR
g aPR

BE ΘPR
BE E T

g aT
BE ΘT

BE
(EDX) (T = 0 K) (meV/K) (K) (T = 0 K) (meV/K) (K)

GaN 0 3.503 0.53 437 - - -
I 0.02 3.408 0.31 290 3.408 0.32 220
II 0.03 3.387 0.31 203 3.387 0.32 203
III 0.08 3.224 0.44 390 3.186 0.44 397
IV 0.09 3.181 0.2 168 3.144 0.44 376
V 0.11 3.029 0.39 635 3.032 0.29 422
VI 0.12 3.003 0.35 650 2.946 0.44 493

Table 4.4: Parameters related to Fig. 4.13(a) (E PR
g (T = 0 K), aPR

BE , ΘPR
BE ) and to temperature-

dependent transmission measurements (E T
g (T = 0 K), aT

BE ,ΘT
BE ) . The parameters aBE andΘBE

of equation 1.10 characterize the temperature-dependent bandgap reduction. The parameters
for the GaN layer are obtained from the experimental data displayed in Fig. 4.10(e).
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Figure 4.14: (a) LT PLE
(black dots) and PL (red
line) spectra measured on
an InGaN layer with 2% of
In. The vertical dashed
lines indicate the position
of the various excitonic res-
onances. (b)-(d) LT µ-PL
mapping (10×10 µm2) of
InGaN layers with 2, 8,
and 15% of In, respectively.
Courtesy of Dr. Lise La-
hourcade (LASPE-EPFL).
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morphology is observed in 10×10 µm2 AFM scans of InGaN layers above such an In content

(see e.g., Fig. 4.13(c)). Another interesting aspect of such layers is that their spatial emission

pattern is found to be strongly dependent on their surface morphology. In Figs. 4.14(b) to

4.14(d) LT µ-PL mappings (10×10 µm2) measured on the InGaN layers, whose AFM scans

are presented in Figs. 4.13(b) to 4.13(d), are shown. As seen in the AFM scan of Fig. 4.13(c)

the mappings reveal a periodic modulation of the emitted light. The magnitude of the latter

increases with the In content of the layer. Such a behavior is not surprising knowing that

the In incorporation strongly depends on the offcut orientation given here by the wavelike

morphology [217, 218].

4.3.6 Discussions: intrinsic and extrinsic properties of InGaN alloys

In order to elucidate the spectroscopic measurements of this chapter the intrinsic and the

extrinsic properties of InGaN alloys have to be discussed. Hereafter we mean by intrinsic

properties those of a perfect InGaN alloy, characterized by a random distribution of cations,

free from any defect states. We relate extrinsic properties to carrier dynamics including

localization and diffusion within such a perfect alloy.

The ideal InGaN alloy: random distribution of cations

If a stochastic distribution of indium atoms at the atomic scale is considered, the InGaN alloy

might be treated in the following way: indium atoms are distributed randomly on cation sites

of the InGaN alloy, as suggested by Galtrey et al. [245]. A binomial distribution can be used

to estimate composition fluctuations, which depend on the standard deviation of a random

variable. Let us take as random variable the composition X = N /n, where N is the number
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(a) (b)

Figure 4.15: Random InGaN alloys following a binomial distribution: (a) composition fluctua-
tions in the In content are calculated for a nominal In content of 1, 5, 10, 15, and 20% using
bins of 4603, 5800, and 7624 atoms corresponding to aB of 2.5, 3, and 3.5 nm (blue, black, red).
For all contents the distribution is normalized. (b) Corresponding FWHM (2.36·σx ) of the
distributions plotted against the nominal In content.

of indium atoms within a bin of n cations (trials) and by itself a random variable [279]. The

mean alloy composition (nominal indium content) is expressed as p, the fraction of group

III sites occupied by In atoms rather than Ga ones. The probability to find k indium atoms

among n cations is:

P (N = k) =
(

n

k

)
pk (1−p)n−k . (4.17)

Note that the standard deviation of N is given by σN =
√

np(1−p). Thus, the standard

deviation of X (σX ) is given by:

σX =
√

p(1−p)

n
. (4.18)

From equation 4.18 one can see that σX increases with increasing nominal indium content, as

illustrated in Fig. 4.15(a) for n = 4603, 5800, and 7624 . Note that n corresponds to an average

number of cations within the excitonic volume Vexc . Vexc is approximated as a sphere with a

radius equal to the exciton Bohr radius, which is taken equal to 2.5, 3, and 3.5 nm.5

The absorption line broadening is expected to increase with the indium content, i.e., Γabs ∝
2
p

2ln2σX = 2.36σX , up to a content of 0.5 (cf. Fig. 4.15(b)). Note, that an increase of Γabs

with indium content has been predicted as well in a recent theoretical work, due to numerous

possible configurations for the indium atoms within a 16-atom supercell, each of them being

characterized with a different energy gap [280].

5Note that the volume of an elementary cell in wurtzite GaN is about Vec ∼ 0.3 ·0.3 · sin(60◦) ·0.5 ∼ 0.039 nm3.
Vec contains 2 cations and as Vexc ∼ 113 nm3 for aB = 3 nm, the exciton is sensitive to ∼ 5800 cations.
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T = 10 K

T = 10 K

[In] ≈ 2%

[In] ≈ 6%

[In] ≈ 9%

[In] ≈ 13%

Bandgap energy (eV)

Figure 4.16: (a) LT transmission vs PL measurements of 100 nm thick InGaN layers with In
contents ranging between 2 and 13% and (b) the corresponding LT FWHM of the transmission
spectra plotted against Eg deduced from the latter (absorption energy). Courtesy of Dr. Lise
Lahourcade (LASPE-EPFL).

LT transmission measurements performed on 100 nm thick InGaN layers together with cor-

responding PL measurements recorded on the same spot are displayed in Fig. 4.16(a). The

linewidth of LT transmission measurements, which is proportional to Γabs , has been extracted

and its value versus the deduced Eg , i.e., the In content, is plotted in Fig. 4.16(b). Note that

for all transmission measurements the same fitting procedure has been used: two Gaussians

separated by 8 meV, accounting for the X A and XB transition, are convoluted with a sigmoid

profile of the same broadening and shifted in energy by the exciton binding energy. For the

exciton binding energy a linear interpolation between the GaN and InN values has been used.

The transmission linewidth (black dots) increases with the In content. Furthermore, the

transmission linewidth (ΓT ) might be compared to [281]:

ΓT (x) = 2.36|∂Eg

∂x
|σX , (4.19)

where |∂Eg /∂x| = |Eg ,InN −Eg ,GaN −bBG (1−2x)|. Therefore, in Fig. 4.16(b) equation 4.19 is

plotted using bandgap values reported in Table 1.2, bBG = 2.5 eV, and aB = 3 nm (red lines).

K .p calculations performed by Georg Rossbach (LASPE-EPFL) allow to distinguish relaxed

from strained layers (solid vs dashed lines, respectively). Note that the low In content layers

(2-3%) are fully strained, whereas those at ∼ 4% do show partial relaxation in reciprocal space

mappings. Furthermore, their ΓT fits not too badly the strained line (red dashed line). For

intermediate In content layers experimental data rather follows the relaxed line (red solid line),

whereas a clear deviation from the binomial approximation is seen for layers with increasing

In content, i.e., their linewidth lies above the red solid line. The latter already occurs at an In

content of ∼ 12%, where strong degradation of the crystalline quality of such layers is expected.

Hereafter the choice of the values of aB and bBG is discussed. Note that the experimental
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Figure 4.17: Bandgap energy as determined
by LT (T = 10 K) transmission measurements
vs In content deduced from reciprocal space
mappings (black squares) and EDX measure-
ments (red dots) compared to situation of
bandgap bowing bBG = 0 and bBG = 2.5 eV for
the relaxed and strained case.

determination of aB in InGaN layers is far from being trivial. A change with the In content is

generally expected. However, in a first attempt a constant value of 3 nm has been taken as

quoted for GaN layers by S. F. Chichibu et al. [84].

The bandgap energy deduced from LT transmission measurements vs the In content deduced

from reciprocal space mappings and EDX measurements is plotted in Fig. 4.17. The experi-

mental data are compared to k.p calculations of the bandgap evolution at 0 K for bBG equal to

0 and 2.5 eV for the strained and the relaxed case (dashed and solid lines, respectively). From

this comparison it is challenging to conclude on the value of bBG and the layers’ strain state.

Note that in our EDX measurements the probed region (∼ 50×50 µm2) is much smaller than

the one probed by XRD (∼ 1×1 mm2) or transmission measurements (∼ 0.5×0.5 mm2). Thus,

it would be more relevant to perform a statistical analysis of EDX measurements. On the other

hand, segregation or composition gradients, which occur in high In content layers (starting

from ∼ 10%), complicate the interpretation of XRD measurements. Thus, it would be also

interesting to investigate strained layers over the same composition range. Such a study would

provide a more representative value for bBG .

Note that the energy-gap bowing parameter bBG of Inx Ga1−x N is as well a matter of debate in

the literature. In a recent theoretical paper composition-dependent bowings of the gaps were

found [282]. The authors estimate the bowing to range from 1.7 (large x) to 2.8 eV (small x)

and being equal to 2.1 eV for x = 0.5 in the case of a uniform, i.e., a non ’clustered’, Inx Ga1−x N

alloy.

In conclusion, the simple model based on a stochastic distribution of indium atoms within

InGaN layers suggests a steep absorption linewidth increase in the UV region but a more

moderate one in the visible spectral range. On this basis, the following suggestion might be

forwarded: gain dilution in green laser diodes should not be much higher than in blue laser

diodes provided that the In content within the QWs is homogeneous and abrupt interfaces are

present. This is confirmed by a constant material gain reported lately at the SPIE Photonics

West conference (February, 2014) by OSRAM between 450 and 520 nm. Note that a strong

inhomogeneity in the In content within the QWs might drastically increase the absorption

linewidth and thus it has to be avoided.
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Carrier dynamics

According to Fig. 4.15(a) the exciton in low In content layers does not feel large composition

fluctuations. However, localization is observed over the whole composition range (only at

LT for low In content layers). Kent and Zunger [284] predicted strong hole localization on

randomly formed In-N-In-N-In-N zigzag atomic chains along the [110] direction in cubic

InGaN and along the [1120] one for the hexagonal case. Chichibu et al. [243] concluded us-

ing monoenergetic positron annihilation spectroscopy that localization of holes (positrons)

occurs at atomic condensates of In-N of spatial extent smaller than 4 nm. In Fig. 4.18 three

different situations of positron localization in a defect-free statistically homogeneous InGaN

alloy are schematically represented: (a) slight localization due to trapping by a single In atom,

(b) localization occurring on an In-N-In-N-In-N zigzag chain, and (c) strong localization by

a randomly formed atomic condensate of In-N (Adapted from Chichibu et al. [243]). Fur-

thermore, the authors measured the positron diffusion length (L+) at RT for InGaN layers

with different In contents, e.g., for a 200-nm-thick nearly strain-relaxed (0001) In0.05Ga0.95N

film grown on GaN/(0001) Al2O3 a value of ∼ 4 nm is found for L+. As a positron is positively

charged, positrons and holes suffer from similar Coulomb potential environments and thus

the hole diffusion length (Ldi f f ,h) might be of the order of L+. If the latter is indeed the case,

excitonic diffusion occurs at a nanometric scale and thus no interdiffusion between the valleys

and hills observed in AFM (cf. Figs. 4.13(b)-4.13(d)) is possible. However, the morphology

does have an influence on the measured transmission and PL spectra due to the diffraction

[0001] Ga In N positron

(a)

(b) (c)

Figure 4.18: A positron in defect-free statistically homogeneous InGaN alloy might be trapped
by (a) a single In atom [283], (b) an In–N-In–N–In– zigzag chain [242, 284] spontaneously
formed along the [112̄0] direction, or (c) by atomic condensates of In–N whose size is larger
than the chain in (b). Adapted from Chichibu et al. [243].
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Figure 4.19: Illustration of the S-shaped temperature-dependent emission shift: (T1) the black
dashed line corresponds to the initial distribution. Thermally activated carriers (light blue area)
diffuse to lower energy band-tail states (dark blue area) producing a slight Stokes shift (SS(T1)).
(T2) Further increasing the temperature results in an increased diffusion enabling carriers to
reach energetically deep trapping states. (T3) Diffusion to nonradiative recombination centers
(NRC) starts to play a role. Thus, Ldi f f ,h(T3) is reduced and the lowest trapping states cannot
be reached anymore.

limited size of the spot, having an averaging effect.

When performing temperature-dependent PL measurements several interdependent param-

eters have to be considered: the carrier diffusion length (respectively, Ldi f f ,h),6 the diffu-

sion constant (D), the carrier lifetime (τ), and thermally activated detrapping and tunnel-

ing. Note that those parameters are temperature-dependent and related to each other by

Ldi f f ,h(T ) =p
D(T ) ·τ(T ). The common explanation of the S-shaped temperature-dependent

emission shift is the following [269]: (i) the diffusion constant D increases with temper-

ature [286] without strongly affecting the carrier lifetime. Thus, Ldi f f ,h(T ) increases and

thermally activated carriers are able to reach lower energy band-tail states (or trapping states),

i.e., randomly formed atomic condensates of In–N, before recombining. The latter, depending

on the In content of the alloy, results in a pronounced redshift of the emission, as illustrated in

Fig. 4.19 from T1 to T2. (ii) D further increases but due to the increased temperature nonradia-

tive processes become important, i.e., the carrier lifetimes decrease greatly with increasing

temperature. Thus, Ldi f f ,h(T ) decreases and these carriers recombine before reaching the

lower energy band-tail states. The latter, depending on the In content of the alloy, results in a

pronounced blueshift of the emission as illustrated in Fig. 4.19 from T2 to T3. Simply put, the

observed blueshift is based on the onset of thermalization, i.e., carriers rise to their thermal

average [270, 281].

The two localization energies E1 and E2 observed in the previous section (cf. section 4.3.5) are

parameters related to carrier dynamics and as well to intrinsic material properties (e.g., Γabs).

When using a macroscopic probe the observed S-shaped temperature-dependent emission

6Carrier diffusion is mainly due to hole diffusion [243, 285].
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shift reflects an averaged situation. However, carrier dynamics take places at a nanometric

scale. The increase of E2 with In content is a commonly observed behavior as well observed

in QW structures related to an increasing number of energetically deep trapping states (cf.

Fig. 4.15(a)). However, the saturation of E1 is staggering and not observed in QW structures.

Note that the localization mechanisms are likely different in QWs as they further suffer from

strong built-in electric fields. The saturation of E1 might be related to the crystalline quality

of the layers. A possible explanation might be an increase of nonradiative recombinations,

reducing the carrier lifetime and the probability to reach lower energy tail states. The increase

in nonradiative recombinations is supported by a decreasing internal quantum efficiency ηi nt

above an In content of ∼ 10%. Note that ηi nt is approximated as the spectrally integrated

PL intensity at 300 K divided by that at 20 K (Ref. [145]). However, in order to elicit the latter,

temperature-dependent time-resolved measurements are indispensable. Note that such

measurements are foreseen in our laboratory in a near future.

4.4 Summary of the results

Aiming a reduced inhomogeneous broadening, which limits gain dilution

in III-nitride MQW EELDs and which is also a prerequisite for strong coupling

applications, the optimal growth conditions for various thin low In content

Inx Ga1−x N(x ∼ 0.1)/GaN QWs grown on FS-GaN substrates have been inves-

tigated. Furthermore, a low excitonic disorder has been measured at the mi-

croscopic scale for such SQWs. The critical thickness for relaxation for an

In0.12Ga0.88N (2 nm)/GaN (3 nm) MQW structure has been estimated using

two different approaches (LT CL and LT µ-PL linescans) to exceed 160 nm,

i.e., a thickness corresponding to a critical QW number of ∼ 30. In order to

circumvent this problem a promising solution for the active region based on

GaN interlayers has been implemented.

The nature of localization in InGaN/GaN MQWs and InGaN bulk layers

has been critically discussed and individual localization centers of an

In0.1Ga0.9N/GaN SQW have been probed by LT µ-PL measurements, amongst

others with subwavelength lateral resolution. LT absorption-like (PR and ER)

measurements have been performed on various In0.1Ga0.9N/GaN QWs, ranging

from the SQW case to a set of several MQWs, and a comparison has been drawn

with their GaN counterparts. For InGaN/GaN QWs, the PR linewidth has been

found to be significantly increased by more than a factor of 2. Furthermore, a

systematic increase in the inhomogeneous linewidth (of emission and absorp-

tion) with increasing number of wells was revealed. Various possible reasons

for this degradation such as inhomogeneous built-in field distribution among

the QWs and a large sensitivity to strain fluctuations have been identified.

The intrinsic and extrinsic properties of In0.1Ga0.9N/GaN MQWs have been

probed by temperature-dependent absorption-like (PR) and PL spectroscopy,
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respectively. A particular temperature-dependent behavior has been found,

which could be explained by a large sensitivity of such QWs to a few injected

carriers. The latter explanation has been further supported by temperature-

dependent absorption-like (PR) measurements performed on thick InGaN

layers. Various 100 nm thick InGaN layers with In contents ranging between 2

and 18% have been compared to a model based on a stochastic distribution of

indium atoms at the atomic scale. The model failed for layers with In contents

above ∼ 12% as such layers suffer from detrimental strain relaxation. For low

In content layers (x < 12%) the model holds. On this basis, the follwing sug-

gestion is forwarded: gain dilution in green laser diodes should not be much

higher than in blue laser diodes provided that the In content within the QWs is

homogeneous and abrupt interfaces are present.

Furthermore, two localization energies have been identified and attributed to

originate from carrier dynamics taking place at the nanometric scale.
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5 Light-matter interaction in InGaN-
based microcavities

In this chapter the light-matter interaction in Inx Ga1−x N/GaN MQWs and Inx Ga1−x N bulk

layers with x ∼ 0.1 when inserted in III-nitride based MCs are analyzed. First the MC structures

are designed, carefully fabricated, then their material quality is assessed by means of XRD,

AFM and SEM, and finally spectroscopic measurements allow to determine their coupling

regime (weak or strong coupling).

In a last section various mechanisms leading to stimulated emission in InGaN based electrically-

or optically- pumped structures are critically discussed.

5.1 Semihybrid MC structures

The optimum semi-hybrid MC structure design as deduced from TMS (cf. section 3.3.1), i.e.,

the 3λ MC structure based on 5×5 In0.1Ga0.9N (2 nm)/GaN (3 nm) MQWs is schematically

drawn in Fig. 5.1(a).1 In addition, a 3λ/2 semi-hybrid MC based on a thick In0.12Ga0.88N (73

nm) layer positioned at a cavity light field antinode will be considered (cf. Fig. 5.1(b)). With

a thickness of 73 nm, the layer does not suffer from the detrimental QCSE normally present

in QW structures with thick QWs. In Table 5.1 the two MC structures are compared. Note

that as for bulk material the oscillator strength (4παX A or 4παX Aω
2
0) is commonly given as

dimensionless quantity or in (eV)2, respectively [98, 102, 287] (cf. equation 3.16). In order to

compare fosc of the two structures, it is convenient to calculate fosc in (eV)2: for the QW case

1A schematic drawing and a SEM image of this structure have already been shown in Figs. 3.11(c) and 4.5(d),
respectively.

III-N
DBR

dDBR
7 x SiO2/ZrO2

42 x InAlN/GaN

 
5 x In0.1Ga0.9

III-N
DBR

dDBR
7 x SiO2/ZrO2

42 x InAlN/GaN

 
 In0.12Ga0.88N/GaN 

(a)                                      (b)

N/GaN 

Figure 5.1: Schematic
drawings of (a) a 5×5
InGaN/GaN MQW based
semi-hybrid and (b)
an thick InGaN layer
based semi-hybrid MC
structure.
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MC MQW based SH bulk based SH
optical cavity thickness 3λ 3λ/2
NQW 5×5 -
Le f f (nm) 1044 794
fosc slightly reduced ∼ bulk GaN

f QW
osc ∼ 1.3×1013 cm−2 4παX A ∼ 13×10−3 [102]

(0.08 eV2) (0.12 eV2)
ΩV RS(T = 300 K, Γi nh = 0) (meV) 36 39

Table 5.1: Relevant parameters for the achievement of the SCR for the 5×5 InGaN/GaN MQW
based semi-hybrid (MQW based SH) and the thick InGaN layer based semi-hybrid MC struc-
ture (bulk based SH).

we deduce a value of 0.08 (eV)2 and for the bulk case of 0.12 (eV)2. In the 2D case depending

on the wave-function overlap the oscillator strength is expected to be enhanced with repect to

the 3D case (cf. equation 3.17): if a wave-function overlap of 1 is taken a value of 0.15 (eV)2 is

found which is clearly above the bulk value. Note that for the bulk much lower values (by more

than a factor of 2) are quoted in Ref. [287]. Using the fosc values of Table 5.1 similar vacuum

Rabi splittings at RT and negligible inhomogeneous broadening (Γi nh = 0) are deduced from

TMS for the two structures.

5.2 Experimental features of semi-hybrid cavity structures

Note that a common protocol to characterize III-nitride based MC structures includes the fol-

lowing measurements performed on the half cavity (HC) and on the full cavity (FC) structure:

• µ-PL mapping of HC giving access to excitonic disorder

• µ-Transmission mapping of FC giving access to photonic disorder

• LT absorption-like measurements of HC

• Fourier-PL and Fourier-R at different sample positions and temperatures

• Power-dependent studies

A common way to demonstrate SCR is to reveal an anticrossing behavior in temperature-

dependent PL, transmission, reflectivity or absorption measurements [288, 289]. The latter

arises from a change in the detuning between exciton mode and cavity photon mode with

increasing temperature. Starting with a moderate negative detuning at LT the exciton redshifts

due to bandgap reduction whereas the cavity mode position is only slightly affected by tem-

perature changes. Thus, at a finite temperature a crossing, i.e., a change in the sign of the

detuning, is expected. In the case of strong exciton cavity photon mode coupling, instead of a

mode crossing an anticrossing of the lower and upper polariton mode with temperature is
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(e)           (f)

(g)          (h)

Figure 5.2: Excitonic and photonic disorder probed on (a)-(d) an InGaN/GaN MQW based
and (e)-(h)a thick InGaN layer based semi-hybrid MC structure. (a) and (e) LT (4 K) µ-PL
mappings (50× 50µm2) of the corresponding HC structures. (b) and (f) RT micro-transmission
mappings (50 × 50 µm2) of the full semi-hybrid MC structures. The spectra in (c), (g), (d), and
(h) are recorded every 2 µm along the continuous and dashed arrows in (a), (e), (b), and (f),
respectively.

observed. However, such measurements require either homogeneous samples or a possibility

to correct for the temperature-dependent sample drift in the cryostat.

Excitonic and photonic disorder

The homogeneity of a MC is given by its excitonic and photonic disorder. Thus, the excitonic

disorder of the HC structures (without top DBR) is deduced from 50×50 µm2 µ-PL mappings

acquired at 4 K every 1 µm with a frequency-doubled line of a cw Ar+-laser (λ= 244 nm) and

the photonic disorder of the FC structures from 50×50 µm2 micro-transmission mappings

performed at RT. The LT 50×50 µm2 µ-PL mappings of the InGaN/GaN MQW and the bulk

InGaN based half cavities (structures shown in Figs. 5.1(a) and 5.1(c), respectively) are shown

in Figs. 5.2(a) and 5.2(e), respectively. Note that for both structures the excitonic disorder is

increased with respect to the SQW case as the standard deviation (σ) of the mappings amounts

to 9.4 and 18.6 meV (cf. Table 5.2) instead of 0.8 meV (cf. Table 4.1). This might be ascribed to

different underlying layers (LM InAlN/GaN DBR instead of GaN buffer) and the stacking of

QWs. However, the situation is different for the bulk InGaN cavity, as such an emission pattern

is also observed when directly grown on a FS-GaN substrate (cf. Fig. 4.14(c)).

The corresponding photonic disorder of the full semi-hybrid MCs can be deduced from the

micro-transmission mappings shown in Figs. 5.2(b) and 5.2(f). With respect to the empty

cavity case we do observe an increase of the photonic disorder for both structures (cf. Table 5.2
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MQW based SH bulk based SH
µ σ µ σ

Excitonic disorder: Epeak of HC (meV) 2999.6 9.4 3137.9 18.6
Photonic disorder: Epeak of FC (meV) 2982.9 2.5 2973 12.5

Table 5.2: Excitonic and photonic disorder of the 5×5 InGaN/GaN MQW based semi-hybrid
(MQW based SH) and the thick InGaN layer based semi-hybrid MC structure (bulk based SH):
The mean value µ and standard deviation σ are extracted from LT µ-PL mappings (shown
in Figs. 5.2(a) and 5.2(e)) for the HC structures and from RT micro-transmission mappings
(shown in Figs. 5.2(b) and 5.2(f)) of FC structures.

σ equal to 2.5 and 12.5 meV, respectively, vs. σ equal to 0.5 meV (extracted from Fig. 3.7(a))).

Note that the large value of the bulk InGaN based MC is mainly due to the morphology of the

InGaN layer, which is comparable to the one observed in the 10×10 µm2 AFM scan shown in

Fig. 4.13(c).

The quality factor of a microcavity is obviously affected by the exciton-cavity mode detuning.

Indeed, the closer the cavity mode position from the absorption edge of the active medium

(MQWs or bulk InGaN layer), the lower the measured Q value as previously explained, e.g.,

by Simeonov et al. [290] or Gacevic et al. [291] for microdisks and planar MCs, respectively,

using both embedded InGaN/GaN QWs as an internal light source. As the detuning is not

constant across the whole wafers, Q values ranging from a few hundreds up to 1090 (450) are

measured for the InGaN/GaN MQW (thick InGaN layer) based MC. The difference in Q for the

two cavities might be related to: (i) the increased thickness of the absorbing medium for the

thick InGaN layer based MC (73 nm vs 25×2 = 50 nm) and (ii) an increased absorption due to

the deteriorated crystalline quality of the thick InGaN layer with respect to the QW case. Note

that 73 nm lies above the critical thickness for relaxation for this In content (x = 0.12) [223].

However, the high Q value measured for the InGaN/GaN MQW based MC supports the high

optical quality of this MC.

In conclusion, InGaN/GaN MQW and thick InGaN layer based semi-hybrid MCs suffer from

strong excitonic and photonic disorder. Temperature-dependent measurements are subject to

a sample drift ranging up to a few mm. As such a drift cannot be easily corrected,2 temperature-

dependent measurements are not well suited to check the (anti)-crossing behavior and to

conclude about the coupling regime (strong or weak).

On the other hand, the SCR can be revealed by angle-resolved PL, transmission, reflectivity or

absorption measurements, which neither depend on disorder nor suffer from the temperature-

dependent sample drift. However, first the spectral features of the HC structures have to be

carefully analyzed.

2For example, such a drift could be corrected manually in the case of a patterned sample.
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(a) (b) (c)

PL Intensity (arb. units) PL Intensity (arb. units)

FWHM ~ 45 meV

Figure 5.3: Fourier-space images of the thick InGaN layer based (a) HC and (c) MC structure
emission spectrum measured at 5 K. (b) The LT HC emission at an emission angle of 40◦

(brown line) and the LT FC emission at normal incidence. The red line corresponds to a
Gaussian fit with FWHM of 45 meV.

LT absorption-like measurements on HC

As already emphasized in chapter 4, the knowledge of intrinsic properties of the investigated

samples are indispensable for strong coupling applications. However, absorption-like mea-

surements performed on Inx Ga1−x N/GaN MQW samples with x ∼ 0.1 proved to be rather

challenging (cf. section 4.3.4). Hereafter LT PL measurements of the HC structures are pre-

sented.

Note that LT PL measurements of the HC structures have been acquired either in the same

configuration as those of the FC structure (i.e., angular-resolved µ-PL measurements) or using

a cw HeCd laser (λ = 325 nm, macro-PL measurements). For angular-resolved PL measure-

ments (Fourier-space imaging of PL) a near UV (NUV) microscope objective and a pulsed

355 nm Nd:YAG laser (τ = 570 ps, f = 7.1 kHz) have been used. By means of two lenses with

respective focal lengths of 30 and 20 cm, the back focal plane of the microscope objective

(Fourier plane) was directly imaged on the entrance slit of the spectrometer. With the latter,

a spectral resolution better than 150 µeV was reached via the combination of a 55 cm focal

length monochromator and a liquid-nitrogen cooled CCD (cf. Appendix A.4 for further expla-

nations). In Fig. 5.3(a) a LT Fourier-space image of the thick InGaN layer based semi-hybrid

HC PL emission is shown. The FWHM at an emission angle of 40◦ amounts to ∼ 45 meV. A

similar result (FWHM = 52 meV) has been measured for the InGaN/GaN MQW based HC (cf.

Fig. 5.4).

Figure 5.4: LT macro-PL spectrum of
the 5×5 InGaN/GaN MQW based HC
structure (red line) and reflectivity
spectrum of the bottom DBR (black
line).
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Probing cavity dispersions

Note that for the InGaN/GaN MQW based semi-hybrid MC the requirements for strong cou-

pling applications in terms of QW absorption features have been detailed in section 3.3.4

and the knowledge of Γi nh has been ascertained as a priority. Using the approach of F. Yang

et al. [199] the PL-linewidth can be related to the absorption one, which leads to Γabs ∼ 74

meV. Hence, when using equation 4.4 Γi nh ∼ 74 meV as the impact of Γh can be neglected

at low temperature. If we consider the evolution of the simulated absorption spectra as a

function of Γi nh shown in Fig. 3.12(a) with such a Γi nh value, the InGaN/GaN MQW based

semi-hybrid MC is expected to operate in the weak coupling regime at RT. When considering

the simulated absorption spectra as a function of Γi nh in the LT case (not shown), the system

lies only slightly above the crossover from the strong to the weak coupling regime. However, to

further check what is expected from TMS results, LT and RT Fourier-space PL measurements

were performed (Figs. 5.5(a) and 5.5(b), respectively). The mode dispersion clearly matches

that of a parabolic cavity mode using a photon effective mass of 5.2·10−5m0, hence indicating

that the present MC structure operates in the weak coupling regime. The horizontal red line in

Figs. 5.5(a) to 5.5(c) is an estimate of the free exciton position (X A), which should be located ∼
50 meV above the signature of the PL emission assuming the relationship considered between

the measured PL linewidth and the Stokes shift holds. The estimate of the free exciton position

at RT is positioned at a lower energy due to the temperature-dependent bandgap reduction.

In first approximation the parameters characterizing the temperature-dependent bandgap

reduction of InGaN bulk layers with a similar In content have been taken (cf. Table 4.4). Note

that the LT and RT emission do not result from the same sample point which can be seen

clearly by the difference in cavity mode position. A much smaller temperature-dependent

cavity mode shift is expected. The same dispersion is found in RT Fourier-space reflectivity

measurements (Fig. 5.5(c)). Furthermore, the transmitted PL has been acquired together with

the Fourier-space PL measurement (green line in Fig. 5.5(a)). The latter allows to distinguish

between cavity and Bragg modes (indicated in blue in Fig. 5.5(a)).

Bragg modes

C with 
mph

*= 5.2∙10-5m0

C with 
mph

*= 5.210-5m0

C with 
mph

*= 5.210-5m0

(a) (b) (c)

XA

XA XA

Figure 5.5: (a) Fourier-space image of the 5×5 InGaN/GaN MQW based semi-hybrid MC
emission spectrum measured at 10 K and (b) at RT in the low carrier injection regime. (c)
Fourier-space image of the microcavity reflectivity at RT at the same sample position as that
probed in (b).
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5.2. Experimental features of semi-hybrid cavity structures

out

(a) (b)

Figure 5.6: (a) Semilogarithmic plot showing the power-dependence of macro-PL spectra,
shifted for clarity, taken under normal incidence at RT on the 5×5 InGaN/GaN MQW based
semi-hybrid MC structure. (b) Integrated output intensity against normalized incident pump
power (black dots) and corresponding fit (red line) as described in the text, the dashed lines
are a guide to the eye; and corresponding evolution of the mode linewidth (connected blue
dots).

A parabolic mode dispersion has been measured as well for the thick InGaN layer based

semi-hybrid MC over a temperature range from 4 K to RT.

Power-dependent studies

The excitation power-dependent measurements acquired on the 5×5 InGaN/GaN MQW based

semi-hybrid MC shown in Fig. 5.6(a) show a clear lasing threshold occurring at an average

pump power density of ∼ 48 W/cm2. The spectrally integrated input-output characteristic of

the MC structure is displayed on a logarithmic scale in Fig. 5.6(a). From such a plot, we can

extract the spontaneous emission coupling factor βout using the solution of the standard rate

equation model that gives the dependence of the output integrated intensity [292]:

Iout ∝ r +1−
√

(r −1)2 +4βout r

2(1−βout )− (r +1−
√

(r −1)2 +4βout r )
, (5.1)

where r is the normalized pump rate. The best fit leads to a βout value equal to 1×10−3, which

is more than two orders of magnitude larger than the values usually reported for EELDs [128]

as expected for a vertical cavity laser with fewer modes supporting spontaneous emission.

However, we expect our βout value to be overestimated due to the contribution of several

modes in the spontaneous emission below threshold compared to the stimulated emission

originating from a smaller number of modes, for which the gain is maximum, above thresh-

old [192]. The signature for coherent light emission is also supported by the decrease in the

emission linewidth when crossing the lasing threshold (connected blue dots in Fig. 5.6(b)),

which decreases from 14 to ∼9 meV. The observed increase in the linewidth with increasing

pump power density above threshold is likely due to the contribution of additional lasing

modes slightly detuned between each other that progressively switch on, i.e., the coherent
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Chapter 5. Light-matter interaction in InGaN-based microcavities

emission originates from a larger area for larger pump power densities. A similar power-

dependent behavior has been measured for the thick InGaN layer based semi-hybrid MC (not

shown) with a lasing threshold at ∼ 130 W/cm2.

Note that 48 W/cm2 is a relatively low lasing threshold when compared to the polariton lasing

threshold in GaN based MCs (∼ 35 and 17.7 W/cm2 for the GaN bulk layer and the GaN/AlGaN

MQW based MC, respectively [114]). The origin of lasing processes in InGaN-based structures

is still a matter of debate and will be addressed in section 5.4.

Another peculiar behavior is the observed blueshift of the cavity mode with increasing pump-

ing power below lasing threshold (cf. Fig. 5.6). The latter is commonly observed in III-nitride

MCs based on InGaN/GaN as well as GaN/AlGaN QWs [105, 114, 172]. In the case of strong

light-matter coupling the blueshift of the lower polariton branch, which is temperature- and

detuning-dependent, amounts to a few meV. It is attributed to be primarily governed by exci-

ton saturation effects [172]. However, the situation is different in the case of weak light-matter

coupling.

In the case of a non-polar III-nitride MC based on GaN/AlGaN MQWs the coexistence of the

two different light-matter coupling regimes (weak and strong) along orthogonal polarization

planes is observed and LT power-dependent measurements reveal a blueshift of ∼ 4 meV at

50 K for the two directions, respectively for the two coupling regimes [105]. For the above-

mentioned low In content InGaN based MCs the blueshift ranges between 6-10 meV at RT.

The blueshift of the cavity mode might be explained by a decreasing nc (cf. equation 1.23).

Note that already for a reduction of 0.01 (0.1) in nc (nop of the QWs) a blueshift of ∼ 10 meV is

expected. However, several mechanisms, strongly dependent on the detuning, might affect nc ,

leading either to a red- or blueshift of the cavity mode : (i) bandgap renormalization (BGR)

induced by many-body interactions is expected to scale with the cubic root of the injected

carrier density, (ii) filling of band-tail states, (iii) QCSE screening, (iv) screening of exciton

properties such as oscillator strength saturation and renormalization of exciton binding en-

ergy.

Note that the cavity mode as observed in PL measurements results from a convolution with the

QW emission. Thus, the generally observed strong blueshift of the InGaN/GaN QW emission

(cf. section 4.3.2) could also result in a blueshift of the observed cavity mode. However, the

present MC Q factor to QW ΓPL ratio provides a blueshift of maximal ∼ 3 meV. In conclusion,

the blueshift of the QW emission cannot be the main driving force and several of the above-

mentioned mechanisms affecting nc might occur simultaneously depending crucially on the

detuning, temperature, and the injected carrier density.
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5.3. Hybrid MC structures

optical cavity thickness 4λ

NQW 5×3

Le f f (nm) 824

f QW
osc (cm−2) ∼ 1.3×1013

ΩV RS(T = 300 K, Γi nh = 0) (meV) 33

Table 5.3: Relevant parameters for the
achievement of the SCR for the 5×3 In-
GaN/GaN MQW based hybrid.

5.3 Hybrid MC structures

Note that the optimum hybrid MC design deduced from TMS (cf. section 3.3.1) has not

be realized. Instead my colleague Dr. Munise Cobet (LASPE-EPFL) realized a 4λ hybrid MC

structure close to the latter. The 4λ hybrid MC structure as schematically drawn in Fig. 5.7(a) is

based on a bottom and top 8 pair SiO2/ZrO2 DBR and on an active medium of 5×3 In0.1Ga0.9N

(2 nm)/GaN (3 nm) MQWs initially grown on c-plane sapphire. Note that due to fabrication

issues the optical cavity thickness had to be increased by one λ, consisting in a λ/2 layer of

GaN inserted above and below the active medium. Furthermore, the NQW /AN is reduced to 3

in order to reduce Γi nh . For such a MC structure a VRS of 33 meV is deduced from TMS at RT

and at negligible Γi nh (cf. ΩV RS(T = 300 K, Γi nh = 0) in Table 5.3 and Fig. 5.7(b)). Note that two

absorption peaks can be resolved, i.e., there is a well defined minimum between the peaks, up

to a Γi nh value equal to 41 meV. Thus, similar results as for the above-mentioned semihybrid

MCs are expected. However, Fourier-space PL measurements (courtesy of my colleague Dr.

Munise Cobet) have shown intriguing features that might be compatible with the SCR. This

might be indeed possible if the InGaN QWs completely relax their strain when removed from

the sapphire substrate without affecting their quality, i.e., keeping the LT PL linewith below ∼
40 meV. In such a case the built-in electric field would consist of a polarization component

of spontaneous origin only leading to a much reduced value of ∼ 115 kV/cm.3 Thus, the

wave-function overlap would be increased leasing to a f QW
osc ∼ 2.4×1013cm−2, about twice the

value when accounting for the strain induced built-in field (cf. Table 5.3), and a ΩV RS(T = 300

K, Γi nh = 0) of ∼ 45 meV. Thus, the collapse of the SCR would occur at a much higher value

of Γi nh , i.e., at a value of ∼ 56 meV. Note however that the complete strain relaxation of thin,

3For pseudomorphically grown In0.1Ga0.9N/GaN MQWs the built-in electric field is estimated to reach 1520
kV/cm.

 
3 x In0.1Ga0.9N/GaN

dDBR
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Figure 5.7:
Schematic draw-
ings of (a) a 5×3
InGaN/GaN MQW
based hybrid MC
structure. (b) Corre-
sponding simulated
absorption spectra at
zero cavity photon-
exciton detuning as a
function of Γi nh .
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Chapter 5. Light-matter interaction in InGaN-based microcavities

low In content InGaN/GaN MQWs when released from the substrate is highly speculative.

However, studies regarding such particular strain relaxation would trigger a lot of interest as

well for devices, especially for those based on high In content active regions suffering from an

even larger, detrimental electric built-in field.

5.4 Origin of lasing processes in InGaN-based structures

In striking contrast to GaInAs, InGaPAs, and GaAsSb based devices, where parameter-free

simulations are able to predict their behavior [293], the understanding of group III-nitride

devices is far from this level. Moreover, their complex material properties, such as Coulomb

interaction effects (excitonic effects are far from being negligible), strong internal spontaneous

and piezoelectric fields, and random potential fluctuations resulting in energetically deep

trapping states (band-tail states) do play an important role. However, the effect of the band-tail

states on the formation and relaxation processes of e-h plasmas and excitons is not yet clear.

On the other hand, it is known that those band-tail states influence the material gain and the

emission of stimulated light [216, 294–296]. Indeed, Y. K. Song et al. [297] showed that the

inversion distribution can be easily realized in band-tail states. However, it is not yet clear

whether the lasing originates from localized excitons or a localized e-h plasma [295, 298].

Indeed, different possibilities of excitonic stimulated emission in II-VI and III-V semicon-

ductors due to exciton-exciton or exciton-optical phonon scattering processes or precisely

because of exciton localization [299] have already been investigated. Excitonic gain due to

localization in inhomogeneously broadened QWs (such as InGaN/GaN QWs) has been de-

scribed in a phenomenological model in the following way: assuming a volume defined by

the mean free path (localization site) can be occupied by only one exciton, the population

inversion condition for such excitons is given by [299]:

f − (1− f ) = 2 f −1 > 0, (5.2)

where f is the probability of the state being occupied. Therefore, an occupied site provides

gain, whereas an unoccupied one absorption.

Note that in an (In, Al)GaN LD emitting at ∼ 3 eV an instability of the exciton transition with

increasing carrier density has been observed [295]. The authors attributed lasing to originate

from an e-h plasma. However, they observed an excitonic signature in the optical gain spectra

at low carrier densities. Thus, for a structure design with reduced losses, the observation of

excitonic stimulated emission should be possible. Indeed, in an optically-pumped non-polar

III-nitride MC based on GaN/AlGaN MQWs excitonic gain based on saturation of localized

states is evaluated to be the most likely mechanism to be at the origin of low threshold lasing

along the ordinary polarization direction [105]. Note that the LT lasing threshold amounts

to ∼ 20 W/cm2, which is only ∼ 1.3 times the polariton lasing threshold in the extraordinary

direction. Furthermore, the onset of the Mott transition has been measured to occur clearly

above the latter lasing threshold.

Note that for the above-mentioned InGaN-based MCs the determination of the Mott transition
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proves to be much more challenging than in their GaN counterpart. The deconvolution proce-

dure of power-dependent PL measurements on GaN/AlGaN QWs provides a fairly accurate

estimate of the Mott transition but it cannot be directly adapted to the case of In0.1Ga0.9N/GaN

QWs (cf. section 4.3.2). Efforts should be made in order to develop a consistent procedure

to detect the onset of the Mott transition in such QWs. Possible studies could rely on power-

dependent PL measurements on very low In content (1-2%) InGaN/GaN SQWs, thereby

reducing the inhomogeneous broadening and the built-in electric field. Furthermore, exci-

tonic stimulated emission could be obtained by further possible studies such as optical gain

measurements and/or the search for a second threshold that should occur when the system

transits to a degenerate electron-hole plasma above the Mott transition.

5.5 Summary of the results

In conclusion, 5×5 Inx Ga1−x N/GaN MQW and thick Inx Ga1−x N layer (73

nm) based semi-hybrid MCs with x ∼ 0.1 suffer from strong excitonic and

photonic disorder. However, for the Inx Ga1−x N/GaN MQW based MC Q values

up to 1090 are measured supporting the high optical quality of this MC. For

the MC based on a thick InGaN layer, the latter is reduced to ∼ 450, which is

attributed to an increased absorption due to a deteriorated crystalline quality

of such layers when compared to a 5×5 InGaN/GaN MQW set. The mode

dispersion for both semi-hybrid cavities clearly matches that of a parabolic

cavity mode, hence indicating that the present MC structures operates in

the weak coupling regime in accordance with TMS. Power-dependent studies

reveal a low lasing threshold of ∼ 48 (130) W/cm2 for the InGaN/GaN MQW

(thick InGaN layer) based MC. Furthermore, a power-dependent blueshift of

the cavity mode is revealed and discussed.

Furthermore, III-nitride based hybrid MCs for strong coupling applications

have been considered. Eventually, the origin of lasing processes in InGaN based

structures has been addressed and further studies have been suggested.

The results of the present chaptre together with those of section 3.3, suggest

that SCR with InGaN-based MCs based on a LM bottom InAlN/GaN DBR is

not possible with the current quality of the active medium. However, strongly

reducing the In content of the active medium and switching to a fully hybrid

design should provide strongly coupled MCs.
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6 Conclusion

The theoretical studies of the main emission characteristics of III-nitride based polariton LDs

are summarized first. In a second step experimental results achieved on the key elements of

polariton LDs, namely DBRs and low In content InGaN/GaN QWs, are reviewed. The relevance

of the present work for conventional LDs is then recalled and an outlook on future polariton

LD designs is given.

Summary of theoretical results

The main emission characteristics of III-nitride based polariton LDs are studied for two experi-

mentally relevant pumping geometries, namely the direct injection of electrons and holes into

the strongly coupled MC region and intracavity optical pumping via an embedded LED. The

minimum Jthr as a function of lattice temperature and exciton-cavity photon detuning was

calculated in the framework of semiclassical Boltzmann equations leading to optimum values

two orders of magnitude lower than in equivalent III-nitride based VCSELs (at RT Jthr ∼ 5

A/cm2 for both geometries vs 1-10 kA/cm2 for the latter). Then a simplified rate equation mod-

eling treatment was introduced to derive both steady-state and high-speed current modulation

solutions. This simplified analysis made it possible to show that the carrier population which

acts as a reservoir for the stimulated relaxation process, namely that of excitons, gets clamped

once the condensation threshold is crossed. This situation is analogous to the case of con-

ventional LDs. The analysis of the modulation transfer function, derived from the dynamical

response of polariton LDs to a small modulation of the current above threshold, demonstrates

the interesting potential of the direct electrical pumping scheme, since a cutoff frequency

ω3dB up to ∼ 16 GHz is predicted, whereas for the intracavity optical pumping scheme, the

cutoff frequency is shown to be limited by the frequency response of the pumping LED, for

which ω3dB ≈ 1 GHz. Furthermore, we have carried out an analysis of the relative intensity

noise per unit bandwidth for both structures in the framework of a theoretical treatment

adapted from that applied to conventional semiconductor LDs using rate equations including

Langevin noise sources. The resulting general expressions can be applied to all inorganic

semiconductor polariton LDs, but numerical calculations have been performed in the specific

case of the two III-N devices. It was shown that in the high-frequency range the expected

minimum RIN of polariton LDs—whatever the pumping geometry—is equal to the standard
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quantum limit ( 2hν/P0). The general lineshape of the RIN as a function of frequency and

optical output power has been discussed for the two geometries and approximate (simplified)

expressions for the RIN have been given. We have then addressed the expected evolution of

the emission linewidth of those devices by considering the most advanced theories available

to date. The modified Schawlow-Townes linewidth has been estimated from the effective

ground-state polariton lifetime at threshold leading to a predicted linewidth as narrow as ∼
15 MHz at RT for the two pumping geometries when using a consistent set of parameters for

III-nitride polariton LDs.

Summary of experimental results

The parameters governing the achievement of strong light-matter coupling in planar micro-

cavities with embedded c-plane InGaN/GaN MQWs for polariton LD applications have been

analyzed by means of simulations and optical characterizations. Beyond the expected impact

of the effective cavity length, the total number of quantum wells and the tradeoff between

those two parameters, the inhomogeneous broadening of the InGaN/GaN MQW active region

has been clearly identified as the most critical parameter that can prevent reaching the SCR

in planar MCs. The combination of absorption-sensitive and PL spectroscopy experiments

performed on various thin low indium content (x ∼ 0.1) Inx Ga1−x N/GaN QWs, ranging from

the SQW case to a set of several MQWs, reveals a systematic increase in the inhomogeneous

linewidth with increasing number of wells. In particular, it was shown that despite narrow

measured linewidths for the SQW case (∼ 33 meV measured at LT in PL and 44 meV using

semi-contactless ER), the active region in full MC structures, which necessarily requires a

large NQW value to potentially reach the SCR as predicted by TMS, presently undergoes a

detrimental increase in the emission/absorption linewidth that drives the system into the

weak coupling regime.

Another important parameter for polariton applications is the photonic disorder, which has

been shown to depend crucially on the choice of substrate for the LM InAlN/GaN DBR growth.

However, low-threshold lasing at RT has been reported for optically pumped InGaN based

MCs using a LM InAlN/GaN bottom DBR and a SiO2/ZrO2 top DBR, which indicates a good

local optical feedback.

Various 100 nm thick InGaN layers with In contents ranging between 2 and 18% have been

compared to a model based on a stochastic distribution of indium atoms at the atomic scale.

For low In content layers (x<12%) the model holds. Layers with larger In contents cannot be

compared to it as they suffer from a strong degradation of their crystalline quality.

Relevance of the present work for conventional LDs

For all microcavity based LDs, whether working in the strong (polariton LDs) or weak coupling

regime (VCSELs), the photonic disorder is a crucial parameter. Thus, in the VCSEL fabrication

process the new kind of characterization method introduced for III-nitride Bragg mirrors
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could be performed systematically to gain information about the degree of photonic disorder.

Note that the choice of DBR and its fabrication process is far from being conventional. In

the case of LM InAlN/GaN DBRs the introduction of a two-step temperature ramp at each

interface could further improve the morphology of those interfaces and result in an increase

of the overall quality of the DBR. Furthermore, the development of n- doped DBRs could allow

significant simplifications in the processing of such devices.

The simple model based on a stochastic distribution of indium atoms within InGaN layers

suggests a steep absorption linewidth increase in the UV region but a more moderate one

in the visible spectral range. This means that for green LDs, the gain dilution should not be

much higher than for blue LDs provided that the In content within the QWs is homogeneous

and abrupt interfaces are present. This is confirmed by a constant material gain reported by

OSRAM between 450 and 520 nm. Note that a strong inhomogeneity in the In content within

the QWs might drastically increase the absorption linewidth and thus it has to be avoided.

Perspectives

The first polariton LDs based on different semiconductor material systems have been reported

over the past two years [24, 51, 52]. Our theoretical framework provides general expressions

that can be applied to all inorganic semiconductor polariton LDs. Thus it would be interest-

ing to establish their condensation phase diagram, to drive those devices under high-speed

current modulation, and to probe their RIN features and linewidth evolution with pumping

strength. Such experiments would allow to further highlight their differences with respect to

conventional LDs.

Alternative solutions to achieve the SCR with the InGaN system could rely on studies related

to strain management of InGaN/GaN MQW structures. Note that solutions regarding strain

management are also of potential interest for conventional LDs, especially for those operating

in the green spectral range. A further possibility could be the growth of an active region on

high-quality FS-GaN substrates that would be subsequently etched away in order to embed

the InGaN-based layer between dielectric DBRs. Such an active region could consist either of a

thick low indium content bulk Inx Ga1−x N layer or of thin low indium content Inx Ga1−x N/GaN

MQWs (x . 6%) emitting in the NUV range. This would lead to a full-hybrid MC system

combining a low inhomogeneous broadening for the active region and a reduced Le f f value

compatible with the SCR. The use of UV dielectric DBRs with extremely low residual absorp-

tion would allow further decreasing the indium content of the active region, which should

prove critical in terms of inhomogeneous linewidth broadening. Such an approach would then

certainly allow evaluating the full potential of the InGaN alloy for strong coupling applications.

Another interesting solution to achieve the SCR with the InGaN system could rely on semi-
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and non-polar structures, as for such structures the negative effects related to the QCSE are

expected to be decreased or even eliminated. However, for those orientations issues related to

the substrate size, their availability, cost, and the reduced quality of the overgrown layers due

to in-plane lattice-mismatch and the presence of defects such as stacking faults remain to be

overcome.
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A Appendix

A.1 The transfer matrix formalism

For electromagnetic fields Maxwell equations can be used to derive traveling wave solutions

which represent the transport of energy from one point to another. In a non-conducting

medium described by spatially constant permeability and susceptibility in the absence of

charges the wave equation for the electric field (the same holds for the magnetic field) can be

derived from Maxwell equations [300]:

∇2E(r, z)+ ω2

c2 ε(z)E(r, z) = 0, (A.1)

where r is the in-plane position vector and ε(z) is the dielectric constant profile. A planar

structure made of a stack of different layers of given thicknesses and infinite lateral extension

(cf. Fig. A.1) is translational invariant along the plane and thus the solutions of equation A.1

are plane waves along the in-plane direction:

Ek||(r, z) = ε||Uk||,ω(z)e i k||z , (A.2)

where k|| is the in-plane wave vector, ε|| is the polarization vector, and Uk||,ω(z) is the sum of a

wave traveling to the left (with amplitude El ) and one to the right (with amplitude Er ) along

kz . If we replace the latter into equation A.1 we get a one dimensional problem:

∂2Uk||,ω(z)

∂2z
+ (

ω2

c2 ε(z)−k||2)Uk||,ω(z) = 0. (A.3)

We do have propagation along z with kz =
√

ω2

c2 ε(z)−k||2 only if ω2

c2 ε(z) > k||2, otherwise the

solution of A.3 is an evanescent wave. As the amplitude reflection and transmission coefficient

are dependent on the amplitude of the reflected and transmitted field, respectively, the latter

have to be determined by imposing Maxwell boundary conditions at each interface between
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Figure A.1: Schematic representation of left- and right-traveling waves for a homogeneous
thin-film multilayer structure. At the incident medium characterized by a refractive index
n1 we have an incoming wave (with amplitude = 1) and a reflected one (with amplitude r),
whereas a wave of amplitude t is transmitted from the right boundary of the structure.

two layers. This task is very simple within a transfer matrix approach [85, 301]:[
E (2)

r

E (2)
l

]
=

[
M11 M12

M21 M22

][
E (1)

r

E (1)
l

]
, (A.4)

where E (2)
r and E (2)

l are the amplitudes of the electric field traveling to the right and to the left,

respectively, in the purple medium (cf. Fig. A.1) and E (1)
r and E (1)

l are the amplitudes of the

electric field traveling to the right and to the left, respectively, in the incoming medium (cf. Fig.

A.1).

In the case of a wave arriving onto an interface the two different polarizations TE (transverse

electric) and TM (transverse magnetic)1 have to be considered separately:

MT E = k(2)
z +k(1)

z

2k(2)
z

 1 k(2)
z −k(1)

z

k(2)
z +k(1)

z
k(2)

z −k(1)
z

k(2)
z +k(1)

z
1

= 1

tT E

[
1 rT E

rT E 1

]
, (A.5)

MT M = n2
2k(1)

z +n2
1k(2)

z

2n1n2k(2)
z

 1
n2

2k(1)
z −n2

1k(2)
z

n2
2k(1)

z +n2
1k(2)

z

n2
2k(1)

z −n2
1k(2)

z

n2
2k(1)

z +n2
1k(2)

z
1

= 1

tT M

[
1 rT M

rT M 1

]
, (A.6)

where k( j )
z =

√
ω2

c2 ε j −k2
|| = cos(θ j )k j = cos(θ j )ωc n j , as

p
ε j = n j . From this the following

1These two polarizations are also indicated as s and p, respectively.
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expressions are obtained:

rT E = n1 cosθ1−n2 cosθ2
n1 cosθ1+n2 cosθ2

,

tT E = 2n2 cosθ2
n1 cosθ1+n2 cosθ2

= (1− rT E ),

rT M = n2 cosθ1−n1 cosθ2
n2 cosθ1+n1 cosθ2

,

tT M = 2n2 cosθ2
n2 cosθ1+n1 cosθ2

= n2
n1

(1− rT M ).

(A.7)

For a homogeneous medium the propagation from z1 to z2, which corresponds to wave

propagation in medium 2 characterized by a refractive index n2 (cf. Fig. A.1), can be described

by the following transfer matrix:

Mhom =
[

e i k(2)
z (z2−z1) 1

1 e−i k(2)
z (z2−z1)

]
. (A.8)

In order to account for different layers the transfer matrix of the whole structure becomes: M

= ....Mhom2 M2Mhom1 M1. If we now consider the situation in which a unitary wave comes from

the left-hand side onto the whole structure (cf. Fig. A.1), a wave of amplitude r is reflected

back, and a wave of amplitude t is transmitted:[
t

0

]
=

[
M11 M12

M21 M22

][
1

r

]
, (A.9)

which gives us:

r = −M21
M22

and t = det (M)
M22

. (A.10)

The reflectance is defined by R = |r |2 and the transmittance by T = |t |2/α, [85] where:

αT E = ni n cos(θi n )
nout cos(θout ) and αT M = ni n cos(θi n )n2

out

nout cos(θout )n2
i n

, (A.11)

with in referring to the input medium and out to the output medium. This correction factor α

takes into account the ratio of the cross-sectional areas for transmitted and incident beams

[173]. The absorptance A is finally given by: 1-R-T . Note that in the literature the following

treatment can be found as well [301]:[
1

r

]
= 1

M11M22 −M21M12

[
M22 −M21

−M12 M11

][
t

0

]
. (A.12)
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A.2 Langevin Noise

A Langevin noise source F (t) is a ’white’ noise source, which is a memoryless, stationary

process. The best analogy to F (t ) is a random number generator that generates uncorrelated

numbers between ±∞ every δt with δt → 0. Furthermore the following characteristics are

true:2

• < F (t ) > = 0.3

• < F (t )F (t −τ) > = 0 except for τ = 0, then < F (t )F (t ) > = ∞.

• < Fi (t )F j (t −τ)∗ > = Si jδ(τ), where Si j defines the correlation strength between the two

noise sources Fi (t ) and F j (t ).

• The Langevin noise spectral density is equivalent to the correlation strength, i.e., Si j (ω)

= Si j = < Fi (t )F j (t −τ)∗ >.

A.2.1 The correlation strengths between noise sources: applied to polariton LDs

A method for simplifying the rigourous quantum description of noise in lasers has been

suggested by McCumber [302] and others such as Lax [163] based on a shot noise treatment,

where the spectral density of shot noise is considered constant and proportional to the average

rate of particle flow. Thus the Langevin noise spectral density or the correlation strength (they

are interchangeable, i.e., Si j (ω) = < Fi (t)F j (t −τ)∗ >) between the different Langevin noise

sources are given by:

< Fi Fi >=
∑

R+
i +∑

R−
i , (A.13)

< Fi F j >=−[∑
Ri j +

∑
R j i

]
, (A.14)

where the R+
i and R−

i terms correspond to the rates of particle flow into and out of the reservoir

i and reservoir j , respectively. In our case reservoir i can be attributed to the exciton reservoir,

whereas reservoir j describes the ground state polariton reservoir. Ri j and R j i describe the

rate of particle flows between the two reservoirs. For the sake of illustration, the rates into and

out of those reservoirs are displayed in Fig. 2.5(a). Using Fig. 2.5(a) neglecting the terms of

2The latter are demonstrated in Ref. [156].
3The brackets <> refer to a statistical average over many similar systems at the same time t or to a time average

as the statistical processes are assumed stationary and ergodic.
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spontaneous origin together with equations A.13 and A.14, we obtain:

< Fnp Fnp >=
2np∞

τp
+2anx∞np∞e−β∆esc ≈ 2np∞

τp
, (A.15)

where we used the fact that γpp = 0 – which is verified when we neglect the terms of spon-

taneous origin in the stationary solution of rate equation 2.11. This correlation strength is

nearly equivalent to that derived for conventional semiconductor LDs, including VCSELs,

except for the second term of the middle expression accounting for thermal escape of ground

state polaritons from the condensate, which is inherent to the matter-like character of those

bosonic quasiparticles.

< Fnx Fnx >= Px +
nx∞
τx

− np∞

τp
+< Fnp Fnp >, (A.16)

and

< Fnp Fnx >=−< Fnp Fnp >+np∞

τp
. (A.17)

Furthermore, we also need to know the dependence of < np1F0 > and < F0F0 >. The latter

appear in the expression of the spectral density of the output power SδP (ω). As output power

fluctuations are driven by the polariton density fluctuations (np1(t )), they can be expressed

as δP (t) = (η0hν/τp )np1(t) + F0(t), where F0(t) is the partition noise.4 As we did in deriving

equation 2.41, δP (t ) can be converted into the frequency domain to obtain:

SδP (ω) =
(
η0hν

τp

)2

Snp (ω)+2Re

[(
η0hν

τp

)
< np1F0 >

]
+< F0F0 >, (A.18)

where Snp (ω) is the ground state polariton spectral density given in equation 2.42. Transposing

the development given in Ref. [156] to the present case, we obtain:

< np1F0 >= H(ω)

ω2
R

[
(γxx + jω) < Fnp F0 >+γpx < Fnx F0 >

]
, (A.19)

4A stream of photons is partly reflected by a mirror, resulting into a random division of transmitted and reflected
photons. The latter leads to partition noise in the stream of both transmitted and reflected photons.
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Note that the partition noise at the mirror facet creates two additional noise contributions

< Fnp F0 > and < Fnx F0 >. First, there is no correlation between the exciton reservoir noise and

the partition noise created by the partially reflecting mirrors, thus:

< Fnx F0 >= 0, (A.20)

whereas for the two remaining correlation stengths equations A.13 and A.14 can be used:

< Fnp F0 >=−η0
np∞

τp
hν=−P0, (A.21)

< F0F0 >= hνP0. (A.22)

A.2.2 Coefficient related to the transfer function

Hereafter we give the explicit expression of the Ci coefficients appearing in equations 2.50 and

2.51:

C1 =
γpx

τp

(
W + 1

τe−h

)
γpx (W − cnx∞np∞)+γxx cnx∞np∞

, (A.23)

C2 = γpx (W − cnx∞np∞)+γxx cnx∞np∞ , (A.24)

C3 =
γpx

τp
−ω2 =ω2

R −ω2, (A.25)

and

C4 =W + 1

τe−h
. (A.26)
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A.3 Modulation spectroscopy: Photo- and electroreflectance

A.3.1 Principle

Modulation spectroscopy provides information about the intrinsic properties of semiconduc-

tor samples. Due to the derivative nature of the modulation spectra, they are highly sensitive

to the critical points of the joint density of states. One distinguishes between external and

internal modulation. In the case of internal modulation the modulation is applied to the

measuring system itself (e.g., wavelength modulation spectroscopy), whereas in the case of

external modulation, the properties of the sample itself are directly altered (e.g., in ER, PR,

thermoreflectance, or piezoreflectance spectroscopy). The modulation is accomplished in a

periodic fashion and the corresponding changes in the optical properties of the semiconductor

sample are measured.

A.3.2 Setup specificities

The experimental PR setup in the so-called dark configuration is schematically depicted in

Fig. A.2. A Xe-lamp coupled to a monochromator provides monochromatic light. A small

part of the monochromatic beam is guided onto a UV enhanced Si-photodiode (the reference

photodiode) connected to a digital multimeter (DMM). By means of a beamsplitter (BS) plate

the main part (with intensity I0) is brought into focus on the sample located in a cryostat

by means of two lenses with focal length f2 equal to 20 cm and f3 equal to 10 cm and two

aluminum mirrors (m1 and m2). The reflected beam is brought by a mirror (m3) and a lens

with focal length f4 equal to 7 cm to a second UV enhanced Si-photodiode (the reflectivity

photodiode) also connected to a DMM and to a lock-in amplifier. Furthermore, a low-pass

filter allows to minimize the impact of scattered laser light. Note that PR measurements might

be accomplished as well in the bright configuration. In this case the sample is probed by white

light and the second photodiode is placed after a monochromator.5

Photoreflectance

In PR, modulation is achieved by photomodulation, i.e., a mechanically chopped laser source

is overlapped with the reflectivity beam on the sample. Various laser sources might be used:

• a frequency-quadrupled Nd:YAG laser emitting at 266 nm: 500 ps pulse length and 8.52

kHz repetition rate,

• a frequency-tripled Nd:YAG laser emitting at 355 nm: 570 ps pulse length and 7.1 kHz

repetition rate,

• a cw frequency-doubled optically pumped semiconductor laser (OPSL) emitting at 244

nm,

5 Dark and bright configuration of PR and contactless ER (CER) measurements are compared in Ref. [303].
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Figure A.2: Schematic view of the PR setup in the so-called dark configuration. In the inset
the case of semi-contactless ER (SCER) is illustrated. The pump beam responsible for the
photomodulation is replaced by a dc and an ac power supply set up in series.

• a cw HeCd laser emitting at 325 nm,

• or a cw LD emitting at 375 nm.

Note that for most of the PR measurements the photomodulation was achieved with the

Nd:YAG laser emitting at 266 nm, mechanically chopped at 170 Hz. A large spot size (∼ 1 mm)

that matches that of the white light spot was used in order to ensure that the active region is

maintained in the low injection regime (no screening of the built-in field).

Semi-contactless electroreflectance

Note that for ER or semi-contactless ER (SCER) the photomodulation is replaced by a direct

current (dc) and an alternativ current (ac) power supply set up in series (cf. inset in Fig. A.2). In

the case of SCER an ITO layer of ∼ 200 nm thickness is sputtered on the sample surface. Then

the ITO and a copper block supporting the sample are electrically contacted. A maximum

peak-to-peak alternating voltage of ∼ 2 V at a frequency of 288 Hz is applied to the sample.

The semi-contactless ER technique provides a much better signal to noise ratio than the PR

does, which proved really crucial for the characterization of the InGaN/GaN SQW sample.

In PR and SCER the signal measured by the reflectivity photodiode has two components: (i) a

dc component, which is proportional to I0R, and (ii) an ac component, which is proportional
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to I0∆R . Note that the DMMs are used to measure the dc part of the signal. The lock-in ampli-

fier is responsible for the ac part. Lock-in amplifiers use a technique known as phase-sensitive

detection to single out the ac component (at a specific reference frequency and phase) of a

signal.

Furthermore, PL measurements can be done using a fiber connected to the combination of a

32 cm focal length monochromator and a Peltier-cooled CCD.

A.3.3 Critical aspects

Spurious signals such as scattered laser light or PL are a common problem in PR spectroscopy.

They distort the PR spectra, and even submerges the PR signal if it is much stronger than the

PR signal. Several approaches exist to get rid of spurious signals such as sweeping PR [304],

electrical/optical front-end compensation PR [305, 306], employing a subtraction scheme

with two detectors [307], using a Fourier transform spectrometer [308], and dual chopped

PR [309]. However, none of them has been implemented in our setup instead modulation

conditions have been chosen with great care in order to minimize spurious signals. If ever

spurious signals are measured as an energy-independent ac component, they simply up-shift

PR spectra without distortion.

In Fig. A.3(a) LT (20 K) down-shifted PR spectra acquired at various modulation intensities are

displayed. The sample under study is a 5 In0.1Ga0.9N (2 nm)/GaN (3 nm) MQW sample capped

with a 20 nm thick GaN layer grown on a c-plane FS-GaN substrate. The photomodulation is

acquired with the cw HeCd laser source and the 2D carrier density has been estimated to 3.2 ·
107 cm2 for a modulation intensity of 200 µW (cf. section 4.3.5). Increasing the modulation

intensity results in an increased amplitude of the PR resonance until the resonance gets

strongly distorted (blue squares) at 200 µW. Note that at higher modulation intensities the PR

signal completely submerges. Thus, modulation conditions corresponding to low modulation

intensities are generally chosen. Note that for temperature-dependent PR measurements a

sufficiently high modulation intensity allowing RT measurements have to be chosen (typically

between 20-63 µW depending on the sample).

The normalized spectra of Fig. A.3(a) are shown in Fig. A.3(b). A slight blueshift of ∼ 5

meV is observed. The latter might be due to an absorption bleaching of the band-tail states

or/and to locally strong inhomogeneous carrier densities, due to carrier localization, affecting

the charge configuration of the nanoenvironment of localization centers (cf. section 4.3.2)

leading to the observed blueshift. As the modulation intensities are limited due to the increase

of spurious signals (mainly PL), in order to further probe the absorption bleaching and an

eventual screening of QCSE, a non-modulated pulsed Nd:YAG laser (mentioned above) is

superimposed to the HeCd laser spot (pump beam) driven at 20 µW and the monochromatic

probe beam. In Fig. A.3(c) the transition energy deduced from the PR spectra shown in the

inset blueshifts with increasing intensity of the additional laser source. In this case high peak

powers are reached. However, it is difficult to estimate the 2D carrier density per QW as
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Figure A.3: LT PR spectra of 5 InGaN/GaN MQWs: (a) Increasing the modulation intensity
results in an increased amplitude of the PR resonance and an eventual strong distortion of
the PR spectra (blue squares). (b) Corresponding normalized PR spectra indicating a slight
blue shift (∆E = 5 meV). Furthermore, a non-modulated Nd:YAG laser is superimposed to the
probe and pump beam of PR measurements. (c) Corresponding spectra are displayed in the
inset and the transition energy of the fundamental transition is plotted against the power of
the non-modulated Nd:YAG laser source.

the carrier redistribution among the five QWs is unknown and furthermore, PR spectra are

acquired over several minutes and thus probably governed by an intermediate carrier density

(probably not the one present in the QWs just after the rise time). Thus, it is challenging to

distinguish screening effects from absorption bleaching. However, as the PR lineshape does

not considerably change with increasing carrier densities, screening effects might play a major

role.

A.4 Fourier imaging

The energy dispersion of the eigenmodes of a MC (lower and upper polaritons or exciton and

cavity photon modes) is experimentally accessible by means of angle-resolved measurements

including reflectivity, transmission, absorption or PL. The energy dispersion curve can be

recorded either by scanning different emission angles by a fiber-mounted onto one of the

arms of a goniometer or by directly imaging the Fourier plane.

A.4.1 Principle

The Fourier plane is the plane on which each point corresponds to the far field emission (θe ,

φk ) of the emitting spot. It is formed at a distance fob j , corresponding to the focal length

of the objective, directly on the back of the objective. As the latter amounts to a few mm,

two other lenses, with focal length f1 = 30 cm and f2 = 20 cm, respectively, are used to image

this Fourier plane (FP1) at the entrance of the spectrometer entrance slit (FP2) (cf. Fig. A.4).

Simultaneously FP1 is magnified by γ = f1/ f2.

The principle of Fourier spectroscopy is displayed in Fig. A.4(b). A point in the Fourier plane
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Figure A.4: Fourier imaging spectroscopy
principle with one high N.A. microscope ob-
jective and two lenses ( f1 and f2).(a) The sam-
ple emits light from two different points into
three directions (red, green, blue). The two
Fourier planes (FP1 and FP2) are indicated.
The energy dispersion curve is monitored on
the CCD camera after dispersion on a grating
of a section of FP2. The plane FP2 is magni-
fied for clarity. (b) Zoom onto the FP1 forma-
tion: Two spatially separated points emitting
light with the same angles θe and φk result in
one point in the FP1 at (rF , φF ) situated at a
distance fob j from the objective. (c) Forma-
tion of the dispersion curve: A narrow spec-
trometer entrance slit (dark blue plane) se-
lects a line out of the blue emission surface
(blue surface).

(in cylindrical coordinates) rF = (rF ,ϕF ) contains all the light emitted from the sample into

one direction (θe ,ϕk ). Considering Fig. A.4(b) and using trigonometry, it is straightforward to

write the following relation:

(rF ,φF ) = (
fob j tan(θe ),ϕk

)
. (A.27)

As there is a relation between θe and k|| (see equation 1.36), there is also a bijection from the

Fourier plane to the plane of the eigenmodes of the MC. We have the following correspondence:

(rF ,φF ) =
 f

((
E(k||)
k||~c

)2

−1

)− 1
2

,ϕk

 . (A.28)

A.4.2 Critical aspects

In order to obtain the energy dispersion curves a narrow spectrometer slit is mandatory. An

infinitesimal narrow slit corresponds to an intersection of the emission surface with a vertical

plane as plotted in Fig. A.4(c). If the center of FP2 does not fall exactly on the center of the

entrance slit, the energy dispersion curves are recorded distorted. The latter is illustrated for

the cavity mode dispersion of a tilted MC sample.6 Note that in the case of tilted samples

the alignment is more difficult as the maximum of intensity is not in the middle of FP2. In

Fig. A.5(a) each ellipse corresponds to a different θe , respectively a different emission energy,

6In order to access higher emission angles the sample might be tilted.
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Figure A.5: (a) Fourier plane (FP2)
for a sample tilt of 10◦. Each ellipse
corresponds to a different emission
angle (θe ), respectively, a different
emission energy. (b) Correspond-
ing energy dispersion curve in the
case of a cavity mode for the three
different slit positions indicated in
(a).

(a) (b)
θe (degree) 0 40

as seen in FP2. Note that FP2 is limited by N.A. of the objective as indicated by the black

line in Fig. A.5(a). Usually, the maximum of intensity is measured at small emission angles,

corresponding to the violet-blue circles in Fig. A.5(a), which are clearly off-centered. For FP2

matching the center of the entrance slit (black rectangle), the corresponding energy dispersion

curve is plotted in Fig. A.5(b) (black line). Otherwise, the energy dispersion curve is gradually

truncated (cf. red and blue lines in Fig. A.5(b)).

A.4.3 Setup specificities

The experimental setup is schematically depicted in Fig. A.6. Various excitation sources might

be used:

• a frequency-quadrupled Nd:YAG laser emitting at 266 nm: 500 ps pulse length and 8.52

kHz repetition rate,

• a frequency-tripled Nd:YAG laser emitting at 355 nm: 570 ps pulse length and 7.1 kHz

repetition rate,

• a cw frequency-doubled Ar-ion laser at 244 nm,

• an optical parametric oscillator system tunable between 210 and 2300 nm: 7 ns pulse

length and 1 kHz repetition rate,

• or a white light source (Xenon lamp) for reflectivity and transmission measurements

and real space imaging.

According to the excitation source the objectiv is chosen:

• UV microscope with a N.A. = 0.55 giving access to a maximum detection angle θmax ∼
33.4◦ and fob j = 2.5 mm.

• NUV microscope with a N.A. = 0.5 giving access to θmax ∼ 30 ◦ and fob j = 2 mm.

Simultaneously to temperature-dependent PL or reflectivity Fourier spectroscopy (4-400 K)

transmission measurements (PL or white light, respectively) might be acquired thanks to a
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Figure A.6: Schematic representation of the experimental setup including the various excita-
tion sources and the collection lines (1 and 2). Temperature, power, and polarization-resolved
studies are possible. The goniometer arm is superimposed to the standard Fourier setup
showing the possibility of performing conventional angle-resolved measurements. See text for
more details.

fiber coupling and a flip mirror (flip m1) positioned in front of the spectrometer entrance (cf.

Fig. A.6).

As already mentioned previously instead of imaging the Fourier plane different angles might

be scanned by a fiber mounted onto an arm of a goniometer as illustrated in Fig. A.6 (angle-

resolved PL by fiber coupling). However, the latter is more time-consuming and measurements

are limited to relatively large spot sizes as lenses instead of a microscope objectiv are used for

the excitation.
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[33] A. Imamoğlu, R. J. Ram, S. Pau, Y. Yamamoto, Nonequilibrium condensates and lasers

without inversion: Exciton-polariton lasers, Phys. Rev. A 53, 4250 (1996)

[34] A. Einstein, Quantentheorie des einatomigen idealen Gases. Zweite Abhandlung., Sitzber.

Preuss. Akad. 1, 3 (1925)

[35] M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, E. A. Cornell, Observation

of Bose-Einstein condensation in a dilute atomic vapor, Science 269, 198 (1995)

[36] K. B. Davis, M. O. Mewes, M. R. Andrews, N. J. van Druten, D. S. Durfee, D. M. Kurn,

W. Ketterle, Bose-Einstein condensation in a gas of sodium atoms, Phys. Rev. Lett. 75,

3969 (1995)

[37] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun, J. M. J. Keeling, F. M.
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MOVPE Metalorganic vapor phase epitaxy

MQW Multiple quantum well
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RT Room temperature

SCER Semi-contactless electroreflectance

SCR Strong coupling regime
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TEM Transmission electron microscope
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asub Substrate in-plane lattice parameter

a(x) Alloy in-plane lattice parameter

b Exciton-exciton scattering rate

bBG Bandgap bowing

c Exciton-free carrier scattering rate
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EB Exciton binding energy

Eg Energy bandgap
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FSQW Built-in electric field in SQW
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H(ω) Modulation transfer function

Ip Excitation Intensity

J Electric pumping rate
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lB Barrier thickness
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LDBR DBR penetration depth
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m∗
e Electron effective mass

m∗
h Hole effective mass

m∗
ph Photon effective mass

nc Cavity refractive index
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nh (nl ) Higher (lower) refractive index of DBR pair

nop Real part of the complex refractive index
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nx Exciton concentration

n′
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NQW Number of QWs
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NQW,e f f Number of QWs coupled to the cavity light field

P0 Output power

P pz Piezoelectric polarization

P sp Spontaneous polarization

Pthr Threshold pumping density

Px Pumping strength

Q Quality factor

R Reflectivity

S Device size

T Transmission

Tl at t Lattice temperature

u Relative anion-cation bond length

uc Anion-cation bond length

vg Group velocity

w Depletion width

W Exciton formation rate

X Free exciton mode

X A Free A exciton

XB Free B exciton

αV Varshni parameter

α(ω) absorption coefficient

α2 Linewidth enhancement factor

β 1/kB T

βV Varshni parameter

γLD Emission linewidth above threshold of conventional LDs

γpolLD Emission linewidth above threshold of polariton LDs

γPR PR linewidth

γST Modified Schawlow-Townes linewidth

Γabs Absorption linewidth

Γc f Confinement factor

Γh FWHM of the homogeneous absorption line

Γi nh FWHM of the inhomogeneous absorption line

ΓPL FWHM of the PL line

εr Relative permittivity

ε(ω)(ε(λ)) Dielectric function

δ Detuning

∆esc Energy splitting between LPB(0) and the LPB inflection point

δopt Optimal detuning

ηi nt IQE

ΘBE Bose-Einstein parameter
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µ Chemical potential

µ∗ Reduced mass

µ-PL Micro-PL

µ-Transmission Microtransmission

τc Coherence time

τcav Cavity lifetime

τ′cav Effective cavity lifetime

τe−h Electron-hole pair lifetime

τp Polariton lifetime

τ′p Effective polariton lifetime

τx Exciton lifetime

ΦB Barrier height

ΩV RS Vacuum Rabi splitting

ωosc Relaxation resonance frequency

ω3dB Cut-off frequency

~Θ Electro-optic energy

ñ Complex refractive index

Constants

c Speed of light 299792458 (m/s)

e Elementary electric charge 1.60217656535 · 10−19 (C)

h Planck constant 4.13566751691 · 10−15 (eV·s)

~ Reduced Planck constant h/2π (eV·s)

kB Boltzmann constant 8.617332478 · 10−5 (eV/K)

m0 Electron mass 9.1093829140 · 10−31 (kg)

Ry,H Rydberg energy 13.605 692 53 (eV)

ε0 Vacuum permittivity 8.854187817 · 10−12 (C/V·m)
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