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Abstract

It was about 125 years ago that the light bulb was commercialized by Thomas Edison.
No doubt a brilliant invention at the time, today its low power conversion efficiency is
one of the reasons why lighting in the western world has such high energy consumption.
Thus, the potential for saving energy is enormous in this area. The introduction of
halogen, discharge and fluorescent lamps has lead to certain efficiency improvements,
however more than half of the energy is still lost as heat.

Light–emitting diodes (LEDs) are very promising candidates for high efficiency light
sources, with modern devices showing internal quantum efficiencies of virtually 100 %.
However, due to the high refractive index of the commonly used semiconductor materials
it is very difficult to have a large extraction efficiency; in a standard cubic geometry
most of the internally emitted light is trapped inside the device due to total internal
reflection.

Several methods have been developed in order to circumvent this problem, either by
optimizing the device geometry in order to increase the escape cone or by incorporating
a resonant structure in order to force the internal emission into the existing escape
cone. The latter approach is called microcavity LED (MCLED) or resonant cavity LED
(RCLED). In a MCLED the spontaneous internal emission is controlled by placing the
emitter inside an optical cavity with a thickness of the order of its emitting wavelength.
The resulting interference effects increase the part of the emission that can be extracted.
Contrary to the other approaches this is possible without changing the device geometry
and thus without additional costly back–end processing steps. The control of the far–
field radiation pattern makes these devices particularly interesting for high brightness
applications, which demand highly directional emitters, such as for printing, bar code
reading, large area displays and optical communication.

The extraction efficiency of a MCLED is inversely proportional to the effective cavity
length. An ideal cavity, allowing an extraction efficiency close to unity, consists of a low
refractive index material and has an optical length of λ/2. In contrast to this, to obtain
high internal quantum efficiencies it is necessary to use high index cavities with an
optical length of at least λ. It should be noted, that the large penetration depth of the
optical field in the semiconductor-based distributed Bragg reflectors (DBRs) leads to a
significant increase of the effective cavity length and thus further reduces the achievable
extraction efficiencies.

In this thesis novel concepts to reduce effective cavity lengths and therefore increase
extraction efficiencies are implemented into standard MCLED structures. The phase-
shift cavity principle whilst maintaining the electrical properties of a standard λ cavity
achieves optical properties approaching that of a λ/2 cavity. The use of AlOx instead of
AlAs as the low refractive index component in the DBRs leads to smaller penetration
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depths and a concomitant reduction of the effective cavity length. A similar effect can
be obtained by combining a resonant cavity with a thin–film structure.

Thanks to these design improvements, the external quantum efficiency of differ-
ent types of MCLEDs was increased. Near infrared emitting InGaAs/GaAs MCLEDs
including a phase-shift cavity were realized, as both bottom and top emitting struc-
tures. The external quantum efficiencies achieved for emission into air were 18 and
19 %, respectively. With the additional incorporation of an oxide based bottom DBR,
the efficiency of top emitting near infrared MCLEDs was further increased to 28 %.
Red emitting AlGaInP-based structures are not compatible with the phase-shift cav-
ity principle. However the beneficial effect of the implementation of an oxide DBR is
greater at their wavelength rather than in the near infrared. Thus with preliminary red
emitting GaInP/AlGaInP MCLEDs containing a bottom oxide DBR external quantum
efficiencies of 12% could be achieved. Unfortunately, the incorporation of an oxide DBR
significantly complicates the device design and the device fabrication. These problems
can be avoided by combining the resonant cavity with a thin–film structure instead.
Initial non-optimized red emitting thin–film MCLEDs were realized by OSRAM Opto
Semiconductors and characterized in this work. They show external quantum efficien-
cies of 23 % and 18 % with and without encapsulation, respectively. It is assumed that
a significant fraction of the high external quantum efficiency is due to a strong photon
recycling effect in these devices.

Simulations presented in this thesis show that the theoretical limits for the MCLEDs
discussed above are slightly higher than the values obtained, encouraging further de-
vice optimization. The thin–film MCLEDs seem to hold the biggest potential for high
efficiency emission from MCLEDs, independent of the wavelength range of emission.



Résumé

La lampe à incandescence fut commercialisée par Thomas Edison il y a 125 ans de
cela. Sans conteste une invention de génie à l’époque, elle est en partie responsable
aujourd’hui de la consommation élevée en energie pour l’illumination dans les pays
occidentaux à cause de sa faible conversion de puissance. Donc ce secteur possède un
énorme potentiel pour économiser de l’énergie. L’introduction des lampes halogènes,
des lampes fluorescentes et des lampes à décharge a permis d’améliorer quelque peu
l’efficacité de conversion, mais plus de la moitié de l’énergie produite est encore perdue
sous forme de chaleur.

Les diodes électroluminescentes (DELs, ou encore LEDs) sont des candidats promet-
teurs comme sources de lumière à haute efficacité car les dispositifs modernes atteignent
des efficacités quantiques internes proches de 100 %. Néanmoins, l’indice de réfraction
élevé des semiconducteurs utilisés rend l’extraction de la lumière difficile car, pour une
géométrie cubique, une grande partie de la lumière est confinée dans le dispositif à cause
des réflexions totales à chaque interface.

De nombreuses méthodes ont été développées pour résoudre ce problème, soit en
optimisant la géométrie du dispositif afin d’agrandir le cône d’extraction, soit en intro-
duisant une cavité résonnante pour forcer l’émission de lumière dans le cône d’extraction
déjà existant. La deuxième approche est appelée LED à microcavité (MCLED), ou
également LED à cavité résonante (RCLED). Dans une MCLED, l’émission spontanée
interne est contrôlée en plaçant l’émetteur dans une cavité optique dont l’épaisseur se
rapproche de la longueur d’onde d’émission. Suite aux effets d’interférences, une plus
grande partie de la lumière émise peut être extraite en redirigeant celle-ci dans le cône
d’extraction. Contrairement aux autres approches, cela est possible sans changer la
géométrie du dispositif et donc sans étapes de fabrication supplémentaires. Le contrôle
de la forme de l’émission rend ces dispositifs particulièrement intéressants pour des ap-
plications de haute brillance demandant des émetteurs hautement directionnels, comme
l’impression de documents, la lecture de code-barre, la fabrication d’écrans larges et la
communication par fibres optiques.

L’efficacité d’extraction d’une MCLED est inversement proportionnelle à la longueur
effective de la cavité. Une cavité idéale, permettant des efficacités d’extraction proche
de l’unité, consiste en un matériau de bas indice de réfraction et d’une longueur optique
de λ/2. Au contraire, des efficacités quantiques internes suffisamment hautes sont
réalisables seulement avec des cavités à haut indice de réfraction et d’une longueur
minimale de λ. De plus, la longueur de pénétration du champ optique dans les miroirs
de Bragg semiconducteur (DBRs) mène à une augmentation significative de la longueur
effective de la cavité et en conséquence une diminution de l’efficacité quantique de la
MCLED.
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Dans cette thèse, de nouveaux concepts sont appliqués aux MCLEDs standards afin
de réduire la longueur effective de la cavité et d’augmenter ainsi l’efficacité quantique
externe des dispositifs. Le principe de la “cavité déphasée” permet de conserver les pro-
priétés d’injections électriques de la cavité lambda tout en s’approchant des propriétés
optiques favorables de la cavité lambda/2. L’utilisation de l’oxyde d’aluminium AlOx

au lieu de l’AlAs comme couche à bas indice de réfraction dans les miroirs de Bragg
permet de diminuer la longueur de pénétration dans le miroir et de réduire la longueur
effective de la cavité. Une autre approche pour y parvenir est de combiner la MCLED
avec une structure à couches minces.

Grâce à ces améliorations, l’efficacité quantique externe de divers type de MCLEDs
fut améliorée. Des MCLEDs InGaAs/GaAs émettant dans l’infrarouge proche vers le
haut ou à travers le substrat furent réalisées avec une cavité déphasée. Les efficacités
quantiques externes sont respectivement de 18% et 19%. En remplaçant le DBR du bas
par un DBR AlOx, des efficacités de 28 % on été mesurées pour des structures émet-
tant vers le haut. Les structures émettant dans le rouge à base d’alliage d’AlGaInP
ne sont pas compatibles avec le principe de la cavité déphasée, par contre les bénéfices
de l’utilisation du DBR AlOx sont plus prononcés que pour les structures infrarouges.
Des MCLEDs GaInP/AlGaInP contenant un miroir AlOx furent donc réalisées et at-
teignirent des efficacités quantiques externes de 12% malgré une incorporation du miroir
difficile du point de vue du design et de la fabrication de la structure. Les problèmes
liés à l’AlOx peuvent être évités en combinant la structure MCLED standard avec une
structure à couches minces. Des premières MCLEDs à couches minces émettant dans
le rouge était réalisées par OSRAM Opto Semiconductors et caractérisées lors de cette
thèse. Malgré leur detuning non optimisées, ces diodes montrent des efficacités de 23 %
et 18 % avec et sans encapsulation. Il est probable que l’efficacité quantique externe
élevée mesurée dans ses structures est liée à un effet important de recyclage de photons.

Des simulations effectuées dans le cadre de cette thèse montrent que les limites
théoriques pour les structures à microcavité mentionnées ci-dessus sont légèrement
supérieures aux valeurs mesurées, ce qui laisse entrevoir des possibilités d’optimisations.
Les MCLEDs à couches minces semblent posséder le meilleur potentiel pour la réalisa-
tion de MCLEDs à haute efficacité, et ce indépendamment de la gamme de longueur
d’onde d’émission.



Zusammenfassung

Die Glühlampe wurde vor etwa 125 Jahren durch Thomas Edison kommerzialisiert.
Zweifellos eine geniale Erfindung zu dieser Zeit, ist die Glühlampe mit ihrem geringen
Wirkungsgrad heute mitverantwortlich für den hohen Energieverbrauch für Beleuch-
tung in der westlichen Welt. In Anbetracht der niedrigen Effizienzen handelsüblicher
Lichtquellen weist dieser Bereich ein enormes Energiesparpotential auf. Die Einführung
von Halogen-, Entladungs- und Fluoreszenzlampen hat zu gewissen Effizienzverbesserun-
gen geführt, wobei nach wie vor mehr als die Hälfte der Energie als Wärme verloren
geht.

Leuchtdioden (englisch: light–emitting diodes (LEDs)) sind vielversprechende Kan-
didaten für hocheffiziente Lichtquellen, da moderne Bauteile eine interne Quantenef-
fizienz von nahezu 100 % aufweisen. Der hohe Brechungsindex der allgemein verwen-
deten Halbleitermaterialien macht es jedoch schwierig, dieses Licht auszukoppeln. Für
eine gewöhnliche kubische Geometrie wird das meiste intern emittierte Licht durch To-
talreflexion ins Innere des Bauteils zurückreflektiert.

Diverse Methoden wurden entwickelt, um dieses Problem zu umgehen. Diese basieren
entweder auf der Optimierung der Bauteilgeometrie, um den Lichauskopplungskegel zu
vergrössern, oder auf der Implementation eines optischen Resonators, um die interne
Emission bereits von vorneherein in Richtungen zu konzentrieren, die nicht der Total-
reflexion unterliegen. Der letztere Ansatz wird Microcavity LED (MCLED), oder auch
Resonant Cavity LED (RCLED) genannt. In einer MCLED wird die spontane interne
Emission kontrolliert indem der Emitter in einen optischen Resonator mit einer ver-
tikalen Ausdehung in derselben Grössenordnung wie die Emissionswellenlänge plaziert
wird. Dank der daraus folgenden Interferenzeffekte kann ein grösserer Anteil der Emis-
sion ausgekoppelt werden. Im Gegensatz zu den anderen Methoden erfordert dies keine
Anpassung der Bauteilgeometrie und daher keine zusätzlichen, kostspieligen Endbear-
beitungsschritte. Dank der Kontrolle über das Fernfeld sind diese Bauteile insbesondere
für Anwendungen, welche eine gerichtete Emission verlangen, wie zum Beispiel Drucker,
Strichcodelesegeräte, Grossbildschirme oder optische Kommunikation geeignet.

Die externe Quanteneffizienz einer MCLED ist umgekehrt proportional zur effek-
tiven Resonatorlänge. Ein idealer Resonator mit einer Auskoppeleffizienz von nahezu
eins besteht aus einem Material mit einem tiefen Brechungsindex und weist eine op-
tische Länge von λ/2 auf. Zur Zeit können jedoch nur für Resonatoren mit einem
hohen Brechungsindex und mit einer Länge von mindestens λ genügend hohe interne
Quanteneffizienzen erreicht werden. Zusätzlich führt die hohe Penetrationstiefe des op-
tischen Feldes in die aus Halbleitern aufgebauten, sogenannten Bragg–Spiegel zu einer
erheblichen Zunahme der effektiven Resonatorlänge und somit zu einer weiteren Ver-
ringerung der erzielbaren Auskoppeleffizienzen.
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In dieser Arbeit wurden neuartige Konzepte in klassische MCLED–Strukturen einbe-
zogen, die geringere effektive Resonatorlängen und daher höhere Effizienzen ermöglichen.
Das Prinzip der Phasenverschiebung (“phase-shift cavity”) erlaubt es, die elektrischen
Eigenschaften eines herkömmlichen λ–Resonators beizubehalten, bei gleichzeitiger An-
näherung der optischen Eigenschaften an die eines λ/2–Resonators. Der Einsatz von
AlOx statt AlAs als Kompenente mit niedrigerem Brechungsindex in den Bragg–Spiegeln
führt zu einer geringeren Penetrationstiefe und damit einer Verringerung der effektiven
Resonatorlänge. Ein ähnlicher Effekt wird erreicht mit der Kombination des optischen
Resonators mit einer Dünnfilmstruktur.

Dank dieser Verbesserungen des Bauteildesigns konnte die externe Quanteneffizienz
von verschiedenen Typen von MCLEDs erhöht werden. Im nahen Infrarot emittierende
InGaAs/GaAs MCLEDs mit einem Phase-shift Resonator wurden als nach unten oder
oben emittierende Strukturen realisiert. Die erreichten externen Quanteneffizienzen für
Emission in Luft enstprechen 18 und 19 %. Mit der zusätzlichen Implementation eines
Oxid–Spiegels konnte die Effizienz von Oberflächen–emittierenden MCLEDs im nahen
Infrarot auf 28 % erhöht werden. Strukturen basierend auf AlGaInP, die im roten
Wellenlängenbereich emittieren, sind nicht kompatibel mit dem Phasenverschiebungs-
prinzip. Umgekehrt hat die Integration eines Oxid–Spiegels einen grösseren Effekt als
im nahen Infrarot. Daher konnten mit rot emittierenden GaInP/AlGaInP MCLEDs
mit einem unteren Oxid–DBR externe Quanteneffizienzen von 12 % erreicht werden.
Die Eingliederung eines Oxid–Spiegels macht das Bauteildesign und dessen Herstel-
lungsprozess jedoch massgeblich komplizierter. Diese Probleme können vermieden wer-
den indem der optische Resonator stattdessen mit einer Dünnfilmstruktur kombiniert
wird. Erste, nicht optimierte, rot emittierende Dünnfilm–MCLEDs wurden von OSRAM
Opto Semiconductors hergestellt und als Teil dieser Arbeit charakterisiert. Diese Leucht-
dioden weisen externe Quanteneffizienzen von 23 % mit und 18 % ohne Verkapselung
auf. Es wird angenommen, dass ein beträchtlicher Anteil dieser hohen externen Quan-
teneffizienz von einem starken Photon Recycling–Effekt in diesen Bauteilen herrührt.

Im Rahmen dieser Arbeit durchgeführte Simulationen zeigen, dass das theoretische
Limit für die oben erwähnten verschiedenen Typen von MCLEDs noch geringfügig höher
liegt als die erreichten Werte. Dies macht eine weitere Bauteiloptimierung interessant.
Dünnfilm–MCLEDs scheinen derzeit das grösste Potential als hocheffiziente MCLED
zu haben, unabhängig von der Emissionswellenlänge.
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Chapter 1

Introduction

The understanding of the nature of light and the discovery of methods to produce light
efficiently are amongst the most fascinating endeavors and the evolution of light sources
over the centuries reflects the progress in science and technology. The main criteria for
light emitters are their energy conversion efficiency and their color rendition.
The latter describes the effect of the spectral characteristic of the light emitted by the
source on the color appearance of the objects illuminated. The color rendition of a
source is described with the color–rendering index (CRI), as defined by the Interna-
tional Commission on Illumination (CIE, Commission internationale d’Eclairage). The
efficiency can be expressed either as the fraction of the electrical energy input that is
transformed into optical energy (wall-plug or power efficiency) or more specifically
for applications in the visible range as the fraction that is transformed into light in the
visible range (luminous efficiency).

Taking into consideration that nearly 20 % of all electricity used in the Western
society is used for lighting homes, buildings, factories, and streets, it is obvious that the
energy savings potential is enormous in this sector. According to a recent U.S. Depart-
ment of Energy analysis, lighting accounts for more than 40% of the commercial sector
electricity consumption in the United States, a total of 391TWh/year [1]. Furthermore
since in 2003 still about 60 % of the electricity production in the OECD (Organisation
for Economic Co-operation and Development) comes from the burning of fossil fuels
(70 % in the United States) [2], a reduced energy consumption would not only create
huge economical but also environmental savings.

The invention of the battery allowed the production of electrical current, which, to-
gether with the development of vacuum techniques and the refinement of materials led
to the realization of incandescent lamps in the 19th century. Despite successive im-
provements, including halogen gas fillings, the energy conversion efficiency of these light
sources does not exceed 10 % and their luminous efficiency is limited to approximately
30 lm/W.

In the 20th century electric discharge lamps surpassed incandescent lamps in
terms of luminous efficiency and values superior than 100 lm/W could be achieved with
sodium lamps and the recent xenon metal halide lamps. However the lack of red light
in their emission spectrum limits their color rendering properties and impedes their use
for domestic applications. With low-pressure mercury discharge fluorescent lamps
a significantly improved color rendering can be achieved and a wide range of color
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temperatures are available today. Modern fluorescent lamps show energy conversion
efficiencies up to 40 %.

Light–emitting diodes (LEDs) exist for more than fifty years but breakthroughs
in efficiency mainly occurred in the last decade of the 20th century and it is more or less
since the beginning of the 21st century that high performance LEDs are progressively
replacing conventional light sources for more and more applications. LEDs are attractive
due to their high efficiencies, their long lifetime, small size, robustness, flexibility, nearly
instant start up and unique spectral characteristics. Today luminous efficiencies larger
than 100 lm/W can be achieved with red emitting LEDs; for white LEDs the maximum
values currently are of the order of 70 lm/W. However their high initial cost and their
limitations for producing a warm white light still limit their use. Furthermore, their
potential in terms of efficiency does not seem to be fully exploited yet. Therefore a lot
of work still needs to be done in order to optimize the performance of LEDs, with one
of the biggest challenges being the light extraction from the high refractive index LED
material.

With the widespread use of efficient and long-lifetime LEDs enormous amounts of
energy and money could be saved. It is estimated that by 2025 solid state lighting
(based on LEDs) could reduce the global amount of electricity used for lighting by 50%
[3]; no other electricity consuming field has such a large energy-savings potential. In ad-
dition the fact that LEDs are mercury-free further reduces their overall life cycle impact
on the environment and makes them more favorable in view of future environmental
regulations.

1.1 Goals of this work

This work focuses on the optimization of one particular type of high-efficiency LED,
the so-called microcavity LED (MCLED) or resonant cavity LED (RCLED). Different
approaches are investigated in order to increase the extraction efficiency for this device
type and to minimize its current consumption. This is done by optimizing the device
design from an optical and electrical point of view.

Since the extraction efficiency of MCLEDs is inversely proportional to the effective
cavity length, the limits for the overall efficiency can be pushed to higher values by
decreasing the effective cavity length. This is achieved either by adapting the bandgap
engineering within the cavity or by increasing the refractive index contrast in the sur-
rounding distributed Bragg reflectors. Another important aspect that will be treated is
the reduction of absorption losses.

An optimum current management requires a homogeneous current injection into the
active region as well as a limitation of the lateral current spreading beyond the emission
region. The homogeneity of the current distribution in the active region depends on the
metal contact design and the conductivity of the intermediate semiconductor layers. A
parasitic lateral current spreading can be avoided by increasing the resistance of some
of the doped semiconductor layers between the contact and the active region either on
the p-doped or on the n-doped side. From an electrical point of view a confinement on
the p-side would be favorable, since the mobility of the holes is in general significantly
lower than the mobility of the electrons. However, this may not be in agreement with
the requirements for the optical design of the cavity.
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1.2 Thesis outline

In chapter 2 the basic principles of a standard LED as well as its limitations in terms
of efficiency are briefly reviewed. Furthermore, the different methods to increase the
extraction efficiency are presented, with a detailed description of the microcavity LED.
Finally different concepts for further enhancements of the MCLED performance are
discussed.

Chapter 3 focusses on the design, realization and characterization of bottom emit-
ting near infrared MCLEDs, including a phase-shift cavity structure, and on the impact
of different current confinement schemes. The implementation of the phase-shift cavity
principle is found to increase the extraction efficiency limit for microcavity-type de-
vices. The effect of a recess etch and an oxide aperture on the parasitic lateral current
spreading is compared.

In chapter 4 the phase-shift cavity principle is applied to top emitting near infrared
MCLEDs. The effect of different top contact geometries on the current distribution in
the active region is studied. Furthermore the beneficial effects as well as the problems
related to the introduction of a high reflectivity oxide DBR are explored on the basis
of supplementary characterization measurements.

Chapter 5 treats top emitting red MCLEDs with a high reflectivity oxide DBR. The
results show that the potential efficiency increase but as well the related fabrication
problems are more important in the red compared to the near infrared wavelength
range.

Results on the first realization of red emitting thin–film MCLEDs, which corre-
sponds to a combination of the microcavity principle with the thin–film technology, are
presented in chapter 6. It is shown, that the performance of these devices is superior
compared to standard red emitting MCLEDs. The effect of photon recycling and lat-
eral in-plane superluminescence on the far–field radiation pattern of these devices is
demonstrated.

Finally, the main conclusions and perspectives for the future of microcavity LEDs
are given in chapter 7.
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Chapter 2

High Efficiency LEDs

2.1 LED History

The observation of electroluminescence was mentioned for the first time in the literature
nearly 100 years ago by Henry Joseph Round [4] in 1907. He noted that by touching
silicon carbide (SiC) crystallites with electrodes a rectifying contact was formed and
a yellowish light was emitted. However he did not pursue this discovery. In 1922 the
light emission from a SiC diode was rediscovered and studied in detail by Losev [5]. His
pioneering work on SiC emitters resulted in 16 papers and 4 patents on this topic [6].
Only in 1952 Lehovec et al. [7] finally established the theory of light–emitting diodes,
based on Shockley’s theory of p–n junctions [8].

Zincblende (ZnS) electroluminescence was discovered in 1936 by Destriau and was
studied intensively in the 1950s but did not go very far [6].

In the beginning of the 1960s the first emitters based on the man-made III–V semi-
conductors were realized. The material systems were gallium phosphide (GaP), gallium
arsenide (GaAs) and gallium arsenide phosphide (GaAsP) [9]. At that time the first
commercial LEDs entered the market, a GaAsP red LED by General Electric and a
GaAs infrared LED by Texas Instruments. In the late 1960s, Monsanto and Hewlett-
Packard started the mass-production of low cost GaAsP red LEDs. The vapor-phase
epitaxy (VPE) grown GaAsP emitters were soon joined by GaP devices, grown by liquid
phase epitaxy (LPE) [10].

Since then, the luminous performance of visible LEDs showed an increase of nearly
one order of magnitude per decade. The isoelectronic doping of GaP and GaAsP with
optically active impurities in the 70s allowed a significant increase in performance.
This led as well to an extension of the accessible color range and made possible the
fabrication of green, orange and yellow emitters. In parallel the introduction of a
simple and double heterostructure design led to drastic increases in injection efficiency
by the confinement of carriers in the active region [11]. The aluminum gallium arsenide
(AlGaAs) material system was the first material system suitable for high-brightness
LED applications [9]. GaAs is a direct bandgap semiconductor and is lattice matched
to AlAs, enabling the growth of high quality AlGaAs films on GaAs substrates. The
LPE-grown, double heterostructure (DH) AlGaAs red LEDs introduced in the 80s were
the first to outperform incandescent lamps with a red filter.

The introduction of more sophisticated growth techniques, metal organic vapor
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phase epitaxy (MOVPE) [12] and molecular beam epitaxy (MBE) [13,14] in the 80s
led to a further improved crystal quality and made possible the growth of new mate-
rial systems. In 1990, Hewlett-Packard and Toshiba independently introduced LEDs
based on aluminum gallium indium phosphide (AlGaInP). With the quaternary alloy
(AlxGa1−x)0.51In0.49P efficient double heterostructure LEDs emitting from the red to the
yellow-green were made available, thanks to its large direct bandgap range [10]. The
performance of AlGaInP devices was further increased by wafer bonding the epitaxial
structure on a transparent GaP substrate (TS) and removing the absorbing GaAs sub-
strate (AS), on which the structure was grown [15]. By further sawing the devices to a
truncated-inverted-pyramid (TIP) chip geometry, record luminous efficiencies exceed-
ing 100 lm/W for orange LEDs emitting around 610 nm were achieved by Lumileds in
1999 [16]. With the latest generation of their thin–film (TF) AlGaInP devices OSRAM
Opto Semiconductors recently realized similar luminous efficiencies [17]. This technol-
ogy is based on substrate removal and the formation of buried micro-reflectors, as will
be discussed in detail later on.

In parallel another new material system evolved, based on gallium nitride (GaN).
The first GaN p–n junction LEDs were fabricated in the beginning of the 1990s. Soon
after that blue, yellow and green Indium Gallium Nitride (InGaN) based LEDs with
high luminous efficiencies were realized.

Figure 2.1 shows the evolution of the luminous efficiency over time for high-brightness
visible LEDs (definition luminous efficiency see section 2.5.1). The values are compared
with the efficiencies of conventional light sources. It can be seen that LEDs already out-
perform incandescent lights and are approaching the efficiencies of fluorescent lamps.
Similar to Moore’s law for the performance increase of Si integrated circuits, an expo-
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nential increase in LED efficiency can be observed, with the LED luminous efficiency
doubling every 4 years or increasing by nearly an order of magnitude per decade. For
nitride-based LEDs however this rate has been much higher so far, the luminous effi-
ciency increased by an order of magnitude approximately every three years.

Once high-performance LEDs were available over the entire visible spectral range,
white LEDs started to appear on the market [18]. Three different approaches exist.
One is to combine the output from two or three LED chips which can be blue and
yellow, or more commonly red, green and blue (RGB-LED) [19]. If the powers of the
three different LEDs are correctly balanced, this LED emits white light. Another pos-
sibility is to cover a blue LED with a phosphorous, which is excited by the blue light
and emits over quite a broad spectrum (see figure 2.2) [9]. Together with the blue light
from the LED this gives a white light, even if perceived as a cold white light. The
third possibility is to excite the phosphor with an ultraviolet LED instead of a blue
one. White LEDs progress very rapidly, currently luminous efficiencies up to 70 lm/W
are available. Efficiencies as high as 200-300 lm/W are expected for the near future,
which would establish LEDs as the most efficient light sources available. Ultraviolet
LEDs are getting more and more common as well, as there are many other applications
for them, apart from the phosphor excitation in white LEDs.

Figure 2.2: Emission of a commercial phosphor-based white LED manufactured by the
Nichia Chemical Industries Corporation [9]

By the late 1960s, light–emitting diodes were fabricated based on more sophisticated
SiC films [9,6]. However their conversion efficiencies were only 0.005 %. Only in the
1990s the blue SiC LEDs sold by Cree started to have a significant commercial suc-
cess, but were soon displaced by nitride-based LEDs. Compared to the rapid advances
in performance for LEDs from the III–V materials family, progress in SiC LEDs has
been slow, due to the indirect bandgap and the more difficult materials technology. To-
day, except for applications at extreme high temperatures and voltages, the III–nitride
materials have essentially superseded the SiC technology.

The II–VI materials, in contrast, exhibit very high luminous efficiencies covering
a wide wavelength range. However, because of the difficulty to reproducibly achieve n-
and p-doping and the lower chemical stability of these compounds, no major industrial
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development of II–VI LED materials for electronic or optoelectronic applications has
emerged, excepting specific usages such as far infrared detection.

Since the first observation of light emission in organic LEDs (OLEDs) at the end
of the 1980s based on small molecules [20] and conjugated polymers [21], there has
been a constant improvement in device performance. Nowadays OLED-based products
have become competitive with existing technologies, especially in the area of flat panel
displays [22]. In 2002 the external quantum efficiencies of polymer-based devices were
typically of the order of 5%. In the near future, values up to 25% are expected. Different
solutions for white OLEDs already exist as well.
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2.2 Applications for LEDs

The initial GaAsP LEDs are used as status indicator lights on circuit boards and for
numeric and alphanumeric displays since the late 60s. The displays were implemented
in pocket calculators, digital wristwatches and telephone dial pads. Even in 2002 these
applications still represent the largest LED chip market, as can be seen in figure 2.3.
For near infrared LEDs there is a big market in IR transmitters, e.g. in remote controls.
Other applications are scanning, printing and optical data storage systems. Red LEDs
are used as well as transmitters for plastic optical fibers (POF), which are more and
more often implemented in local area networks (LANs), e.g. in cars [23–25].

Once LEDs outperformed filtered incandescent lights they started to be used for
traffic signal lighting and automotive lighting, the latter including indicator lighting
within the vehicle as well as signal lighting on the exterior of the vehicle. In addition
LEDs are now used for LCD backlighting and in large-area displays.

Figure 2.3: LED market by application in 2002 [17]

High-brightness (HB) LEDs show the highest growth rates, especially the white
HB LEDs. Apart from general lighting, some of the fastest growing applications are
expected to be the backlighting of color screens in mobile appliances and automotive
headlights [26–28].

Figure 2.4: Market predictions for high-power white LEDs [28]
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The range of applications for LEDs widens constantly. Due to their low power
consumption they are interesting for illumination in any kind of mobile application,
such as cellular phones, PDA’s, laptops, flashlights, headlamps, highway signs; recently
the first solar-powered devices were appearing on the market. There is even a Canadian
humanitarian initiative, called “Light Up The World”, whose goal is to furnish solar-
powered lighting solutions based on white LEDs to people without electricity in third
world countries [29].

Ultraviolet LEDs (UV LED) are expected to find many applications in various fields,
e.g. chemical analysis, gas detection, air purification, water treatment, counterfeit
detection (banknotes, passports or other official documents) and numerous medical
applications.

The wide range of wavelengths and high power level available also lead to many
applications in the medical field, such as the curing of dental composites with blue
LEDs, medical diagnostic systems that measure the oxygen content of the blood or allow
non-invasive imaging of the eye [30]; or the photodynamic therapy for the treatment of
tumors [31].

Last but not least LEDs are even used by the NASA for farming. In the Advanced
Astroculture experiment aboard the International Space Station soybeans are grown
under LED light [32–34]. Plants require light at about 670 nm (red) for photosynthesis
and a small amount at about 470 nm (blue) for development and for proper orientation
in the absence of gravity. The intensity of the photon flux and the ratio of red to blue
light may be continuously varied. The total photon flux of the light cap may be as large
as several times full sunlight.

Figure 2.5: Advanced Astroculture facility on the Space Station for the growth of plants
under LED illumination

Figures 2.6–2.9 show illustrations of several LED applications. The display for the
NASDAQ-AMEX Marketsite Tower, installed in 2000, was the world’s largest LED
video display at the time [35]. It is approximately 40 meters high by 30 meters wide
and contains 19 million LEDs.
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Figure 2.6: LED traffic light

Figure 2.7: White LEDs in daytime running lights within headlamps (a); full LED headlamp
prototype (b) [17]

Figure 2.8: LED display for the NASDAQ-AMEX Marketsite Tower in New York, USA

Figure 2.9: LEDs in architecture, examples from Kawasaki, Japan (left), Glasgow, UK (mid-
dle) and Athens, Greece (right) [36]
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2.3 LED Characteristics: Electrical Properties

2.3.1 Diode Current–Voltage Characteristic

A light–emitting diode (LED) is basically a forward biased p–n or p–i–n junction diode.
The p–i–n junction can be described as a p–n junction with a depletion layer that en-
compasses the entire intrinsic region [37]. Upon application of a bias voltage to a p–n
junction, the voltage drop is concentrated over the depletion region.

Figure 2.10: p–n homojunction under zero bias (top) and under forward bias (bottom) [9]

Electrons and holes are injected as minority carriers across the p–n junction and
they recombine either by radiative or non-radiative recombination. The forward bias
current is dominated by the minority charge diffusion current across the junction. Under
forward bias the diffusion current consists in general of three components:

Jnd minority carrier electron diffusion current density
Jpd minority carrier hole diffusion current density
Jrec non-radiative recombination current density in the depletion region

Jnd = eDngradn =
eDnnp0

Ln

[
exp

(
eV

kT

)
− 1

]
(2.1)

Jpd = eDpgradp =
eDppn0

Lp

[
exp

(
eV

kT

)
− 1

]
(2.2)

Jrec =
eniw

2τ0

[
exp

(
eV

2kT

)
− 1

]
(2.3)

where e is the electron charge, k the Boltzmann constant, n and p are the electron and
hole concentration, Dn,p and Ln,p the electron and hole diffusion constants and diffusion
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lengths of electrons in the p-region and holes in the n-region, respectively. np0 and pn0

represent the minority carrier concentration of electrons in the p-side and holes in the
n-side at equilibrium, i.e. in the absence of an applied bias. ni is the intrinsic carrier
concentration, w is the width of the depletion region and τ0 is the recombination time
in the depletion region. The diffusion lengths are given by

Ln =
√

Dnτn and Lp =
√

Dpτp (2.4)

where τn,p are the electron and hole minority carrier lifetimes, respectively.
The total forward current in the diode can therefore be written as

I = I0d

[
exp

(
eV

kT

)
− 1

]
+ I0rec

[
exp

(
eV

2kT

)
− 1

]
(2.5)

I0d corresponds to the reverse saturation current and is equal to

I0d = eA

[
Dnnp0

Ln

+
Dppn0

Lp

]
(2.6)

with A being the cross-sectional area of the diode. The expression for the forward
current (2.5) is often simplified to

I = I0

[
exp

(
eV

nidealkT

)
− 1

]
(2.7)

where nideal is the diode ideality factor. The current–voltage (I–V) characteristic of a
p–n junction was first developed by Shockley [8] and the equation describing the I–V
curve of a p–n junction diode is therefore referred to as the Shockley equation.

While radiative recombination leads to a current with nideal = 1, the non-radiative
mechanisms lead to a contribution with nideal = 2. In reality the value often lies
somewhere in between, depending on the relative importance of the two recombina-
tion mechanisms. At low biases the current is mainly of non-radiative nature which
results in values of n close to 2. At higher injection levels the radiative recombination
predominates and the ideality factor approaches unity.

2.3.2 Deviations from Ideal I–V Characteristic

A diode normally has unwanted or parasitic resistances in addition. The series re-
sistance Rs, which is generally governed by the contact resistance, dominates at high
voltages and causes the I–V characteristic to become linear. Channels that bypass the
p–i–n junction like dislocations or surface imperfections cause leakage currents at very
low bias voltages. This shunt resistance Rp is usually very high and is only noticeable
close to the origin, where the diode resistance exceeds the parasitic parallel resistance.
The expression for the I–V characteristic of a diode therefore needs to be modified
taking into account these parasitic effects

I − V − RsI

Rp

= I0

[
exp

(
e(V − RsI)

nidealkT

)
− 1

]
(2.8)

Since the shunt resistance is generally very high it can be neglected for forward-
biased p–n junctions. Hence equation (2.8) can be simplified to
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Figure 2.11: Effect of a series resistance and a parallel resistance (shunt) on the I–V char-
acteristic of a p–n junction diode [9]

I = I0

[
exp

(
e(V − RsI)

nidealkT

)
− 1

]
(2.9)
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2.4 Device Design Issues

Contrary to semiconductors used in purely electronic circuits, for LEDs it is desirable
that all the injected carriers recombine in the active region to form photons. The active
region is usually the lowest bandgap region within the depletion region of a p–i–n diode.

The carrier distribution in p–n homojunctions, i.e. p–n junctions consisting of
a single semiconductor material, is governed by the carrier diffusion properties. In
the absence of an external electric field, the minority carriers diffuse into the region
with opposite conductivity with a mean distance corresponding to the diffusion length,
Ln and Lp for electrons and holes, respectively (see figure 2.10). These values are
typically of the order of several micrometers. This means that the minority carriers are
distributed over a large region. The spontaneous radiative recombination rate Rsp is
given by the bimolecular recombination equation (c.f. section 2.5.2)

Rsp = Bnp (2.10)

which means that the rate is proportional to the carrier concentration in the active
region (B is the radiative bimolecular recombination coefficient). However if the carriers
are only limited by the diffusion their concentration will never be very high, not even
for large current injection levels. The carriers therefore need to be confined by other
means. In addition in a homojunction the emitted photons tend to be reabsorbed in
the semiconductor before arriving at the surface.

2.4.1 Double Heterostructures

The efficiency of LEDs can be drastically improved with the use of a heterojunction,
i.e. a junction between different semiconductor materials. By injecting the carriers
from a larger bandgap semiconductor into a narrow bandgap active region they are
confined to the low bandgap region as the band offsets act as barriers. Thus with this
so-called double heterostructure (DH) higher carrier concentrations can be achieved,
as is depicted schematically in figure 2.12. Furthermore the photons emitted are not
absorbed in the wider bandgap confinement layers, as the photon energy is smaller than
the bandgap of the barriers.

Figure 2.12: Free carrier distribution in a homojunction (left) and a heterojunction (right)
under forward bias. In homojunctions carriers are distributed over the diffusion
length whereas in heterojunctions they are confined to the well region with
thickness WDH [9].
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2.4.2 Quantum Wells

A quantum well (QW) is a double heterojunction structure with a very thin (� 50nm)
narrow bandgap layer. Under forward bias, approximately rectangular quantum wells
appear in the conduction and valence band as shown schematically in figure 2.13. As
the active layer thickness comes close to the De-Broglie wavelength (about 10 nm for
semiconductor laser devices) quantum effects become apparent. The size quantization
can be used to increase the emission energy. Due to their small thickness QWs can
be strained by being lattice-mismatched without introducing any undesired defects.
This further increases the accessible wavelength range compared to bulk emission. The
thickness reduction leads to high carrier densities. As a result, the carrier lifetime for
radiative recombination is reduced and the radiative efficiency is increased. In addition
due to the reduced active region thickness the re-absorption of emitted photons is dras-
tically reduced.

EFp
EFp

Figure 2.13: Fermi level (EFn) and subband level (E0) in a double heterostructure (a) and
a quantum well structure (b) at high injection levels [9]

However quantum wells are saturated at lower injection levels compared to bulk
active regions and hence for high power devices multi quantum well (MQW) structures
are employed. In that case the barriers between the different wells need to be sufficiently
transparent, i.e. low or thin, in order to allow for efficient transport between the wells
and to ensure a homogeneous carrier distribution.

2.4.3 Separate Confinement Heterostructures

The lower bandgap region in a double heterostructure usually also has a higher index
of refraction. Therefore not only the carriers but the photons as well are confined to
the narrow bandgap active region and the structure acts like a transverse dielectric
optical waveguide or a vertical optical cavity. However with the use of a quantum
well this optical confinement effect is sacrificed. Therefore different heterostructures
are used for the electrical and the optical confinement. Such separate confinement
heterostructures (SCH) consist of thin quantum well carrier-confining active regions
and a surrounding intermediate bandgap separate photon confinement region. By a
grading of the index in the outer heterobarriers the overlap between the optical standing
wave and the quantum well regions can be further improved, this configuration being
called graded index separate confinement heterostructure (GRINSCH).
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EC

EV

EC

EV

Figure 2.14: Transverse band structure for two different separate confinement heterostruc-
tures (SCHs): standard SCH (left) and graded index SCH (GRINSCH) (right).
The electric field (photons) is confined by the outer step or graded heterostruc-
ture; the central quantum well confines the electrons.

2.4.4 Carrier Loss Mechanisms

Carrier Leakage in Double Heterostructures

Ideally the injected carriers are confined to the active region by the barrier layers ad-
joining the active region. This way a high carrier concentration is attained resulting
in a high radiative efficiency. For an efficient confinement the barriers must be much
larger than the thermal energy of the carriers, which is equal to kT. However, the energy
distribution of the free carriers in the active region is given by the Fermi–Dirac distri-
bution. Thus a certain fraction of the carriers has a higher energy than the barriers.
These carriers can diffuse into the barrier layers and recombine there instead of in the
active region.

EFn

EFp

Figure 2.15: Carrier capture and escape in a double heterostructure. Also shown is the
energy distribution of the free carriers in the active layer [9].

For the AlGaAs/GaAs and the InGaAs/AlGaAs material system the barriers are
relatively high, but in case of GaInP/AlGaInP they are significantly lower, both for
electrons and holes (see table 5.1 for a comparison). This results in significantly higher
leakage currents for this material system.

As the carrier energy distribution strongly depends on the temperature, the carrier
leakage increases exponentially with temperature [38].
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Carrier Overflow in Double Heterostructures

At high injection levels carrier start to spill over from the active region into the con-
finement region. With increasing injection current density the carrier concentration in
the active region increases and the Fermi energy rises. For sufficiently high current
densities, the Fermi energy will rise to the top of the barrier. At that point the active
region is flooded with carriers and a further increase in injection current density will not
increase the carrier concentration in the active region. As a result the optical intensity
saturates.

The problem of carrier overflow is more severe in QW structures. Hunt et al. [39]
showed that the saturation level of the optical intensity is proportional to the num-
ber of quantum wells in a LED. Therefore carrier overflow in high-current devices can
be avoided by employing either thick DH active regions, multi quantum well (MQW)
structures or a large injection area, which means a large contact size.

Figure 2.16: Optical intensity emitted by In0.16Ga0.84As/GaAs LEDs with active regions
consisting of 1, 4, 6 and 8 QWs and theoretical intensity of a perfect isotropic
emitter (dashed line) [39]
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2.5 LED Characteristics: Optical Properties

Luminescence can be defined as the non-thermal conversion of energy into light, as
compared to incandescence, which is the emission of light by thermal radiation. If
excited to higher energy levels by an external source of energy, a luminescent radiator
decays to lower energy levels by emitting optical radiation [37]. Luminescent radiators
are classified according to the source of excitation energy. Cathodoluminescence
is caused by electrons that collide with the atoms of a target. Photoluminescence
is caused by energetic optical photons. Electroluminescence results from energy
provided by an applied electrical field. An important example of electroluminescence is
injection electroluminescence, which occurs when electric current is injected into a
forward-biased semiconductor junction diode. As injected electrons from the conduction
band recombine with injected holes from the valence band, photons are emitted. This
is the radiation process taking place in light–emitting diodes (LEDs).

Singh [40] defines a light–emitting diode as follows: “The basic LED is a p–n
junction which is forward biased to inject electrons and holes into the p- and n-sides
respectively. The injected minority charge from the n- and p-sides recombines with
the majority charge in the depletion region or the neutral region. In direct band semi-
conductors, this recombination leads to light emission since radiative recombination
dominates in high quality materials. In indirect gap materials, the light emission ef-
ficiency is quite poor and most of the recombination paths are non-radiative which
generate heat rather than light.”

The color of the emitted light is defined by the energy of the emitted photons,
which is approximately equal to the energy bandgap of the semiconductor material in
the active region of the LED, since the injected electrons and holes are described by
quasi-Fermi distribution functions.

2.5.1 Glossary of Radiometric and Photometric Units

The physical properties of electromagnetic radiation are characterized by radiometric
units. To characterize visible light and the color sensation by the human eye, however,
photometric units, which take into account the sensitivity of the human eye, are
used.

Radiometric Units

The following definitions for radiometric units are based on the conventions by Saleh
and Teich [37]. The total electron flux Φtot

el , i.e. the number of electrons per second
injected in the device, corresponds simply to the injected current I, divided by the
electron charge e

Φtot
el =

I

e
(2.11)

The injection efficiency ηinj takes into account that not all the injected carriers
recombine in the active region and is defined as the ratio of the electron flux injected
into the active region, Φint

el , to the total electron flux injected in the device, Φtot
el ,
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ηinj =
Φint

el

Φtot
el

(2.12)

The radiative efficiency ηrad corresponds to the fraction of the injected electron
flux,Φint

el , that is converted into a photon flux Φint
opt in the active region

ηrad =
Φint

opt

Φint
el

(2.13)

The internal quantum efficiency ηint accounts for injection losses as well as losses
due to non-radiative recombination in the active region and corresponds therefore to
the ratio of the photon flux generated in the active region, Φint

opt, to the total electron
flux ,Φtot

el ,

ηint =
Φint

opt

Φtot
el

= ηinjηrad (2.14)

The photon flux generated in the active region is radiated uniformly in all direc-
tions, however due to re-absorption in the semiconductor and internal reflection at the
interface semiconductor–air only a fraction of the light can escape the semiconductor.
This characteristic is described with the extraction efficiency ηextr, which relates the
output photon flux Φout

opt to the internal photon flux Φint
opt

ηextr =
Φout

opt

Φint
opt

(2.15)

The external quantum efficiency ηext accommodates all losses and is defined as
the ratio of the output photon flux Φout

opt to the total electron flux Φtot
el

ηext =
Φout

opt

Φtot
el

= ηintηextr = ηinjηradηextr (2.16)

Each photon has an energy of hν, therefore the optical output power of a LED, Popt, is
related to the output photon flux in the following way

Popt = hνΦout
opt (2.17)

The expression for the external quantum efficiency (2.16) can therefore be rewritten as

ηext =
e

hν

Popt

I
(2.18)

Another measure of performance for LEDs is the power efficiency or wall-plug
efficiency ηwp. It corresponds to a power conversion efficiency and is defined as the
ratio of the optical output power Popt to the applied electrical power Pel

ηwp =
Popt

Pel

=
Popt

V I
(2.19)

where V is the voltage drop across the device. The external quantum efficiency and the
wall-plug efficiency are related as follows
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ηwp = ηext
hν

eV
(2.20)

As the total applied electrical power includes the electrical power dissipated as heat
through the series resistance of the device, eV is normally greater than hν (which
corresponds to the bandgap energy) and hence ηwp is normally smaller than ηext.

The different efficiencies are related in the following way. The internal quantum effi-
ciency corresponds to the product of the injection efficiency and the radiative efficiency

ηint = ηinjηrad (2.21)

The external quantum efficiency is the product of the the internal quantum efficiency
and the extraction efficiency. It includes therefore the injection efficiency, the radiative
efficiency and the extraction efficiency.

ηext = ηintηextr = ηinjηradηextr (2.22)

The brightness (or radiance) corresponds to the wavelength-integrated emitted
power per unit area and unit solid angle [41] and can be defined as

B(θ) =
dPopt(θ)

dAdΩ
(2.23)

Brightness is an important factor for MCLEDs, as several applications demand a high
directionality and a high brightness. In microcavities brightness and directionality are
closely related due to the unavoidable angle-wavelength dispersion of cavity modes (see
section 2.7.1).

Photometric Units

For visible LEDs photometric units are used to characterize the device performance.
They are weighted according to the sensitivity of the human eye. A standard eye sen-
sitivity function, V (λ), as defined by the International Commission on Illumination
(CIE, Commission internationale d’Eclairage), allows the conversion between radiomet-
ric and photometric units (figure 2.17). It can be seen that the human eye has its peak
sensitivity in the green at 555 nm.

The luminous flux represents the optical output power of a source as perceived by
the human eye. It is expressed in units of lumen (lm), which is defined as follows: “A
monochromatic light source emitting an optical power of (1/683) Watt at 555 nm has
a luminous flux of 1 lumen (lm)”.

The luminous flux Φlum can therefore be obtained from the radiometric optical power
as follows

Φlum = 683

∫
V (λ)Popt(λ)dλ [lm] (2.24)

where Popt(λ) is the power spectral density, i.e. the optical power emitted (in W) per
unit wavelength and the prefactor 683 lm/W is a normalization factor.
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Figure 2.17: Eye sensitivity function V(λ) (left ordinate) and corresponding luminous effi-
cacy (right ordinate), according to CIE standards [9]

The luminous efficacy of optical radiation ζlum is the conversion efficiency from
optical power to luminous flux.

ζlum =
Φlum

Popt

= 683

∫
V (λ)Popt(λ)dλ∫

Popt(λ)dλ
[lm/W] (2.25)

The luminous efficiency ηlum of a light source is defined as the ratio of the luminous
flux of the light source, Φlum, to the electrical input power Pel.

ηlum =
Φlum

Pel

=
Φlum

V I
[lm/W] (2.26)

The luminous efficiency and the luminous efficacy can be related via the wall-plug
efficiency (see (2.19))

ηlum = ζlumηwp (2.27)
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2.5.2 Radiative and Non-radiative Recombination Mechanisms

Consider a forward biased p–i–n junction with a single quantum well of thickness tqw and
volume Vqw in the center of a nominally undoped intrinsic region. The electron density
in the quantum well can then be described by the following rate equation [42,43]

dN

dt
= G − R − Rl (2.28)

where G is the rate of injected electrons, R the rate of recombining electrons per unit
volume in the active region, neglecting photon recycling, and Rl the carrier leakage
rate. The carrier leakage rate includes vertical carrier spill-over out of the active region
and lateral diffusion out of the cavity region.

The generation rate G corresponds to the fraction of the current being injected into
the active region,

G =
ηinjI

eVqw

(2.29)

with I being the applied current and ηinj the injection efficiency. The recombination
rate is the sum of the radiative recombination rate, Rrad and the non-radiative
recombination rate Rnr. For lasers the stimulated recombination rate Rst would
have to be considered as well, but can usually be neglected for LED structures.

R = Rrad + Rnr + Rst (2.30)

Under steady-state conditions (dn/dt = 0)

ηinjI

eVqw

= Rrad + Rnr + Rl (2.31)

The radiative efficiency ηrad is defined as the ratio of the number of photons gen-
erated in the active region per unit time per unit volume to the number of electrons
injected in the active region per unit time per unit volume. Thus it can be written as

ηrad =
Rrad

Rrad + Rnr + Rl

(2.32)

The band-to-band radiative recombination rate Rrad is

Rrad = Bnp = Bn2 (2.33)

where n and p are the electron and hole concentrations in the active region, respectively.
At high injection levels charge neutrality requires n = p in the active region. B is the
radiative bimolecular recombination coefficient and is of the order of 10−10 cm3/s for
InGaAs/GaAs structures [44,45].

The non-radiative recombination rate Rnr includes deep-level defect and im-
purity recombination in the depletion layer, surface and interface recombination and
Auger recombination, which can be an important mechanism at very high injection
levels.

Rnr = An + Cn3 (2.34)
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Ei

Figure 2.18: Band diagram illustrating recombination mechanisms: via a deep level (a), via
an Auger process (b) and radiative recombination (c) [9]

A corresponds to the non-radiative recombination coefficient (in units of [s−1]) and C
to the Auger coefficient. Typical values for C are 10−28-10−29 cm6/s for III-V semicon-
ductors [9]. For InGaAs/GaAs devices at room temperature the Auger recombination
can be neglected [44].

In the GaAs/AlGaAs and InGaAs/GaAs systems surface recombination can be
quite severe for small devices [46,47,43]. Assuming a uniform carrier distribution over
the whole mesa the non-radiative recombination coefficient can be expressed as [43]

A = A0 +
asνs

Vqw

= A0 +
4νs

d
(2.35)

where A0 stands for defect and impurity recombination, as is the exposed quantum well
surface area, Vqw the volume of the active region, νs the surface recombination velocity
and d the device diameter. For strained InGaAs/GaAs quantum well lasers the surface
recombination velocity has been found to be of the order of 2 × 105 cm/s [48–50].

Expression (2.32) for the radiative efficiency can therefore be rewritten in the fol-
lowing way for InGaAs/GaAs LEDs:

ηrad =
Bn2

Bn2 + An + Rl

(2.36)

with A including surface and interface recombination. The deep-level defect and impu-
rity recombination in the depletion layer can be minimized with the use of high purity
and low defect density substrates and epitaxial structures. With an appropriate device
design the injection efficiency ηinj and the carrier density in the active region can be
maximized and the carrier leakage rate can be minimized at the same time. With all
these measures internal quantum efficiencies close to unity are possible in modern de-
vices. The external quantum efficiencies of LEDs are therefore essentially limited by
their extraction efficiencies.
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2.5.3 Light Extraction Problem

The extraction efficiency is defined as the fraction of the light generated in the active
region which is extracted out of the device. It depends on the optical properties of the
device, on its layer structure and on its geometry. Limiting factors are re-absorption
in the semiconductor and internal reflection at the interface semiconductor–air. In
addition for top emitting devices the extraction efficiency can be significantly reduced
by shadowing of the emission by the top contact. Therefore the extraction efficiency
can be expressed as the product of an absorption factor γabs, a reflection factor γrefl,
and a shadowing factor γsh

ηextr = γabsγreflγsh (2.37)

The amount of re-absorption depends on the layer structure and can usually be
minimized by using materials with a bandgap energy larger than the photon energy
or by limiting their thicknesses. The top contact shadowing depends on the device
design, often there exists a trade-off between improved current spreading and reduced
extraction for a more dense top contact pattern.

In case of an isotropic internal emission of the active region, the amount of reflec-
tion at the interface semiconductor–air is dictated by the device geometry and by the
refractive index of the semiconductor layer at the interface. Due to the high refrac-
tive index of most semiconductors, total internal reflection (TIR) at the interface
semiconductor–air drastically limits their extraction efficiency. In the following the lim-
its for γrefl for different device geometries are estimated. Since γabs and γsh are assumed
to be equal to unity, ηextr ≈ γrefl.

The Light Escape Cone

At the interface semiconductor – outside medium, an incident ray is split into two, a
reflected ray and a refracted (or transmitted) ray. The transmitted ray obeys Snell’s
law of refraction

nint sin θint = next sin θext (2.38)

where nint and θint are the refractive index and the incident angle from the normal
in the high index semiconductor, next is the refractive index of the low index outside
medium (typically air) and θext the angle of the refracted beam in the outside medium.
Total internal reflection occurs for θint ≥ θc, with θc being the critical angle of total
internal reflection

θc = arcsin

(
next

nint

)
(2.39)

for which θext = 90 ◦. For larger angles of incidence, θint > θc, θext becomes complex
and the entire electromagnetic energy is reflected back, apart from an evanescent wave
in the low index material which decreases exponentially away from the interface [40].
The critical angle defines the light escape cone in the semiconductor. The critical solid
angle Ωc corresponding to θc is
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next

nin

θc

θext

θint

Figure 2.19: Transmission and reflection at the interface semiconductor–air; θc corresponds
to the critical angle of total internal reflection, defining the light escape cone

Ωc = 2π(1 − cos θc) (2.40)

while the total solid angle is 4π.
For θint ≤ θc the reflected and transmitted intensities of a ray are equal to

It = TIi = (1 − R)Ii (2.41)

Ir = RIi (2.42)

where Ii, It and Ir are the intensities of the incident, transmitted and reflected ray,
respectively. T is the power transmission coefficient and R the Fresnel power reflection
coefficient. In case of TE polarization R is equal to

R =

(
nint cos θint − next cos θext

nint cos θint + next cos θext

)2

(2.43)

For normal incidence (θi = 0) this expression simplifies to

R0 =

(
nint − next

nint + next

)2

(2.44)

Assuming an isotropic internal emission and R ≈ R0 for all angles θ ≤ θc, the
fraction of the light emitted in a semiconductor that can be extracted through the top
surface is therefore given by

γrefl ≈ 2π(1 − cos θc)

4π
(1 − R0) (2.45)

For the interface GaAs–air, this leads to an extraction efficiency between 1 and 2 %
only. By encapsulating the LED in a hemispherical epoxy dome with a refractive index
of approximately 1.5 the light extraction can be significantly enhanced [51]. Due to the
larger index of the outside medium, the critical angle is increased and the reflection at
normal incidence is reduced. The critical angle for the interface epoxy–air is large due
to the small index difference. If the LED is placed at the center of the hemispherical
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epoxy dome, all the light rays hit the interface epoxy–air at normal incidence and
the device shows a quasi-isotropic emission. Alternatively the LED can be placed at
the Weierstrass point, i.e. at a distance of rs/nepoxy below the center of the sphere
with radius rs, which leads to a directional emission [52]. This geometry is called a
Weierstrass sphere.

Thus extraction efficiencies between 3 and 4% can be achieved with an epoxy dome.
The different numerical values for GaAs are summarized in table 2.1 and table 2.2
for emission into air and epoxy, respectively. The values are calculated at the two
wavelengths of interest for this work, 650 and 970 nm.

Table 2.1: Extraction properties for interface GaAs–air at 650 and 970 nm

Wavelength nGaAs nair θc Ωc/4π R0 γrefl

[nm] [◦] [%] [%] [%]
650 3.83 1 15.2 1.7 34 1.1
970 3.52 1 16.5 2.1 31 1.4

Table 2.2: Extraction properties for interface GaAs–epoxy at 650 and 970 nm

Wavelength nGaAs nepoxy θc Ωc/4π R0 γrefl

[nm] [◦] [%] [%] [%]
650 3.83 1.5 23.1 4.0 19 3.2
970 3.52 1.5 25.2 4.8 16 4.0

The reflection at the interface epoxy–air is about 4% for normal incidence. By taking
this into account the extraction efficiencies for devices encapsulated in a hemispherical
epoxy dome diminish slightly to 3.1 and 3.8% at 650 and 970nm, respectively. Even with
an epoxy dome the maximum attainable extraction efficiencies are therefore extremely
low for planar structures with a single facet emission.



28 CHAPTER 2. High Efficiency LEDs

Optimization Standard Geometry

The standard LED geometry is a rectangular parallelepiped, fabricated by cleaving the
wafer along its crystallographic axes. The active region is assumed to be close to the
surface and the substrate absorbing, due to the fact that it has a lower bandgap than
the active region. Such a device has a total of six light escape cones, two of them
perpendicular to the wafer surface and four of them parallel to it. The light emitted
into the bottom escape cone is entirely absorbed in the substrate. Apart from a small
area close to the edges, the emission in the bottom part of the four in-plane escape
cones is absorbed in the substrate too, as well as a large amount of the top part, which
is totally internally reflected at the top surface and redirected towards the substrate.
The light in the top escape cone is in part obstructed by the top contact. Thus the
extraction efficiency of this device geometry is very low, as its reflection factor is close
to the value calculated above for a single escape cone. Its external quantum efficiency
can be expressed as

ηext = ηintγreflγsh (2.46)

Even for an internal efficiency of 100 % and no shadowing, the theoretically achievable
external quantum efficiency for this geometry is smaller than 2 % for emission into air
and below 4 % for emission into epoxy.

Top cone      Top cone +

4 x 1/2 Side Cones

Top cone + Bottom Cone

        + 4 Side Cones

Figure 2.20: Simplified schematic illustration of light extraction for various LED designs
based on a standard rectangular parallelepiped; absorbing substrate with thin
window layer (left), absorbing substrate with thick window layer (middle) and
transparent substrate with thick window layer (right). To simplify matters
only one of the four side cones is shown. [53]

A first approach to increase the extraction efficiency of the standard LED structure
is to add a thick window layer on top of the epitaxial structure. This window layer needs
to be optically transparent and electrically conductive. With increasing thickness of this
layer the extraction of the top part of the four in-plane escape cones increases until the
entire half-cones are extracted, as depicted schematically in figure 2.20. In addition the
shadowing of the light in the top escape cone by the top contact can be reduced thanks
to an improved current spreading. With this device design the extraction efficiency can
therefore be increased by a factor of 3, as in addition to the top cone four more half
cones can be extracted.

In order to extract all cones, a transparent substrate needs to be used in addition.
The bottom escape cone can then either be extracted via the substrate side or reflected
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to the top by a bottom mirror. With this design a near 6-fold increase in extraction
efficiency can be achieved. The maximum achievable extraction efficiencies are summa-
rized in table 2.3. These are simplified approximations that do not take into account
internal absorption or multiple pass reflection effects such as photon recycling. The
actual limits might be a few percent higher [53]. The shadowing by the top contact is
not included either in these estimations.

Table 2.3: Extraction improvements for standard LED geometry (neglecting absorption,
shadowing and multiple pass reflection effects)

Design Extracted cones γrefl(air) γrefl(epoxy)
[%] [%]

standard geometry 1 1-2 3-4
thick window layer 3 3-6 9-12

transparent substrate 6 6-12 18-24

For a cylindrical shape the four in-plane escape cones are replaced by an escape ring.
Therefore cylindrical LEDs show higher extraction efficiencies than comparable cubic
LEDs. However they can only be fabricated by etching and not by cleaving.

Optimum Device Geometries

The ideal device geometry would be a sphere with a point source as active region in
the center of the LED, or a hemisphere with a perfect bottom mirror [52]. No total
internal reflection would occur in such a device as all the rays are incident at a normal
angle at the interface semiconductor–air. However, unless the sphere is coated with an
anti-reflection coating, the rays would still undergo Fresnel reflection at this interface.
Comparable extraction efficiencies can be expected from Weierstrass spheres, truncated
ellipsoids and truncated cones, in case of the latter for an optimum apex half-angle of
βm = (π/2 − θc)/2 [52].

n-type
p-type

2β

p

n

p

Figure 2.21: Cross-section schematics of ideal geometries; sphere with point source (left),
hemisphere (middle) and a truncated cone (right)

The problem of light extraction had been realized already in the very beginning
of LEDs in the 1960s. Hemispherical shapes [54] and truncated cones [55] had been
demonstrated to improve the extraction efficiency over conventional cubic or cylindrical
designs. However these device geometries are not very compatible with semiconductor
fabrication technologies, optimized for planar processes in view of the flat substrates
used in epitaxial growth and were therefore not developed further for a long time.
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2.6 Alternative Types of High Efficiency LEDs

The evolution of high efficiency LEDs can be divided into three eras. First of all the
device design was optimized [11]. Thanks to the introduction of double heterostructures,
quantum wells and separate confinement heterostructures the injection efficiencies in
modern devices can often be assumed to be close to 100 %. With the evolution of the
growth methods the crystal quality was constantly optimized, leading to drastically
improved radiative efficiencies. Together with the increased carrier densities in the
active regions and the reduced leakage rates, internal quantum efficiencies close to unity
could be achieved. The problem of light extraction, finally, was realized already in the
1960s [52,54,55] but was not addressed until the 1990s.

The evolution of the extraction efficiency can be shown by means of the chronolog-
ical improvements of the external quantum efficiency for AlGaInP LEDs by Hewlett-
Packard (now Lumileds), which follows the approaches presented in section 2.5.3 [53].
In agreement with the simple model the implementation of a thick GaP window layer
led to a three-fold increase in efficiency. By transferring the epitaxial structure on a
transparent GaP substrate values of the order of 20 % could be achieved. The increase
from 24 to 32 % is due to an improved device design, the double heterostructure being
replaced by a separate confinement heterostructure (SCH) with multiple quantum wells
(MQWs) as active region. This leads to an increased internal quantum efficiency as
well as an increased extraction efficiency due to a reduced re-absorption in the thinner
active region [56]. Figure 2.22 contains pictures of the amber DH LED with a thick
GaP window layer and the DH LED with a transparent GaP substrate.

Table 2.4: Chronological external quantum efficiency improvements for AlGaInP LEDs

Year Design ηext(epoxy) Ref.
[%]

1990 standard LED ≈ 2 [57]
1992 thick GaP window layer ≈ 6 [58]
1994 transparent GaP substrate 17.6 [15]
1996 idem 23.7 [59]
1999 idem + MQW 32.0 [56]

Figure 2.22: Two different generations of amber AlGaInP LEDs by Hewlett-Packard (now
Lumileds): absorbing GaAs substrate (AS) LED with thick GaP window layer
(a); and wafer-bonded transparent GaP substrate (TS) LED (b) [9]
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The value of 32 % published by Gardner et al. [56] probably represents an ultimate
limit to the external quantum efficiency achievable with a rectangular parallelepiped
device geometry. In an ideal structure with an internal quantum efficiency of unity
and with zero internal optical losses, even for a cubic geometry all the light would be
eventually coupled out, after a sufficient number of internal reflection and re-absorption
and re-emission steps [60]. However in reality ηint < 100% and the internal optical losses,
including the finite mirror reflectivity, re-absorption in the active region and free-carrier
absorption are non-negligible and the probability of the light being absorbed in the
device increases with the number of internal reflections. For AlGaInP LEDs, a tradeoff
exists between active layer re-absorption and electron confinement, which results in an
optimum active layer thickness [56]. Hence in order to further optimize the extraction
efficiency the number of internal reflections before extraction, corresponding to the
mean photon path length for extraction, needs to be reduced. This can be done
either by modifying the device geometry in order to increase the light escape cones;
or by altering the internal emission spectrum in order to force the emission into the
existing vertical escape cones of the standard planar geometry.

As shown in section 2.5.3 the ideal geometry would be a hemisphere or a Weierstrass
sphere, depending on whether a uniform or directed emission is desired [52]. However
until today the fabrication of such device geometries is difficult due to technological
limitations. More feasible geometries have been realized and led to drastic increases
in external quantum efficiency, such as truncated inverted pyramids [16] and radial
outcoupling tapers [61]. The substrate-less thin–film LEDs, for which the extraction is
optimized either by a surface roughening or by the implementation of pyramidal dice
geometries, represent an alternative successful approach [62,63].

In parallel to these geometrical approaches another type of LEDs was developed by
modifying the spontaneous emission pattern while retaining a planar geometry [64]. By
placing the active region inside an optical cavity the emission intensity in the vertical
escape cones can be increased by means of interference effects. This type of light–
emitting diode is hence called resonant cavity LED (RCLED) or microcavity LED
(MCLED).

In the following the different types of high efficiency LEDs will be briefly introduced
and then the theory of MCLEDs will be presented. Detailed reviews for high efficiency
AlGaInP LEDs were written by Streubel [65] and Gessmann and Schubert [66].
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2.6.1 Truncated Inverted Pyramid LEDs

AlGaInP LEDs are generally grown on GaAs substrates, although GaAs is absorbing in
the visible wavelength range, making it impossible to couple out light efficiently trough
the substrate. In the 1990s Hewlett-Packard (now Lumileds Lighting) continuously
increased the extraction efficiency of AlGaInP LEDs by optimizing the device design
for an optimal light outcoupling.

The implementation of a thick transparent GaP window layer and the wafer bonding
of the epitaxial structure to a transparent GaP substrate lead to a drastic improvement
in extraction efficiency. However in these structures the extraction is still limited to
the six light escape cones of a rectangular parallelepiped. It was realized already in the
1960’s that hemispherical-domed LEDs as well as truncated cones would have optimum
extraction properties (see section 2.5.3) [52,54,55], however these solutions were consid-
ered as not very practical due to the high costs associated with the chip shaping. Finally
in 1999 Krames et al. [16] presented the realization of a practical shaped AlGaInP/GaP
LED chip with a truncated inverted pyramid (TIP) geometry. The TIP geometry
reduces the mean photon path length for extraction. This leads to a reduction of the
internal optical losses and therefore to an increased external quantum efficiency [60].

AlGaInP MQWs
p-GaP

   n-GaP

substrate

n-contact

Figure 2.23: Geometry of the truncated inverted pyramid (TIP) AlGaInP/GaP LED. Pho-
tomicrograph of a TIP LED under forward bias (left); schematic cross-section
illustrating the enhanced light extraction (right)

TIP devices are sawn with a beveled dicing blade to provide chip sidewall angles of
35 ◦ with respect to the vertical. With red-emitting TIP LEDs (λp ∼ 650 nm) record
external quantum efficiencies of 32.6 % for emission into air and 55 % for emission into
epoxy (60.9% under pulsed operation) were achieved [16]. These devices show luminous
efficiencies exceeding 100 lm/W.
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2.6.2 Different Types of Thin–Film LEDs

By placing the epitaxially grown structure on a highly reflective mirror instead of
wafer bonding it to a transparent substrate the stringent process parameters related
to semiconductor-to-semiconductor wafer bonding such as ultraflat surfaces, crystallo-
graphic orientation matching and high bonding temperature can be omitted.

In 1993 Schnitzer et al. [60] presented optically pumped thin films with an exter-
nal quantum efficiency of 72 %. They are floated off their substrates by the epitaxial
lift-off technique (ELO) [67] and are van der Waals bonded by surface tension forces
onto dielectric coated gold mirrors. In this structure photons which were initially emit-
ted outside of the escape cone, are redirected by internal reflection, re-absorbed and
partially re-emitted in the active region (this mechanism is called photon recycling, see
section 2.7.3 as well). However for this approach the external quantum efficiency is very
susceptible to internal optical losses and to slight degradations of the internal quantum
efficiency as the mean photon path length for extraction is extremely high.

Surface-Textured Thin–Film LEDs

A more practical approach for the angular randomization of the totally reflected light is
to scatter it from textured semiconductor surfaces, making the extraction less suscep-
tible to the material quality and internal optical losses. Experiments had shown that
a surface texture on the scale of half an optical wavelength produces complete internal
angular randomization of light rays in a semiconductor film [68]. The first realization of
an electrically pumped surface-textured thin–film LED (also called non-resonant cavity
LED (NRC-LED) led to an external quantum efficiency of approximately 30% [69]. The
surface texturing is done by depositing polystyrene spheres on the surface and using
them as an etch mask for ion-beam etching, a process called natural lithography [70].
The substrate is removed by ELO and the thin film is van der Waals bonded onto large
area dielectric coated Au mirrors.

Windisch et al. optimized the surface-textured thin–film LED design for 850 nm
devices and demonstrated external quantum efficiencies of 46 % and 54 % for unen-
capsulated and encapsulated devices, respectively [71,72]. The LED employs an oxide
current confinement aperture to prevent the generation of light under the top contact.
In order to extract as well some of the light in the laterally guided modes, not only the
mesa top surface but as well the area between mesa and bottom contact are roughened.
Similar red-emitting devices (λp ∼ 650 nm) resulted in efficiencies of 24 % and 31 %
before and after encapsulation, respectively [73]. Yet in all these devices the ratio of
active area to total chip area is reduced, leading to a relatively inefficient material use.

oxide aperture

mirror
n-contact

p-contact

polyimide

Figure 2.24: Schematic cross-section of the surface-textured thin–film LED with metallic
back mirror and roughened surface
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Structured Thin–Film LEDs

Another approach for an efficient outcoupling of internally trapped light is the structur-
ing of the backside facing the rear reflector in regular patterns of geometrical structures.
The geometries that have been used to shape dies in order to enhance the light extrac-
tion, as shown previously, can in general be scaled down as well and still demonstrate
their beneficial effect. This has been shown for top emitting AlGaInP LEDs with a
bottom reflector on an absorbing GaAs substrate by OSRAM Opto Semiconductors
[74,75]. These so-called micro-reflectors can be buried at the bonded interface of a
thin–film LED as well. After being covered with an insulator and a metal mirror, these
structures can then be soldered to a carrier wafer with an intermediate metal layer
[76,65]. Contrary to van der Waals bonded structures, conductive interfaces are created
with metal bonding that can be used as p-contact, leading to low forward voltages. The
current is then injected through small openings in the dielectric layer at the top of the
micro-reflectors. Preliminary 650 nm buried micro-reflector (BMR) thin–film LEDs
showed a maximum wall-plug efficiency of 23.6 % [65], however much higher efficiencies
can be expected from this type of thin–film LED.

contact

carrier substrate
contact

AlGaInP epitaxial structure

active layer

metal mirror

dielectric

Figure 2.25: Schematic cross-section of a thin–film BMR LED with one possible design of
buried micro-reflectors [65]

Structured Thin–Film LEDs with Surface Texturing

BMR thin–film LEDs with in addition a surface texturing as presented in the previous
section have been realized. The achieved efficiencies are similar to the ones of standard
surface-textured LEDs, 42 % and 51 % before and after encapsulation, respectively,
for the GaAs/AlGaAs 870 nm devices and 28 % for un-encapsulated GaInP/AlGaInP
650nm LEDs [72]. However the former technology has the advantage that it can be easily
upgraded to a wafer-scale process, being compatible with 4 inch wafer technologies. The
design of the red structured thin–film LEDs including a surface texturing was further
improved. With an epitaxial structure geometry similar to truncated pyramids and a
partially conductive mirror an external quantum efficiency of 35% was achieved without
encapsulation [73]. With a further optimized design 40% were reached for encapsulated
devices [62]. With the latest generation of their thin–film AlGaInP devices OSRAM
Opto Semiconductors recently realized similar luminous efficiencies as Lumileds with
their TIPLEDs [17].
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Tapered LEDs

The concept of the tapered LED is similar to the one of the TIP LED. Light generated
in a small center active region not falling in the escape cone is redirected to the bottom
surface at an outer radial tapered output coupler [61]. The taper has the shape of
a shallow truncated cone and is covered with an insulator and a gold mirror. The
fabrication of these devices is less cost-intensive than for the TIP LEDs, however the
mean photon path length for extraction is estimated to be longer, leading to slightly
lower efficiencies.

gold mirror

tapered ring
dielectric

n-contact

τ

p-contact

Figure 2.26: Geometry of the tapered LED, schematic cross-section illustrating the en-
hanced light extraction

In order for light with any initial direction to be coupled out, the taper angle τ
needs to be equal or smaller than the critical angle for total internal reflection, θc,
and the azimuthal wave vector component is kept small by choosing appropriate device
dimensions in order to avoid guided modes.

The taper is fabricated by photoresist reflow and mask shape transfer using ion beam
etching. After the contact deposition, the structure is covered with polyimide and the
gold mirror is evaporated on top. The cover metal thickness is increased galvanically
and the substrate is removed by wet etching. Figure 2.27 shows a scanning electron
microscope (SEM) picture of the geometry after dry etching.

Figure 2.27: SEM viewgraph of structured semiconductor after etching [61]

Near infrared tapered LEDs with InGaAs QWs emitting at 980 nm show external
quantum efficiencies close to 40% for emission into air and 52% for emission into epoxy
[77,61]. With preliminary GaInP/AlGaInP red-emitting devices (λp ∼ 650 nm) based
on the same technology an efficiency into air of 13 % was achieved [61].
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2.7 Microcavity LEDs

A Microcavity LED (MCLED), also known as Resonant Cavity LED (RCLED),
is a light–emitting diode, for which the light–emitting active region is placed in an
optical cavity with a thickness of the order of the wavelength of emission [78]. The
optical cavity is in resonance with the internal emission, resulting in a modification of
the spontaneous emission process, such that the internal emission is no longer isotropic.
This results in an increased directionality and brightness and a higher spectral purity
of the LED emission spectrum. If the cavity is properly tuned, the alteration of the
intrinsic emission spectrum leads to an increase of the power emitted within the escape
cone, leading to a higher extraction efficiency.

Microcavity structures have been demonstrated with different active media and dif-
ferent geometries [79–81]. The first microcavity structure made of small metallic spheres
was proposed by Purcell in 1946 for emission frequencies in the radio frequency regime
[82]. In 1980 Kunz and Lukosz observed for the first time a change of the spontaneous
emission rate for an emitter placed in an optical cavity [83,84]. They studied the changes
in fluorescent lifetimes of Eu3+ ions induced by a variation of their optical environment.
In the 1980s and 1990s microcavity structures have been realized with different kind of
emission media, including organic dyes [85,86], semiconductors [87,88], rare-earth doped
silica [89] and organic polymers [90,91]. Clear changes in spontaneous emission were
demonstrated, including the modification of spectral, spatial and temporal emission
characteristics.

The first current-injected resonant cavity light–emitting diode was realized in 1992
by Schubert et al. [64] in the GaAs material system and in 1993 by Nakayama et al.
with organic polymers [90].

The simplest cavity design consists of two coplanar mirrors surrounding the active
region. The first study of optical cavities with coplanar reflectors by Fabry and Perot
dates back to 1899 [92]. Even though in their case the cavity lengths were significantly
longer than the wavelength of the incident light, this type of optical resonator is called
Fabry–Perot cavity ever since.

In case of the structures described in this thesis with electron-hole pair recombination
and rather low reflection coefficients, the total emission and hence the spontaneous
lifetimes are only weakly affected. This regime is called weak coupling regime, to be
distinguished from the situation of Rabi vacuum field splitting in the strong coupling
regime [93,94].

In the following the theory of spontaneous emission from microcavities will be briefly
described, more detailed analysis were written for example by Benisty et al. [95–97],
Neyts [98], Wasey and Barnes [99], Delbeke et al. [100] and Baets et al. [101]. Fur-
thermore the PhD thesis of Royo [42] and Ochoa [102] contain elaborate essays on
MCLEDs.
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2.7.1 Modification of Spontaneous Emission Pattern

Transmission of a Fabry–Perot Cavity

   Length L

phase shift φ

r1, R1, t1, T1

r2, R2, t2, T2

E0

E0t1t2 E0t1r2r1t2e2iφ

θ

index n

Figure 2.28: Schematic cavity of index n, limited by two mirrors

Consider a Fabry–Perot cavity with a refractive index n, surrounded by two plane-
parallel, semi-transparent mirrors. In a simplified scalar approach, the transmitted
electric far field of a plane wave of monochromatic light which is incident upon the first
mirror at an angle θ from the normal is [103,41]

Et = E0t1t2[1 + r1r2e
2iφ + (r1r2e

2iφ)2 + . . . + (r1r2e
2iφ)2n] (2.47)

= E0
t1t2

1 − r1r2e2iφ
(2.48)

where Et is the transmitted electric field, E0 is the dipole far field without cavity, and ti
and ri are the field transmission and reflection coefficients, respectively. 2φ corresponds
to the cavity round-trip phase shift and is equal to

2φ = 2kL cos θ (2.49)

with L being the cavity length, k the amplitude of the wavevector in the cavity with
refractive index n, k = 2πn/λ, and θ the angle of incidence. Phase changes at the
reflectors are neglected. The maxima of the transmittance occur if the condition of
constructive interference is fulfilled, i.e.

2φ(λ, θ) = 2πm (2.50)

with m a positive integer. This leads to the following power transmission coefficient for
a Fabry–Perot cavity

TFP =
|Et|2
|E0|2 =

T1T2

1 + R1R2 − 2
√

R1R2 cos (2φ)
(2.51)

where Ti and Ri are the power transmission and reflection coefficients, Ti = |ti|2, Ri =
|ri|2 and R + T = 1 for lossless mirrors. This factor defines the resonant modes of the
cavity and is called cavity enhancement factor or Airy factor A′(2φ).
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Transmission In Case of a Source Inside a Fabry–Perot Cavity

   Length L,

phase shift φ1

r1, R1, t1, T1

r2, R2, t2, T2

index n

   z, φ2

Figure 2.29: Schematic cavity of index n, limited by two mirrors, with an emitter inside the
cavity emitting two series of waves

If the point source is located within the cavity, the transmission through the top
mirror corresponds to the transmission through the cavity with an external source, TFP ,
except for the term T2, multiplied with an additional factor ζ taking into account the
additional set of waves emitted downwards by the source (dotted lines).

Ttop = A(2φeff
1 ) × ζ(φeff

2 ) =
TFP × ζ

T2

=
T1|1 + r2e

2iφeff
2 |2

|1 − r1r2e2iφeff
1 |2 (2.52)

=
T1(1 + R2 + 2

√
R2 cos (2φeff

2 ))

1 + R1R2 − 2
√

R1R2 cos (2φeff
1 )

(2.53)

with φ1 = kL cos θ and φ2 = kz cos θ. The phase changes at the reflectors can be
included by introducing effective phase shifts,

2φeff
1 (λ, θ) = 2φ1 − arg(r1) − arg(r2) (2.54)

2φeff
2 (λ, θ) = 2φ2 − arg(r2) (2.55)

ζ(φeff
2 ) is called the standing wave factor and expresses the dependence of the

emitted intensity on the position of the source. Transmission is high in a particular
direction if the source is located at an antinode of the standing wave field.

The Airy factor A(2φeff
1 ) differs slightly from the case of an external source. The

Airy function is periodic with period π in φeff
1 . Its maxima define the resonant modes

of the cavity and obey the phase condition 2φeff
1 (λ, θ) = 2mπ with m a positive or

negative integer. In case of a perfect resonator, |r1r2 = 1|, the optical modes represent
singularities. For |r1r2 < 1| the optical mode density is no longer a Dirac distribution,
the resonant peaks caused by the Airy factor have a finite width. The full-width half-
maximum (FWHM) δφeff

1 is inversely proportional to the cavity finesse F , defined as

F =
∆φeff

1

δφeff
1

=
π

δφeff
1

(2.56)

where ∆φeff
1 is the separation between two adjacent resonances, which is equal to π. ∆φ

and δφ are illustrated in figure 2.30.
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Figure 2.30: Normalized Airy factor (left) and Emission from a Fabry–Perot cavity (right,
semilogarithmic plot) for the simplified case R1 = R2 = R and z = L/2 and
for different reflectivities R (0.9, 0.5 and 0.3).

Expression (2.53) describes the emission properties of a Fabry–Perot cavity. For the
simplified case R1 = R2 = R, z = L/2 and ideal mirrors (φ = φ1 = φeff

1 = 2φeff
2 ) it

reduces to

T ′
top =

T (1 + R + 2
√

R cos φ)

1 + R2 − 2R cos 2φ
(2.57)

The Airy factor A(2φ) for emission from within the cavity and the top transmission
of a Fabry-Perot cavity T ′

top(φ) for this simplified case are depicted in figure 2.30 for
different values of R. For isotropic emitters the top transmission is equal to the top
emission, I ′

FP = T ′
top. It can be seen that only the even modes are excited (2φ(λ, θ) =

2πm, m even) for this source position and the corresponding standing wave factor
ζ(φ). The absolute values of the maxima and minima depend strongly on the mirror
reflectivity, they can be expressed as (R = |r|2)

I ′
max =

1 + r

1 − r
and I ′

min =
1 − r

1 + r
(2.58)

The cavity order mc corresponds to the number of resonances. Resonances of the
Airy function are 2π-periodic with respect to 2φeff

1 and hence are also periodic with
kz = k cos θ. Let k0 be the wavevector associated to a given wavelength in the source
spectrum. The number of resonances is limited since 2π ≤ 2k0L and 2π = 2k0L at
normal incidence. Hence the cavity order is given by

mc = integer

[
2φeff

1 (λ, θ = 0)

2π

]
= integer

[
2nL

λ

]
(2.59)

As a consequence of 2π = 2k0L cos θ there are mc resonant angles θi with equally
spaced cos θi. In the following the resonant angle closest to the normal will be denoted
θ0, for which we have

2φ(θ0) = 2πmc = 2k0 cos θ0L (2.60)
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Figure 2.31: Plot in k-space depicting cavity modes, critical angle, monochromatic emission,
and the Airy function (z-axis normal to the cavity). Emission from the micro-
cavity is essentially proportional to the shaded area below the Airy function
(a); at angles above θc, there is a guided mode at each Airy peak, at a discrete
angle (b) [95]

Among θi’s, resonances with angles smaller than θc are extracted, whereas the reso-
nant angles larger than θc correspond to leaky modes and guided modes. In the kx–kz

plane a monochromatic source defines a quarter-circle of radius k = k0 (a finite spectral
linewidth would be accounted for by replacing the circle with an annulus). As a first ap-
proximation the source is assumed to be isotropic. Light emission within dθ is basically
proportional to the product Airy×dΩ. The light that may be extracted corresponds to
the part emitted in the escape window, at angles θ smaller than θc. Thus the amount
of extracted light is measured by the area under the Airy function between boundaries
kz = k0 and kz = k0 cos θc, corresponding to the shaded area in figure 2.31 (a). The
extraction efficiency decreases therefore with the number of resonant modes, as each
mode carries roughly the same amount of power. In case of ideal mirrors (arg(ri) = 0)
the cavity order describes the cavity length in units of half-wavelength, λ/2n. However
for real mirrors the penetration of the field into the mirrors has to be considered as well
(see section 2.7.2).

Frequently the cavity quality factor Q is used instead of the finesse F . It is defined
as the ratio of the transmission peak frequency to the peak width. For small variations
it can be linked to the finesse via the cavity order [100]

Q =
φeff

1

δφeff
1

≈ mcF (2.61)
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Source Terms for Electrical Dipoles

In the weak coupling regime the spontaneous emission of electron–hole pairs can be
adequately represented by electrical dipoles [104]. An electrical dipole can be decom-
posed into a horizontal electrical dipole (dipole moment in the (x–y) plane) and a
vertical electrical dipole (dipole moment along the z-axis). In bulk semiconductor
material the dipoles can have any orientation, in unstrained QWs however there is a
strong preference for emission through horizontal dipoles. Furthermore, if a compres-
sive strain is added to the QW, a strong enhancement of radiation through horizontal
dipoles is realized, while tensile strain enhances vertical dipoles [105]. As all the struc-
tures discussed in this thesis contain compressively strained QWs, the contribution of
the vertical dipoles is neglected in the following. Thus the total emitted intensity I(θ)
can be decomposed into contributions from TE-emitting (transverse electric or s) and
TM-emitting (transverse magnetic or p) horizontal dipoles (h)

IFP (θ) = Ih,s
FP (θ) + Ih,p

FP (θ) (2.62)

The emitted intensity Ipol
FP (θ) can then be expressed as a function of the source’s

downwards and upwards propagating plane wave components Apol
↓ and Apol

↑ (pol = s, p).

Ipol
FP (θ) =

T1|Apol
↑ + Apol

↓ r2e
2iφeff

2 |2
|1 − r1r2e2iφeff

1 |2 (2.63)

The extraction efficiency of the layer structure can then be expressed as

ηextr =
Iextr

Itot

=

∫ θc

0
I(θ) sin θdθ∫ π

0
I(θ) sin θdθ

(2.64)

Equation (2.64) has to be solved numerically, approximating the integral by a discrete
summation. If the cavity finesse is high (R1R2 → 1) the Airy function can be approx-
imated by a Dirac distribution and the area under the resonance peak is the same for
all modes. Hence the extraction efficiency is translated to a ratio of discrete sums. If
there is only one mode in the extraction cone and the antinode factors of the excited
modes are all equal to 1 [95], ηextr is given by

ηextr =

∑
i,θ<θc

ζi∑
i ζi

≈ 1

mc

(2.65)

In case only the even modes are excited (determined by the position of the source),
only half of the cavity resonances would have to be considered and the above estimate
would have to be multiplied with a factor 2.

Exact calculations can be done with standard transfer–matrix techniques in order to
describe the extraction properties of the layer structure. The dipole emission is included
simply as additive source terms [97].(

E0↑
E0↓

)
= Ma

(
E10↑

E10↓ + A↓

)
and Mb

(
E12↑ + A↑

E12↓

)
=

(
E2↑
E2↓

)
(2.66)

E0 and E2 correspond to the bottom and top outside field, respectively, E1i describe the
internal fields, and Ma and Mb the optical properties of the bottom and the top mirror,
respectively. In the case of internal emission only obviously E0↑ = 0 and E2↓ = 0.
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Purcell Effect

The impact of the cavity on the total power emitted by the dipole can be expressed as
a change in radiative electron-hole recombination rate and hence the lifetime

Fp =
1
τ
1
τ0

=
emitted dipole power in cavity

emitted dipole power in bulk
(2.67)

where Fp is the Purcell factor and τ and τ0 are the radiative lifetimes with and
without cavity, respectively. The change of the carrier lifetime due to the presence a
cavity is known as the Purcell effect [82]. Purcell derived the spontaneous emission
enhancement factor for three-dimensional cavities by noting that a single (quasi-) mode
occupies a spectral bandwidth ν/Q within a cavity volume V . Normalizing the resulting
cavity-enhanced mode density per unit volume to the mode density of free space gives

Fp =
3

4π2

(
λ

n

)3
Q

V
(2.68)

where the refractive index n is a modern addition to this expression to account for
emission within dielectrics [81].

With a planar cavity having a mirror separation larger than λ/2 (mc > 1), the
potential increase or decrease in the spontaneous emission rate is at most a factor of 3 or
2, respectively (see figure 2.32) [79,106]. More drastic changes can however be expected
in two or three dimensionally confined cavities. Significantly higher enhancement factors
have been observed for three-dimensionally confined cavities with a small volume, such
as quantum dots in pillar microcavities (Fp = 5) or microdisks (Fp = 15) [107].

High Purcell factors can be achieved for planar structures by coupling to surface
plasmon modes (see section 2.8.4).

Figure 2.32: Estimation of the modification of the spontaneous emission decay rate relative
to the free space value (γ/γ0) for a horizontal dipole placed in the center of a
planar microcavity with ideal mirrors, as a function of the spacer thickness; for
r = +1 (solid line) and for r = −1, corresponding to perfect metallic mirrors
(dashed line) [106].



2.7. Microcavity LEDs 43

2.7.2 Reflectors

Different types of reflectors are used in MCLEDs, metallic reflectors, distributed Bragg
reflectors (DBRs) and hybrid metal–DBR reflectors. Metal mirrors typically show
reasonably high reflectivities over a large spectral range, covering the near infrared
regime and a large part of the visible range. In addition they show a constant reflectivity
independent of the incident angle. However, unless the thickness of the metal is very
thin, metallic reflectors are absorbing. Therefore their transmittance is near zero and
they cannot be used as outcoupling mirrors. The phase change upon reflection at metal
mirrors is negative, related to their complex refractive index. In order to compensate for
this effect an additional phase-matching layer with an appropriate thickness needs
to be added.

DBRs are described in detail in the following subsection. They consist of multilayer
quarter wave stacks of either epitaxial semiconductor layers or subsequently deposited
dielectric layers. With DBRs the reflectivity can be tuned via the number of DBR
pairs and high efficiencies close to 100 % can be achieved with negligible absorption
losses, if all the layers are transparent. Hence DBRs can be grown epitaxially and
made conductive by doping. The main drawback of DBRs is that they display only a
narrow band of high reflectivity in the spectral and angular regime. Due to the partial
penetration of the optical wave in the reflector the use of DBRs leads to a significantly
increased effective cavity length and cavity order. At normal incidence and for the
central wavelength λBragg, the phase change upon reflection is zero for a DBR.

With hybrid reflectors consisting of a metal mirror and a DBR the high DBR
reflectivity and its low absorption losses can be coupled with the large spectral and
angular reflectivity band of the metal.

DBRMetallic Hybrid

R < 100 %

  T = 1-R

R = 80 - 98 %

    T = 0 %

R < 100 %

  T = 0 %

Figure 2.33: Schematic representation of different types of reflectors: metallic reflector (left),
distributed Bragg reflector (middle) and hybrid reflector (right) [9]

The spectral and angular reflection properties around 980 nm of a GaAs/Au inter-
face, a GaAs/air interface and a 15.5 pair GaAs/AlAs DBR centered at 980 nm are
compared in figure 2.34. At normal incidence the GaAs/air interface shows a reflectiv-
ity of approximately 30 % and for incidence angles θ > θc (≈ 17 ◦) the reflectivity rises
to unity due to total internal reflection. Hence the interface GaAs/air can be used as
weak outcoupling mirror on its own or in combination with a DBR with a small number
of pairs.
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Figure 2.34: Reflectivity as a function of wavelength (left) and incident angle (right)
around 980 nm, TE polarization (solid line) and TM polarization (dashed
line); GaAs/Au interface (a)-(b); GaAs/air interface (c)-(d); and 15.5 pair
GaAs/AlAs DBR centered at 980 nm (f)-(g)
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Distributed Bragg Reflector (DBR)

Distributed Bragg Reflectors (DBRs) are periodic multilayer structures with a unit
cell of two dielectric layers, consisting of alternating layers of low (nl) and high (nh)
refractive index material with an optical thickness of a quarter wave for the designed
wavelength λBragg (di = λBragg/4ni (i = h, l)) [108,109]. Their key parameter is the
refractive index difference ∆n/neff where ∆n = nh−nl and neff is the effective refractive
index of the mirror [110]

neff = 2

(
1

nl

+
1

nh

)−1

(2.69)

Attainable ∆n values are dictated by epitaxial or deposition constraints inherent to
the material systems. The values for common material systems for transparent DBRs
at the wavelengths of interest for this thesis, 970 and 650 nm, are listed in table 2.5.

Table 2.5: Refractive index contrasts of common DBR material systems

DBR type λ nh nl ∆n neff ∆n/neff

[nm]
GaAs/AlAs 970 3.52 2.95 0.57 3.21 0.18

Al0.5Ga0.5As/AlAs 650 3.476 3.095 0.38 3.27 0.12
(Al0.2Ga0.8)0.5In0.5P/AlInP 650 3.446 3.175 0.27 3.30 0.08

DBR mirrors capitalize on successive reflections at dielectric interfaces. For quarter
wave layer optical thicknesses, phases from such waves are separated by φc = 2π at their
central (nominal) wavelength λBragg. Multiple reflections at the interfaces of the DBR
and constructive interference of the multiple reflected waves increase the reflectivity
with increasing number of pairs. The optical properties of DBRs can be calculated
with the transfer-matrix formalism [111].(

Eb↑
Eb↓

)
= m

(
Ea↑
Ea↓

)
(2.70)

Consider a finite DBR consisting of p pairs sandwiched between two media, a sub-
strate and an outside medium with refractive indices ns and no, respectively. Its re-
flectivity at its central wavelength λBragg and for normal incidence is then given by
[95,111]

R0 = R0(p) =

⎡
⎢⎢⎢⎣

1 − ns

no

(
nl

nh

)2p

1 +
ns

no

(
nl

nh

)2p

⎤
⎥⎥⎥⎦

2

(2.71)

If the center wavelength lies at oblique incidence, the ni’s are to be replaced with e.g.
ni cos θi in case of TE-waves. The high-reflectivity band is called stopband. Beyond
the stopband, DBRs are no longer mirrors and allow propagative photon states called
leaky modes (see further below). The width of the spectral stopband scales with the
refractive index difference ∆n/neff and is approximately given by [112]
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∆λstopband =
2λBragg∆n

πneff

(2.72)

The angular stopband can be estimated from (2.72) and (2.49) to be [113]

∆θstopband = ±
√

2∆λstopband

λBragg

= ±2

√
∆n

πneff

(2.73)

When compared to a localized mirror (metal, single interface) with a well-defined
phase change determined by dielectric constants, a DBR mirror gives an angle and
wavelength-dependent phase change at the first DBR interface due to the changes of
partial beams reflecting on successive interfaces. Across the angular stopband the phase
essentially evolves linearly, just as would do a wave reflecting at an imaginary perfect
mirror placed at some location inside the DBR. This is taken into account by defining
a penetration length Lp, which is equal to the difference between the position of
the first DBR interface and the location of this imaginary perfect mirror and can be
quantitatively expressed as [95]

Lp =
λBragg

2

nl

2neff∆n
(2.74)

This penetration length leads to an increased cavity order and affects therefore all
the properties related to it, including the extraction efficiency. Hence an effective
cavity order meff

c is defined as the sum of the bare cavity order plus the cavity order
increases ∆mc for the bottom and the top mirror [95]

meff
c = m0 +

∑
i=1,2

∆mc,i (2.75)

∆mc =
nhnl

2neff∆n
≈ n

2∆n
(2.76)

meff
c (2 DBRs) = m0 + 2

nhnl

2neff∆n
≈ m0 +

n

∆n
(2.77)

Figure 2.35: Illustration of the DBR penetration length. DBR and schematic penetration
of the optical wave in the reflector (a); ideal mirror displaced from the first
DBR interface by the penetration length Lp [9].
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θl

θc

n l/n h

Figure 2.36: Same plot as figure 2.31 for the case of a DBR as high reflectivity bottom
reflector. Comb-like Airy function of an ideal cavity with constant reflectivities
(a); DBR reflectivity with the stopband, the low reflectivity region for lower kz

and the total reflection at the interface of the first low index DBR layer above
the critical angle θl (b); modified Airy function with the extracted FP peak,
the leaky modes and the guided modes (c) [95]

For typical refractive index differences in common DBRs, this cavity order increase
can be significantly larger than the bare cavity order itself. This leads to significantly
reduced maximum achievable efficiencies for DBR–bounded MCLEDs.

When a DBR with a moderate refractive index difference is used on a high-index
substrate, its limited angular stopband allows light to escape towards the substrate at
oblique angles larger than θc, referred to as leaky modes. In this region no cavity
modes appear as this light is not reflected and is eventually absorbed in the substrate.
Therefore the emission into leaky modes is essentially lost for extraction.

At even larger angles θ > θl, there is again a unit reflectivity due to total internal
reflection at the interface of the first low index DBR layer, according to Snell’s law
sin θl = nl/nh. In this area the cavity acts as a lateral waveguide and the light is
reflected back and forth until it is either extracted laterally or reabsorbed. These
modes are called guided modes. This contribution is not entirely lost to extraction,
part of it can be extracted via re-absorption in the active layer and re-emission into the
escape window, denoted as photon recycling (discussed in detail later on).



48 CHAPTER 2. High Efficiency LEDs

2.7.3 Design Rules

The basic structure of a MCLED consists of a cavity with length L, surrounded by
two reflectors, a back reflector with reflectivity R2 and an outcoupling reflector with
reflectivity R1. An active layer is located in the cavity, preferably at the antinode
location of the standing optical wave of the cavity. For simplicity R2 is considered as
unity in the following, since the reflectivity of the back mirror should be as high as
possible in order to minimize reflection losses. For the reflectivity R1 of the outcoupling
mirror on the other hand a trade-off exists between increasing extraction and increasing
losses, as will be seen in the following subsection.

Outcoupling Mirror Reflectivity

The optimum outcoupling mirror reflectivity Ropt
1 corresponds to the case where the

extracted Airy peak is squeezed reasonably well into the escape window [k0, k0 cos θc].
Increasing the reflectivity leads to an only marginally increased extraction but can on
the other hand cause significant absorption losses due to the increased number of round-
trips. By imposing that the Airy factor at the escape window edges (θ = 0 and θ = θc)
needs to be only 10 % of its peak value, the following condition can be found for Ropt

1

in the case of a lossless cavity [95]

Ropt
1 = 1 − mc

n2
(2.78)

which is of the order of 80 % for a cavity of order 2 and a refractive index of 3.5 and
is decreasing with increasing cavity order. In the case of significant losses in the cavity,
another criterion for R1 is that extraction losses must be always higher than dispersive
losses. Otherwise a further increase of R1 only leads to an increased directionality. For
a detailed estimation the natural spectral width of the source needs to be considered
as well. In case of a very broad emission not all the wavelengths can be extracted and
another limiting factor for R1 evolves.

Cavity Order

Equation (2.65) indicates that the extraction efficiency is inversely proportional to the
cavity order. Hence as a general rule the cavity order and therefore the cavity length
should be kept as small as possible. However, as seen in section 2.7.2, in case of DBRs
with moderate refractive index differences the penetration of the optical standing wave
into the reflector leads to a significantly increased effective cavity length.

For optical purposes it would be ideal to use a λ/2 cavity with order mc = 1. This
cavity would have a single extractable Fabry-Perot mode, leading to very high efficien-
cies. However λ cavities are generally used in practical applications for different reasons
[100]. In case of a cavity with one or two metal mirrors, the use of a λ/2 cavity would
imply that the active layer is very close to the metal, which can result in consider-
able losses due to non-radiative energy transfer from the dipole to the absorptive metal
[114]. Moreover a λ cavity is preferable from a technological point of view, independent
if metal or dielectric reflectors are used. A metal mirror requires a heavily doped contact
layer with a thickness of several tens of nanometers to ensure good electrical contact.
When insulating dielectric mirrors are used, thick (usually λ/4) and highly conductive
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lateral current injection layers are needed. Quantum wells are typically sandwiched in
graded index separate confinement heterostructures (GRINSCH) with a total thickness
of the order of λ/2.

The effective cavity order meff
c of a λ cavity with m0 = 2 can be minimized by

using either a metallic back mirror or a DBR back mirror with a high refractive index
difference.

Cavity Tuning

In order to obtain the largest area under the Airy function, the peak resonant angle
θ0 should be centered in the escape window by symmetrizing phases at window edges
2φ(0) and 2φ(θc), which leads to the following approximation for θ0

θ0 ≈ next√
2nint

(2.79)

which leads to an outside angle peak at 45 ◦. This is achieved with a detuning δ of
the Fabry-Perot wavelength of the cavity, λFP , versus the wavelength of emission of the
source λs

δ = λs − λFP (2.80)

whereas λFP is related to the cavity thickness L and its order mc in the following way
(see equation (2.59))

λFP =
2nL

mc

(2.81)

The optimum detuning in order to fulfill (2.79) is then [115,102]

Figure 2.37: Angular plot depicting mode positions as a function of detuning δ (top left);
plots in k-space for zero detuning, δ = 0, (top right); positive detuning, δ > 0,
(bottom left); and negative detuning, δ < 0, (bottom right) [102]
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δopt ≈ −λsn
2
ext

4n2
int

(2.82)

As can be seen in figure 2.37 the area under the Airy function within the escape
window increases for δ < 0. The optimal detuning, as defined in equation (2.81), is
negative. For a positive detuning δ > 0 the area and hence the extraction efficiency
rapidly decrease.

Optimizing the detuning for a maximum extraction efficiency is leading to a non-
directional emission (see figure 2.38). Therefore the MCLED has to be optimized
specifically for the application needs, either maximum extraction efficiency or maxi-
mum brightness (e.g. for coupling into a fiber).

Figure 2.38: Angular emission diagram for a MCLED with detuning zero δ = 0 and a
directional emission, and for a MCLED with optimal detuning for emission
into air, δopt ≈ −λs/4n2, leading to an external emission angle of 45 ◦ [102]

Photon Recycling

Photons emitted into guided modes can still be extracted if they are re-absorbed in
the active layer and re-emitted into the escape cone subsequently. This effect is called
photon recycling and can lead to a significant increase of the external quantum
efficiency for large area MCLEDs. QW-based devices normally do not show this effect,
except if the photons are emitted into modes that show an increased overlap with the
QWs, as is the case for laterally propagating modes in MCLEDs [116]. Photon recycling
can be modeled as an increase of the external quantum efficiency by a photon recycling
factor FPR, defined as [100]

FPR =
1

1 − gηint

(2.83)

where g is the re-absorption factor corresponding to the percentage of internally gener-
ated photons being recycled. This value depends on the fraction of the photons emitted
into the guided modes that are re-absorbed before escaping the structure laterally, i.e. on
the characteristic absorption length of the layer structure and the device dimensions.
The characteristic absorption length is a function of the absorption coefficient of
the active layer, which varies with carrier density, and the overlap between the internal
field and the active layer. Typical values are of the order of 100 µm [101]. It can be es-
timated that 90% of the photons in guided modes are re-absorbed over this distance for
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a QW absorption coefficient of 103 cm−1 [117]. This implies that the photon recycling
effect is strongly size-dependent and is pronounced only for large area devices.

The amount of photon recycling increases with the guided mode fraction and is
therefore high for DBRs with a large refractive index difference ∆n and metal mirror
structures, as well as for thin–film LEDs. For a reasonable internal quantum efficiency
of the order of 80% or higher and a high guided mode fraction of 80%, photon recycling
factors significantly higher than unity can therefore be expected for large devices. Ex-
perimentally an increase in external quantum efficiency by a factor of 1.4 has been shown
by increasing the diameter from 85 µm to 1.5 mm for asymmetric DBR/cavity/metal
structures [118].

Saturation

At high injection levels the optical power of MCLEDs tends to saturate. This is caused
by several effects. With increasing current density the intrinsic emission spectrum
broadens, leading to a decreased overlap between the cavity resonance and the emission
spectrum and therefore a decreased extraction efficiency.

At even higher injection levels thermal effects come into play [101]. Non-radiative
recombination and ohmic heating by the series resistance lead to a temperature increase
of the active region. This leads to a decrease of the internal quantum efficiency and a
decrease of the detuning away from the optimal value. The latter effect is related to the
fact that the temperature shift of the emission wavelength due to its decreasing bandgap
energy is much more important than the shift of the cavity resonance wavelength due
to the temperature dependence of the refractive indices.

Furthermore carrier spill-over and current crowding can lead to a reduced injection
efficiency at high carrier density. The occurrence of lateral in-plane gain finally cancels
any photon recycling.
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2.7.4 State of the Art Semiconductor MCLEDs (Status 2001)

The first Microcavity LED by Schubert et al. [64] is based on GaAs/AlGaAs and
shows an emission peak at 862 nm. The top emitting device consists of an asymmetric
DBR/cavity/metal mirror structure, where the DBR is made of AlAs/Al0.14Ga0.86As
periods and the thin transparent metal reflector of silver (Ag) or silver in combination
with cadmium tin oxide (Ag/CdSnOx). Since then MCLEDs were realized in different
material systems, covering a large range of emission wavelengths [9,100,101]. In the
following a brief overview will be given on the state of the art of electrically injected
MCLEDs, divided into different wavelength ranges, from the visible to the infrared. For
each range typical fields of application, material systems and efficiencies are listed.

400-500 nm

InGaN/GaN-based MCLEDs are under development. However due the low index of
GaN (n ≈ 2.5), the light extraction is less of a problem than for the other material
systems. In addition the lattice mismatch between GaN and AlN limits the maximum
achievable refractive index contrast and therefore the realization of high reflectivity
DBRs as well. Furthermore the lack of a simple epitaxial lift-off technique prevents the
realization of short cavity metal-bound structures so far.

650 nm

Apart from lighting applications, 650 nm emitting devices are commercially important
for plastic optical fiber (POF) based communication. The material system of choice
for the cavity is AlGaInP, in combination with AlGaAs DBRs and current spreading
and current injection layers. Due to several limiting factors the attainable efficiencies
in the red are lower than for near-IR MCLEDs, as discussed in chapter 5. With red
MCLEDs wall-plug efficiencies ηwp of 10 % and external quantum efficiencies ηext of
9.6 % were shown for 300 × 300 µm2 devices [119]. Due their low forward voltages the
external quantum efficiencies are slightly smaller than the wall-plug efficiencies. The
structure consists of a λ-cavity with 5 compressively strained GaInP QWs, a 34 period
Al0.5Ga0.5As/Al0.95Ga0.05As bottom DBR and a 6 period top DBR.

850-880 nm

The target applications of 850-880 nm devices are Ethernet data links, remote controls
and infrared communication as regulated by the Infrared Data Association (IrDA). This
is mainly due to the availability of low-cost Si-based detectors in this wavelength range.
The obvious material system for this region is GaAs/AlGaAs. An external quantum
efficiency ηext of 14.6% was achieved with an 850nm top emitting device [120]. It consists
of a λ-cavity surrounded by two DBRs, the bottom mirror a 20 pair Al0.15Ga0.85As/AlAs
DBR, the top one a 1.5 pair Al0.15Ga0.85As/AlAs DBR. The current is confined with
an oxide aperture of 180 µm in diameter. With another structure emitting at 880 nm
and an emission window of 80 µm an efficiency ηepoxy

ext of 16 % was demonstrated after
encapsulation. The λ-cavity was sandwiched between a 20 pair bottom DBR and a 5-7
pair top DBR, both consisting of Al0.2Ga0.8As/Al0.9Ga0.1As [121].
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980 nm

Even though no large scale application exists so far for 980nm near infrared devices the
availability of high quality InGaAs/GaAs strained QWs makes these devices ideal for the
proof of principle of new concepts. The InGaAs active material is used in conjunction
with the GaAs/AlGaAs material system. Compared to higher bandgap emitters, this
combination has the advantage that the GaAs substrate is transparent in the emission
wavelength range. Hence highly efficient bottom emitting devices have been realized.
With an asymmetric GaAs/AlAs DBR/λ-cavity/Au mirror structure efficiencies ηext of
17 and 23 % were shown for 85 µm and 1.5 mm diameter devices, respectively [118].
The active region consists of three strained InGaAs QWs and the increase in efficiency
with device size is attributed to an increased photon recycling.

Top emitting monolithic devices with three InGaAs QWs and GaAs/AlAs DBRs
with 15.5 pairs at the bottom and three pairs at the top, including Al0.5Ga0.5As grading
layers, led to a maximum efficiency ηext of 10 % [122,123]. With the use of a 6.5 pair
high index contrast GaAs/AlOx bottom DBR and a single period SiO2/ZnSe dielectric
top DBR, a differential quantum efficiency ηdiff

ext of 27 % could be demonstrated for top-
emitting devices, corresponding to a maximum absolute external quantum efficiency of
approximately 23 % [124]. The device contains a λ-cavity, a tunnel contact junction
and an aperture of 6 µm only.

1300-1550 nm

Silica optical fibers show attenuation minima around 1300 and 1550 nm and therefore
these two wavelengths are the pre-eminent communication windows for telecom (see
for example [9]). The principal material system is InGaAsP/InP. In addition to the
broader intrinsic emission spectrum of long-wavelength devices, the low refractive index
contrasts limit the maximum efficiency of long-wavelength MCLEDs, similar to the case
of vertical cavity surface emitting lasers (VCSELs).

Bottom emitting 1300 nm large diameter devices (2 mm) with a peak quantum
efficiency ηext of 9% are reported using an asymmetric DBR/λ-cavity/Au mirror struc-
ture with three strained InGa0.12As0.56P QWs [125]. The DBR consists of 5.5 pairs of
InGa0.23As0.50P/InP.

An InP-based MCLED of 85 µm in diameter emitting at 1550 nm with a 6.8 %
external quantum efficiency is cited in [126]. The device is bottom emitting, using
an asymmetric DBR/cavity/Au mirror structure. The active region consists of three
In0.84Ga0.16As0.74P0.26 QWs and the outcoupling DBR of 12 pairs of InGa0.38As0.82P/InP.

Mid-IR

The main use for mid infrared emitters is gas detection. Several types of mercury cad-
mium telluride (HgCdTe) based MCLEDs have been realized with emission wavelengths
at 3.3, 3.7, 4.2 and 4.7 µm adapted for the detection of different gases [127–130]. The
structures are grown on cadmium zinc telluride (CaZnTe) substrates and the dielectric
DBRs are made of zinc sulfide (ZnS) and yttrium fluoride (YF3).
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Other Types of MCLEDs

Thin–film MCLEDs surrounded by two metal mirrors have been realized at 870 nm
with a GaAs/AlGaAs-based cavity by Wilkinson et al. [131] and with InP/InGaAsP
emitting at 1550 nm by Corbett et al. [132]. Another interesting device is the broadly
tunable GaAs/AlGaAs-based MCLED by Larson et al. [133]. The top mirror consists
of a deformable membrane whose position is controlled via electrostatic forces. This
allows a wavelength tuning of nearly 40 nm from 930 to 970 nm.

Overview of Maximum External Quantum Efficiencies

The maximum external quantum efficiencies published before 2001 are listed in table 2.6
and plotted as a function of emission wavelength in figure 2.39.

Table 2.6: Overview experimental results of MCLEDs for different wavelengths

Wavelength material system type ηext diameter Ref.
[nm] [%] [µm]
650 AlGaInP/AlGaAs top 9.6 300 [119]
650 AlGaInP/AlGaAs top ≈ 12 700 [65]
850 GaAs/AlGaAs top 14.6 180 [120]
880 GaAs/AlGaAs top 16 (epoxy) 80 [121]
970 InGaAs/AlGaAs top 10 400 [123]
980 InGaAs/GaAs/AlOx top ≈ 23 6 [124]

+ dielectric top DBR 27 (diff.)
995 InGaAs/AlGaAs bottom 17 85 [118]
995 InGaAs/AlGaAs bottom 23 1.5 mm [118]
1300 InGaAsP/InP bottom 9 2 mm [125]
1550 InGaAsP/InP bottom 6.8 85 [126]
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Figure 2.39: Maximum external quantum efficiency of MCLEDs vs. emission wavelength for
top emitting (�) and bottom emitting (�)) devices, for emission into air (solid)
and epoxy (empty); differential external quantum efficiency into air (�).
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2.8 Novel Concepts

2.8.1 Phase-Shift Cavity

Generally MCLEDs comprise a λ cavity, consisting of a high refractive index (low
bandgap) material. For optical purposes a λ/2 low index cavity would be preferable,
due to the reduced cavity order and the absence of guided modes. However this design
is not practical for technical reasons. An efficient electrical injection demands a low
bandgap active layer (high refractive index). In addition, in the InGaAs/AlGaAs mate-
rial system, defects associated with the low index AlAs layers would lower the internal
quantum efficiency.

A standard resonant cavity is formed between two reflectors by introducing a phase
shift equal to a multiple of π, translating to an optical cavity length equal to an integral
times λ/2. From distributed feedback laser theory it is known that this is not the only
way to induce Fabry-Perot modes. An alternative approach to achieve the same effect
is to place two λ/8 low index phase-shift layers around a λ/4 high refractive index layer
containing the active region, thereby forming a virtual λ/2 cavity [134]. This structure
is called a phase-shift cavity and approaches the optical properties of a λ/2 low index
cavity while keeping the preferential practical aspects of a λ high index cavity. A phase-
shift cavity shows an effective cavity length decreased by one and a reduced coupling
to guided modes, allowing significantly higher extraction efficiencies.

In figure 2.40 a standard λ high index cavity, a λ/2 low index cavity and a λ/8
phase-shift cavity surrounded by two DBRs consisting of λ/4 layers are depicted. The
optical properties of these different cavity designs are simulated for the case of the
AlGaAs system by assuming nh = 3.5 for GaAs and nl = 2.9 for AlAs.

Figure 2.41 (a) shows the optical field of the Fabry-Perot mode as a function of
position for the three different designs. The field has a maximum at the center of the
cavity in each case and falls off more or less rapidly. The penetration of the optical
field is minimum for the λ/2 low index cavity and the λ/8 phase-shift cavity shows a
significant improvement compared to the standard λ high index cavity.

The optical fields of the guided mode are compared in figure 2.41 (b). Since the λ/2
low index cavity has no guided mode it was replaced with a λ/2 high index cavity. It is
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Figure 2.40: Three different cavity structures; a λ high index cavity, a λ/2 low index cavity
and a λ/8 phase-shift cavity, all surrounded by λ/4 layers representing two
DBRs. The dashed line denotes the source position [134]
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Figure 2.41: Optical fields of the Fabry-Perot mode (a) and the guided mode (b) as a func-
tion of position for a λ high index cavity (dashed line), a λ/2 cavity (dotted
line) and a λ/8 phase-shift cavity (solid line). In (b) the λ/2 low index cavity
is replaced by a λ/2 high index cavity as the former has no guided mode [134]

obvious that the λ high index cavity has the most confined guided mode, while the λ/8
phase-shift cavity is significantly less confined. The results of the numerical calculations
are listed in table 2.7. It can be seen that a λ/8 phase-shift cavity shows a significantly
increased emission into the Fabry-Perot mode compared to a standard λ high index
cavity, with a concomitant reduction of the guided mode fraction. If the difference in
refractive index of the medium confining the source is taken into account, the relative
extraction efficiency of the λ/2 low index cavity reduces to 30 % after normalization
with the factor nl/nh = 0.83.

Table 2.7: Calculated fractions of emission into Fabry-Perot modes and guided modes

cavity design fFP fguided

[%] [%]
λ high index 20 36
λ/2 low index 36 (30) -
λ/8 phase-shift 28 28

Furthermore it can be shown that the phase-shift cavity leads to a significant reduc-
tion of metal absorption losses for metal-bound structures [135].

Bottom emitting and top emitting near infrared MCLEDs comprising phase-shift
cavities are presented in chapters 3 and 4.
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2.8.2 Oxide DBR

It has been shown in section 2.7.2 that the properties of a DBR mainly depend on
the refractive index difference ∆n/neff between its two constituents. Unfortunately the
range of refractive indices accessible with epitaxially grown materials is very limited (see
table 2.5). With dielectric DBRs high index contrast are possible, however only by pay-
ing the high price of a more complicated design and fabrication. In the 1990s a method
was found which allows to significantly decrease the refractive index of the low index
high aluminum content constituent. Dallesasse et al. discovered that high Al-content
AlxGa1−xAs layers can be selectively oxidized at elevated temperatures, producing a
mechanically stable oxide [136,137] which shows good insulating properties and a low
refractive index of approximately 1.6 [138–141]. With this technique GaAs/AlOx DBRs
can be formed with a drastically reduced number of DBR pairs necessary to achieve
a certain reflectivity [139,142]. In addition so-called oxide DBRs show a significantly
larger spectral and angular stopband and a drastically reduced penetration length, al-
lowing smaller effective cavity lengths and therefore higher extraction efficiencies (see
[95,96] for detailed calculations).

Figures 2.42 and 2.43 illustrate the difference in spectral and angular stopband width
between a 15.5 pair GaAs/AlAs DBR and a 3.5 pair GaAs/AlOx DBR, both centered at
980nm. The intensity jump at 870nm of the simulated curve is related to the absorption
band edge of GaAs. Evanescent coupling with the substrate may cause an extension of
the low reflectivity region to angles larger than θl, the angle for total internal reflection
at the first DBR interface.

The cavity order increase ∆mc related to the penetration depth of a DBR can be
estimated according to equation (2.76)

∆mc ≈ n

2∆n
(2.84)

Hence by replacing AlAs with AlOx ∆n can be increased from 0.57 (at 980 nm) to 1.9,
leading to a 70 % reduction in ∆mc (compare with table 2.5). At 650 nm the reduction
is even 80 %. More detailed calculations show that the angular penetration depth Lθ

p

is minimal for nl ≈ √
nh [100]. With a value of 1.6 the refractive index of the AlOx is

thus quite close to the optimum value.
In addition the increase of the guided mode fraction at the expense of the leaky

mode fraction leads to a higher degree of photon recycling, allowing an even higher
external quantum efficiency (see section 2.7.3 for details).

However the implementation of an oxide DBR complicates the design and device
fabrication. Since oxide DBRs are insulating, they need to be used in combination with
a lateral intracavity contact, whereby care must be taken to ensure that the conductivity
of the current injection layer is not reduced by the oxidation process. In addition the
vertical contraction of the layers during oxidation has to be taken into account (see
section 4.4.2).

MCLEDs with a high reflectivity oxide bottom DBR are treated in chapters 4 and
5 for the case of near infrared emitting InGaAs/AlGaAs structures and red emitting
AlGaInP/AlGaAs structures, respectively.
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Figure 2.42: Spectral stopband (left) and angular stopband (right) around 980 nm of a 15.5
pair GaAs/AlAs DBR with λBragg = 980 nm; TE polarization (solid line) and
TM polarization (dashed line)

600 700 800 900 1000 1100 1200 1300 1400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R
ef

le
ct

iv
ity

Wavelength [nm]

0 10 20 30 40 50 60 70 80 90
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R
ef

le
ct

iv
ity

Angle [θ]

Figure 2.43: Spectral stopband (left) and angular stopband (right) around 980 nm of a 3.5
pair GaAs/AlOx DBR with λBragg = 980 nm; TE polarization (solid line) and
TM polarization (dashed line). Intensity jump at the absorption band edge of
GaAs at 870nm. The reflectivity drop between 30 and 50 ◦ for TE polarization
is related to losses caused by an evanescent coupling with the substrate
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2.8.3 Omnidirectional Reflector (ODR)

Metal mirrors typically show a reflectivity below 100 %. Adding an intermediate low
refractive index layer can lead to an increase of a few percent. Omnidirectional reflec-
tors (ODRs) consist of the underlying semiconductor material (refractive index ns), a
quarter-wave low refractive index layer (nl) and a metal layer with a complex refractive
index Nm = nm + ikm [143]. They can be made electrically conductive by perforating
the low index dielectric layer with an array of metallic micro-contacts (typically AuZn),
as depicted schematically in figure 2.44.

Figure 2.44: Schematic perspective view of an ODR with metallic micro-contacts [66]

For a thickness of the low index layer of λ0/(4nl) the reflectivity of the triple-layer
ODR at normal incidence is given by [143]

R =
[(ns − nl)(nl + nm) + (ns + nl)km]2 + [(ns − nl)km + (ns + nl)(nl − nm)]2

[(ns + nl)(nl + nm) + (ns − nl)km]2 + [(ns + nl)km + (ns − nl)(nl − nm)]2
(2.85)

For an AlGaInP/SiO2/Ag structure at 630 nm the reflectivity at normal incidence can
thus be estimated to be RODR > 98 %, compared to a value of about 96 % for the
structure without the dielectric layer. Figure 2.45 shows the superior spectral and
angular reflection properties of ODRs compared to an AlGaInP/AlInP DBR. As a
result, ODRs show a much larger reflectivity averaged over all angles of incidence [66]

R(λ) =
1

2π

∫ π/2

0

R(λ, θ)2π sin θdθ (2.86)

For example for an AlGaInP/SiO2/Ag ODR at 630 nm R > 0.98 whereas it is only
≈ 0.5 for a 35 pair (Al0.3Ga0.7)0.5In0.5P/Al0.51In0.49P DBR.

ODRs are interesting for MCLEDs as they show low penetration depths. Further-
more they lead to a significant reduction of the leaky mode fraction in favor of guided
modes, leading to an increased amount of photon recycling and therefore a higher ex-
ternal quantum efficiency. This effect is particularly pronounced in thin–film LEDs
with ODRs, where the substrate is removed by epitaxial lift-off and the thin–film acts
as a waveguide structure. Enhancement factors significantly larger than unity can be
expected due to photon recycling for such a device (see section 2.7.3).

Thin–film MCLEDs with a bottom ODR have been realized by OSRAM Opto-
Semiconductors and are discussed in chapter 6.
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Figure 2.45: Calculated reflectivity versus wavelength (a) and versus angle of incidence (b)
for two ODRs and a DBR with a Bragg wavelength of 980 nm. The exter-
nal medium is GaP. The transparent AlGaInP DBR consists of 35 pairs of
(Al0.3Ga0.7)0.5In0.5P/Al0.51In0.49P. The ODRs comprise a 500 nm thick metal
layer of either Ag or Au covered by a quarter wave layer of SiO2. The solid and
dashed lines correspond to TE- and TM-polarized waves, respectively [143]
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2.8.4 Surface Plasmon Excitation

As seen in section 2.7.1, the spontaneous emission of electron–hole pairs can be re-
presented by electrical dipoles [104]. The dipole emission has near-field and far-field
components. The far-field component propagates as plane waves while the near-field is
made up of evanescent waves which are quite intense. Generally the methods to increase
the LED extraction efficiency focus on the extraction of the plane wave components.
An alternative approach would be to convert the evanescent waves into plane waves via
coupling to surface plasmon modes.

Surface plasmons are waves that propagate along the surface of a conductor
[144]. The interaction between the free charges at the metal surface and electromag-
netic radiation results in surface plasmons having greater momentum, or equivalently,
a greater in-plane wavevector kSP compared to “free” photons in the semiconductor,
i.e. kSP > nk0. This increased momentum (in-plane wavevector) means that SP modes
are non-radiative, they are bound to the interface between the metal and the dielec-
tric. SPs may however be coupled to radiation by prism coupling or Bragg scattering
[145–148]. For the latter the metal layer needs to be structured with a wavelength-scale
periodic microstructure [149]. Barnes [146] proposed the use of a periodic array of holes
or a periodic array of metallic particles for an efficient coupling to radiation.

Purcell enhancement factors of approximately 55 have been demonstrated for an
InGaN/GaN QW placed in the vicinity of a thin silver layer [150]. Vučković et al. [151]
estimated the extraction efficiencies of metal-clad surface plasmon enhanced LEDs with
a periodic pattern on one side to be as high as 37 %, with Purcell factors of up to 4.5.

The light extraction enhancement for the case of near infrared InGaAs/AlGaAs-
based LEDs with gold particles deposited on the top surface was assessed [152]. Simu-
lations of a dipole embedded in GaAs (n = 3.6) in the vicinity of a gold layer (100 nm
thick) with air on the opposite side show that for distances below 100 nm the emis-
sion originating from evanescent waves starts to become important. In case of metal
particles, the resonance frequency of the collective electron oscillation is essentially de-
termined by the dielectric properties of the metal and the surrounding medium, the
particle size and the particle shape [153]. Rayleigh-Mie scattering theory predicts an
optical gold particle diameter of 300 nm for an efficient scattering and outcoupling of
light centered at 970 nm [152].

Electrically injected LEDs with a single InGaAs QW surrounded by a squeezed
GRINSCH-like AlGaAs confinement region with a distance QW–surface of only 40 nm
were successfully fabricated. Non-radiative recombination at the GaAs–air interface as
well as the diffusion of the gold from the Ti/Au top contact into the QW had to be
inhibited. Gold particles with a diameter of 250 nm and 20 nm were deposited on the
surface of the emission area of these LEDs. However no noticeable increase in light
output was measured. It is assumed that a small air gap between the surface and the
particles reduces the coupling to gold surface plasmon modes to virtually zero. Calcu-
lations confirm that an air gap of 2nm is sufficient to diminish the coupling by an order
of magnitude [152]. Further extensive studies would be necessary in order to develop
appropriate test structures. Due to time constraints this idea was not elaborated.
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2.8.5 Substrate Structuring

The light extraction of bottom emitting devices or top emitting ones with a thick win-
dow layer can be further enhanced by structuring the surface at the extraction side,
thereby enlarging θc, the critical angle of total internal reflection. Different geometries
have been proposed, such as microlenses or cones [9]. Microlenses act in addition as
optical lenses to collimate the light and can significantly improve the device’s direction-
ality, e.g. leading to an improved fiber coupling efficiency. Monolithically integrated
microlenses are interesting due to their high refractive index and the redundancy of an
emitter-lens alignment. Figure 2.46 shows a commercial communication LED with a
monolithically integrated microlens.

Figure 2.46: Commercial communication LED chip with integrated lens (a). Detailed pic-
ture of the lens etched by a photochemical process into the GaAs substrate (b)
(AT&T ODL product line, 1995) [9]

Cones with sidewalls steep enough for an increased light outcoupling are difficult to
fabricate. The realization of microlenses with an appropriate geometry for small LEDs
on the other hand is much more straightforward. Several etching methods have been
proposed for the fabrication of GaAs or InP microlenses. The mask shape transfer
method is based on the transfer of a lens-like shape by dry etching, the lens is formed by
photoresist reflow [154–156]. The photoelectrochemical etching method exploits
the light intensity dependence of the etch rate [157]. Miscellaneous wet etching solutions
have been presented as well. One consists of a negative profiling of the substrate by wet
etching, followed by an epitaxial overgrowth and substrate removal [158,159]. Another
principle is based on the edge effect of diffusion-limited etchants, i.e. an increased etch
rate near the mask edge. Different etching systems of this type have been published, a
sulfuric acid solution [159], a hydrobromic acid solution [160] and a mixed solution of
hydrochloric acid, acetic acid and hydrogen peroxide [161].

Wet etching tests were carried out in order to realize larger microlenses in GaAs sub-
strates with the hydrobromic acid solution proposed in [160]. For the bottom emitting
near infrared MCLEDs discussed in chapter 3 the diameters of the microlenses would
have to be increased to several hundreds of microns in order to achieve a significant
enhancement of their external quantum efficiency. The achieved curvatures are not
significant enough and therefore this idea was not pursued further.



Chapter 3

Bottom Emitting MCLEDs at
970 nm

3.1 Introduction

Bottom emitting MCLEDs represent the simplest MCLED configuration. The structure
consists of a high reflectivity top mirror, the cavity with the active region and a low
reflectivity outcoupling mirror. The bottom reflector consists of a semiconductor DBR,
the top reflector of a metal mirror. Gold is the preferential mirror metal as it has a high
reflectivity in the near infrared and a high electrical conductivity, thanks to which it can
be used at the same time as top contact. In the infrared wavelength regime the GaAs
substrate is transparent, which allows to couple out the light through the substrate. In
order to minimize free carrier absorption losses, the substrate is generally thinned down
by mechanical and chemical polishing and an anti-reflection coating (ARC) is deposited
on the backside.

In this chapter a particular type of bottom emitting MCLEDs is studied, charac-
terized by a short λ/8 phase-shift cavity, as described in section 2.8.1. Devices of this
type with a gold top mirror were fabricated and analyzed. The holes are injected ver-
tically in the p+-GaAs contact layer and the p-GaAs current spreading layer, whereas
the electrons are injected horizontally through an n-GaAs intracavity contact layer in
the bottom DBR. Thanks to the high reflectivity at all angles of the metal mirror
and its low penetration depth, high external quantum efficiencies can be achieved with
this type of MCLED. The influence of two different current confinement methods on
the device performance is studied. The current is confined laterally either by a recess
etch of the top p-doped GaAs layers beyond the metal mirror or by forming an oxide
aperture on the n-side, between the intracavity contact layer and the active region.

63
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3.2 Structure

The structure consists of a 3.5 pair bottom DBR, a phase-shift cavity and a top metal
mirror. The cavity region is made up of a single In0.16Ga0.84As quantum well (QW)
and squeezed GRINSCH-like confinement regions. The top metal mirror is deposited
on the highly doped p+-contact layer by e-beam evaporation. It is used as well as
the top contact. The bottom DBR shows a reflectivity of approximately 70 % in the
normal direction. Its low index layer closest to the cavity contains a higher percentage
of aluminum than the ones underneath and can be used to form a current confinement
aperture by selective lateral wet oxidation. The electrons are injected laterally via an
n-intracavity contact in the bottom DBR. The n-contact is deposited on the GaAs high
index layer below the oxide aperture layer, after the mesa definition.

The structure was designed by Ross Stanley and grown by molecular beam epitaxy
(MBE) by the author, under the supervision of Ursula Oesterle. It is labelled S1892.
The bottom DBR comprises 3.5 pairs of silicon-doped GaAs/Al0.93Ga0.07As. GaAs
corresponds to the high index material and Al0.93Ga0.07As to the low index material.
The top low index layer contains 98 % of aluminum. The cavity region comprises a
three-step confinement profile (Al0.93Ga0.07As–Al0.50Ga0.50As–Al0.10Ga0.90As) and a sin-
gle In0.16Ga0.84As QW embedded in GaAs. On top a beryllium-doped GaAs current
spreading layer and a highly beryllium-doped GaAs contact layer are grown. The re-
fractive index profile of the structure is displayed in figure 3.1, the detailed structure
can be found in appendix B.
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Figure 3.1: Refractive index profile of structure S1892
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3.3 Simulation

The light extraction properties of the structure are calculated with a transfer-matrix
based simulation program developed in-house, called “TEM 14”. It is based on the now
standard methods using a plane wave expansion of an electrical dipole emitter inside
a multilayer structure [84,97,98] and the standard electric field transfer matrices [111].
This approach is complete in that all near field and far field terms of the dipole are
automatically included. The dipole approximation is widely used for calculating light
emission from semiconductors. The calculation of the refractive index of AlGaAs is
based on the data by Adachi [162] and the refractive index of gold is estimated to be
0.2 + 6i around 970 nm (see for example Palik et al. [163]).

The reflectivity as well as the spectral and angular emission characteristics of a cavity
can be modelled with this program. For the determination of the emission properties of
a structure the intrinsic emission spectrum needs to be included. The fractions emitted
in extracted resonant modes, in leaky modes and in guided modes as a function of
wavelength are calculated according to equation (2.64) for the extracted part. The
transition from leaky modes to guided modes is determined by θl, the angle for total
internal reflection at the first DBR interface, or the limit of evanescent coupling.

ηextr(λ) =

θc∫
0

I(θ) sin θdθ

π∫
0

I(θ) sin θdθ

(3.1)

The values obtained for the extraction efficiency ηextr(λ) are then multiplied with
the intrinsic emission spectrum rspont(λ) and integrated over all wavelengths, in order to
take into account the polychromatic emission. The result corresponds to the theoretical
external quantum efficiency ηext of the structure for a typical emission spectrum.

ηext =

∞∫
0

ηextr(λ)rspont(λ)dλ

∞∫
0

rspont(λ)dλ

(3.2)

Ideally the intrinsic emission spectrum should be measured for every structure indi-
vidually in order to take into account variations due to growth condition fluctuations.
There are nondestructive ways of extracting the QW emission spectrum from a MCLED
at a certain current level (edge emission electroluminescence, deconvolution of angle-
resolved measurements [164]) but to simplify matters for the calculations mentioned in
this thesis a typical QW emission spectrum measured at a characteristic current level
was used. It originates from a bare QW structure grown around the same time as the
structures used.

The extraction efficiencies of structure S1892, calculated for monochromatic emis-
sion, can be found in figure 3.2 as a function of wavelength. The QW emission spectrum
used for the integration is displayed as well. Table 3.1 shows the distribution of the
emission in the different modes at 970 nm, for emission into air and epoxy.
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Figure 3.2: Simulated extraction efficiency of structure S1892; emission into air (solid line)
and epoxy (dash-dot line) plus intrinsic emission spectrum (dashed line)

Table 3.1: Fractions of emission in the various kinds of modes for structure S1892 at 970nm,
for emission into air and epoxy

extracted leaky guided
[%] [%] [%]

air 28 41 27
epoxy 39 33 25

The external quantum efficiencies attained by integration of the extraction efficiency
spectrum with the QW electroluminescence spectrum are listed in table 3.2. An effi-
ciency of 21 % for emission into air and 34 % for emission into epoxy is predicted. By
depositing an appropriate anti-reflection coating (ARC) these values can be increased
to 24 % and 36 %.

Table 3.2: Theoretical external quantum efficiencies of structure S1892 for emission into air
and epoxy; without and with ARC

ηext(air) ηext(epoxy)
[%] [%]

without ARC 21 34
with ARC 24 36
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3.4 Fabrication

The fabrication of bottom emitting MCLEDs comprises the device isolation by the mesa
etching to the n-intracavity contact layer and the deposition of the metal contacts and
the top metal mirror. All process steps mentioned in chapters 3–5 have been carried
out in the cleanroom facilities of the institute.

3.4.1 Cleaning

Cleaning operations are performed prior to major processing steps. Before every lithog-
raphy, the samples are rinsed with acetone and isopropanol. Prior to an etching or
deposition, thin films of resist left in developed areas are removed by oxygen plasma
ashering, followed by a deoxidation step. The deoxidation is done immediately before
loading the samples in the e-beam evaporator in order to guarantee a good adhesion of
the metallizations.

3.4.2 Lithography

All photoresist patterning has been done by contact printing with a Karl Suss MJB3
UV400. The photoresist used is AZ 5214 E by Clariant, in conjunction with the devel-
oper MF-319 from Shipley. The AZ 5214 E is a positive photoresist and can be used
for contrast inversion. A contrast inversion leads to an undercut resist profile, which
simplifies the metal patterning by lift-off. Instead of patterning the metal by wet etch-
ing, in GaAs processes the metal is generally deposited on the resist mask and then the
resist is dissolved by a solvent, which causes the metal on top of it to “lift off”. Typical
solvents for the lift-off process are acetone and NMP (N-Methyl-pyrrolidone).

3.4.3 Etching

Surface Deoxidation

GaAs is known to oxidize in air at room temperature. This native oxide layer is gen-
erally between 10 and 50 Å thick [165]. The electrical properties and the reliability of
GaAs-based devices depend on the removal of the native oxide. In addition, the pho-
toresist seems to adhere better on a freshly etched semiconductor surface. Commonly
used chemicals for oxide removal are diluted hydrochloric acid (HCl) [166–168], diluted
ammonium hydroxide (NH4OH) and hydrofluoric acid (HF) [169]. A diluted hydrochlo-
ric acid solution containing 16 weight percent (w/o) of HCl was used for deoxidation
during the fabrication of all near infrared MCLEDs discussed in this thesis.

Selective Wet Mesa Etch

Two steps can be distinguished in the etching of semiconductor materials. First the
semiconductor is oxidized and then the oxidation products are dissolved. The oxidizing
agent is generally a strong oxidant like hydrogen peroxide (H2O2). The dissolving agent
consists of an acid or a base.

As the n-intracavity contact layer is quite thin (approximately 100nm), its exposure
needs to be done with a selective etching method. For the AlxGa1−xAs material system
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several wet etching solutions have been found that preferentially etch either low or
high aluminum content layers. Selective dry etching has been demonstrated as well but
seems to be more difficult to set up [170–172].

A frequently used etchant for AlxGa1−xAs consists of phosphoric acid (H3PO4),
hydrogen peroxide (H2O2) and water [173]. The selectivity of this solution depends on
the phosphoric acid concentration. Concentrated solutions are nonselective, whereas
diluted solutions display a preferential etching of AlAs with a selectivity versus GaAs
of approximately 20 [174].

HCl was found to dissolve AlxGa1−xAs if x > 0.3 with an etch rate that increases
with aluminum content [175]. Selectivities above 100 have been reported.

The ammonium hydroxide/hydrogen peroxide (NH4OH : H2O2) system is a common
etchant for GaAs and low aluminum content AlxGa1−xAs [176]. Its selectivity can be
controlled by adjusting the pH value. Selectivities well above 100 have been achieved
[177,178].

The citric acid/hydrogen peroxide/water system (C6H8O7 : H2O2 : H2O) has been
known for quite a while already [179]. However its high selectivity for GaAs has
only been discovered around 1990 [172,180,181]. Its selectivity between GaAs and
AlxGa1−xAs drastically depends on the C6H8O7 : H2O2 ratio [172,180–185].

The high Al-content AlxGa1−xAs layers in the structures used in this thesis consist of
superlattices of AlAs and GaAs layers with a corresponding thickness ratio. Hence the
selective etchant for these layers may not be too selective, otherwise the digital alloys
would not be etched at all. The system of choice is therefore the diluted phosphoric acid
solution. The citric acid solution is the preferential low Al-content AlxGa1−xAs etchant
since it shows higher selectivities than the ammonium hydroxide solution. In addition it
proofed to etch low indium content InxGa1−xAs, which is present in the quantum well,
with a similar rate as GaAs [181]. Consequently the low aluminum content AlxGa1−xAs
layers have been selectively etched with a citric acid (C6H8O7) solution and the high Al-
content layers with a diluted phosphoric acid (H3PO4) solution, as proposed by Bacher
and Harris [174].

C6H8O7 : H2O2 : H2O 5 : 2 : 5 for AlxGa1−xAs (0 ≤ x ≤ 0.3)
H3PO4 : H2O2 : H2O 3 : 1 : 50 for AlxGa1−xAs (0.3 ≤ x ≤ 1)

The citric acid solution is prepared by dissolution of 25 g of anhydrous citric acid in
de-ionized water (DI H2O) and stirring it for one hour. Just before etching 9 ml of
H2O2 (30 w/o) are added. The phosphoric acid solution consists of 100ml DI H2O, 6ml
H3PO4 (ortho-phosphoric acid, 85 w/o) and 2 ml H2O2 (30 w/o).

Selective Wet Recess Etch

The selective removal of the top p-doped GaAs layers is accomplished with the same
highly selective citric acid etchant as used for the mesa etching.

C6H8O7 : H2O2 : H2O 5 : 2 : 5
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3.4.4 Contacts

The purpose of an ohmic contact on a semiconductor is to allow electrical current to flow
through the semiconductor. An ideal contact should show a linear I–V characteristic,
a minimal parasitic resistance, a long lifetime and a good temperature stability.

N-Contact

The use of an n-intracavity contact allows to have all electrical connections on the top
surface. Furthermore the bottom DBR conductivity does not have to be optimized.

However implementing an intracavity contact in a cavity which should be as small as
possible is not simple at all. The thickness of the contact layer after mesa etching needs
to be large enough in order not to be entirely depleted and its conductivity needs to be
high enough to allow an efficient injection of the carriers and keep the series resistance
and Joule heating low.

Silicon is used for n-doping in the near infrared emitting structures treated in this
thesis. The maximum achievable activated donor density in bulk GaAs is limited to
approximately 5× 1018 cm−3 [186], which is insufficient for an ohmic contact formation.
This problem can be overcome by using alloyed contacts. The gold–germanium–nickel
system was introduced by Braslau et al. [187] in 1967 and has become the preferred
choice for contacting n-type GaAs.

Gold and germanium form an eutectic alloy that melts at 360 ◦C for a composition
of 88 w/o Au and 12 w/o Ge. The Au–Ge phase diagram is shown in figure 3.3. The
germanium is used to highly dope the surface layer [165]. During the alloying process it
diffuses into the GaAs cap layer and acts as a dopant. This allows to increase the doping
level above 1019cm−3. Nickel is believed to act as a wetting agent and prevent the AuGe
alloy from “balling up” during alloying [189,190]. In addition it seems to enhance the
diffusion of the Ge into the GaAs. The Ni : Ge ratio appears to be critical and has
been studied in detail [191,192]. It was found in addition that a first Ni layer deposited

Figure 3.3: Phase diagram Au-Ge [188]
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on the GaAs improves the wetting and adhesion to GaAs as well as the uniformity
of the interface after alloying [193]. A thick gold overcoating results in an improved
surface morphology and a reduced sheet resistance of the metallization, which simplifies
a reproducible device probing [165]. The following five layer metallization was used as
contact to n-GaAs in accordance with Lee et al. [194]:

Ni/Ge/Au/Ni/Au 10/25/50/20/100 nm

After e-beam deposition of the different layers and lift-off the contacts are annealed
on an alloy stage. The temperature is ramped up to 380 ◦C with a rate of 5 ◦C/min and
lowered again with no dwell time. The alloying is performed in the presence of forming
gas, consisting of 92 vol% of nitrogen and 8 vol% of hydrogen.

P-Contact

In the case of the bottom emitting MCLED treated in this chapter, the p-contact is
used as top mirror simultaneously. Hence no alloyed contact can be used since otherwise
the increased interface roughness would lead to a low mirror reflectivity. By p-doping
with beryllium levels high enough for the formation of ohmic contacts can be achieved.
This enables the use of non-alloyed p-contact metallizations. Gold is the material of
choice for this application, as it shows a high reflectivity in the near infrared and a high
electrical conductivity. Furthermore it displayed a reasonably good adhesion and a low
contact resistivity to p-GaAs. Figure 3.4 shows the typical reflectivity spectrum of a
commercial gold mirror.

Figure 3.4: Typical reflectance versus wavelength of protected gold mirrors (by Newport)

3.4.5 Current Confinement

Additional steps can be performed for lateral current confinement. Confining the current
minimizes the radiative recombination outside the cavity and the non-radiative surface
recombination at the mesa sidewalls. This can be achieved by significantly increasing
the resistivity of an injection layer beyond the designated emission area either on the p-
or on the n-side. A confinement of the holes is more effective due to their lower mobility
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but is often difficult for high efficiency MCLEDs as the cavity length should be kept as
small as possible.

There are three standard current confinement methods [195]. A recess can be formed
by selectively etching away a layer. The selective oxidation of a high Al-content layer
allows to create an oxide aperture. The third possibility is the formation of a current
aperture by proton implantation. The effect of the first two will be compared in this
chapter. Etching away a layer in a structure can lead to stability problems and is
therefore not trivial, however selectively removing the top p-doped GaAs layers is a
very convenient and effective method to confine the holes in the mentioned structure.
Lateral wet oxidation is an elegant method to form a buried current aperture, but the
issues of strain and interface recombination need to be addressed.

3.4.6 Substrate Thinning

The absorption losses in the substrate are minimized by thinning down the substrate
to a minimum thickness that still guarantees the mechanical stability of the sample.
This is done by mechanical and chemical polishing. 2” GaAs wafers typically have a
thickness of 350 µm. The free carrier absorption of n-doped GaAs substrates with a
carrier concentration of typically 2 × 1018 cm−3 is of the order of 20 cm−1 [196]. The
attenuation increases exponentially with thickness [37]:

P (z)

P (0)
= e−αz (3.3)

where P (z) is the power at a traversed distance z and α the absorption coefficient.
By reducing the substrate thickness from 350 to 150 µm the light extraction can be
increased by roughly 30 %:

1 − e−αd = 0.33 (3.4)

for an absorption coefficient α = 20 cm−1 and a reduced distance d = 200 µm.

3.4.7 Anti-Reflection Coating

The Fresnel reflection at the semiconductor–air interface can be reduced with an anti-
reflection coating (ARC). For normal incidence, the reflection coefficient is given by

rs−air =
ns − nair

ns + nair

(3.5)

where ns and nair are the refractive indices of the semiconductor and air, respectively.
For the case of a GaAs–air interface at 970nm, the reflectance, which corresponds to

the square of the reflection coefficient, is approximately 31 %. With the proper coating
of thin dielectric layers this reflection can be reduced or even eliminated. A single
homogenous layer is the first and simplest ARC and probably still the most widely
used. As depicted in figure 3.5, the reflection coefficient of a single homogeneous and
isotropic layer sandwiched between two semi-infinite media can be found by summing
the amplitudes of successive reflections and refractions, called Airy summation [112].
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n2n1 n3

θ1 θ2

θ3
r12

t12t23e-iφ
t12r23t21e-2iφ t12r23r21t23e-3iφ

Figure 3.5: Airy summation for a thin homogeneous layer of dielectric material

r123 =
r12 + r23e

−2iφ

1 + r12r23e−2iφ
(3.6)

r12 and r23 are the reflection coefficients of the first and the second interface, respectively.
The factor e−2iφ takes into account the phase difference due to the geometric path
difference between successive rays. The parameter φ is given by

φ =
2π

λ
n2d cos θ2 (3.7)

and is proportional to the thickness d and the index n2 of the intermediate layer.
Therefore the reflection is zero when the denominator in equation (3.6) is equal to

zero. The refractive indices of dielectric materials are real numbers, as well as r12 and
r23. For the case n1 < n2 < n3, r12 and r23 are negative. Thus the phase shift e−2iφ

must be equal to −1, which means φ = (2k + 1)π with k being an integer. This is the
case for

dARC =
λ

4n2

(3.8)

In addition the magnitudes of r12 and r23 must be equal. For the case of a phase
change of −1 the expression for the reflection coefficient can be rewritten as

r123 =
n1n3 − n2

2

n1n3 + n2
2

(3.9)

which leads to the condition

n2 =
√

n1n3 (3.10)

Hence the ideal ARC should have an optical thickness of λ/4 and and a refractive
index which corresponds to the square root of the indices of the two adjacent layers. The
optimal index of an ARC for a GaAs–air interface is therefore 1.88. The ideal values
for ARCs at 970 nm for the two interfaces GaAs–air and GaAs–epoxy are summarized
in table 3.3. Table 3.4 shows the refractive indices around 1 µm of several dielectrics
commonly used as ARCs (after Palik et al. [163]). It can be seen that amorphous silicon
monoxide (SiO) has an appropriate index for the interface GaAs–air in the near infrared
regime.
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Table 3.3: Optimal thickness and refractive index of ARCs at 970 nm

Interface nARC dARC

[nm]
GaAs–air 1.88 129

GaAs–epoxy 2.30 105

Table 3.4: Refractive index at 1 µm of common dielectrics used as ARCs [163]

Dielectric material Refractive index

SiO2 (amorphous) 1.45
α–SiO2 (crystalline) 1.54
α–Al2O3 (crystalline) 1.76

SiO (amorphous) 1.87
Si3N4 (amorphous) 2.00

ZnS (cubic) 2.29
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3.4.8 Fabrication Bottom Emitting MCLEDs

The main processing steps are:

• Mesa Etch

• N-Contact Deposition

• Top Mirror and P-Contact Deposition

• Current Confinement

• Back–end Processing

The different steps are described in detail in the following part and are illustrated with
schematic cross-sections and top views in figures 3.6–3.11. The effect of different current
confinement methods on the electrical and optical properties is studied. The deployed
methods are a recess etch on the p-side for one sample and an oxide aperture on the n-
side for another. The recess is formed by selective wet etching of the top p-doped GaAs
layers at the exterior of the top p-contact. The p-contact can thereby be used as etch
mask. The oxide aperture is formed by selective lateral oxidation of the Al0.98Ga0.02As
layer below the active region after this layer has been exposed by the mesa etching.
The lateral wet oxidation process is explained in detail in section 4.4.2. Hence three
different samples were fabricated, labelled S1892 A, S1892 B and S1892 C. The first
one comprises no current confinement at all, the second one a recess etch on the p-side
and the third one an oxide aperture on the n-side. The recess is etched after the p-
contact deposition, whereas the lateral wet oxidation is done after the mesa etching.
Below the fabrication of devices without any current confinement is presented, followed
by the illustration of the different current confinement methods.

The mask set used features circular devices with diameters ranging from 50 to
400 µm. The individual mask layers are illustrated in appendix C. During the n-
contact annealing the sample S1892 C delaminated at the oxidation front of the current
aperture. The contraction of the oxidized layer lead to high mechanical stresses and un-
equal thermal expansions, which caused the rupture. The sample was processed again
(S1892 C2 ) with a different mask set, the same as for the semiconductor DBR devices
presented in section 4.4. The advantage of this mask set is that the necessary oxidation
depth is much smaller and therefore the stresses introduced are lower. However the
disadvantage is that the devices on this sample have a squared geometry, which makes
it difficult to compare the results with the devices on the other samples. The diameters
of the mesas, the top p-contacts and the oxide aperture diameters in case of sample
S1892 C2 are compared for the different samples and device sizes in table 3.6.
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Al0.98Ga0.02As

Figure 3.6: Schematic layer structure after growth

Mesa Etch

i. Surface cleaning

ii. Lithography

iii. Surface deoxidation with diluted HCl

iv. Selective wet etching of circular mesas of varying diameter; through cavity, down
to n-GaAs intracavity contact layer. Citric acid solution for low Al-content layers
and diluted phosphoric acid solution for high Al-content layers.

Figure 3.7: Mesa etch

N-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation n-contact layer sequence:

Ni/Ge/Au/Ni/Au 10/25/50/20/100 nm

iv. Lift-off in acetone

v. N-contact alloying at 380 ◦C in forming gas atmosphere (ramps 5 ◦C/min)
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n-contact  Ni/GeAu/Ni/Au

Figure 3.8: N-contact deposition

Top Mirror and P-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation p-contact: Au 200 nm

iv. Lift-off in acetone

v. No alloying

p-contact and top mirror  Au

Figure 3.9: Top mirror and p-contact deposition
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3.4.9 Current Confinement Methods

Recess Etch (after top mirror and p-contact deposition)

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. Selective wet etching of ring-shaped recess down to p-Al0.93Ga0.07As GRINSCH
layer. Removal of p-doped GaAs layers with citric acid solution.

Figure 3.10: Recess etch

Selective Lateral Oxidation (after mesa etch)

Lateral wet oxidation of exposed Al0.98Ga0.02As layer until diameter oxide aperture
equal or slightly smaller than diameter p-contact.

Table 3.5: Oxidation parameters S1892 C and S1892 C2

Sample Temperature Time Oxidation depth
[◦C] [min] [µm]

S1892 C 450 28 75
S1892 C2 400 36 12

AlOx

Figure 3.11: Lateral wet oxidation current confinement layer
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3.4.10 Samples after Front-Side Processing

Optical Microscope Pictures

Figures 3.12 and 3.13 show optical microscope pictures of the different samples taken
after front-side processing. The picture of sample S1892 C was taken after the n-contact
annealing, the delamination at the oxidation front is obvious. Sample S1892 C2 on the
other hand shows no signs of degradation. It can be seen that the recess etch ring
on the devices from sample S1892 B shows an increased roughness. It is assumed that
this is due to the surface oxidation of the Al0.93Ga0.07As layer after being exposed to air.

Figure 3.12: Samples S1892 A (left) and S1892 B with recess (right); top row 400, 200 and
150 µm diameter devices, bottom row 100, 70 and 50 µm diameter devices

Figure 3.13: Samples S1892 C after n-contact annealing (left) and S1892 C2 after processing
(right); S1892 C2 different mask set with reduced oxidation depth
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SEM Pictures

The samples were analyzed with a Philips XL 30 FEG scanning electron microscope
(SEM). Figure 3.14 shows cross-sections of structure S1892 after mesa etching at the left
side and the sample S1892 C2 after front-side processing. The high aluminum content
layers oxidize in air and therefore become isolating and appear darker in the SEM
pictures. The Al0.93Ga0.07As bottom DBR layers, the Al0.98Ga0.02As oxidation layer
and the Al0.93Ga0.07As GRINSCH layers can be identified. Apparently the underetch
of the AlxGa1−xAs layers is more important than for the GaAs layers. On the right
side the p-contact, the polyimide isolation layer and the oxidation front can be seen.
The layer was oxidized from the right and the oxidation stopped about 1 micron before
reaching the p-contact edge in case of the shown device.

200 nm

DBR

p-contact
polyimide

  ox. 
front

oxide

1 µm

Figure 3.14: SEM pictures after mesa etching (left) and S1892 C2 after processing (right)

Device Dimensions

Table 3.6 summarizes the device dimensions for the different samples. The oxide aper-
ture diameters have been determined with an optical microscope using a high bandpass
filter, which blocks light below 665nm in order to increase the contrast between oxidized
and un-oxidized areas.

Table 3.6: Mesa, p-contact and oxide aperture diameters of the different devices

S1892 A, S1892 B S1892 C2
circular square

mesa p-contact mesa p-contact oxide aperture
[µm] [µm] [µm] [µm] [µm]
540 400 420 400 396
350 200 220 200 196
300 150
240 100 120 100 96
210 70
190 50 70 50 46
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3.4.11 Back–End Processing

The additional back–end processing steps are:

• Substrate Thinning

• Anti-Reflection Coating Deposition

After the front-side processing the devices from sample S1892 B showed very promis-
ing results (see section 3.5.2). The processing was continued by reducing the substrate
thickness by lapping to 150−200µm. As demonstrated previously this reduces the free
carrier absorption losses by approximately 30 %. Finally a SiO anti-reflection coating
was deposited on the substrate side to eliminate the Fresnel reflection at the GaAs–air
interface. In addition a second sample, named S1892 B2, was processed the same way.

Substrate Thinning

i. Lapping with carborundum slurry, mesh # 600 and 1000

ii. Lapping with diamond polish paste, grit size 10, 3, 1 and 0.25 µm

Figure 3.15: Substrate thinning

Anti-Reflection Coating Deposition

i. Surface deoxidation with diluted HCl

ii. Evaporation anti-reflection coating: SiO 130 nm

ARC  SiO

Figure 3.16: Anti-reflection coating deposition
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3.5 Experimental Results

3.5.1 TLM Measurements

Ohmic contacts to semiconductor devices are obtained by alloying a metal film stack
to a highly doped cap layer. The electron transfer from the metal to the semiconductor
then takes place by tunneling.

A convenient way to determine simultaneously the contact resistance of planar ohmic
contacts and the sheet resistance of the highly doped cap layer is given by the trans-
mission line model (TLM). The method was originally proposed by Shockley [197]
and developed independently by Murrmann and Widmann [198–200] and Berger [201].

To obtain the measurement geometry, rectangular contact pads of length L and
width W are aligned with increasing distances d1, d2, d3 . . . The pattern is isolated to
restrict current flow between the two contact pads (figure 3.17).

The I–V characteristics of adjacent contacts are determined for the different con-
tact spacings. The resistance between two contacts is then given by the two contact
resistances plus the resistance of the semiconductor layer between the two contacts.

R =
δU

δI

∣∣∣∣
U=0

= 2Rc + Rshd/W (3.11)

The values of the contact resistance Rc and the sheet resistance Rsh are then obtained
from plots of the measured resistance R as a function of spacing d. The intercept with
the ordinate yields 2Rc and the slope of the straight line equals Rsh/W. The contact
resistivity can be derived by the TL-model in the following way:

ρc =
(RcW )2

Rsh

(3.12)

Ideally, for all contact resistance measurements the contacts would have to show
purely ohmic I–V characteristics; this up to the device’s maximum current level. The
TLM method closely approaches the operating conditions of surface devices, having
lateral current escape from the contact to the semiconductor, such as Field Effect Tran-
sistors (FETs) or High Electron Mobility Transistors (HEMTs). In the ideal case the
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Figure 3.17: Schematic TLM test structure and plot of contact to contact resistance R as a
function of spacing d to obtain contact resistance Rc and sheet resistance Rsh
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TLM method also leads to good values of ρc for bulk devices, where the current es-
capes rather perpendicularly from the contact into the semiconductor (diodes, bipolars,
lasers). More elaborate models have been developed, taking into account a modified
sheet resistance under the contact area, current crowding effects at the metal–cap layer
boundary, etc. [202–205].

In the case of alloyed germanium-gold contacts on n-type GaAs significant inter-
diffusion occurs at the semiconductor–metal interface [206,207]. In addition for the
MCLED structures with n-intracavity contact layers the underlying n-GaAs layer is
quite thin (below 100 nm) and might therefore be entirely depleted, which would lead
to a Schottky-type behavior. Effectively it was not possible to determine the sheet
resistance and the contact resistivity of the Ni/AuGe/Ni/Au n-contacts in this manner
since a non-ohmic behavior was measured for these contacts. The measurements of the
p-contacts on the other hand lead to reasonable results.

Square test patterns are used with dimensions slightly varying between the two
different mask sets. In case of samples S1892 A and S1892 B the contact areas are
100× 120 µm2, with contact spacings of 5, 10, 15, 20 and 30 µm. The contact areas for
sample S1892 C are 100 × 100 µm2, with contact spacings of 2, 4, 6, 8, 12 and 16 µm.
The measurements are carried out by means of an HP4156A Semiconductor Parameter
Analyzer. The I–V characteristics for the different contact spacings are recorded with a
four point probe set-up. Two probes serve for applying a voltage and sweeping it over
a certain range while the other two are used to measure the resulting current.

Table 3.7 shows the sheet resistances Rsh and contact resistivities ρc of the p-contacts
of the different samples obtained from the TLM measurements. As the p-doped GaAs
layers between the TLM contact pads were etched away during the recess etch, it was not
possible to determine the characteristics of this sample. Reasonable contact resistivities
were found for the other two samples, confirming the good electrical properties of the
non-alloyed gold p-contact.

Table 3.7: Contact parameters p-contacts

Sample Confinement Rsh ρc

[Ω/�] [Ωcm2]
S1892 A - 870 2.0 × 10−4

S1892 B recess - -
S1892 C oxide 2000 2.0 × 10−4
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3.5.2 L–I–V Measurements

The characteristics of devices from the different samples after the front-side processing
are compared. For the devices with recess etch the results after the substrate thinning
and anti-reflection coating deposition will be shown as well.

The devices are characterized by detailed light, current and voltage (L–I–V) mea-
surements. The set-up consists of a calibrated large area silicon photodiode (Hama-
matsu S1337-1010BR) and a HP 4145A Semiconductor Parameter Analyzer which is
used as DC voltage source, current monitor and photocurrent monitor simultaneously
(see figure 3.18). All measurements are taken in cw (continuous wave) mode and at
room temperature. The device is contacted with two prober needles connected via
coaxial cables. A voltage is applied to the diode and is varied over a certain range while
the resulting diode forward current and the photocurrent generated in the photodiode
are recorded. The photodiode is biased at 0 V in order to minimize its dark current.

Bottom emitting devices are measured simply by placing them either on a glass
microscope slide on the photodiode or directly on the photodiode. As the surface of
the photodiode of 1 cm2 is large compared to the device sizes, it is assumed that all the
emitted light is captured by the photodiode if the device is centered on it.

The external quantum efficiency ηext is defined as the ratio of the externally emitted
photon flux, Φout

opt, to the total injected electron flux, Φtot
el (see section 2.5.1)

ηext =
Φout

opt

Φtot
el

=
e

hν

Popt

I
(3.13)

where hν denotes the energy of the emitted photons, e the electron charge, Popt the

HP 4145A

     SPA

Photodiode

MCLED

Prober

needles

+
-

A

COMMON

A

Figure 3.18: Schematic representation electrical circuit L–I–V measurement set-up
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Figure 3.19: Typical spectral response large area photodiodes by Hamamatsu

optical output power and I the injected current [37]. The measured external quantum
efficiency is therefore calculated as follows:

ηext =
λ[µm]

1.24

IPD

RPDIF

(3.14)

RPD corresponds to the photo sensitivity of the photodiode, which is expressed in units
of A/W. The typical spectral response of the photodiodes S1337-1010BR and S1337-
1010BQ given by Hamamatsu is shown in figure 3.19. The photodiodes S1337-1010BQ
have a quartz window instead of a resin coating and show therefore an increased sensitiv-
ity below 400nm but a reduced sensitivity for longer wavelengths. All the measurements
were carried out with a photodiode S1337-1010BR, which had been calibrated by the
Swiss Federal Office of Metrology and Accreditation (METAS). The calibration results
are listed in appendix D.1.

The external quantum efficiency of the photodetector, which corresponds to the
product 1.24RPD/λ[µm], is equal to 0.786 at 970nm. As the detector quantum efficiency
is more or less constant in this wavelength regime this value is used for the device
efficiency calculation. The detector efficiency is assumed to be independent of the angle
of incidence.

ηext =
1

0.786

IPD

IF

(3.15)

Since the LED characteristics at low current densities are representative for the
electrical and optical quality of the device, the current density–voltage curves are plotted
on a semilogarithmic scale (log (J)–V) and the external quantum efficiency is plotted
versus the logarithm of the current density (ηext–log (J)). The representation as a
function of current density instead of the current allows to compare the curves for the
different device sizes.
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L–I–V Measurements after Front-Side Processing

Figures 3.20–3.22 show the measured current density–voltage (J–V) characteristics and
external quantum efficiencies as a function of drive current density (ηext–J) for MCLEDs
of varying diameter and with the different current confinement methods. The measure-
ments have been carried out by placing the samples on pyrex microscope slides with
a thickness of 0.8 mm. The reduction in light output due to the microscope slide is
estimated to be of the order of 10 %. For the current density calculation the area of
current flow is assumed to be equal to the top p-contact area in case of the devices with
no current confinement or a recess etch and equal to the oxide aperture area in case of
the devices with an oxide aperture. The maximum efficiencies as well as the current
densities at maximum efficiency are summarized in tables 3.8– 3.10 for the different
device types.

10
-9

10
-7

10
-5

10
-3

10
-1

10
1

10
3

0 0.5 1 1.5 2 2.5 3

C
u

rr
e

n
t 
D

e
n
s
it
y
  
[A

/c
m

2
]

Voltage  [V]

0

2

4

6

8

10

0.01 0.1 1 10 100 1000

E
x
te

rn
a

l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n
c
y
  
[%

]

Current Density  [A/cm
2
]

Figure 3.20: J–V characteristic and external quantum efficiency vs. drive current density of
MCLEDs without confinement from sample S1892 A; diameters 400, 200, 150,
100, 70 and 50 µm (solid, dashed, dotted, dash-dot, solid and dashed line)
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Figure 3.21: J–V characteristic and external quantum efficiency vs. drive current density of
MCLEDs with recess etch from sample S1892 B; diameters 400, 200, 150, 100,
70 and 50 µm (solid, dashed, dotted, dash-dot, solid and dashed line)



86 CHAPTER 3. Bottom Emitting MCLEDs at 970 nm

10
-9

10
-7

10
-5

10
-3

10
-1

10
1

10
3

0 0.5 1 1.5 2 2.5 3

C
u

rr
e

n
t 
D

e
n
s
it
y
  
[A

/c
m

2
]

Voltage  [V]

0

2

4

6

8

10

0.01 0.1 1 10 100 1000

E
x
te

rn
a

l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n
c
y
  
[%

]

Current Density  [A/cm
2
]

Figure 3.22: J–V characteristic and external quantum efficiency vs. drive current density of
MCLEDs with oxide aperture from sample S1892 C2; diameters 400, 200, 100
and 50 µm (solid, dashed, dotted and dash-dot line)

Table 3.8: Maximum external quantum efficiencies and corresponding current densities for
devices without confinement (sample S1892 A)

Diameter ηext,max J(ηext,max)
[µm] [%] [A/cm2]
400 7.2 16
200 6.1 60
150 5.4 85
100 4.4 131
70 3.7 206
50 3.0 325

Table 3.9: Maximum external quantum efficiencies and corresponding current densities for
devices with recess etch (sample S1892 B)

Diameter ηext,max J(ηext,max)
[µm] [%] [A/cm2]
400 9.3 8.0
200 9.1 9.0
150 8.9 9.0
100 8.6 12
70 8.3 12
50 7.8 14
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Table 3.10: Maximum external quantum efficiencies and corresponding current densities for
devices with oxide aperture (sample S1892 C2)

Diameter ηext,max J(ηext,max)
[µm] [%] [A/cm2]
396 9.3 8.3
196 8.6 15
96 7.4 28
46 5.8 57

In case of sample S1892 A without any current confinement the J–V curves for
the different device diameters differ significantly. The current density at maximum
efficiency increases significantly with decreasing device size, which indicates that the
current flow is not restricted to the p-contact area. The ratio of the mesa size to the
p-contact area is larger for the smaller devices, therefore the current spreading is more
important and the total current or the apparent current density increases to a greater
extent. The J–V curves of the devices with recess etch on the other hand coincide over
a large voltage range. At low voltage levels leakage currents dominate and above the
turn-on voltage series resistances govern the current flow. The implementation of an
oxide aperture leads to an improved overlap of the different curves as well, however to
a lesser extent than the recess etch.

The implementation of a recess on the p-side allows to efficiently confine the current
to the cavity region, leading to a significant increase in external quantum efficiency and
reduced drive current densities. In addition the reduction in efficiency and the increase
in current density with decreasing device size has become less important. With an oxide
aperture on the n-side high efficiencies can be achieved for the largest devices as well, yet
the beneficial effect is lower for the small devices. Figure 3.23 illustrates the decrease of
the maximum external quantum efficiency with device size and the effect on the current
density at maximum efficiency for the different current confinement methods.

0

2

4

6

8

10

0

100

200

300

400

500

10
-5

0.0001 0.001 0.01

M
a
x
im

u
m

 e
x
te

rn
a
l 
q
u
a
n

tu
m

 e
ff
ic

ie
n

c
y
  
[%

]
C

u
rre

n
t D

e
n

s
ity

 a
t m

a
x
im

u
m

 e
ffic

ie
n

c
y
  [A

/c
m

2]

Device size  [cm
2
]

Figure 3.23: Maximum external quantum efficiency (solid symbols) and current density at
maximum efficiency (empty symbols) as a function of p-contact area for the
different current confinement methods; no current confinement (solid line),
recess etch (dashed line) and oxide aperture (dotted line)
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L–I–V Measurements after Back–End Processing

The device characteristics of the MCLEDs with recess etch have been remeasured after
substrate thinning and deposition of the anti-reflection coating. For these measure-
ments the sample was placed directly on the photodiode in order to avoid the 10 %
reduction in light output due to the microscope slide. The photodiode had been cali-
brated by METAS, the Swiss Federal Office of Metrology and Accreditation, prior to
the measurements (data see appendix D.1). The curves for sample S1892 B1 and S1892
B2 are shown in figures 3.24 and 3.25, the maximum efficiencies are listed in table 3.11.

The increase due to the substrate thinning corresponds to the predicted 33 % (see
equation (3.4)). The ARC leads to an increase of 15 % for sample S1892 B1 in average,
and about 20 % for sample S1892 B2. Hence slightly higher values are measured after
the back–end processing for the devices on the latter sample, with the exception of the
400 µm diameter devices, which consistently show a significantly lower efficiency than
the other devices. This phenomenon could originate from a bad adhesion of the top
mirror for the largest devices.
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Figure 3.24: J–V characteristic and external quantum efficiency vs. drive current density of
MCLEDs from sample S1892 B1 after backend processing; diameters 400, 200,
150, 100, 70 and 50µm (solid, dashed, dotted, dash-dot, solid and dashed line)
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Figure 3.25: J–V characteristic and external quantum efficiency vs. drive current density of
MCLEDs from sample S1892 B2 after backend processing; diameters 400, 200,
150, 100, 70 and 50µm (solid, dashed, dotted, dash-dot, solid and dashed line)
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Table 3.11: Maximum external quantum efficiencies for devices with recess etch from sam-
ples S1892 B1 and S1892 B2 after back–end processing

Diameter S1892 B1 S1892 B2
[µm] [%] [%]
400 17.1 13.2
200 17.0 17.5
150 16.8 17.7
100 16.2 16.4
70 15.6 15.3
50 15.7 13.8

External quantum efficiencies up to 18% have been measured for sample S1892 B2 at
very low current densities around 10 A/cm2. Compared to the results before the back–
end processing (see figure 3.21), the performance of the smallest devices deteriorated.
They might have been damaged with the prober needles during the measurements.

The emission into epoxy is simulated by immersing the backside of the sample and
the detector in glycerol. Anhydrous glycerol has a refractive index of 1.4746 at 589 nm
and 20 ◦C [208], similar to the refractive index of epoxy of 1.5. However with increasing
water content this value is decreasing towards 1.33, which reduces the beneficial effect
of the glycerol. The ARC is not adapted to an emission in a medium with refractive
index of 1.5 but simulations show that the difference in efficiency is marginal. This
configuration corresponds to the emission into the epoxy dome but does not take into
account the reflection at the epoxy–air interface corresponding to 4%. Figures 3.26 and
3.27 show the results of the measurements in glycerol. The maximum external quantum
efficiencies measured are compiled in table 3.12. In addition the values corrected by 4%
for the presence of an epoxy–air interface are listed. Efficiencies between 26 and 27 %
were measured for the 200 and 150 µm diameter devices, corresponding to 25 – 26 %, if
corrected for the presence of an epoxy–air interface.

Table 3.12: Maximum external quantum efficiencies for devices with recess etch from sam-
ples S1892 B1 and S1892 B2 after back–end processing for emission into glycerol;
measured values and values reduced by 4 % in order to take into account the
reflection at the interface epoxy–air

Diameter S1892 B1 S1892 B2
Measurements Corrected Measurements Corrected

[µm] [%] [%] [%] [%]
400 25.2 24.2 22.1 21.2
200 26.1 25.1 26.6 25.5
150 25.9 24.9 26.3 25.2
100 24.9 23.9 23.5 22.6
70 19.6 18.8 21.0 20.2
50 21.0 20.1 18.0 17.3
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Figure 3.26: J–V characteristic and uncorrected external quantum efficiency vs. drive cur-
rent density of MCLEDs from sample S1892 B1 after back–end processing, im-
mersed in glycerol; diameters 400, 200, 150, 100, 70 and 50 µm (solid, dashed,
dotted, dash-dot, solid and dashed line)
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Figure 3.27: J–V characteristic and uncorrected external quantum efficiency vs. drive cur-
rent density of MCLEDs from sample S1892 B2 after back–end processing, im-
mersed in glycerol; diameters 400, 200, 150, 100, 70 and 50 µm (solid, dashed,
dotted, dash-dot, solid and dashed line)

The maximum efficiencies are summarized in table 3.13 together with the simulation
results. Record high values have been achieved and the theoretical values indicate that
efficiencies above 20% for emission into air and 30% for emission into epoxy are possible.

Table 3.13: Maximum external quantum efficiencies of SE MCLEDs emitting at 970 nm

Sample Simulation Measurements
air epoxy air glycerol
[%] [%] [%] [%]

S1892 B1 24 36 17 ≈ 25
S1892 B2 24 36 18 ≈ 26
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3.6 Discussion

Light generated from regions not directly underneath the top mirror is not subject to
cavity effects, the bottom emission in this region can be assumed to be zero. By lim-
iting the device current to the region under the top mirror the amount of radiative
recombination beyond the cavity region can be drastically reduced. Hence higher ex-
ternal quantum efficiencies and lower current densities are achieved. As the mesa to
cavity area ratio increases with decreasing device size, this effect is more pronounced
for smaller devices. Both current confinement methods lead to significantly improved
device performances, however the oxide aperture has a reduced effect on the smaller
devices. This can be due to different reasons. Generally a confinement of the electrons
is less effective than a hole confinement, as the hole mobility is significantly smaller than
the electron mobility. In addition the oxide is further away from the active region, with
a doped GaAs layer in between. Hence the lateral diffusion of the electrons between
aperture and QW is not negligible.

Furthermore the oxide layer is comparably thick and no Al-content grading is in-
corporated. Therefore it is possible that due to the lateral oxidation strain and non-
radiative defects are introduced at the oxidation front, which would lead to an increased
non-radiative recombination at the oxide-semiconductor interface. The recombination
at heterostructure interfaces is known to occur mainly at misfit dislocations [209]. This
effect will be discussed in more detail in the following.

3.6.1 Current–Voltage Characteristic

As derived in section 2.3, the I–V characteristic of a LED can be written as

I = I0

[
exp

(
e(V − RsI)

nidealkT

)
− 1

]
(3.16)

I0 corresponds to the reverse saturation current, nideal is the ideality factor of the diode
and Rs the series resistance. In the case of the MCLEDs described in this thesis the
regime with nideal = 1 is masked by the effect of the series resistance Rs which dominates
at high voltages and causes the I–V characteristic to become linear.

Solving equation (3.16) for V yields

V = RsI +
nidealkT

e
ln

(
I

I0

+ 1

)
(3.17)

This expression allows to fit V(I) in order to determine the parameters Rs, I0 and
nideal at low biases. The fit parameters for 200 µm MCLEDs from the different sam-
ples are depicted in table 3.14. Figures 3.28–3.29 show the corresponding graphs. The
model describes well the rise at low biases but differs from the measurements at voltages
exceeding turn-on, where the curve is governed by the series resistance. This deviation
is related to the fact that the I–V curves have been recorded by 2-point probe mea-
surements. This configuration is accurate at low bias but not at high bias, as the diode
resistance falls below the internal resistance of the ampere meter. In that regime the
voltage drop over the diode and the ampere meter is measured, which results in a more
pronounced roll-over at high voltage levels. In order to measure the voltage drop over
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Table 3.14: Fit parameters I–V characteristic for 200 µm MCLEDs

Sample Rs I0 nideal

[Ω] [A]
S1892 A 40 5.0 × 10−14 1.90
S1892 B 40 1.0 × 10−15 1.72
S1892 C2 200 5.0 × 10−15 1.75

the diode only and determine the contact resistance correctly 4-point probe measure-
ments would have to be carried out in addition. However this configuration has the
disadvantage that at low voltage levels the current flows through the voltmeter con-
nected in parallel. In addition the contacts might not be perfectly ohmic, which would
mean that their I–V characteristic is not linear and hence would not correspond to the
simulation.

The device without current confinement shows an ideality factor nideal of 1.9, whereas
for the other two devices a slope between 1.7 and 1.75 was found. This implies that
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Figure 3.28: Comparison between measurement (dotted line) and simulation (solid line) of
the I–V characteristic of a 200 µm MCLED without current confinement from
sample S1892 A (left) and with recess etch from sample S1892 B (right)
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Figure 3.29: Comparison between measurement (dotted line) and simulation (solid line) of
the I–V characteristic of a 200 µm MCLED with oxide aperture from sample
S1892 C2 (left)
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the relative amount of non-radiative recombination in this voltage range is reduced by
confining the current laterally. Henry et al. [46,47] showed that the current contribu-
tion with nideal = 2 is mainly due to surface recombination. Hence a decrease in the
ideality factor can be explained by a reduced current spreading to and reduced surface
recombination at the mesa sidewalls.

3.6.2 External Quantum Efficiency vs. Drive Current Density

In section 2.5.2 the generation and recombination mechanisms in an active region are
described, neglecting photon recycling. The equilibrium under steady-state conditions
was found to be

ηinjI

eVqw

= Rsp + Rnr + Rl (3.18)

which leads to the following expression for the radiative efficiency

ηrad =
Bn2

Bn2 + An + Rl

(3.19)

For the following derivation the injection efficiency ηinj is assumed to be 100 %,
in which case the internal quantum efficiency ηint is equal to the radiative efficiency.
In order to express the internal quantum efficiency as a function of current density
equation (3.18) can be transformed to

J

etqw

= Bn2 + An + Rl (3.20)

If the carrier leakage is assumed to be negligible (Rl ≈ 0) this quadratic expression
can be solved for n and inserted in equation (3.19), which gives

ηint(J) = 1 +
J0

J

(
1 −

√
1 +

2J

J0

)
(3.21)

with

J0 =
etqw

2

A2

B
(3.22)

At high carrier densities the function (3.21) saturates to one since the radiative
recombination rate ∝ n2 dominates. The smaller J0, the faster ηint(J) converges to one.
The radiative recombination coefficient B can be assumed to be constant for a certain
material system, whereas A, the non-radiative recombination coefficient, depends on
the device geometry, since it includes surface and interface recombination as shown
previously. Hence by determining J0 for different device types the relative extent of A
can be compared.

The roll-over of the efficiency at high current densities can have numerous origins.
Carrier spill-over and current crowding can lead to a reduced injection efficiency. The
extraction efficiency is decreased by a spectral broadening of the emission spectrum,
a shift of the detuning caused by Joule heating, or at very high current densities due
to the occurrence of lateral in-plane gain. This behavior can be described with the
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following empirical function ηsat(J) which corresponds to the product of the injection
efficiency ηinj and the extraction efficiency ηextr

ηsat(J) = ηinj(J)ηextr(J) =
1

1 + J
Jsat

(3.23)

where Jsat corresponds to a phenomenological saturation current density. The higher
Jsat, the slower the function decreases. Thus the model expression for the external
quantum efficiency ηext(J) corresponds to

ηext(J) = ηint(J)ηsat(J) =
η0

1 + J
Jsat

[
1 +

J0

J

(
1 −

√
1 +

2J

J0

)]
(3.24)

where η0 is a fitting parameter which, ideally, should be equal to the theoretically
calculated extraction efficiency as given by table 3.2.

The measured external quantum efficiency versus drive current density curves of
200µm MCLEDs from the different samples have been fitted with expression (3.24). As

0

2

4

6

8

10

0.001 0.01 0.1 1 10 100

E
x
te

rn
a

l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n
c
y
  
[%

]

Current Density  [A/cm
2
]

0

2

4

6

8

10

0.001 0.01 0.1 1 10 100

E
x
te

rn
a

l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n
c
y
  
[%

]

Current Density  [A/cm
2
]

Figure 3.30: Comparison between measurement (dotted line) and simulation (solid line) of
the external quantum efficiency vs. drive current density of a 200 µm MCLED
without current confinement from sample S1892 A (left) and with recess etch
from sample S1892 B (right)
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Figure 3.31: Comparison between measurement (dotted line) and simulation (solid line) of
the external quantum efficiency vs. drive current density of a 200 µm MCLED
with oxide aperture from sample S1892 C2
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Table 3.15: Fit parameters external quantum efficiency versus drive current density for
200 µm MCLEDs

Sample η0 Jsat J0 A
[%] [A/cm2] [A/cm2] [s−1]

S1892 A 8 620 0.71 3.4 × 107

S1892 B 11 170 0.04 8.5 × 106

S1892 C2 11 240 0.25 2.0 × 107

can be seen in figures 3.30–3.31 this simple model fits the measurements surprisingly
well. The fit parameters are summarized in table 3.15. Assuming a radiative recombi-
nation coefficient B of 10−10 cm3/s, the non-radiative recombination coefficient A can
be estimated. The deduced values of A are added to table 3.15. Obviously the surface
recombination at the mesa sidewalls and hence the values of J0 and A can be signif-
icantly reduced with the incorporation of a recess etch. The oxide aperture improves
the device performance as well, but the effect is smaller than for the recess etch.

Taking into account the dependence of A on the device diameter due to surface
recombination (see equation (2.35) in section 2.5.2) the size dependence of J0 can be
described as

J0 =
etqw

2

A2
0

B

[
1 +

4νs

A0d

]2

(3.25)

Thus from the plot of the values for J0 against the inverse device diameter estimates
of the non-radiative recombination rate due to deep-level defect and impurity recombi-
nation A0 and of the surface and interface recombination velocity can be found. The
values for the devices without current confinement could not be fitted, the results for
the devices with recess etch and oxide aperture are shown in table 3.16. Again a value
of 10−10 cm3/s was assumed for B. The values of the 400µm diameter devices have not
been considered for this estimation.

Table 3.16: Fit parameters J0 versus device diameter

Sample etqw

2

A2
0

B
νs

A0
A0 νs

[A/cm2] [µm] [s−1] [cm/s]
S1892 A - - - -
S1892 B 0.034 4.9 7.5 × 106 3.7 × 103

S1892 C2 0.020 102 5.8 × 106 5.9 × 104

Forming an oxide aperture apparently leaves the value for A0 unchanged, however
the surface and interface recombination velocity is increased by an order of magni-
tude. The latter values are lower than previously published surface recombination
velocities [48–50]. The value for sample S1892 C2 is close to the estimate of the oxide-
semiconductor interface recombination velocity of 3×104cm/s found by Kash et al. [210].
This implies that the formation of an oxide aperture leads to an increased interface re-
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combination velocity and therefore an increased size dependence of A and ultimately
to a reduction in external quantum efficiency compared to a recess etch.

High interface recombination rates at the oxide-semiconductor interface in the vicin-
ity of an InGaAs quantum well have been observed in several photoluminescence studies
[210–213]. Ochoa [102] already designated this effect as the main cause for the linear de-
crease of the internal quantum efficiency with device diameter observed for his MCLED
structures. Kash et al. [210] demonstrated the beneficial effect of graded interface lay-
ers. By grading the aluminum content between the oxidation layer and the surrounding
GaAs layers, the oxidation can be impeded from reaching the GaAs interface and the
low interface recombination rate is preserved. This allows lower non-radiative recom-
bination rates than for apertures formed by proton implantation, as the implantation
process inevitably leads to the formation of defects. Oxide-confined vertical cavity sur-
face emitting lasers (VCSELs) with record performances have been demonstrated [195].
In 1997 oxide-confined VCSELs showed the lowest threshold current [142] and threshold
voltage [214] and the highest power conversion efficiency [215] and small-signal modula-
tion bandwidth [216]. The structure presented in this thesis on the other hand does not
contain a grading in aluminum content, which might be the reason for the difference
in performance. Due to time constraints this comparison could not be repeated with a
structure with an appropriate interface grading.

3.6.3 Current Spreading Estimation

A method has been defined to assess the current spreading quantitatively. Current
spreading affects the L–I–V characteristics in different ways. On one hand it leads to
an increased area of current flow, which can be noted by a shift of the J–V and ηext–J
curves to higher current densities. This effect is more pronounced for smaller devices. In
addition non-radiative recombination outside the cavity leads to a reduction in external
quantum efficiency as these photons cannot be extracted on the substrate side. Again
this reduction is more important for smaller device sizes.

Figure 3.32: Schematic illustration of current spreading and surface recombination for a
device without lateral current confinement

If the current spreads over the whole mesa and reaches the mesa sidewalls then both
effects described above are aggravated by surface recombination at the mesa sidewalls.
Surface recombination can be modelled as an additional current spreading, as it drains
the regions close to the surface and causes an increased lateral current flow. Assuming
again an injection efficiency of unity, the effect on the efficiency can be demonstrated
by simplifying the expression for the internal quantum efficiency as a function of carrier
density in the active region (3.19) to

ηint =
1

1 + A
Bn

(3.26)
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Hence the internal quantum efficiency scales inversely with the non-radiative recom-
bination coefficient and decreases with decreasing device size, if surface recombination
at the mesa sidewalls is the dominant non-radiative recombination mechanism.

Effect of Current Spreading on Current Density

The area of current flow is estimated by recalculating the current densities with an area
larger than the p-contact surface:

S ′ = π(rp + ∆rcs)
2 (3.27)

where S ′ is the apparent device area, rp the p-contact radius and ∆rcs the increase
in radius due to the current spreading. As the difference in radius between the mesa
and the p-contact is similar for all device sizes (see table 3.6), ∆rcs is assumed to be
independent of device size. The value that leads to the best match of the apparent
current densities for the different device sizes is determined by the least square method.

J1

(
S1

S ′
1

)
= J2

(
S2

S ′
2

)
(3.28)

This is done for the current densities at maximum efficiency and for the J–V curves
at a voltage of 0.7 V. Since at low bias the diode resistance is much more important
compared to the resistivity of the p-doped layers the current spreading is expected to
be more pronounced than at higher current levels. The values of the 400 µm diameter
devices have been excluded from the normalization of the current densities at maximum
efficiency as the roll-over seems to be governed by another mechanism than for the
smaller devices. This is evident from the different slope of the efficiency decrease after
the roll-over in figures 3.20–3.22. It is presumed that for the largest devices the efficiency
is limited by the onset of lateral in-plane gain, whereas for smaller devices the roll-over
is rather caused by spectral broadening and current crowding. Table 3.17 shows the
values found for the different device types.

Table 3.17: Current spreading estimation by current density normalization

Sample ∆rcs

ηext,max 0.7 V
[µm] [µm]

S1892 A 79 207
S1892 B 9 2
S1892 C2 39 25

The large values of ∆rcs found for the devices without current confinement indicate
that surface recombination significantly affects the performance of these devices. The
recess etch seems to confine the current very well, whereas the oxide aperture is not as
effective.
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Effect of Current Spreading on Maximum Efficiency

The decrease of the external quantum efficiency with decreasing device size seems to
be dominated by the increasing fraction of radiative recombination outside the cavity
region due to a relative increase in current spreading. The maximum external quantum
efficiencies for the different device sizes are normalized assuming a repartition of the
current between the cavity area and the mesa area outside the cavity depending on the
amount of current spreading. This translates to a weighting of the efficiency between the
efficiency inside and outside the cavity (ηin and ηout, respectively). These two values are
assumed to be constant, as well as ∆rcs. Again the efficiencies of the 400 µm diameter
devices have been excluded from the normalization. The maximum external efficiency
as a function of device size and current spreading can therefore be described as

ηext,i = ηin
Sin,i

Stot,i

+ ηout
Sout,i

Stot,i

(3.29)

Outside the cavity the top mirror is missing but the bottom DBR is reflecting the light
to the top. Therefore the bottom emission in this area is zero and ηout = 0. Thus the
expression for the maximum external quantum efficiency becomes

ηext,i = ηin

r2
p,i

(rp,i + ∆rcs)2
(3.30)

As the efficiency inside the cavity ηin is assumed to be independent of device size, ∆rcs

can be determined by solving equation (3.30) for ηin and matching the values for the
different device sizes with the least-square method.

ηin = ηext,i
(rp,i + ∆rcs)

2

r2
p,i

= constant (3.31)

The results are shown in table 3.18. They show the same trend as the estimates for
the apparent current density at maximum efficiency in table 3.17, a significant current
spreading for the devices with no confinement, nearly no current spreading in presence
of a recess etch and a reduced improvement with the oxide aperture.

Table 3.18: Current spreading estimation by maximum efficiency normalization

Sample ∆rcs

[µm]
S1892 A 16
S1892 B 3
S1892 C2 7

Figures 3.33–3.35 show the normalized curves for the three different kind of struc-
tures. As the values of the 400 µm diameter devices have been excluded from the
maximum efficiency normalization and from the current density at maximum efficiency
normalization their normalized values do not match with the others.
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Figure 3.33: Normalized J–V characteristic and normalized external quantum efficiency
vs. normalized drive current density of MCLEDs from sample S1892 A; di-
ameters 400, 200, 150, 100, 70 and 50 µm (solid, dashed, dotted, dash-dot,
solid and dashed line)
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Figure 3.34: Normalized J–V characteristic and normalized external quantum efficiency
vs. normalized drive current density of MCLEDs from sample S1892 B; di-
ameters 400, 200, 150, 100, 70 and 50 µm (solid, dashed, dotted, dash-dot,
solid and dashed line)
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Figure 3.35: Normalized J–V characteristic and normalized external quantum efficiency
vs. normalized drive current density of MCLEDs from sample S1892 C2; diam-
eters 400, 200, 100 and 50 µm (solid, dashed, dotted and dash-dot line)
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3.6.4 Maximum Efficiency after Back–End Processing

The values after back–end processing of the MCLEDs with recess etch demonstrate
that with this type of devices external quantum efficiencies of 18 % for emission into
air and 24 % for emission into glycerol can be achieved at very low current densities of
about 10 A/cm2. Apart from the 23 % external quantum efficiency reported for large
area devices (contact diameter 1.5 mm) by Blondelle et al. [118], these 18 % represent
the highest external quantum efficiency for emission into air ever presented for bottom
emitting MCLEDs. So far the record value published for smaller devices is 17 % from
the same group for the same device type but a diameter of only 85 µm [118]. The
increase of efficiency with device size is ascribed to photon recycling in the large area
devices [117].

With a further optimization of the device type presented in this work, especially the
substrate thinning and the ARC deposition, efficiencies above 20% for emission into air
and 30 % for emission into epoxy should be achievable for small devices. Simulations
for the structure with a proper anti-reflection coating show maximum efficiencies of 24
and 36 % for emission into air and epoxy, respectively.

3.7 Conclusions

Bottom emitting near infrared MCLEDs with record efficiencies for small devices have
been fabricated. The structure incorporates a phase-shift cavity, a top gold mirror,
which is used at the same time as top contact and a bottom DBR with a weak reflectivity.
Electrons are injected laterally via an n-intracavity contact and the holes are injected
through the top contact. The current is confined laterally by a recess etch on the top
p-side. Large devices with an oxide aperture on the n-side show a similar performance,
however in the present case this method is less effective for smaller devices due to the fact
that the interfaces of the oxidation layer are not graded. With an interface grading the
increase of the non-radiative interface recombination rate at the oxide-semiconductor
interface could be avoided.

With this type of device including a recess etch on the p-side, a thinned substrate and
an anti-reflection coating adapted for emission into air an external quantum efficiency of
18% for emission into air and 24% for emission into glycerol were achieved at a very low
current density of 10 A/cm2. Simulations show that with a further device optimization
values above 20% into air and 30% into epoxy are possible. An oxide aperture with an
appropriate interface grading should lead to similar device performances.



Chapter 4

Top Emitting MCLEDs at 970 nm

4.1 Introduction

Top emitting near infrared InGaAs/GaAs-based MCLEDs with a short λ/8 phase-shift
cavity, as described in section 2.8.1, were fabricated and analyzed. All the structures
feature an asymmetric cavity with a high reflectivity DBR as bottom reflector and
the interface GaAs–air as top reflector. The bottom mirror consists either of an all
semiconductor DBR or a semiconductor/oxide DBR. The first one typically contains
GaAs/AlAs layer pairs, the second one GaAs/AlOx layer pairs. As demonstrated in
section 2.8.2 and depicted for example by Nelson et al. [217], an oxide DBR shows
a significantly higher refractive index contrast, which leads to a reduced penetration
depth of the optical field and therefore a shorter effective cavity length. This means
that higher extraction efficiencies can be achieved with this type of reflector. However,
the implementation of an oxide DBR involves a more critical design and fabrication.
This is related to the properties of the oxide. The shrinkage of the layers during the
oxidation has to be taken in consideration. In addition the refractive index of the oxide
is not known as precisely as for semiconductors.

Contrary to bottom emitting devices the substrate does not affect the emission for
top emitting MCLEDs. Nevertheless the light extraction proves to be more challenging.
The current has to be injected uniformly over the whole device surface but at the same
time the shadowing of the emission by the top contact should be as small as possible.
The standard top contact geometry is thus either simply a contact ring at the edge of
the device or in addition a grid of thin metal wires evenly distributed over the device
surface. On one hand a grid leads to a more homogeneous current injection, on the
other hand the shadowing of the emitted light by the contact becomes more important
as well. The two approaches will be compared for the different structures in this chapter.

The contact shadowing by the outer contact ring can be averted by limiting the
emission to an area smaller than the contact aperture. This is achieved by confining
the current either on the p-doped or on the n-doped side. Proton implantation, selective
lateral oxidation or the introduction of air posts are the generally used current confine-
ment techniques. The semiconductor DBR devices presented in this chapter contain
oxide current apertures, the oxide DBR devices a recess on the top p-side.

101
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4.2 Structures

The top emitting structures presented in this chapter were designed by Ross Stanley
and grown by the author, under the supervision of Ursula Oesterle. They all contain
a highly reflective bottom DBR. The phase-shift cavity contains a single In0.16Ga0.84As
quantum well and squeezed GRINSCH-like confinement regions. The concept of the
phase-shift cavity is presented in detail in section 2.8.1. The top mirror consists either
simply of the interface GaAs–air or has an additional DBR pair. The reflectivity of
the bottom reflector is approximately 99 % in the normal direction. In case of the top
reflector the values are 44 and 31 %, with and without a DBR pair, respectively.

Five different structures were grown by MBE, named S1904, S1905, S1907, S1908
and S1910. They differ in the composition of the bottom and the top mirror and are
either optimized for emission into air or epoxy. The AlxGa1−xAs layers are grown as
digital alloys, called superlattices as well [195,218]. They consist of AlAs layers with
GaAs layers sandwiched in between. The aluminum content is adjusted via the thickness
ratio. Digital alloys are known to show similar optical and electrical properties as real
alloys as well as a similar etching and oxidation behavior.

S1904 and S1910 are intended to be used with a GaAs/Al0.98Ga0.02As semiconductor
bottom DBR; S1905, S1907 and S1908 on the other hand with a GaAs/AlOx semicon-
ductor/oxide bottom DBR. Due to the small refractive index difference (∆n = 0.55)
in the semiconductor DBRs a high number of pairs is necessary in order to achieve the
desired reflectivity of 99 %. With an oxide DBR 3.5 DBR pairs are sufficient, as the
index contrast between GaAs and AlOx corresponds to 1.9 (details see section 2.7.2 and
section 2.8.2).

Structures S1905, S1907 and S1910 are optimized for emission into air, S1904 and
S1908 for emission into epoxy. The mirror compositions of the different structures are
presented in table 4.1, the detailed structures can be found in appendix B. The top
reflector of the structure S1904 contains an additional GaAs/Al0.98Ga0.02As pair, the one
of the structures S1907 and S1908 includes a GaAs/Al0.90Ga0.10As pair. The structure
S1908 comprises as well an extra GaAs/Al0.90Ga0.10As pair in the bottom DBR, on top
of the oxide layers. The refractive index profiles of the different structures are displayed
in figures 4.1–4.3.

Table 4.1: Mirror composition top emitting MCLED structures emitting at 980 nm

Bottom DBR Top DBR
Structure pairs nh nl pairs nh nl

S1904 16.5 GaAs Al0.98Ga0.02As 1 GaAs Al0.98Ga0.02As
S1910 15.5 GaAs Al0.98Ga0.02As 0 GaAs air
S1905 3.5 GaAs AlOx 0 GaAs air
S1907 3.5 GaAs AlOx 1 GaAs Al0.90Ga0.10As
S1908 3.5 GaAs AlOx 1 GaAs Al0.90Ga0.10As

+1 GaAs Al0.90Ga0.10As
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Figure 4.1: Refractive index profile of structure S1904 (left) and S1910 (right)
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Figure 4.2: Refractive index profile of structure S1905 (left) and S1907 (right)
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Figure 4.3: Refractive index profile of structure S1908
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4.3 Simulation

The light extraction properties of the structure are calculated with the simulation pro-
gram described in section 3.3. The calculation of the refractive index of AlGaAs is
based on the data by Adachi [162]. The refractive index of AlOx is assumed to be
1.6 over the whole wavelength range of interest [138–141] and the vertical contraction
during the oxidation is estimated to be 8 % [219,140,141].

The extraction efficiencies of the different structures, calculated for monochromatic
emission, can be found in figures 4.4–4.6 as a function of wavelength. The QW emission
spectrum used for the integration is displayed in every figure as well. It can be seen that
for the structures optimized for emission into air the maximum extraction efficiency into
air is centered around the peak of the intrinsic emission. The structures for emission
into epoxy on the other hand have a larger detuning, which means an increased cavity
length. Therefore the peak for emission into air is red-shifted with respect to the
intrinsic emission, but the emission into epoxy is centered on the intrinsic emission peak.
This explains why structures optimized for emission into epoxy show low extraction
efficiencies for emission into air.

Tables 4.2 and 4.3 show the distribution of the emission in the various modes for the
different structures at 970 nm, for emission into air and epoxy, respectively. Note that
the guided mode fractions are significantly higher with the use of an oxide DBR. The
internal angular emission profiles at 970nm of structures S1910 and S1905 are compared
in figure 4.7.

Table 4.2: Fractions of emission in the various kinds of modes for the different structures at
970 nm and for emission into air

extracted leaky guided
[%] [%] [%]

S1904 8 78 14
S1910 28 56 15
S1905 31 25 43
S1907 34 21 45
S1908 18 52 29

Table 4.3: Fractions of emission in the various kinds of modes for the different structures at
970 nm and for emission into epoxy

extracted leaky guided
[%] [%] [%]

S1904 35 52 11
S1910 32 50 17
S1905 33 21 44
S1907 35 17 46
S1908 39 30 29
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Figure 4.4: Simulated extraction efficiency for structure S1904 (left) and S1910 (right); emis-
sion into air (solid line) and epoxy (dash-dot line) plus intrinsic emission spec-
trum (dashed line)
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Figure 4.5: Simulated extraction efficiency for structure S1905 (left) and S1907 (right); emis-
sion into air (solid line) and epoxy (dash-dot line) plus intrinsic emission spec-
trum (dashed line)
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Figure 4.6: Simulated extraction efficiency for structure S1908; emission into air (solid line)
and epoxy (dash-dot line) plus intrinsic emission spectrum (dashed line)
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Figure 4.7: Simulated internal angular intensity profile (logarithmic intensity scale) at
970 nm for emission into air for structure S1910 (left) and S1905 (right); TE
polarization (solid line) and TM polarization (dotted line)

The external quantum efficiencies attained by integration of the extraction efficiency
spectrum with the QW electroluminescence spectrum are listed in table 4.4.

Table 4.4: Theoretical external quantum efficiencies TE MCLEDs emitting at 970 nm

Structure ηext(air) ηext(epoxy)
[%] [%]

S1904 10 34
S1910 24 31
S1905 29 34
S1907 30 35
S1908 18 38

The simulations of the reflectivity spectra as well as the angular and spectral emis-
sion properties of the different structures are shown in section 4.5 together with the
measurement results.
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4.4 Fabrication

The main part of the device processing is the same as for the fabrication of bottom
emitting near infrared MCLEDs: mesa definition, contact deposition and current con-
finement. For top emitting devices a dielectric coating and large contact pads need to be
deposited in addition in order to be able to contact the thin p-contact ring. Polyimide
is used as a dielectric. It has a low dielectric constant of 3.5 and can be easily applied
via spin-coating. The patterning is done by etching it directly with the photoresist
developer. In case of the oxide DBR structures the p-contact was deposited directly
on the dielectric and therefore no additional step for the contact pad deposition was
necessary.

The fabrication of the oxide DBR devices includes in addition the oxidation of the
bottom DBR. Prior to the selective lateral wet oxidation of the high aluminum content
bottom DBR layers they need to be exposed by etching deep trenches around the
emission area.

In case of the semiconductor DBR devices the injected current is confined laterally
by oxide apertures. S1910 contains an oxide aperture on the n-side, S1904 an oxide
aperture on each side of the quantum well. The layers are selectively oxidized after
having been uncovered during the mesa etching. The oxide DBR device fabrication
includes a recess etch of the top p-doped layers (down to the top p-Al0.90Ga0.10As
GRINSCH layer) for current confinement.

Since the fabrication is different for the semiconductor DBR structures and the oxide
DBR structures different mask sets are used for the two types. The semiconductor DBR
devices have a square geometry with emission aperture diameters ranging from 50 to
400 µm. The oxide DBR devices are circular with diameters varying between 50 and
350 µm. Detailed mask set illustrations can be found in appendix C.

4.4.1 Etching

Non-Selective Wet Oxidation Trench Etch

The trenches for the exposure of the high Al-content layers in the bottom DBR for
lateral oxidation are etched with a concentrated phosphoric acid (H3PO4) solution.
This etchant is nonselective between GaAs and AlAs, it shows a high etch rate of
approximately 1 µm/min and provides well defined profiles with a limited underetch
rate [173,220]. 10 ml H3PO4 (ortho–phosphoric acid, 85 w/o) and 2 ml H2O2 (30 w/o)
are added to 20 ml DI H2O.

H3PO4 : H2O2 : H2O 5 : 1 : 10

Selective Wet Mesa Etch

For the definition of the mesas and the uncovering of the n-contact layer the selective wet
etch system presented in section 3.4.3 is used. The low aluminum content AlxGa1−xAs
layers are selectively etched with a citric acid (C6H8O7) solution and the high Al-content
layers with a diluted phosphoric acid (H3PO4) solution.
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C6H8O7 : H2O2 : H2O 5 : 2 : 5 for AlxGa1−xAs (0 ≤ x ≤ 0.3)
H3PO4 : H2O2 : H2O 3 : 1 : 50 for AlxGa1−xAs (0.3 ≤ x ≤ 1)

The citric acid solution is prepared by dissolution of 25 g of anhydrous citric acid in
DI H2O and stirring it for one hour. Just before etching 9 ml of H2O2 (30 w/o) are
added. The phosphoric acid solution consists of 100 ml DI H2O, 6 ml H3PO4 (ortho-
phosphoric acid, 85 w/o) and 2 ml H2O2 (30 w/o).

Selective Wet Recess Etch

The removal of the top p-doped AlGaAs layers is accomplished with the same selective
solutions as for the mesa etching.

4.4.2 Lateral Oxidation

Dallesasse et al. discovered in 1990 that the wet oxidation of high Al-content AlGaAs
layers at elevated temperatures produces a mechanically stable oxide [136,137]. It shows
good insulating properties and a low refractive index of approximately 1.6 [138–141].
The microstructure of this oxide was found to be an amorphous solid solution of
(AlxGa1−x)2O3 [221]. Since the oxide has a more dense crystal lattice the AlGaAs
layers contract in thickness during the oxidation. This can cause significant stresses,
especially at the oxidation front, and can even lead to delamination of parts of the
structure. However this problem could be diminished by using high Al-content AlGaAs
instead of AlAs and by grading the Al-content at the interfaces [222–224].

The aluminum oxide (AlOx) has been introduced successfully in vertical cavity sur-
face emitting lasers (VCSELs) as buried oxide aperture for efficient electrical and optical
confinement, which leads to decreased threshold currents and voltages [225]. The ox-
ide is used as well to fabricate high index contrast DBRs composed of GaAs/AlOx

layer stacks [139,142]. These oxide-based DBRs exhibit a high reflectivity and a wide
bandwidth from only a few pairs (see section 2.8.2).

The principle is the following: The high Al-content layers are exposed to water
vapor transported in an inert gas within an elevated temperature environment (350 –
500 ◦C. The vapor is supplied by bubbling nitrogen gas through a flask of deionized
water, which is immersed within a constant temperature bath of silicon oil maintained
at 84 ◦C. The gas is then directed through heated tubes into the 2-in-diameter quartz
tube furnace. The furnace is kept at the desired oxidation temperature and the tubes
are heated to 150 ◦C to avoid condensation. The sample is placed in a quartz boat,
which is maneuvered on quartz rails.

As for the oxidation of silicon, the time dependence of the oxidation depth dox can
be expressed as [226]

d2
ox + Adox = Bt (4.1)

B depends on the diffusion constant of the reactants and B/A on the interfacial reaction
rate. The temperature dependence of the oxidation rate follows an Arrhenius law. It
varies strongly with the gas flow rate, the bath temperature and the oven temperature.
A careful control of these parameters is necessary in order to guarantee a stable and
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Figure 4.8: Schematic diagram oxidation system

reproducible oxidation process. In addition the oxidation rate strongly depends on the
aluminum content and is therefore highly selective for high Al-content layers. Down to
a minimal thickness the rate is independent of the layer thickness, below that value it
rapidly decreases with decreasing thickness. Overviews on the oxidation process have
been presented by Choquette et al. [221], Geib et al. [227], and Brunner [228].

Raman spectroscopy measurements revealed the presence of arsenic oxide (As2O3)
and arsenic (As) as intermediates in the wet oxidation process [229,230]. The following
mechanism has therefore been proposed:

2AlAs + 6H2O = Al2O3 + As2O3 + 6H2

As2O3 + 3H2 = 2As + 3H2O

The reactions are thermodynamically favorable at room temperature (negative Gibbs
free energy). Replacing Al with AlxGa1−xAs will make the first reaction less favorable
since the Gibbs free energy of the first reaction with GaAs is slightly positive. The As
could be removed from the oxidized film either as gaseous As or as arsine (As2H3).

The vertical contraction during oxidation depends on the Al-content, experimen-
tally determined values are 12 – 13 % for AlAs [231] and 6.7 % for Al0.92Ga0.08As [232].
By using Al0.98Ga0.02As layers together with a linear grading of the Al-content at the
interfaces the induced strain can be drastically reduced. This significantly reduces the
risk of delamination during subsequent annealing steps. GaAs/AlAs digital alloys com-
monly used during MBE growth show similar oxidation rates and stabilities compared
to AlxGa1−xAs layers of the same concentration [233].

After having determined the optimal oxidation time for achieving the desired oxida-
tion depth, the corresponding layers are exposed by etching and should then be oxidized
immediately, in order to avoid the formation of a native oxide layer at the surface, which
might inhibit the oxidation process.

When mirror layers are oxidized over long distances, the parasitic oxidation of lower
Al-content layers has to be taken into consideration, even if their oxidation rate is several
orders of magnitude lower. This can limit the maximum possible mirror oxidation time.
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4.4.3 Fabrication Semiconductor DBR Devices

The main processing steps are:

• Mesa Etch

• Lateral Oxidation of Current Confinement Layer

• N-Contact Deposition

• P-Contact Deposition

• Dielectric Coating

• Contact Pad Deposition

The different steps are described in detail below and are illustrated with schematic
cross-sections and top views in figures 4.9–4.15. In order to study the influence of the
p-contact composition on the device characteristics, the structures S1904 and S1910
were processed in two different ways. The samples labelled S1904 na and S1910 na
have a non-alloyed gold (Au) p-contact, the ones labelled S1904 a and S1910 a an
alloyed Ti/Pt/Au contact. The first part of the processing is exactly the same for both
types as they were processed as one piece. Before the p-contact deposition the samples
were cleaved in half and then processed separately. However after the alloying step for
the devices with alloyed contacts the same steps were carried out on both sample types.

Gold is the standard contact material for bottom emitting devices and has shown
reasonable contact resistivities. Alloyed Ti/Pt/Au contacts to p-GaAs are known to
show ohmic behavior and low specific contact resistances [234–237]. The titanium (Ti)
acts as adhesion layer and the platinum (Pt) as diffusion barrier. Auger electron spec-
troscopy results showed that no metal intermixing takes place with Ti/Pt/Au contacts,
whereas in the absence of a diffusion barrier Au is known to diffuse into the semicon-
ductor and form deep spikes several 100 nm deep [237].

Al0.98Ga0.02As

Figure 4.9: Schematic layer structure after growth
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Mesa Etch

i. Surface cleaning

ii. Lithography

iii. Surface deoxidation with diluted HCl

iv. Selective wet etching of square mesas of varying diameter; through cavity, down
to n-GaAs intracavity contact layer. Citric acid solution for low Al-content layers
and diluted phosphoric acid solution for high Al-content layers.

Figure 4.10: Mesa etch

Selective Lateral Oxidation

Lateral wet oxidation of exposed Al0.98Ga0.02As layer(s) until the diameter of the oxide
aperture is equal or slightly smaller than the inner diameter of the p-contact ring.

Table 4.5: Oxidation parameters S1904, S1910

Structure Temperature Time Oxidation depth
[◦C] [min] [µm]

S1904 400 28 11
S1910 400 27 14

AlOx

Figure 4.11: Lateral wet oxidation of current confinement layer
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N-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation n-contact layer sequence:

Ni/Ge/Au/Ni/Au 10/25/50/20/100 nm

iv. Lift-off in acetone

v. N-contact alloying at 380 ◦C in forming gas atmosphere (ramps 5 ◦C/min)

n-contact  Ni/GeAu/Ni/Au

Figure 4.12: N-contact deposition

P-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation p-contact layer sequence:

S1904 na, S1910 na: Au 200 nm
S1904 a, S1910 a: Ti/Pt/Au 20/38/150 nm

iv. Lift-off in acetone

v. S1904 a and 1910 a only: p-contact alloying at 380 ◦C in forming gas atmosphere
(ramps 5 ◦C/min)

p-contact  Au or Ti/Pt/Au

Figure 4.13: P-contact deposition, shown without (left) and with grid (right)
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Dielectric Coating

i. Polyimide spinning (thickness 1 µm)

ii. Polyimide soft bake

iii. Lithography

iv. Polyimide etching

v. Polyimide curing at 250 ◦C for 2 h in air (ramps 5 ◦C/min)

Polyimide

Figure 4.14: Dielectric coating with polyimide

Contact Pad Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation contact pad layer sequence: Ti/Au 10/250 nm

iv. Lift-off in acetone

v. No alloying

Contact pads  Ti/Au

Figure 4.15: Contact pad deposition
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Final Samples

Figures 4.16 and 4.17 show the different samples after processing. The pictures were
taken after the samples have been measured, thus scratches from the prober needles are
visible on the contact pads. Samples S1904 a and S1910 na show some signs of contact
pad delamination, which appeared after the measurements. The pictures show 400 and
100 µm devices without and with a p-contact grid.

Figure 4.16: Samples S1904 na (left) and S1904 a (right); top row 400 µm devices, bottom
row 100 µm devices, both without and with p-contact grid

Figure 4.17: Samples S1910 na (left) and S1910 a (right); 400 µm devices without and with
p-contact grid
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4.4.4 Fabrication Oxide DBR Devices

The main processing steps are:

• Trench Etch for DBR Oxidation

• Lateral Oxidation of Low Index DBR Layers

• Mesa Etch

• Recess Etch

• N-Contact Deposition

• Dielectric Coating

• P-Contact Deposition

The different steps are described in detail below and are illustrated with schematic cross-
sections and top views in figures 4.18–4.25. All three structures were processed several
times. The first processing run of structure S1905, labelled S1905 A, was carried out
by Maxime Rattier with a different mask set, and characterized by Ross Stanley. For
the sake of completeness the fabrication and the external quantum efficiency results of
this sample are listed as well. Four attempts were made to process the structures S1907
and S1908. The first one had to be aborted, since the surface was completely oxidized
after the mirror oxidation. For the second one the oxidation time was reduced in order
to alleviate the surface oxidation. This way working devices could be fabricated, but
the samples, labelled S1907 B and S1908 B, show a varying density of circular dots on
the surface. These defects seem to be oxidized spots with a hole in the middle, from
which the oxidation started. Before the processing no defects were visible. Therefore a
surface protection layer was deposited before the oxidation during the third run in order
to protect the surface, very similar to the fabrication AlGaInP-based devices emitting
at 650 nm presented in section 5.4. However, due to the strain introduced by the surface
protection layer the whole structure delaminated during the oxidation. A fourth run
was carried out with the shortest possible oxidation times to oxidize completely the
200 µm devices. These samples are labelled S1907 D and S1908 D and they show
no surface oxidation at all. Together with these two samples the structure S1905 was
processed once more, named S1905 D. Only the procedure for the successful processing
runs B and D is described below.

Different p-contact compositions were chosen. In order to avoid additional stress
caused by a second heat treatment after the mirror oxidation, the p-contacts were not
alloyed. Sample S1905 A has a simple gold contact only. Since tests indicated that
titanium is blocking the diffusion of gold similarly to platinum, a Ti/Au contact was
used for samples S1907 B and S1908 B. For samples S1905D, S1907 D and S1908 D a
non-alloyed Ti/Pt/Au contact was chosen [234,235]. Yet all samples have a standard
alloyed Ni/Ge/Au/Ni/Au n-contact.
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Al0.98Ga0.02As

Figure 4.18: Schematic layer structure after growth

Trench Etch for DBR Oxidation

i. Surface cleaning

ii. Lithography

iii. Surface deoxidation with diluted HCl

iv. Non-selective wet etching of trenches with concentrated phosphoric acid solution

Figure 4.19: Trench etch for lateral oxidation of low index DBR layers

Lateral Oxidation of Low Index DBR Layers

The lateral wet oxidation of the exposed Al0.98Ga0.02As layers in the bottom DBR
was carried out until the DBR under the emission area was completely oxidized. The
concomitant partial oxidation of the Al0.90Ga0.10As GRINSCH layers is inevitable and
needs to be limited to outside the emission area.

Table 4.6: Oxidation parameters oxide DBR samples

Sample Temperature Time Oxidation depth Aperture 350 µm devices
[◦C] [min] [µm] [µm]

S1905 A 450 120 250 completely oxidized
S1905 D 450 90 140 110 – 120
S1907 B 450 150 200 completely oxidized
S1907 D 450 105 170 50 – 70
S1908 B 450 136 200 completely oxidized
S1908 D 450 90 160 40 – 50
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AlOx

Figure 4.20: Lateral wet oxidation of low index DBR layers (parasitic oxidation of high
Al-content GRINSCH layers schematically indicated in red)

Mesa Etch

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. Selective wet etching of circular mesas of varying diameter; through cavity, down
to n-GaAs intracavity contact layer. Citric acid solution for low Al-content layers
and diluted phosphoric acid solution for high Al-content layers.

Figure 4.21: Mesa etch

Recess Etch

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. Selective wet etching of ring-shaped recess; down to p-Al0.90Ga0.10As GRINSCH
layer (removal of p-doped GaAs layers, and top DBR pair for S1907 and S1908).
Citric acid solution for low Al-content layers and diluted phosphoric acid solution
for high Al-content layers.
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Figure 4.22: Recess etch

N-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation n-contact layer sequence:

Ni/Ge/Au/Ni/Au 10/25/50/20/100 nm

iv. Lift-off in acetone or NMP (N-Methyl-2-pyrrolidone)

v. N-contact alloying at 380 ◦C in forming gas atmosphere (ramps 5 ◦C/min)

n-contact  Ni/GeAu/Ni/Au

Figure 4.23: N-contact deposition

Dielectric Coating

i. Polyimide spinning (thickness 1 µm)

ii. Polyimide soft bake

iii. Lithography

iv. Polyimide etching

v. Polyimide curing at 250 ◦C for 2 h in air (ramps 5 ◦C/min)
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Polyimide

Figure 4.24: Dielectric coating with polyimide

P-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation p-contact layer sequence:

S1905 A: Au 200 nm
S1907 B, S1908 B: Ti/Au 10/250 nm

S1905 D, S1907 D, S1908 D: Ti/Pt/Au 20/38/200 nm

iv. Lift-off in acetone or NMP (N-Methyl-2-pyrrolidone)

v. No alloying

p-contact  Ti/Au or Ti/Pt/Au

Figure 4.25: P-contact deposition, shown without (left) and with grid (right)
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Final Samples

Figure 4.26 shows 350 µm devices of samples S1905 A and S1905 D. A different mask
set was used for sample S1905 A. On the newer mask set used for the other samples the
oxidation trenches are circular for the largest devices and consist of four trapezoidal or
triangular openings for the smaller devices.

Figure 4.26: 350 µm devices of samples S1905 A (left) and S1905 D (right), in the latter
case without and with p-contact grid plus 200 µm devices with grid

Defects appeared on the samples S1907 B and S1908 B during the lateral oxidation
of the bottom DBR. Figures 4.27 and 4.28 show the samples after recess etch and after
processing. On both samples the defect density varies to a great extent. Nevertheless
some nearly defect-free areas can be found. The parasitic oxidation of the high Al-
content GRINSCH layers is distinguishable around the oxidation trenches.

By reducing the oxidation time for samples S1905 D, S1907 D and S1908 D the
emergence of defects could be avoided entirely. However the mirrors of the 350 µm
devices are not completely oxidized on these samples.

Figure 4.27: Sample S1907 B: 350 µm mesa with high defect density after recess etch (left);
area with low defect density after processing (right), device sizes ranging from
20 to 200 µm
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Figure 4.28: Sample S1908 B: 200 µm mesa with high defect density after recess etch (left);
200 µm devices with low defect density after processing (right)

Figure 4.29: Sample S1907 D: 100, 200 and 350 µm devices; the first size with two different
kind of grids, the latter two each without and with p-contact grid

Figure 4.30: Sample S1908 D: 100, 200 and 350 µm devices; the first size with two different
kind of grids, the latter two each without and with p-contact grid
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4.5 Experimental Results

4.5.1 Characterization after Epitaxial Growth

After growth the structures are characterized in order to check whether they corre-
spond to the structure as designed. This is done by photoluminescence and reflectivity
measurements.

Photoluminescence

Photoluminescence is used to check the emission wavelength of the InGaAs quantum
well and to evaluate its quality. The 532 nm line of a frequency-doubled Nd:YAG laser
is used as excitation source together with a Spex Compudrive CD2 spectrometer and a
silicon photodiode as detector.

Figure 4.31 shows the photoluminescence spectra of structures S1907 and S1910 af-
ter growth, representative for all the structures. The quantum well emission is centered
around 970 nm, except for the structure S1910, for which the emission is blue-shifted
by about 5 nm. The measured photoluminescence maxima are listed in table 4.7. In
case of the semiconductor DBR structures the QW emission is influenced by the cavity,
whereas for the oxide DBR structures the emission spectrum should not be significantly
affected since the reflectivity of the bottom DBR before oxidation is low.
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Figure 4.31: Photoluminescence spectra of structure S1907 (solid line) and S1910 (dashed
line) after growth

Table 4.7: Measured QW emission wavelengths

Structure peak
[nm]

S1904 969
S1910 965
S1905 970
S1907 972
S1908 969
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Reflectivity

Reflectivity measurements are essential in analyzing the optical properties of DBR mir-
rors and Fabry-Perot cavities [238]. In combination with a simulation tool the re-
flectivity spectrum allows to estimate thickness and compositional deviations from the
nominal layer structure. Thus reflectivity measurements are a powerful means of quality
control of the structures after epitaxial growth as well as after device processing.

The reflectivity set-up is shown in figures 4.32 and figure 4.33. The measurements
are carried out at normal incidence and room temperature. The emission of a white
light source (1) is coupled into an optical fiber. The white light is focussed by means of
a microscope objective (2) and filtered with a low bandpass filter (3) in order to block
the second order spectrum of the short wavelength part of the emission spectrum (below
600 – 700 nm). With the aid of a cubic beam splitter (4) the light beam is halved and
directed on a gold reference mirror (6) and on the sample (8). In both cases the light is
focused on the surface with a microscope objective (5,7). The reflected light is coupled
into an optical fiber and analyzed with a Jobin Yvon 1000M spectrometer (10) and a
photodetector (11).

By blocking the beam directed on the sample the reference spectrum of the reflection
of the white light from the gold mirror can be recorded. The reflectivity spectrum of
the sample can then be deduced by acquiring the reflection of the white light from the
sample and dividing this spectrum by the reference spectrum. To simplify matters,
unprocessed samples were often measured without the collection lenses (5 and 7). This
way the resulting spectrum corresponds to an average over the area of the spot size of
several millimeters in diameter. For the reflectivity measurements of processed devices
the spot was aligned on the device by imaging it with a CCD camera placed behind the
sample (details see section 4.5.2).
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Figure 4.32: Description reflectivity set-up
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Figure 4.33: Photograph of the reflectivity set-up

Depending on the wavelength range, either a Spectrum One 1024 x 128 Si CCD or
a Spectrum One InGaAs linear array detector is used, both operating at a temperature
of 140 – 150 K. The silicon detector is normally used in the wavelength range from 650
to 1050nm, the InGaAs detector between 700 and 1400nm. Figures 4.34 and 4.35 show
the typical spectral response curves for the two types of detectors issued by Jobin Yvon
Horiba. A halogen lamp was chosen as white light source, since it exhibits a smooth
spectral curve over a large wavelength range without any spectral peaks, a stable output
and a long lifetime. The typical spectral irradiance of a quartz tungsten halogen lamp
is shown in figure 4.36. Protected gold mirrors generally show a reflectivity superior to
96 % from 650 to 1700 nm, as can be seen in figure 4.37.

Figure 4.34: Typical spectral response of Si CCD at 25 ◦C (by Jobin Yvon)
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Figure 4.35: Typical spectral response of InGaAs array detector at 25 ◦C (by Jobin Yvon)

Figure 4.36: Typical spectral irradiance of a 1000 W Quartz Tungsten Halogen lamp (by
ORIEL)

Figure 4.37: Typical reflectance vs. wavelength of protected gold mirrors (by Newport)
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Figures 4.38 and 4.39 contain the reflectivity spectra of the different structures af-
ter growth, measured with the Si CCD. As the structure S1905 was not processed by
us it wasn’t characterized together with the other structures. The measurements are
compared with the simulated spectra. The simulations show a discontinuity at 870 nm
related to the absorption band edge of GaAs at this wavelength. For every structure
the simulation matches quite well with the measurement, therefore it can be assumed
that the layer thicknesses and compositions correspond to the designed structures. The
reflectivity spectra of the semiconductor DBR structures show the stopband and the
Fabry-Perot cavity peak, whereas the reflectivity of the oxide DBR structures before
oxidation is too low to form a cavity.
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Figure 4.38: Reflectivity spectra of structure S1904 (left) and S1910 (right); comparison
measurement with Si CCD (solid line) and simulation (dashed line)
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Figure 4.39: Reflectivity spectra of structure S1907 (left) and S1908 (right); comparison
measurement with Si CCD (solid line) and simulation (dashed line)
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4.5.2 Characterization of the Processed Devices

TLM Measurements

The Transmission Line Model (TLM) is explained in detail in section 3.5.1. Square test
patterns are used with dimensions slightly varying between the two mask sets deployed.
In case of the semiconductor DBR devices the contact areas are 100 × 100 µm2, with
contact spacings of 2, 4, 6, 8, 12 and 16µm. On the mask set for the oxide DBR devices
the contact areas are 150×150µm2, with contact spacings of 4, 6, 10, 20, 50 and 150µm.
The measurements are carried out by means of an HP4156A Semiconductor Parameter
Analyzer. The I–V characteristics for the different contact spacings are recorded with a
four point probe set-up. Two probes serve for applying a voltage and sweeping it over
a certain range while the other two are used to measure the resulting current.

As for the bottom emitting devices, the sheet resistance and the contact resistivity
of the used Ni/AuGe/Ni/Au n-contacts could not be determined since a non-ohmic
behavior was measured for these contacts. Table 4.8 shows the sheet resistances Rsh

and contact resistivities ρc of the p-contacts of the different samples obtained from the
TLM measurements. The values are somewhat higher than earlier results on similar
structures [239]. This might be related to the slightly lower cap doping levels. Simi-
lar contact resistivities are obtained for the non-alloyed gold contacts and the alloyed
Ti/Pt/Au contacts. The non-alloyed Ti/Au and Ti/Pt/Au contacts of the oxide DBR
devices on the other hand show values that are an order of magnitude higher than for
the standard contacts.

Table 4.8: Contact parameters p-contacts

Sample Contact Alloying Rsh ρc

[◦C] [Ω/�] [Ωcm2]
S1904 na Au - 990 1.4 × 10−4

S1904 a Ti/Pt/Au 380 870 1.4 × 10−4

S1910 na Au - 2300 3.1 × 10−4

S1910 a Ti/Pt/Au 380 2400 2.0 × 10−4

S1905 D Ti/Pt/Au - 1900 9.8 × 10−3

S1907 B Ti/Au - 1900 1.8 × 10−2

S1907 D Ti/Pt/Au - 750 1.5 × 10−3

S1908 B Ti/Au - 1400 3.1 × 10−3

S1908 D Ti/Pt/Au - 770 1.2 × 10−3
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L–I–V Measurements

The devices are characterized by detailed light, current and voltage (L–I–V) measure-
ments. The set-up consists of a calibrated large area silicon photodiode (Hamamatsu
S1337-1010BR) and a HP 4145A Semiconductor Parameter Analyzer which is used as
DC voltage source, current monitor and photocurrent monitor simultaneously (see fig-
ure 4.40). All measurements are taken in cw (continuous wave) mode and at room
temperature. The device is contacted with two prober needles connected via coaxial
cables. A voltage is applied to the diode and is varied over a certain range while the
resulting diode forward current and the photocurrent generated in the photodiode are
recorded. The photodiode is biased at 0 V in order to minimize its dark current.

Bottom emitting devices are measured simply by placing them on the photodiode.
As the surface of the photodiode of 1 cm2 is large compared to the device sizes, it can
be assumed that all the emitted light is captured by the photodiode. For top emitting
devices on the other hand the photodiode is mounted on a cantilever connected to a
xyz-translation stage. After contacting the device with the prober needles the pho-
todiode is centered on the device and then lowered as close as possible. The needles
are kept as horizontal as possible but nevertheless the minimal distance between the
device and the photodiode is about 2 – 3 mm. This corresponds to a collection angle
of approximately 65 ◦. A schematic of the photodiode set-up is shown in figure 4.41;
figure 4.42 contains a photograph of the set-up for top emission measurements.

HP 4145A

     SPA

Photodiode

MCLED

Prober

needles

+
-

A

COMMON

A

Figure 4.40: Schematic representation electrical circuit L–I–V measurement set-up
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MCLED

Si photodiode

MCLED

Prober needles

Si photodiode

Figure 4.41: Light collection bottom (left) and top emission (right) set-up

A large part the light is emitted within the 65 ◦ collection cone. In case of a device
optimized for maximum efficiency into air the emission is maximal on an annulus with
a half angle of approximately 45 ◦. The measured data are corrected with a geometry
factor ζgeom, corresponding to the estimated fraction of collected light. This value is
estimated to be 0.9.

The external quantum efficiency ηext is defined as the ratio of the externally emitted
photon flux, Φout

opt, to the total injected electron flux, Φtot
el (see section 2.5.1)

ηext =
Φout

opt

Φtot
el

=
e

hν

Popt

I
(4.2)

where hν denotes the energy of the emitted photons, e the electron charge, Popt the
optical output power and I the injected current [37]. The external quantum efficiency
is therefore calculated as follows:

ηext =
λ[µm]

1.24

IPD

ζgeomRPDIF

(4.3)

RPD corresponds to the photo sensitivity of the photodiode, which is expressed in units

Figure 4.42: Photograph L-I-V top emission set-up



130 CHAPTER 4. Top Emitting MCLEDs at 970 nm

Figure 4.43: Typical spectral response large area photodiodes by Hamamatsu

of A/W. The typical spectral response of the photodiodes S1337-1010 BR given by
Hamamatsu is shown in figure 4.43. The measurements were carried out with a photodi-
ode S1337-1010BR, which had been calibrated by the Swiss Federal Office of Metrology
and Accreditation (METAS). The calibration results are listed in appendix D.1.

The external quantum efficiency of the photodetector, which corresponds to the
product 1.24RPD/λ[µm], is equal to 0.786 at 970nm. The detector efficiency is assumed
to be independent of the angle of incidence. Therefore with a geometry factor ζgeom of
0.9 the overall conversion factor for top emitting devices is equal to 0.7. This leads to
the following expression for ηext

ηext =
1

0.7

IPD

IF

(4.4)

As the LED characteristics at low current densities give a good indication of the
electrical and optical quality of the device, the current–voltage curves are plotted on a
semilogarithmic scale (log (I)–V) and the external quantum efficiency is plotted versus
the logarithm of the current density (ηext–log (J)).

The emission into epoxy is simulated by immersing the device in a roughly hemi-
spherical droplet of glycerol. Anhydrous glycerol has a refractive index of 1.4746 at
589 nm and 20 ◦C [208], which is close to the refractive index of epoxy of 1.5. In addi-
tion glycerol does not wet GaAs very well, hence it forms a droplet similar to the shape
of a hemispherical epoxy dome. However glycerol is hygroscopic and with increasing
water content the refractive index decreases towards 1.33. Plus if the curvature of the
droplet is not high enough the amount of light coupled out is lower as well.
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The measured I–V characteristics and external quantum efficiencies as a function
of drive current density (ηext–J) for the semiconductor DBR devices are shown in
figures 4.44–4.47. The curves of the devices with non-alloyed and alloyed p-contacts
and each time without and with a p-contact grid are compared. The ideality factors
of the I–V curves are summarized in table 4.9. nideal is approximately 1.7 for sample
S1904 and ≈ 2 for sample S1910.

For the devices S1904 na not only the emission into air but as well the emission into
glycerol was measured. As the contact pads are in the vicinity of the device, the prober
needles are often immersed in the glycerol droplet as well. This leads to a significant
increase of the leakage currents at low bias, as can be seen for sample S1904 na. How-
ever this effect does not seem to influence the efficiencies measured at higher current
densities. Since the measured efficiencies are significantly lower for sample S1904 a,
these devices were not measured in glycerol. The maximum external quantum efficien-
cies measured for the different types of devices are listed in table 4.10.
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Figure 4.44: I–V characteristic and external quantum efficiency vs. drive current density of
400 µm MCLEDs from sample S1904 na; emission into air without (solid line)
and with grid (dashed line), emission into glycerol without (dotted line) and
with grid (dash-dot line)
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Figure 4.45: I–V characteristic and external quantum efficiency vs. drive current density of
400 µm MCLEDs from sample S1904 a; emission into air without (solid line)
and with grid (dashed line)
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Figure 4.46: I–V characteristic and external quantum efficiency vs. drive current density of
400 µm MCLEDs from sample S1910 na; emission into air without (solid line)
and with grid (dashed line)
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Figure 4.47: I–V characteristic and external quantum efficiency vs. drive current density of
400 µm MCLEDs from sample S1910 a; emission into air without (solid line)
and with grid (dashed line)

Table 4.9: Ideality factors I–V characteristics semiconductor DBR devices

Sample no grid grid

S1904 na 1.70 1.69
S1904 a 1.67 1.67
S1910 na 2.0 2.2
S1910 a 2.2 2.2
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Table 4.10: Maximum external quantum efficiencies of the semiconductor DBR devices,
measured with a large area photodiode

Sample Simulation Measurements
air epoxy dia- air glycerol

meter no grid grid no grid grid
[%] [%] [µm] [%] [%] [%] [%]

S1904 na 10 34 400 12.4 11.9 16.6 16.0
S1904 a 10 34 400 6.5 6.1 - -
S1910 na 24 31 400 16.8 15.3 - -
S1910 a 24 31 400 17.0 16.6 - -

For every device type the efficiency slightly decreases with the use of a p-contact
grid. Apparently the additional shadowing due to the grid is more important than the
improved current injection. The significantly lower values for the devices from sample
S1904 a indicate that this sample was damaged during the processing. In the case of
structure S1910 the use of an alloyed contact leads to a slight improvement in efficiency,
especially for the devices with a p-contact grid. It seems that the use of an alloyed
Ti/Pt/Au p-contact leads to an improved current injection compared to a non-alloyed
gold contact. The efficiency increase due to the droplet of glycerol for S1904 na is not as
high as expected, probably the shape of the droplet was not appropriate. Furthermore
the glycerol might have a reduced refractive index due to water absorption.

Figures 4.48–4.53 contain the I–V characteristics and external quantum efficiencies
as a function of drive current density for the oxide DBR devices. The values of the
ideality factors of the I–V characteristics vary between 1.8 and 1.9, as can be seen in
table 4.11. The efficiency for emission into glycerol was measured only for the devices
from sample S1907 B and S1908 B. Table 4.12 shows the maximum measured external
quantum efficiencies for the different oxide DBR device types for emission into air and
epoxy. On sample S1905 D only a few devices were actually emitting light. They show
significantly lower efficiencies than the MCLEDs from sample S1905 A.

Table 4.11: Ideality factors I–V characteristics oxide DBR devices

Sample no grid grid

S1905 A 1.79 -
S1905 D 1.85 1.85
S1907 B 1.82 1.82
S1907 D 1.86 1.77
S1908 B - 1.82
S1908 D - 1.92
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Figure 4.48: I–V characteristic and external quantum efficiency vs. drive current density of
a 350 µm MCLED without grid from sample S1905 A; emission into air
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Figure 4.49: I–V characteristic and external quantum efficiency vs. drive current density of
350 µm MCLEDs from sample S1905 D; emission into air without (solid line)
and with grid (dashed line)
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Figure 4.50: I–V characteristic and external quantum efficiency vs. drive current density of
200 µm MCLEDs from sample S1907 B; emission into air without (solid line)
and with grid (dashed line), emission into glycerol without (dotted line) and
with grid (dash-dot line)
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Figure 4.51: I–V characteristic and external quantum efficiency vs. drive current density of
350 µm MCLEDs from sample S1907 D; emission into air without (solid line)
and with grid (dashed line)
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Figure 4.52: I–V characteristic and external quantum efficiency vs. drive current density of
a 100 µm MCLED with grid from sample S1908 B; emission into air (dashed
line) and glycerol (dash-dot line)
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Figure 4.53: I–V characteristic and external quantum efficiency vs. drive current density of
a 100 µm MCLED with grid from sample S1908 D; emission into air
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Table 4.12: Maximum external quantum efficiencies of the oxide DBR devices, measured
with a large area photodiode

Sample Simulation Measurements
air epoxy dia- air glycerol

meter no grid grid no grid grid
[%] [%] [µm] [%] [%] [%] [%]

S1905 A 29 34 350 29.2 - - -
S1905 D 29 34 350 10.0 8.1 - -
S1907 B 30 35 200 14.3 13.3 19.2 16.4
S1907 D 30 35 350 15.7 11.4 - -
S1908 B 18 38 100 - 14.0 - 16.0
S1908 D 18 38 100 - 10.4 - -

The few working devices from sample S1905 D show a significantly lower efficiency
than the ones from sample S1905 A, indicating that either the second processing was
not ideal or the structures degraded during storage. Apart from sample S1905 A all
the measured efficiencies are significantly lower than the simulated values. As for the
semiconductor DBR devices the efficiencies slightly decrease with the implementation
of a p-contact grid. The 100 µm devices only come with a p-contact grid, therefore no
comparison is possible for the devices with structure S1908. Devices of larger diameter
on samples S1908 B and S1908 D show lower efficiencies. The glycerol encapsulation
lead to slightly higher increases in efficiency than for the semiconductor DBR devices,
however the values are still far away from the simulated ones.

The maximum external quantum efficiencies for the different kind of top emitting
near infrared structures are summarized in table 4.13.

Table 4.13: Maximum external quantum efficiencies of TE MCLEDs emitting at 970 nm for
emission into air and glycerol, measured with a large area photodiode

Structure Simulation Measurements
air epoxy air glycerol
[%] [%] [%] [%]

S1904 10 34 12 17
S1910 24 31 17 -
S1905 29 34 29 -
S1907 30 35 16 19
S1908 18 38 14 16



4.5. Experimental Results 137

L–I–V Measurements with Integrating Sphere

For precise absolute efficiency measurements of top emitting diodes the devices need
to be measured with an integrating sphere. By placing the emitter inside the sphere
virtually all the light emitted in the top hemisphere is collected; the measurement is in-
dependent of the orientation of the device and the detector [240]. The light is collected
by the highly reflective interior coating and uniformly reflected and scattered around
the sphere’s interior. The output is then a uniform, spatially integrated beam, which is
insensitive to the spatial, angular and polarization changes of the input.

Si detector

MCLED

integrating

  sphere

Figure 4.54: Schematic cross-section integrating sphere

In order to be able to insert the devices into the sphere they need to be cleaved,
mounted on TO-18 transistor headers and bonded. The bonding wires should be placed
in a way they shadow the emission the least. The sphere used (UDT Instruments Ra-
diometry Model 2575 Laser Power Attenuator) features a 50 mm diameter, a 5 mm en-
trance aperture and an attenuation ratio of approximately 1000:1. A UDT Instruments
Model 260 silicon sensor head with an effective aperture size of 0.44 cm2 is attached to
it. The ensemble had been calibrated by UDT Instruments. The calibration results are
listed in appendix D.2. At 970 nm the external quantum efficiency of the detection sys-
tem corresponds to 1.73× 10−3. As for the previous measurements the voltage applied
to the device is controlled by a HP 4145A semiconductor parameter analyzer, which is
used to measure the current and the photocurrent as well.

Figures 4.55 and 4.56 show the I–V characteristics and external quantum efficiencies
as a function of drive current density for bonded devices from samples S1904 na and
S1910 na, measured with the integrating sphere. In both cases the measured device is
a 400 µm diameter device with a non-alloyed p-contact and without a p-contact grid.
The device from sample S1910 na was only measured in air, the one from sample 1904
na in in air and glycerol.

A 350 µm diode without p-contact grid from sample S1905 A was bonded and
measured in air in the integrating sphere as well. Unfortunately the diode or more
likely the bonding wires broke before the measurement curve could be recorded. The
external quantum efficiency maximum measured is 28.0 %. Since the devices with
structures S1907 and S1908 show significantly lower efficiencies than expected they
were not measured in the integrating sphere. The maximum efficiencies measured with
the integrating sphere are listed in table 4.14.
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Figure 4.55: I–V characteristic and external quantum efficiency vs. drive current density
of a 400 µm MCLED from sample S1904 na without grid, measured with an
integrating sphere; emission into air (solid line) and glycerol (dotted line)
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Figure 4.56: I–V characteristics and external quantum efficiency vs. drive current density
of a 400 µm MCLED from sample S1910 na without grid, measured with an
integrating sphere; emission into air

Table 4.14: Maximum external quantum efficiencies of TE MCLEDs emitting at 970 nm
measured with an integrating sphere

Structure Simulation Measurements
air epoxy air glycerol
[%] [%] [%] [%]

S1904 10 34 15.0 20.0
S1910 24 31 19.1 -
S1905 29 34 28.0 -

The external quantum efficiency of 19 % for a 400 × 400 µm2 device with structure
S1910 represents the highest efficiency reported for semiconductor DBR MCLEDs so
far. This result has been presented by Ross Stanley at ISCS’02 [134]. The 28 % for
a 350 µm diameter device with structure S1905 is the highest ever reported external
quantum efficiency for a MCLED and has been published by Maxime Rattier [241].
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Device Reflectivity

By comparing the simulated and the measured reflectivity spectrum of a MCLED the
accuracy of the final device can be controlled and deviations from the nominal structure
arisen during the growth or the fabrication can easily be spotted. This verification is
especially important for MCLEDs with metal mirrors or oxide DBRs, for which the
cavity is only created during the processing.

The details concerning the reflectivity measurement set-up are given in section 4.5.1.
In order to be able to measure the reflectivity of an individual device the beam has to
be centered on the light aperture. This is done by imaging the transmission through
the sample with a CCD camera placed behind the device or by using a flip mirror and
imaging the reflection. The gold reference spectrum can be recorded by placing the
beam on a large gold feature on the sample next to the emission region. The spot size
on the sample is estimated to be between 50 and 200µm in diameter, depending on the
microscope objective used.

Reflectivity measurements of processed devices were carried out on the samples
with an oxide bottom DBR and for comparison on the sample S1910 a as well. The
measured reflectivities of more than 100 % in some cases are assigned to intensity vari-
ations due to scattering, which are more pronounced for the small spot sizes used for
these measurements. However this should not influence the spectral characteristics.
Figures 4.57–4.60 show the reflectivity spectra of MCLEDs of varying diameter with
structures S1910, S1905, S1907 and S1908. When the Fabry-Perot cavity peak is sep-
arated from the QW emission at 970 nm, the emission peak can be noticed as a small
dip in reflectivity due to the absorption in the QW.
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Figure 4.57: Reflectivity spectrum of a 400 µm MCLED from sample S1910 a; comparison
measurement with Si CCD (dotted line), InGaAs array detector (solid line)
and simulation (dashed line)
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Figure 4.58: Reflectivity spectrum of a 350 µm MCLED from sample S1905 A (left) and a
200µm MCLED from sample S1905 D (right); comparison measurement with Si
CCD (dotted line), InGaAs array detector (solid line) and simulation (dashed
line)
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Figure 4.59: Reflectivity spectrum of a 200 µm MCLED from sample S1907 B (left) and a
200µm MCLED from sample S1907 D (right); comparison measurement with Si
CCD (dotted line), InGaAs array detector (solid line) and simulation (dashed
line)
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Figure 4.60: Reflectivity spectrum of a 200 µm MCLED from sample S1908 B (left) and a
100µm MCLED from sample S1908 D (right); comparison measurement with Si
CCD (dotted line), InGaAs array detector (solid line) and simulation (dashed
line)

The reflectivity curve of the device from sample S1910 a agrees quite well with the
simulated spectrum. In case of the device of type S1905 D the Fabry-Perot cavity peak
seems to be located around 850 nm, however at these wavelength the characteristics
are strongly influenced by the absorption in the GaAs. The devices with structure
S1907 and S1908 clearly show a distinct blue-shift of the cavity peak. This shows that
after processing the cavity lengths of these oxide DBR devices are much shorter than
designed and that the detunings are not negative but highly positive. The calculated
and measured Fabry-Perot cavity peaks are compiled in table 4.15, together with the
results from the reflectivity measurements directly after growth for the semiconductor
DBR structures.

Table 4.15: Designed and measured Fabry-Perot cavity peak positions of TE MCLEDs emit-
ting at 970 nm

Sample Design Measurements Shift
[nm] [nm] [nm]

S1904 as grown 1018 1018 0
S1910 as grown 988 985 −3

S1910 a 988 976 −12
S1905 A 987 940 – 950 −42
S1905 D 987 850 – 855 −134
S1907 B 991 912 – 918 −76
S1907 D 991 905 – 908 −85
S1908 B 1021 962 – 966 −57
S1908 D 1021 945 – 956 −71
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Far–Field Emission

The determination of the far–field radiation pattern of a MCLED allows the verification
of the detuning of the device after processing. Devices with an optimal detuning for
emission into air should show a maximum emission at an angle of 45 ◦ from the normal
in air. Since the angular emission is very sensitive to the detuning, the comparison
of the far–field radiation pattern with the simulation is a simple means of identifying
cavity length deviations.

A silicon photodiode is mounted on a rotating arm driven by a motorized actua-
tor. The actuator is controlled via a stepping motor (ORIEL Instruments DC Encoder
MikeTM Controller Model 18011). The detector is placed at a distance of approximately
15 cm from the diode and can be rotated by 360 ◦. The emitted light at a certain an-
gle is collected with a diaphragm of variable diameter and focussed on the photodiode
with two lenses (see figure 4.61). Assuming a diaphragm aperture diameter of 4 mm
and a distance of 6 cm between the device and the diaphragm, the angular resolution
corresponds to 2 ◦. Figure 4.62 shows an image of the measurement set-up.

MCLED

Si photodiode

Figure 4.61: Description far–field emission measurement set-up

Figure 4.62: Image far–field emission measurement set-up
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Figure 4.63: Schematic far–field emission measurement set-up

The device is contacted with two prober needles. A square wave AC voltage with a
frequency of 10kHz is applied using a HAMEG HM 8035 Pulse Generator. The device is
driven at a peak current corresponding to the current at maximum efficiency determined
previously from the L–I–V measurements. The current is monitored with a Digital
Multimeter M3900. The photodiode current is detected by means of a Stanford Research
Systems SR510 Lock-in Amplifier, which is synchronized with the pulse generator. A
schematic of the set-up is depicted in figure 4.63.

Figure 4.64 shows the measured and simulated far–field emission spectra of samples
S1907 B and S1908 B. For both structures the measurement deviates drastically from
the simulation, indicating zero or even a positive detuning. The structures as designed
on the other hand show emission peaks at 36 ◦ and 61 ◦ off normal for structure S1907
and S1908, respectively.
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Figure 4.64: Far–field emission spectrum of a 200 µm MCLED from sample S1907 B (left)
and a 100 µm MCLED from sample S1908 B (right); comparison between
measurement (solid line) and simulation (dashed line)
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Electroluminescence

The spectral emission of a device depends mainly on three parameters, the collection
angle, the device current and the device temperature. In general two different peaks
can be distinguished (as long as they are not coinciding). One is corresponding to the
QW emission, the other one to the cavity resonance.

By increasing the collection angle the cavity resonance peak is blue-shifting as the
optical length of the cavity is decreasing with increasing angle due to Bragg’s law:

nλ = 2dsinθ (4.5)

n being the order of reflection, λ the wavelength, d corresponds in this case to the cavity
length and θ to the incident angle which corresponds to 90 ◦ in the growth direction.
In the case of an ideal negative detuning the cavity resonance wavelength is larger than
the quantum well emission at 0 ◦ (0 ◦ being the normal direction) but coincides with the
emission peak at a collection angle of 45 ◦.

Increasing the current density leads to a broader quantum well emission spectrum.
Consequently the overlap of the quantum well emission and the cavity resonance im-
proves with increasing current density. This leads to an increase in the cavity resonance
peak intensity relative to the quantum well emission.

Changing the temperature allows to shift the quantum well emission peak, since
the bandgap of the active layer is much more temperature–sensitive than the refractive
indices of the cavity layers [242]. The gap energy decreases with increasing temperature
as following

Eg = Eg(0K) − αT 2

T + β
(4.6)

Therefore the QW emission red-shifts with increasing temperature. In the case of a
positive detuning at room temperature the quantum well emission could therefore be
decreased below the cavity resonance by cooling the device. However this would have
to be done under vacuum to avoid condensation.

The emission spectra are recorded with an ANDO AQ-6135A Optical Spectrum
Analyzer. A constant voltage is applied to the device with a HP 4145A Semiconductor
Parameter Analyzer, which serves as current meter as well. The bare end of an optical
fiber connected to the optical spectrum analyzer is brought in close distance to the
device.

Due to time limitations and experimental difficulties no temperature-dependent
measurements were carried out within the scope of this thesis. The dependence of
the electroluminescence on the collection angle as well as on the device current was
studied for a 200 µm device from sample S1907 B and a 100 µm device from sample
S1908 B. The results are shown in figures 4.65 and 4.66.

For the variation of the collection angle the device was driven at a constant current
corresponding to the current at maximum efficiency determined previously from the
L–I–V measurements. The normal to the device surface is defined as 0 ◦. As can be
seen in figure 4.65, the QW emission peak can be identified at 970 nm and for larger
angles the cavity resonance peak is visible at lower wavelengths. These measurements
confirm therefore that for both devices the detuning is either zero or positive already
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at 0 ◦, which shows that the cavities of these devices are too short.
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Figure 4.65: Electroluminescence for different collection angles of a 200 µm MCLED from
sample S1907 B at 2.6 mA (left) and a 100 µm MCLED from sample S1908 B
at 5.7 mA (right); 0 ◦ (solid line), 25 ◦ (dashed line), 45 ◦ (dash-dot line) and
60 ◦ (dotted line)

The spectra at different device currents were taken at an angle of 0 ◦ for sample
S1907 B and 45 ◦ for sample S1908 B. The increase of the cavity resonance peak inten-
sity relative to the quantum well emission with increasing current can clearly be seen
in figure 4.66 for both structures.
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Figure 4.66: Electroluminescence for different drive currents of a 200 µm MCLED from
sample S1907 B at 0 ◦ (left) and a 100 µm MCLED from sample S1908 B at
45 ◦ (right); 0.1, 1.0, 2.6, and 10 mA (left); 0.4, 1.0, 5.7, and 11 mA (right)

Figure 4.67 shows the simulated cavity resonances for different collection angles of
structures S1907 and S1908 as designed. The resonance wavelength decreases with
increasing collection angle. For cavity resonance wavelengths larger than the QW emis-
sion wavelength (970 nm in this case) the maximum measured intensity is centered at
0 ◦ and its intensity simply decreases with increasing wavelength.
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Figure 4.67: Simulation based on design parameters of cavity resonance for different collec-
tion angles for structures S1907 (left) and S1908 (right); 0 ◦ (solid line), 25 ◦

(dashed line), 45 ◦ (dash-dot line) and 60 ◦ (dotted line)

The simulation results are compared with the measurements in table 4.16 and 4.17.
For smaller angles the cavity peak value can only be approximated from the measure-
ments, as the peak coalesces with the emission peak. This effect is more pronounced in
case of sample S1908 B.

At 45 ◦ the detuning should be zero for structure S1907 and around −25 nm for
structure S1908, as it is optimized for emission into epoxy. However, from the measure-
ments values of +60 and +15nm can be deduced for for samples S1907 B and S1908 B,
respectively. Hence these observations indicate a blue-shift of the Fabry-Perot cavity
resonance of approximately 60 nm for sample S1907 B and 40 nm for sample S1908 B.

Table 4.16: Cavity resonance peaks at different collection angles for a 200 µm device from
sample S1907 B

Angle Simulation Measurement
[◦] [nm] [nm]
0 991 ≈ 935
25 982 926
45 967 912
60 956 902

Table 4.17: Cavity resonance peaks at different collection angles for a 100 µm device from
sample S1908 B

Angle Simulation Measurement
[◦] [nm] [nm]
0 1021 -
25 1012 -
45 996 ≈ 954
60 984 942
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4.6 Discussion

4.6.1 Semiconductor DBR Devices

The semiconductor DBR devices show efficiencies for emission into air which are quite
close to the theoretical values. According to the reflectivity measurements the stopband
and the Fabry-Perot cavity peak are more or less situated at the designed wavelengths.
The fact that for the devices of type S1904 an efficiency for emission into air was mea-
sured which is significantly higher than the simulated one can have two different origins.
It is possible that the cavity is slightly shorter than designed and has therefore an ex-
traction efficiency curve shifted to lower wavelengths. This would considerably increase
the overlap of the QW emission and the extraction efficiency curve (see figure 4.4),
which means a higher potential extraction into air. In addition a significant amount of
photon recycling can be assumed to take place in these devices since they are compara-
tively large [117]. This assumption is affirmed by the rapidly decreasing efficiency with
decreasing device size (values not shown).

The TLM measurements show very similar contact resistivities for the devices with
a non-alloyed gold contact and the ones with an alloyed Ti/Pt/Au contact. Comparable
efficiencies were measured for the two types of devices in case of structure S1910. The
low efficiencies measured for devices from sample S1904 a can only be explained with
a deterioration of this sample during the processing steps after the p-contact deposi-
tion. It is assumed that the vicinity of the p-side oxide aperture to the top p-contact
leads to additional stresses and maybe even partial delamination near the active region
during the p-contact alloying. Figure 4.45 shows that the efficiency curve is slightly
displaced to higher current densities for these devices, a sign of additional non-radiative
recombination.

The comparison between the devices without and with p-contact grid shows that
for both structures the implementation of a grid leads to a slight decrease in efficiency.
The additional shadowing by the grid seems to be more important than its ameliorative
effect on the uniformity of the current injection. However the reduction is smaller for
the devices with an alloyed p-contact. This might be due to the fact that the metal
diffusion under the grid lines can be reduced by the use of an alloyed contact which
would lead to slightly less shadowing. The sheet resistivity of the cap layer seems to be
low enough to achieve a homogeneous current injection with the use of just a p-contact
ring.

The limited extraction into glycerol can be explained with a droplet shape which is
much flatter than the ideal hemispherical geometry and a reduced refractive index of
the glycerol due to water absorption.

Simulations show that with phase-shift MCLED structures with semiconductor
DBRs emitting in the near infrared significantly higher external quantum efficiencies
than for standard MCLEDs are achievable. Up to 24 % for emission into air and 34 %
for emission into epoxy are theoretically possible. Preliminary devices with different
kind of p-contacts have been realized. Efficiencies of 19% for emission into air and 20%
for emission into glycerol, a liquid with a similar refractive index as epoxy have been
measured for 400 × 400 µm2 oxide aperture devices [134]. The highest efficiencies for
top emitting semiconductor DBR MCLEDs published beforehand were 10 % by Carlin
et al. [123].
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4.6.2 Oxide DBR Devices

Apart from sample S1905 A the oxide DBR devices show efficiencies which are signifi-
cantly lower than expected. The reflectivity curves as well as the angular and spectral
emission characteristics of devices from samples S1907 B and S1908 B all show that the
cavities are too short. Instead of a negative detuning the devices show a highly positive
detuning. This means a directional emission but a reduced extraction efficiency.

Similarly to the semiconductor DBR devices the use of a p-contact grid leads to a
reduction in efficiency. Apparently for this device type as well the additional shadowing
is more important than the improved current injection. The contact resistivities of the
p-contacts used for these devices are one to two orders of magnitude higher than for
the more standard contacts used for the semiconductor DBR devices. Nevertheless the
I–V characteristics are comparable.

The fact that on both samples with structure S1908 the highest efficiencies are found
for the 100µm devices implies that there is a problem related to the electrical properties
of this structure. In addition the efficiency curves are shifted to higher current densities
by at least one order of magnitude, as can be seen in figures 4.52 and 4.53. The
TLM measurements yield similar sheet resistivities for the p+-cap layer. A possible
explanation could be that the doping of the n-intracavity contact layer or its thickness
after etching are insufficient.

All the additional measurements carried out on the devices from samples S1907 B
and S1908 B indicate a positive detuning after processing and hence a cavity which is
too short. The reflectivity measurements of the structures as grown on the other hand
indicate that the cavity length before processing is correct. Based on these results the
defects that appeared during the device processing of samples S1907 B and S908 B (see
figures 4.27 and 4.28) are assumed to be due to a punctiform lateral oxidation of the
p-Al0.90Ga0.10As layer in the top DBR pair starting from tiny holes in the structure,
such as misfit dislocations or threading dislocations. An oxidation of this layer leads to
a higher index contrast top DBR and hence an increased confinement and a reduced
cavity length. In the case of these MCLED structures, both effects lead to a reduced
external quantum efficiency, the first one due to a reduced extraction efficiency and
the second one due to a unappropriate detuning. In addition the lack of an interface
grading of the oxidation layers might result in a bad quality of the GaAs–oxide interface
and can even lead to the formation of voids at the interface.

The reflectivity, far–field and electroluminescence measurement curves could be fit-
ted quite well assuming a complete oxidation of the p-Al0.90Ga0.10As layer in the top
DBR and a partial transformation to air of the GaAs next to the oxidation layers.
These thicknesses were estimated to be 8 nm in the n-GaAs intracavity contact layer
and 10nm in the GaAs bottom DBR layers. The simulation results are shown in figures
4.68–4.70.
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Figure 4.68: Fitted simulation reflectivity spectrum compared with measurements of a
200 µm MCLED from sample S1907 B (left) and a 200 µm MCLED from
sample S1908 B (right); measurement with Si CCD (dotted line), InGaAs ar-
ray detector (solid line), simulation structure as designed (dashed line) and
simulation corrected structure (dash-dot line)
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Figure 4.69: Corrected simulation far–field emission spectrum compared with measurements
of a 200 µm MCLED from sample S1907 B (left) and a 200 µm MCLED from
sample S1908 B (right); measurement (solid line), simulation structure as de-
signed (dashed line) and simulation corrected structure (dash-dot line)

890 900 910 920 930 940 950
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Wavelength [nm]

In
te

ns
ity

930 940 950 960 970 980 990
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Wavelength [nm]

In
te

ns
ity

Figure 4.70: Corrected simulation cavity resonance for different collection angles for struc-
ture S1907 (left) and structure S1908 (left); 0 ◦ (solid line), 25 ◦ (dashed line),
45 ◦ (dash-dot line) and 60 ◦ (dotted line)
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As can be seen in tables 4.18 and 4.19 the cavity resonance simulations match very
well with the electroluminescence measurements. However the fit is not as good for
the far–field emission and the reflectivity measurements. This can be explained with
the only partial oxidation of the p-Al0.90Ga0.10As layer, hence the measured spectra
correspond to a superposition of the structure with and without oxidation of this layer.
The simulation results for the structures with a non-oxidized p-Al0.90Ga0.10As layer are
close to the ones for the designed structure, as the cavity is only slightly shortened by
the void formation at the semiconductor–air interface. As the defect density is lower
on sample S1908 B, the measurements differ more from the simulation including an
oxidation of the p-Al0.90Ga0.10As layer.

Table 4.18: Cavity resonance peaks at different collection angles for a 200 µm device from
sample S1907 B

Angle Simulation Measurement
design corrected

[◦] [nm] [nm] [nm]
0 991 934 ≈ 935
25 982 926 926
45 967 912 912
60 956 901 902

Table 4.19: Cavity resonance peaks at different collection angles for a 100 µm device from
sample S1908 B

Angle Simulation Measurement
design corrected

[◦] [nm] [nm] [nm]
0 1021 978 -
25 1012 969 -
45 996 954 ≈ 954
60 984 942 942

The corrected simulations of the extraction efficiency for monochromatic emission
and the estimated external quantum efficiencies for the corrected structures are pre-
sented in figure 4.71 and tables 4.20 and 4.21. The latter ones show the calculated
external quantum efficiencies for the structures with a non-oxidized p-Al0.90Ga0.10As
top DBR layer as well (extraction efficiency curves not shown). Obviously the struc-
tural changes lead to a drastically decreased overlap between the intrinsic emission and
the extraction efficiency in case of structure S1907 for emission into air and epoxy.
Without the parasitic oxidation of the top DBR layer on the other hand the character-
istics are quite close to the designed ones. The measurement results are somewhere in
between, indicating that approximately half of the device surface the p-Al0.90Ga0.10As
layer is oxidized.
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Figure 4.71: Corrected simulation extraction efficiency for structure S1907 (left) and S1908
(right); emission into air (solid line) and epoxy (dash-dot line) plus intrinsic
emission spectrum (dashed line)

Table 4.20: Theoretical external quantum efficiencies for structure S1907 compared with
measurement results

Design Corrected Measurements
with ox. without ox.

[%] [%] [%] [%]
ηext(air) 30 8 25 14

ηext(epoxy) 35 12 28 19

Table 4.21: Theoretical external quantum efficiencies for structure S1908 compared with
measurement results

Design Corrected Measurements
with ox. without ox.

[%] [%] [%] [%]
air 17 34 25 14

epoxy 38 37 36 16

In case of S1908 on the other hand the shift leads to a significant increase of the
external quantum efficiency for emission into air, whereas the one for emission into
epoxy does not seem to be affected by the different modifications. The fact that the
measured efficiencies are much lower is explained with the poor electrical properties of
these devices. Increased resistivities can lead to additional heating within the device
which in turn can cause an even more positive detuning by red-shifting the QW emission.

The low external quantum efficiencies of the oxide DBR devices can therefore be
explained by a partial parasitic oxidation of the p-Al0.90Ga0.10As layer in the top DBR
and a delamination and void formation at the GaAs-oxide interfaces. The parasitic
oxidation of the p-Al0.90Ga0.10As layer is believed to start from dislocations in the top
layers. The refractive index change from 3.5 to 1.6 leads to a significant reduction of
the optical length of the cavity. These point defects could be avoided by optimizing the
epitaxial growth conditions.
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The assumption of an interface degradation in the bottom DBR is based on several
reports showing that abrupt interfaces lead to weak and porous GaAs–oxide interfaces
[210,223,224,243,244]. According to a transmission electron microscope (TEM) analysis
by Guha et al. [243] porosities at the interface extend to a few hundred angstroms on
either side of the interface. This void formation leads to an additional cavity length
reduction and to a blue-shift of the bottom DBR stopband. The successful realization
of VCSELs with oxide DBRs shows that these problems can be avoided by an alloy
grading at the interfaces between the high aluminum content and the GaAs layers
[218,223,245,246]. For VCSELs the interface grading is used as well to reduce the
electrical resistance of the DBRs [195,247,248].

The structure S1905 contains no additional top DBR pair and is therefore not sus-
ceptible to the above mentioned parasitic oxidation. The fact that the good results from
sample S1905 A could not be reproduced is explained in part with a degradation of the
GaAs–Al0.98Ga0.02As interface with time by being exposed to air. The sample S1905
A has been processed soon after the growth whereas the other samples were processed
1.5–3 years later. As structure S1905 is optimized for emission into air, its external
quantum efficiency for emission into air is quite sensitive to cavity length changes. Sim-
ulations show that an interface degradation similar to the one estimated for structures
S1907 and S1908 reduces the theoretical external quantum efficiency to 22 % for emis-
sion into air. The large blue-shift of the Fabry-Perot cavity peak for the devices from
sample S1905 D might be related to a more pronounced interface degradation than for
S1907 B and S1908 B. This would explain as well why only a few devices are working
on this sample.

By incorporating the insights from this batch efficiencies greater than 30% should be
attainable with structures with an interface grading of the oxidation layer and optimal
epitaxial growth conditions. Due to time constraints it was not possible to fabricate
new optimized oxide DBR devices within the framework of this thesis.
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4.7 Conclusions

Different types of high-efficiency top emitting near infrared MCLEDs have been real-
ized. The structures consist of a phase-shift cavity and a high reflectivity bottom DBR.
The top GaAs–air interface is used as a weak outcoupling reflector. With semiconduc-
tor DBR devices record external quantum efficiencies for this type of 19 % have been
demonstrated. Oxide DBR devices showed efficiencies up to 28 %, which corresponds
to the highest ever reported efficiency for a MCLED.

The implementation of an oxide bottom DBR to phase-shift MCLEDs increases
the limit for the attainable external quantum efficiencies. Simulations predict values
of approximately 30 % for emission into air and nearly 40 % for emission into epoxy.
Thanks to the higher index contrast the penetration depth is much smaller, which
means a reduced effective cavity length. On the other hand the device design and
the fabrication become more complicated and the devices more fragile. This is related
to a degradation of the GaAs–oxide interface and a parasitic oxidation of other high
aluminum content AlGaAs layers in the structure. A grading of the interfaces in the
oxide DBR layers is therefore crucial for a good device performance.
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Chapter 5

Top Emitting MCLEDs at 650 nm

5.1 Introduction

Red emitting LEDs are commercially interesting, as they have a broad range of possible
applications, from general lighting to indicators, traffic lights or break lights. The high
brightness of red MCLEDs makes them interesting for applications, where the light has
to be coupled into an optical system with a given numerical aperture, like plastic optical
fibers (POFs), optical scanners, printers or even displays.

POFs are becoming increasingly popular for low-cost short-haul communication sys-
tems or local area networks (LANs), e.g. for communication within a building, an air-
plane or a car [23–25]. They are inexpensive, robust and easy to align. The losses of
plastic fibers however are about 103 times higher than in silica fibers. Figure 5.1 shows
the attenuation of a poly(methyl methacrylate) (PMMA) step-index plastic optical fiber
[9]. The preferred communication window is at 650nm, where the losses are of the order
of 0.15 dB/m. The attenuation decreases even further with decreasing wavelength, but
the material dispersion increases at the same time.

Figure 5.1: Attenuation of a PMMA step-index plastic optical fiber [9]
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Red MCLEDs are especially interesting as light sources for POF communication
since they show a higher brightness and modulation bandwidth than conventional LEDs
[249,250]. The advantages compared to red VCSELs are lower fabrication costs, higher
yield and reliability, a threshold-less operation and a better thermal behavior [251].

AlGaInP has become the material system of choice for red LEDs and has led to
record efficiencies [16]. The design of GaInP/AlGaInP MCLEDs however is more chal-
lenging than for the near infrared InGaAs/GaAs system [195,249,252]. The QW con-
finement potentials are significantly smaller, resulting in an increased carrier leakage.
The larger thermal resistivity (W ) and the high electrical resistivity for p-type material
of the high Al-content AlGaInP confinement layers leads to an increased sensitivity to
Joule heating [253,254]. Less restrictive is the limited current spreading in high Al-
content p-AlGaInP layers due to a low hole mobility [255,256] and limited p-doping
levels, as it can be circumvented with the use of a p-AlGaAs current spreading layer.

Table 5.1: Physical heterostructure parameters for InGaAs/AlGaAs and GaInP/AlGaInP
lattice-matched (LM) and strained quantum well (SQW) heterostructures [252]

Parameter InxGa1−xAs/Al0.4Ga0.6As InxGa1−xP/Al0.5Ga0.5InP
∆EC 350 meV for x = 0 (LM) ≈ 165 meV for x = 0.5 (LM)

480 meV for x = 0.2 (SQW) ≈ 225 meV for x = 0.6 (SQW)
∆EV 220 meV for x = 0 (LM) ≈ 110 meV for x = 0.5 (LM)

290 meV for x = 0.2 (SQW) ≈ 150 meV for x = 0.6 (SQW)
W 2 < W < 10 cm◦C/W W > 19 cm◦C/W

The fact that GaAs is absorbing in the visible wavelength range leads to several
restrictions. In order for the AlGaAs layers to be transparent, their aluminum content
needs to be at least 50 %. In a MCLED structure with a bottom intracavity contact
(similar to the one in the previous chapter) this aggravates the formation of an ohmic
contact on the AlGaAs intracavity contact layer as well as the parasitic vertical oxida-
tion of this layer during the lateral wet oxidation of the low index DBR layers. A GaAs
cap layer to inhibit an exposure to air and oxidation of the underlying AlGaAs layer is
unavoidable, however its thickness needs to be kept as thin as possible. Furthermore
the light cannot be extracted efficiently through the substrate, therefore the structure
has to be either top emitting or the substrate needs to removed.

In addition this leads to a further reduction of the refractive index contrast for
AlxGa1−xAs/AlAs DBRs, ∆n = 0.38 at 650 nm for x = 0.5. An alternative material
system for DBRs is Al0.51In0.49P/(AlyGa1−y)0.51In0.49P [257,258]. However in that case
the minimum Al-content is 20 % at 650 nm, which leads to an even smaller refractive
index contrast of ∆n = 0.27. This type of DBR becomes interesting for lower emission
wavelengths, in the orange or green [257,259,260]. As for the near-IR DBRs, the re-
fractive index contrast can be drastically increased with the use of oxide DBRs, either
using low Al-content AlGaAs as high index material [261] or AlGaInP [262–265].

Top emitting AlGaInP MCLEDs with a bottom AlGaAs/AlOx DBR, AlGaAs cur-
rent injection and spreading layers and the interface GaAs/air as top mirror were fab-
ricated. The performance of devices without and with a p-contact grid is compared.
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5.2 Structure

The red MCLED structure presented in this chapter is based on the near infrared
structure with a bottom oxide DBR treated in the previous chapter, with the difference
that in this case the phase-shift cavity principle cannot be applied. Due to the lower
confinement potentials the barriers cannot be kept as thin. This structure thus contains
a standard 2λ cavity, similar to the one used in MCLED structures by OSRAM already
previously [119,266]. The p-current spreading layer and the n-intracavity contact layer
do not consist of GaAs but of Al0.7Ga0.3As in order to minimize the optical absorption
in the cavity. For the same reason the GaAs cap layer is very thin.

The bottom DBR contains 3.5 pairs of undoped Al0.5Ga0.5As/Al0.98Ga0.02As with
thick Al0.95Ga0.05As intermediate grading layers. The 2λ cavity is made up of a single
compressively strained GaInP QW surrounded by λ/4 (Al0.5Ga0.5)0.5In0.5P barrier layers
and (Al0.7Ga0.3)0.5In0.5P confinement layers. The latter are doped with tellurium or
magnesium for n- or p-doping, respectively. On the n-side a Te-doped λ/4 Al0.7Ga0.3As
intermediate layer and a highly Te-doped λ/4 Al0.7Ga0.3As n-intracavity contact layer
are added. The top p-side contains a λ/2 carbon-doped Al0.7Ga0.3As current spreading
layer and a thin highly C-doped GaAs p-contact and surface protection layer with a
thickness of 10 nm.

The epitaxial structure was designed by Maxime Rattier (Ecole Polytechnique,
Paris) and Christian Karnutsch (OSRAM Opto Semiconductors), based on the near
infrared oxide DBR structures from the previous chapter by Ross Stanley. This struc-
ture is labelled K1439 and was grown by metalorganic vapor phase epitaxy (MOVPE)
by Christian Karnutsch at the OSRAM Opto Semiconductors R&D lab in Regensburg,
Germany. An n-doped 4 inch (100) GaAs wafer tilted by 6 ◦ towards <111>A is used
as substrate. This allows to suppress an atomic ordering of the indium and gallium
(or aluminum) atoms in the GaInP and AlGaInP layers along the (111) crystal planes
[10,267,268]. Otherwise this superlattice formation would result in a significantly re-
duced bandgap energy and wider PL linewidths [269]. The refractive index profile of the
structure is displayed in figure 5.2, the detailed structure can be found in appendix B.
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Figure 5.2: Refractive index profile of structure K1439
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5.3 Simulation

The light extraction properties of the structure are calculated with the simulation pro-
gram described in section 3.3. The refractive index calculation is based on the data by
Adachi [162] for AlGaAs and on the analytical model presented by Moser et al. [270]
for AlGaInP. The refractive index of AlOx is assumed to be 1.6 over the whole wave-
length range of interest [138–141] and the vertical contraction during the oxidation is
estimated to be 8 % [140,141,219].
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Figure 5.3: Simulated extraction efficiency of structure K1439; emission into air (solid line)
and epoxy (dash-dot line) plus intrinsic emission spectrum (dashed line)

Figure 5.3 shows the extraction efficiency of structure K1439 as a function of wave-
length, calculated for monochromatic emission into air and epoxy. The QW emission
spectrum used for the integration is displayed as well. Table 5.2 shows the distribution
of the emission in the different modes at 650 nm, for emission into air and epoxy.

Table 5.2: Fractions of emission in the various kinds of modes for structure K1439 at 650nm,
for emission into air and epoxy

extracted leaky guided
[%] [%] [%]

air 24 15 61
epoxy 27 10 62

The external quantum efficiencies attained for this structure by integration of the
extraction efficiency spectrum with the QW electroluminescence spectrum are 18 % for
emission into air and 24 % for emission into epoxy (see table 5.3).

Table 5.3: Theoretical external quantum efficiencies of structure K1439 for emission into air
and epoxy

ηext(air) ηext(epoxy)
[%] [%]

design 18 24
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5.4 Fabrication

The fabrication of the red top emitting MCLEDs with an oxide DBR is similar to the
fabrication of the near infrared top emitting devices with an oxide bottom reflector. The
same mask set is used. However the top GaAs layer is not thick enough to protect the
underlying Al0.7Ga0.3As layer from surface oxidation during the bottom DBR oxidation.
Hence the surface needs to be covered with a protection layer during the oxidation.
Common materials are silicon dioxide (SiO2) and silicon nitride (Si3N4). They can
both be deposited via plasma enhanced chemical vapor deposition (PECVD). It was
decided to use the latter one, as it is believed to be more dense than the SiO2 deposited
with the PECVD machine in the cleanroom of the institute. As the stoichiometry of the
layers deposited with this machine is not very well known, the deposited silicon nitride
will be labelled as SiNx; it might even be an oxynitride. The surface protection layer
is deposited prior to the oxidation trench etch and needs to be etched separately. Dry
and wet etching solutions exist for silicon nitride. The deployed photoresist does not
adhere very well to the surface of the silicon nitride, therefore an adhesion promoter,
hexamethyldisilazane (HMDS), is deposited on the sample surface prior to the resist
spinning.

5.4.1 Etching

Silicon Nitride Etch

The silicon nitride needs to be etched with a high selectivity versus GaAs in order to
preserve the intended cavity length.

Si3N4 is known to be etched by hydrofluoric acid (HF) [271]. HF does not attack
GaAs at a noticeable rate, however its etching rate increases drastically with Al-content
in AlxGa1−xAs [67,272,273]. Therefore HF can be used to etch the silicon nitride layer,
as long as the GaAs cap layer protects the underlying Al0.70Ga0.30As. In the present case
the SiNx was etched with a buffered hydrofluoric acid solution (BHF), called buffered
oxide etch (BOE) as well. It is a pH buffered solution consisting of ammonium fluoride
(NH4F) and hydrofluoric acid in the ratio 7:1.

Several dry etching methods have been proposed as well for Si3N4 [271]. The SiNx

used for the fabrication of the red MCLEDs discussed in this chapter was found to be
etched with a high rate and a high selectivity versus GaAs with a CF4/O2 Plasma.

Selective Wet Mesa Etch

For the mesa etching a selective etch solution had to be found in order to stop on the
n-Al0.7Ga0.3As intracavity contact layer. This is a difficult task as the common AlGaInP
etchants etch AlGaAs as well. Selective etching of GaInP or AlInP over GaAs can be
obtained with several solutions, as well as for AlInP over GaInP. The standard wet
etchants for AlGaInP are hot sulfuric acid (H2SO4) and dilute hydrochloric acid (HCl),
both are selective with composition [274]. Selective wet etching of GaInP versus GaAs
is achieved with HCl [275], H3PO4 : HCl : H2O [276] and HCl : CH3COOH : H2O2 for
an appropriate H2O2 content [277,278]. AlInP is etched selectively over GaAs with
dilute HCl [279], HI, HF and citric acid (C6H8O7) [280]. In addition HCl [279], H3PO4,
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H2SO4, HI, HF and citric acid show much higher etch rates for AlInP than for GaInP
[280].

Hence HCl was chosen as etchant for AlGaInP, although it is only selective over
GaAs and not Al0.7Ga0.3As. It has been shown that the AlxGa1−xAs etch rate of HCl
increases with Al-content [175]. However, as the (AlyGa1−y)0.51In0.49P etch rates of
HCl increase drastically with Al-content [274], HCl should nevertheless show a small
selectivity for (Al0.7Ga0.3)0.5In0.5P over Al0.7Ga0.3As. Extensive etch tests indicated that
it is possible to stop in the n-doped intermediate Al0.7Ga0.3As layer and preserve the
highly doped n-intracavity contact layer, even if the selectivity is not very high. The
concentrated phosphoric acid solution consisting of phosphoric acid (H3PO4), hydrogen
peroxide (H2O2) and water, which is not selective between GaAs and AlxGa1−xAs, on
the other hand was found to be highly selective versus (Al0.7Ga0.3)0.5In0.5P.

Consequently the GaAs and Al0.7Ga0.3As layers have been selectively etched with
a concentrated phosphoric acid (H3PO4) solution and the (AlyGa1−y)0.51In0.49P and
Ga0.51In0.49P layers with dilute HCl (approximately 19 w/o).

H3PO4 : H2O2 : H2O 3 : 1 : 50 for AlxGa1−xAs
HCl : H2O dilute for (AlyGa1−y)0.51In0.49P

For convenience the same solutions were used to etch the deep trenches down into the
substrate in order to expose the low index layers of the bottom DBR prior to the mirror
oxidation.

5.4.2 Contacts

As GaAs is not transparent at 650nm, the n-contact needs to be formed on Al0.7Ga0.3As.
The difficulties related to the formation of an ohmic contact to AlxGa1−xAs are known
to increase with aluminum content [189], which is in part due to the increasing readi-
ness of AlxGa1−xAs to oxidize in air [190]. Nevertheless, ohmic behavior on n-doped
AlxGa1−xAs has been shown with Au-Ge-Ni alloys [189,281,282]. Therefore it was de-
cided to use the standard alloyed Ni/Ge/Au/Ni/Au metallization to contact the n+-
Al0.07Ga0.93As layer, as with this contact good results had been obtained on GaAs
previously. However the n-intracavity contact layer could not be deoxidized prior to the
metallization, as both standard etchants, HCl and HF, etch high Al-content AlxGa1−xAs
and do not show the same selectivity as versus GaAs. The residual oxide layer might
therefore hamper the current injection.

A standard non-alloyed Ti/Au contact was deposited on the top p+-GaAs. Due to
the small thickness of the GaAs cap layer, the metallization might interact mainly with
the underlying p-Al0.7Ga0.3As current spreading layer. Luo et al. [237] showed that a
Ti/Pt/Au contact on p-Al0.2Ga0.8As shows a Schottky behavior without alloying, but
becomes ohmic after an adequate rapid thermal annealing (RTA) step. All the same it
was decided not to anneal the p-contact in order to minimize the thermal stress in the
structure from temperature treatments after the mirror oxidation.
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5.4.3 Lateral Oxidation

AlGaInP Oxidation

High Al-content (AlxGa1−x)0.51In0.49P can be oxidized in a similar way as AlxGa1−xAs
and forms a stable and insulating oxide with a similar refractive index [283,284]. Its
current-blocking characteristics have been demonstrated in oxide-defined stripe-geome-
try laser diodes [285]. However the oxidation rates are significantly lower compared
to the ones of AlxGa1−xAs layers with a similar Al-content and higher temperatures
are required for the (AlxGa1−x)0.51In0.49P oxidation. Therefore at typical AlxGa1−xAs
oxidation temperatures, the AlxGa1−xAs oxidation is nevertheless highly selective even
versus high Al-content (AlxGa1−x)0.51In0.49P layers [262]. This has been confirmed with
detailed oxidation tests on the particular structure used in this work.

Parasitic Vertical Oxidation AlGaAs Intracavity Contact Layer

The use of an Al0.7Ga0.3As n-intracavity contact layer has implications on the oxidation
process as well. Even though the oxidation rate strongly decreases with decreasing alu-
minum content [221,227,228], the vertical oxidation of lower Al-content layers adjacent
to high Al-content oxidation layers cannot be neglected due to the large length to thick-
ness ratio. For the oxidation of standard GaAs/AlxGa1−xAs (x ≥ 0.97) near infrared
DBRs with graded interfaces this is only a minor problem, as it just leads to a slight
blue-shift of the resonance wavelength with progressive vertical oxidation of the grading
layers [223,224]. This effect is even exploited to form tapered current confinement aper-
tures in VCSELs, in order to reduce scattering losses [286–290]. Another application is
the tuning of the cavity resonance wavelength of a VCSEL after epitaxial growth, by
partial vertical oxidation of a thick AlxGa1−xAs (x ≈ 0.7− 0.9) tuning layer [291–293].

In the present MCLED structure, however, this leads to an unwanted vertical oxi-
dation of the n-Al0.7Ga0.3As intracavity contact layer which is on top of a bottom DBR
oxide layer. This parasitic oxidation limits the maximum oxidation time, as a complete
oxidation of the n-intracavity contact layer under the n-contact would lead to an isola-
tion of the device. Hence the bottom mirror of the 350 and 200 µm diameter devices
could only be partially oxidized. The parasitic vertical oxidation is schematically shown
in figure 5.4. The same effect is taking place in the high index Al0.5Ga0.5As bottom
DBR layers to a lesser extent. In order to preserve clarity, this is not shown in the
schematic.

Figure 5.4: Schematic illustration parasitic vertical oxidation n-intracavity contact layer
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5.4.4 Fabrication Red Emitting Oxide DBR MCLEDs

The main processing steps are:

• Silicon Nitride Surface Protection Layer Deposition

• Trench Etch in Silicon Nitride

• Trench Etch in Semiconductor

• Lateral Oxidation of Low Index DBR Layers

• Silicon Nitride Removal

• Mesa Etch

• Recess Etch

• N-Contact Deposition

• Dielectric Coating

• P-Contact Deposition

The different steps are described in detail below and are illustrated with schematic cross-
sections and top views in figures 5.5–5.15. Different processing runs were carried out
with this structure. The sequence of the first run, labelled K1439 A, corresponds to the
one described in the following, with a wet etching of the silicon nitride. For the second
one, K1439 B, the mesa etch was done prior to the surface protection layer deposition
and the mirror oxidation, and the oxidation times were reduced. As the results of the
devices on this sample are inferior they will not be presented. The third run was carried
out as a reference without surface protection layer and mirror oxidation, K1439 C. The
last sample, K1439 D, was processed the same way as the first one, except that the
silicon nitride was etched via plasma etching and the oxidation temperature was reduced
in an attempt to minimize the parasitic vertical oxidation of the n-intracavity contact
layer. Tests carried out beforehand indicated that the amount of vertical oxidation can
be reduced by decreasing the oxidation temperature from 450 to 410 ◦C, in accordance
with Fiore et al., who reported a dependence of the amount of vertical oxidation on the
oxidation temperature [292]. The removal of the silicon nitride layer via wet etching
on sample K1439 A lead to sporadic defects, hence it was decided to adopt a plasma
etching solution that had proven to be highly selective in precedent tests.

On both oxidized samples, K1439 B and K1439 D, the oxidation layers of the bottom
DBR of the 350 and 200 µm diameter devices are only partially oxidized, with larger
residual non-oxidized apertures on the latter sample. However, the vertical oxidation
could be reduced on the sample K1439 D. Therefore the smaller devices can still be
contacted on this sample, since they are not isolated from the n-contact.

In case of the 350 and 200µm diameter devices, the performance of devices without
and with a p-contact grid is compared. This is not possible for the smaller devices, as
they all come with p-contact grids.
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Al0.98Ga0.02As

Figure 5.5: Schematic layer structure after growth

Silicon Nitride Surface Protection Layer Deposition

i. Surface cleaning

ii. Surface deoxidation with diluted HCl

iii. PECVD surface protection layer:

K1439 A: SiNx 200 nm
K1439 D: SiNx 500 nm

SiNx

Figure 5.6: Silicon nitride surface protection layer deposition by PECVD

Trench Etch in Silicon Nitride

i. Adhesion promoter (HMDS) deposition

ii. Lithography

iii. Surface deoxidation with diluted HCl

iv. Selective etching of trenches in SiNx:

K1439 A: Selective wet etching with BHF
K1439 D: Selective dry etching with CF4/O2 plasma
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Figure 5.7: Trench etch in silicon nitride

Trench Etch in Semiconductor

i. Surface deoxidation with diluted HCl

ii. Selective wet etching of trenches in semiconductor with concentrated phosphoric
acid solution for AlGaAs layers and diluted HCl for AlGaInP layers.

Figure 5.8: Trench etch in semiconductor

Lateral Oxidation of Low Index DBR Layers

Lateral wet oxidation of exposed Al0.98Ga0.02As layers in bottom DBR was carried out
until the concomitant vertical oxidation of the n-intracavity contact Al0.7Ga0.3As layer
approached the inner boundary of the n-contact area. Due to that the DBR of the 350
and 200 µm diameter devices could not be completely oxidized.

Table 5.4: Oxidation parameters K1439 A and K1439 D

Sample temperature time oxidation depth aperture diameter
200 µm devices

[◦C] [min] [µm] [µm]
K1439 A 450 120 110 ≈ 65
K1439 D 410 225 60 ≈ 160
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AlOx

Figure 5.9: Lateral wet oxidation of low index DBR layers (parasitic vertical oxidation of
n-intracavity contact Al0.7Ga0.3As layer schematically indicated in red)

Silicon Nitride Removal

Selective etching of SiNx:

K1439 A: Selective wet etching with BHF
K1439 D: Selective dry etching with CF4/O2 plasma

Figure 5.10: Silicon nitride removal

Mesa Etch

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. Selective wet etching of circular mesas of varying diameter; through cavity, down
to n-Al0.7Ga0.3As intracavity contact layer. Concentrated phosphoric acid solution
for AlGaAs layers and diluted HCl for AlGaInP layers.

Figure 5.11: Mesa etch
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Recess Etch

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. Selective wet etching of ring-shaped recess; down to p-(Al0.7Ga0.3)0.5In0.5P confine-
ment layer. Removal of p-doped GaAs and Al0.7Ga0.3As layer with concentrated
phosphoric acid solution.

Figure 5.12: Recess etch

N-Contact Deposition

i. Lithography

ii. No surface deoxidation

iii. E-beam evaporation n-contact layer sequence:

Ni/Ge/Au/Ni/Au 10/25/50/20/100 nm

iv. Lift-off in acetone

v. N-contact alloying at 380 ◦C in forming gas atmosphere (ramps 5 ◦C/min)

n-contact  Ni/GeAu/Ni/Au

Figure 5.13: N-contact deposition
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Dielectric Coating

i. Polyimide spinning (thickness 1 µm)

ii. Polyimide soft bake

iii. Lithography

iv. Polyimide etching

v. Polyimide curing at 250 ◦C for 2 h in air (ramps 5 ◦C/min)

Polyimide

Figure 5.14: Dielectric coating with polyimide

P-Contact Deposition

i. Lithography

ii. Surface deoxidation with diluted HCl

iii. E-beam evaporation p-contact layer sequence:

K1439 A: Ti/Au 10/250 nm
K1439 D: Ti/Au 20/200 nm

iv. Lift-off in acetone

v. No alloying

p-contact  Ti/Pt/Au

Figure 5.15: P-contact deposition
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Final Samples

The extent of the oxidation of the low index bottom DBR layers for the 200 and 350µm
diameter devices on sample K1439 A can be seen in figure 5.16. The areas where the
n-intracvity contact layer is completely oxidized due to its parasitic vertical oxidation
can be distinguished as well.

Figure 5.16: K1439 A after oxidation: 200 µm device area (left) and 350 µm device area
(right); oxidation fronts of the mirror oxidation and the oxidation of the n-
intracavity contact layer are clearly distinguishable

Figure 5.17 shows the defects that appeared on sample K1439 A after the silicon
nitride removal with BHF. It is assumed that the hydrofluoric acid penetrated through
the GaAs cap layer via defects such as misfit dislocations or threading dislocations and
locally attacked the underlying Al0.7Ga0.3As current spreading layer. The dark spots at
the surface of the n-intracavity Al0.7Ga0.3As layer after the mesa etch are presumably
due to an increased surface roughness, caused by the preferential oxidation in air.

Figure 5.17: K1439 A after after silicon nitride wet etch (left) and after mesa etch (right);
defects appearing after silicon nitride wet etch and enlarging after mesa etch
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Figure 5.18: 200µm device with p-contact grid of sample K1439 A (left) and K1439 C (right)

Final devices from the different samples are compared in figures 5.18 and 5.19. The
first figure shows 200 µm diameter devices from sample K1439 A and K1439 C. The
device from sample K1439 C, which was not oxidized, shows no defects at all. Hence the
defects on the devices from sample K1439 A can be attributed to either the deposition
and etching of the silicon nitride surface protection layer or the lateral wet oxidation
of the bottom DBR. The devices from sample K1439 D, shown in figure 5.19, show
nearly no defects either, which indicates that the plasma etching is better suited for
the selective etching of the silicon nitride layer. Note the smaller oxidation extent for
sample K1439 D.

Figure 5.19: 200 µm device with p-contact grid (left) and 50 µm device (right) of sample
K1439 D
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5.5 Experimental Results

5.5.1 Characterization after Epitaxial Growth

Photoluminescence

The photoluminescence spectrum of structure K1439 after growth has a maximum at
651 nm, as can be seen in figure 5.20. As at that stage the bottom DBR is not oxidized
yet and its reflectivity is quite low, the emission spectrum should not be significantly
influenced by the presence of the microcavity.
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Figure 5.20: Photoluminescence spectrum of structure K1439 after growth

Reflectivity

The reflectivity measurement set-up is explained in detail in section 4.5.1. Figure 5.21
shows the reflectivity spectrum of structure K1439 after growth, measured with the
silicon CCD. At wavelengths below 550 nm the measured intensity amplitudes are not
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Figure 5.21: Reflectivity spectrum of structure K1439; comparison measurement with Si
CCD (solid line) and simulation design (dotted line) and nominal values
(dashed line)
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Figure 5.22: Simulated extraction efficiency of structure K1439 as grown; emission into air
(solid line) and epoxy (dash-dot line) plus intrinsic emission spectrum (dashed
line)

accurate due to the fact that the reflectance of the gold reference mirror is drastically
decreasing, as can be seen in figure 4.37 in section 4.5.1. However the spectral positions
still seem to be correct.

Christian Karnutsch, who grew the structure at OSRAM, derived the nominal thick-
nesses from their reflectivity measurements with the aid of a simulation program. These
values are listed in appendix B, together with the design values. In figure 5.21 the simu-
lation based on the design as well as on the nominal thickness values is shown, however
by eye no significant difference can be noted, as at this stage the reflectivity of the
bottom DBR is quite low.

The nominal thicknesses found by this means differ slightly from the design values,
the cap layer is a few nanometers thinner, whereas all the other layers in the cavity
are a few nanometers thicker. Thus the cavity is slightly longer than designed, which
means that its extraction properties are changed. Figure 5.22 shows that the extraction
efficiency curve of structure K1439 based on these nominal thicknesses is red-shifted
compared to the initial curve (see figure 5.3). The theoretical external quantum effi-
ciencies of the structure as grown are listed in table 5.5 and are compared with the
values of the structure as designed. The efficiency into air is drastically reduced due to
a smaller overlap with the QW emission curve, the emission into epoxy on the other
hand is more or less the same for both cases.

Table 5.5: Theoretical external quantum efficiencies for emission into air and epoxy of struc-
ture K1439 as designed and as grown

ηext(air) ηext(epoxy)
[%] [%]

design 18 24
as grown 13 25
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5.5.2 Characterization of the Processed Devices

TLM Measurements

TLM measurements are explained in detail in section 3.5.1. The contact areas of the
square test patterns are 150 × 150 µm2, with contact spacings of 4, 6, 10, 20, 50 and
150 µm. An HP4156A Semiconductor Parameter Analyzer is used for these measure-
ments. The I–V characteristics for the different contact spacings are recorded with a
four point probe set-up. Two probes serve for applying a voltage and sweeping it over
a certain range while the other two are used to measure the resulting current.

Similar to the near infrared devices, the Ni/AuGe/Ni/Au n-contacts show a non-
ohmic behavior, which is assigned to interdiffusion during the alloying and the small
intracavity layer thickness. In the case of the red MCLEDs, the Ti/Au p-contacts show
a clear Schottky behavior. It is assumed that the GaAs cap layer is either too thin or
not doped high enough and hence the contact is formed on the underlying Al0.7Ga0.3As
layer. A Schottky behavior of non-alloyed Ti/Pt/Au contacts on Al0.2Ga0.8As has been
reported previously already [237]. Figure 5.23 shows the I–V characteristic measured
over an extended voltage range for different contact pad spacings. These curves have
been measured with a two point probe setup and a HP4145A Semiconductor Parameter
Analyzer.
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Figure 5.23: Two point probe I–V characteristics of p-contact TLM pads as a function of
contact spacing; 4 (solid line), 6 (dashed line), 10 (dash-dot line), 20 (dotted
line), 50 (solid line) and 150 µm (dashed line)
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L–I–V Measurements

The devices are characterized by detailed light, current and voltage (L–I–V) measure-
ments. The set-up consists of a calibrated large area silicon photodiode (Hamamatsu
S1337-1010BR) and a HP 4145A Semiconductor Parameter Analyzer, which is used
as DC voltage source, current monitor and photocurrent monitor simultaneously. All
measurements are taken in cw (continuous wave) mode and at room temperature. The
device is contacted with two prober needles connected via coaxial cables. A voltage is
applied to the diode and is varied over a certain range while the resulting diode forward
current and the photocurrent generated in the photodiode are recorded. The photodi-
ode is biased at 0 V in order to minimize its dark current. The measurement setup for
top emitting devices is explained in detail in section 4.5.2.

At 650 nm the same conversion factor as for 970 nm can be used since the external
quantum efficiency of the photodiode, which is equal to the product 1.24RPD/λ[µm], is
very similar for the two wavelengths. RPD corresponds to the photo sensitivity of the
photodiode which is expressed in units of A/W. The typical spectral response of the
photodiode S1337-1010 BR given by Hamamatsu is shown in figure 5.24. The measure-
ments were carried out with a photodiode S1337-1010BR, which had been calibrated
by the Swiss Federal Office of Metrology and Accreditation (METAS). The calibration
results are listed in appendix D.1.

As the LED characteristics at low current densities give a good indication of the
electrical and optical quality of the device, the current–voltage curves are plotted on a
semilogarithmic scale (log (I)–V) and the external quantum efficiency is plotted versus
the logarithm of the current density (ηext–log (J)).

The emission into epoxy is simulated by immersing the device in a roughly hemi-
spherical droplet of glycerol. Anhydrous glycerol has a refractive index of 1.4746 at
589 nm and 20 ◦C [208], which is close to the refractive index of epoxy of 1.5. In addi-
tion glycerol does not wet GaAs very well, hence it forms a droplet similar to the shape

Figure 5.24: Spectral response photodiode Hamamatsu S1337-1010BR
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of a hemispherical epoxy dome. However glycerol is hygroscopic and with increasing
water content the refractive index is decreases towards 1.33. If the curvature of the
droplet is not high enough the amount of light coupled out is lower as well.

The measured I–V characteristics and external quantum efficiencies as a function of
drive current density for the devices from the different samples are shown in figures 5.25–
5.27. No current could be injected in the devices with a diameter of 100 µm or smaller
on sample K1439 A. It is assumed that this is due to an isolation of the devices from
the n-contact, caused by a complete vertical oxidation of the n-Al0.7Ga0.3As intracavity
contact layer underneath. Therefore only the results of the 200 µm diameter devices
are presented. On sample K1439 D the most interesting devices are the 50µm diameter
MCLEDs, as they have a completely oxidized DBR. The larger devices on sample K1439
D show significantly lower efficiencies due to the reduced oxidation extent and the values
for the 20 µm diameter devices are lower due to the increased shadowing by the top p-
contact. For comparison the results of the non-oxidized 200 and 50µm diameter devices
from sample K1439 C are shown as well.

In case of the 200µm diameter MCLEDs the curves of the devices without and with
a p-contact grid are compared. For the devices from sample K1439 A not only the
emission into air but as well the emission into glycerol was measured. The fabricated
red MCLEDs do not show the typical diode I–V characteristic. It is assumed that
this is related to the non-ohmic behavior of the p-contact, the reduced thickness of
the n-Al0.7Ga0.3As intracavity contact layer due to its partial vertical oxidation and
the surface oxide on this layer that could not be removed prior to the metallization.
Only the non-oxidized devices from sample K1439 C show an exponential behavior at
injection currents below 10−4 A with an ideality factor around 2. In figure 5.27 the
I–V characteristics of two 50 µm diameter devices from sample K1439 D with identical
geometry are compared. It can be seen that they differ significantly, although the two
diodes show a similar efficiency. The maximum measured external quantum efficiencies
of the different device types are listed in table 5.6, together with the simulation results
for the structure as grown.

Table 5.6: Maximum external quantum efficiencies of the red MCLEDs with oxide DBR,
measured with a large area photodiode

Sample Simulation Measurements
air epoxy dia- air glycerol

meter no grid grid no grid grid
[%] [%] [µm] [%] [%] [%] [%]

K1439 A 13 25 200 10.9 12.3 11.4 14.9
K1439 C 2 5 200 0.9 1.2 - -

2 5 50 1.6 -
K1439 D 13 25 50 9.4 -
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Figure 5.25: I–V characteristic and external quantum efficiency vs. drive current density of
200 µm MCLEDs from sample K1439 A; emission into air without (solid line)
and with p-contact grid (dashed line), emission into glycerol without (dotted
line) and with grid (dash-dot line)

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

0 2 4 6 8 10

C
u

rr
e
n
t 
 [

A
]

Voltage  [V]

0

0.4

0.8

1.2

1.6

2

0.0001 0.001 0.01 0.1 1 10

E
x
te

rn
a

l 
Q

u
a

n
tu

m
 E

ff
ic

ie
n
c
y
  
[%

]

Current Density  [A/cm
2
]

Figure 5.26: I–V characteristic and external quantum efficiency vs. drive current density of
MCLEDs from sample K1439 C (non-oxidized mirror) for emission into air;
200 µm diameter device without (solid line) and with p-contact grid (dashed
line) and 50 µm diameter device (dotted line)
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Figure 5.27: I–V characteristic and external quantum efficiency vs. drive current density of
two different 50 µm MCLEDs from sample K1439 D for emission into air
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Contrary to the near infrared devices, the introduction of a p-contact grid leads to
a significant increase in external quantum efficiency for the red MCLEDs. It seems
like the current spreading is more critical in these devices and therefore the beneficial
effect of the grid is more important. Furthermore thanks to the more homogeneous
current injection the efficiency roll-over is shifted to higher current densities. The 50µm
diameter devices all have a p-contact grid, hence this observation could not be verified
on the smaller devices. The measured efficiency for emission into air of the 200 µm
diameter devices with a p-contact grid from sample K1439 A is close to the theoretical
value, which is surprising considering the fact that the bottom DBR is not completely
oxidized. However the efficiencies measured for emission into glycerol are significantly
lower than the simulated ones. The values of the smaller devices are lower due to the
increased shadowing by the top contact.

Table 5.7: Maximum measured external quantum efficiencies, compared with the simulation
results

ηext(air) ηext(epoxy)
[%] [%]

design 18 24
as grown 13 25

measurements 12 15
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Near-Field Emission

The near-field emission of the devices from sample K1439 A and K1439 D has been
imaged onto a CCD camera by means of a microscope objective. In order not to
saturate the CCD camera, the light intensity was reduced with the use of metallic
neutral density filters. The devices were driven at a fixed current, corresponding to the
current at maximum external quantum efficiency.

It can clearly be seen that for the 200 µm diameter devices from sample K1439 A
with a only partially oxidized bottom DBR the emission in the oxidized area is much
stronger than in the non-oxidized center region. The bright areas close to the p-contact
indicate a current crowding effect, which obviously can be reduced with the use of a
p-contact grid. In case of the 50 µm diameter MCLED on the other hand the emis-
sion seems to be uniform. For comparison, near field emission pictures of near infrared
MCLEDs with a semiconductor DBR from sample S1910 a are shown as well. Note
the more homogeneous current spreading for both devices, the one without and the one
with a p-contact grid.

Figure 5.28: Near field emission of 200µm diameter MCLEDs from sample K1439 A; without
(left) and with p-contact grid (right)

Figure 5.29: Near field emission of a 50 µm diameter MCLED from sample K1439 D

Figure 5.30: Near field emission of 400µm diameter MCLEDs from sample s1910 a; without
(left) and with p-contact grid (right)
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Device Reflectivity

Figure 5.31 shows the reflectivity spectrum of a 200 µm diameter device without p-
contact grid from sample K1439 A, measured with a Si CCD and a gold reference
mirror. The devices with p-contact grid show a similar behavior, however the addi-
tional metal on the surface leads to a less accurate measurement. The low reflectivity
of the stopband, especially at longer wavelengths, is assigned to the fact that part of
the imaged bottom DBR is not oxidized. It can be seen that the Fabry-Perot peak
is blue-shifted compared to the simulation of the nominal values determined from the
reflectivity spectrum after growth. Hence the cavity length must have been reduced
during the device fabrication. In fact the measurements indicate a cavity length even
smaller than the one of the initially designed structure. With a FP-peak around 658nm
the detuning reduces to approximately 7 nm. Hence a reduced external quantum ef-
ficiency and a more directional emission compared to the designed structure can be
expected.
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Figure 5.31: Reflectivity spectrum of a 200 µm MCLED with p-contact grid from sample
K1439 A; comparison measurement with Si CCD (solid line) and simulation
design (dotted line) and nominal values (dashed line)
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Far–Field Emission

The far–field radiation pattern of 200 µm diameter devices from sample K1439 A was
determined as described in section 4.5.2. The measured curves are very similar for the
devices with and without a p-contact grid. In figure 5.32 the curve of a device with a
p-contact grid is shown, representative for both types. Effectively, as suspected from
the results of the device reflectivity measurements, the emission of these devices is much
more directional than predicted. During the processing the cavity length appears to
have been significantly reduced.
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Figure 5.32: Far–field emission spectrum of a 200 µm MCLED without p-contact grid from
sample K1439 A; comparison between measurement (solid line) and simulation
design (dotted line) and nominal values (dashed line)

Electroluminescence

The electroluminescence spectra of 200µm diameter devices without and with p-contact
grid from sample K1439 A are displayed in figure 5.33. Both spectra were taken at an
angle of 0 ◦ (0 ◦ being the normal direction). They are nearly identical, with a peak
centered at 653 nm and a full width at half maximum (FWHM) around 48 meV. The
fact that at 0 ◦ the QW emission and the cavity resonance are overlapping confirms that
for these devices the detuning is nearly zero.
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Figure 5.33: Electroluminescence of 200µm diameter MCLEDs from sample K1439 A mea-
sured at a collection angle of 0 ◦; without (solid line) and with p-contact grid
(dashed line)
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Figure 5.34 shows the simulated cavity resonance of structure K1439 for different
collection angles, for both, the structure as it was designed and based on the nominal
values deduced from the reflectivity measurements. Obviously if the structure of the
final devices resembled any of these two, the cavity resonance at a collection angle of
0 ◦ would not coincide with the QW emission and hence an additional peak at longer
wavelengths could be distinguished. The resonance peaks at the different collection an-
gles are summarized in table 5.8 for the two simulated structures and the measurement.
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Figure 5.34: Simulation of cavity resonance of structure K1439 for different collection angles,
based on structure as designed (left) and based on structure as grown (right);
0 ◦ (solid line), 25 ◦ (dashed line), 45 ◦ (dash-dot line) and 60 ◦ (dotted line)

Table 5.8: Cavity resonance peaks of structure K1439 for different collection angles

Angle Simulation Measurement
design as grown

[◦] [nm] [nm] [nm]
0 664 676 653
25 658 670 -
45 648 660 -
60 641 652 -



5.6. Discussion 181

5.6 Discussion

In the case of these red MCLEDs the beneficial effect of the use of a p-contact grid
prevails. It seems that the current spreading is more critical in the Al0.7Ga0.3As and
(AlxGa1−x)0.51In0.49P layers compared to the GaAs layers in the near infrared devices
discussed in the previous chapter. Thus with a p-contact grid higher efficiencies can be
achieved thanks to a more homogeneous emission. In addition the efficiency roll-over
is shifted to higher current densities, which is explained with the occurrence of carrier
spill-over or heating effects at higher current densities only due to the more uniform
injection.

No ohmic p-contact could be formed, in part due to the fact that an additional
alloying step was avoided in order to minimize the thermal stress in the structure. The
nature of the n-contact could not be determined. These non-ideal contacts lead to ele-
vated turn-on voltages and atypical I–V characteristics. Nevertheless record efficiencies
for small-sized red MCLEDs could be achieved.

The maximum external quantum efficiencies measured for the larger red MCLEDs
with an only partially oxidized bottom DBR are surprisingly close to the simulated
values based on the nominal thicknesses derived from reflectivity measurements after
epitaxial growth. Nevertheless they are significantly lower than the theoretical values
of the structure as designed initially. The grown microcavity was slightly longer than
designed, which led to a too large detuning and hence a reduced theoretical external
quantum efficiency. However the measurements of the processed devices indicate that
their detuning is nearly zero. Therefore the cavity length must have been reduced at
some point during the processing.

Plausible explanations for a cavity length reduction during processing are an etching
of the top layer(s) or a parasitic vertical oxidation of the n-Al0.7Ga0.3As intracavity
contact layer. The concomitant refractive index change in the latter case from 3.1 to 1.6
leads to a considerable reduction of the optical length of the cavity. The p-Al0.7Ga0.3As
current spreading layer underneath the thin GaAs cap layer might have been etched
with hydrofluoric acid or hydrochloric acid during a wet etching step. However it is
not plausible that several tens of nanometers of this layer could be attacked without
noticing it under the optical microscope. Hence it is concluded that the cavity length
reduction must be caused by a partial vertical oxidation of the n-intracavity contact
layer. This oxide has the form of a taper, with the thickness decreasing from the outside
to the inside. Nonetheless, in a simplified approach, the extent of the vertical oxidation
has been estimated assuming a uniform oxidation extent over the whole device. For
the fitting, the reflectivity, far–field emission and electroluminescence measurements
were taken into account. The best fit was found for a vertical oxidation of 25 nm of
the n-intracavity contact layer, with the layer thicknesses corresponding to the nominal
values based on reflectivity measurements after growth. The fitted curves are shown in
figures 5.35–5.37 and the cavity resonance peaks at the different collection angles are
listed in table 5.9. A slightly better fit could be obtained for the reflectivity spectrum
with a vertical oxidation of only 20 nm, however the far–field and electroluminescence
simulations match very well for 25 nm and differ substantially for 20 nm. These results
seem to confirm the theory of a partial parasitic vertical oxidation of the n-Al0.7Ga0.3As
intracavity contact layer.
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Figure 5.35: Fitted simulation reflectivity spectrum compared with the measurement of a
200 µm MCLED without p-contact grid from sample K1439 A; measurement
with Si CCD (solid line), simulation design (dotted line), structure as grown
(dashed line) and including a vertical oxidation of 25 nm (dash-dot line)
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Figure 5.36: Corrected simulation far–field emission spectrum compared with the measure-
ment of a 200 µm MCLED without p-contact grid from sample K1439 A;
measurement (solid line), simulation design (dotted line), structure as grown
(dashed line) and including a vertical oxidation of 25 nm (dash-dot line)
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Figure 5.37: Corrected simulation cavity resonance of structure K1439 for different collec-
tion angles, based on structure as grown including a vertical oxidation of 25nm;
0 ◦ (solid line), 25 ◦ (dashed line), 45 ◦ (dash-dot line) and 60 ◦ (dotted line)
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Table 5.9: Cavity resonance peaks for different collection angles

Angle Simulation Measurement
design as grown vertical ox.

[◦] [nm] [nm] [nm] [nm]
0 664 676 653 653
25 658 670 647 -
45 648 660 636 -
60 641 652 629 -

The corrected simulations of the extraction efficiency as a function of wavelength
and the estimated external quantum efficiencies are presented in figure 5.38 and ta-
ble 5.10. Theoretical external quantum efficiencies similar to the ones for the designed
structure have been estimated for this structure, even though it shows a positive detun-
ing. Compared to the measurement results it seems reasonable to have achieved two
thirds of the theoretical efficiency with devices with an only partially oxidized bottom
DBR (approximately 90 % oxidized). Furthermore the efficiency can be expected to be
reduced by shadowing from the top contact grid, a non-homogeneous current injection,
carrier spill-over and heating effects.
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Figure 5.38: Simulated extraction efficiency of structure K1439 as grown including a vertical
oxidation of 25 nm of the n-intracavity contact layer; emission into air (solid
line) and epoxy (dash-dot line) plus intrinsic emission spectrum (dashed line)

Table 5.10: Theoretical external quantum efficiencies for emission into air and epoxy of
structure K1439 as designed, as grown and including a vertical oxidation of
25 nm of the n-intracavity contact layer; compared with measurement results

ηext(air) ηext(epoxy)
[%] [%]

design 18 24
as grown 13 25

vertical oxidation 18 20
measurements 12 15
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In the present structure the Al-content of the AlxGa1−xAs current spreading and
injection layers is fixed to 70 %. It is believed that by reducing this value to 50 % the
electrical properties as well as the oxidation behavior of this type of devices can be
significantly improved without degrading its optical properties. Simulations show that
with this type of structure efficiencies of 19% and 25% are achievable, for emission into
air and epoxy, respectively.

The structure K1439 was regrown with an Al-content of only 50% in the AlxGa1−xAs
current spreading and injection layers (label K2362). It was grown by metalorganic
vapor phase epitaxy (MOVPE) by Rainer Butendeich from OSRAM Opto Semiconduc-
tors. The new structure was processed similarly to sample K1439 D. Due to the lower
Al-content in the n-AlxGa1−xAs intracavity contact layer longer lateral wet oxidation
times were possible. However no reasonably working device could be found on this
sample. It is believed that the p-doping and the thickness of the top GaAs-layer in this
structure are insufficient for an effective hole injection from a non-alloyed p-contact.
This would explain the atypical I–V characteristics and limited drive current levels of
the devices on this sample. Due to time constraints it was not possible to grow and
fabricate another set of red MCLEDs.

5.7 Conclusions

MCLEDs with an AlGaInP cavity containing a single GaInP quantum well emitting at
650 nm and an AlGaAs/AlOx bottom DBR have been fabricated. To our knowledge,
this is the first report on red MCLEDs with an oxide DBR. Record external quantum
efficiencies for red MCLEDs of 12% at very low current densities have been achieved with
preliminary devices, even though the top p-contact does not show an ohmic behavior
and the bottom DBR is only partially oxidized. The highest external quantum efficiency
for red MCLEDs published so far is 9.6% by Wirth et al. [119] for 300×300µm2 devices,
corresponding to a wall-plug efficiency of 10%. For larger devices of the same type with
a size of 700 × 700 µm2 a wall-plug efficiency of 12 % was reported [65].

Due to the low refractive index contrast in AlGaAs-based semiconductor DBRs at
650 nm, the implementation of an AlGaAs/AlOx DBR enables a drastic increase in
extraction efficiency. However the presence of AlGaAs current spreading layers com-
plicates the device design and the device fabrication. A parasitic vertical oxidation of
the n-intracavity contact layer is unavoidable and the formation of ohmic contacts on
AlGaAs is a difficult task.

Nevertheless, by further optimizing the device design and the device fabrication,
reliable devices with efficiencies close to 20 % for emission into air should be attainable
with this device type, making red MCLEDs more attractive compared to other LED
designs for specific applications such as optical communication for example.



Chapter 6

Thin–Film MCLEDs at 650 nm

6.1 Introduction

The maximum achievable efficiencies for standard red emitting MCLEDs are lower than
for near infrared MCLEDs due to several reasons discussed in detail in the previous
chapter. The GaInP/AlGaInP active region shows an increased carrier leakage and an
increased sensitivity to heating, which in both cases leads to an onset of the roll-over of
the external quantum efficiency at lower current densities. Transparent AlGaAs-based
DBRs exhibit a lower refractive index contrast in this wavelength regime, which results
in an increased penetration depth and therefore a larger effective cavity length. As
the GaAs substrate is highly absorbing in the red, bottom emitting MCLEDs without
a removal of the substrate would be limited to low efficiencies. Oxide DBRs lead to
improved device performances for top emitting devices, however the device realization
is further hampered by several aspects compared to near infrared emitting devices, as
shown in the previous chapter.

The thin–film technology enables the removal of the absorbing substrate and the
transfer of the epitaxially grown structure on a dielectric-coated metal mirror without
the stringent process parameters of the semiconductor-to-semiconductor wafer bonding
technique [60]. However, without further extraction methods, the light not extracted
at the first incidence with the surface tends to be trapped in the waveguide formed by
the hybrid mirror and the semiconductor–air interface. If the internal quantum effi-
ciency is very high the trapped light is continuously re-absorbed in the active region
and re-emitted and can therefore be ultimately extracted due to this photon recycling
mechanism, but otherwise a large part of the light will be lost due to non-radiative re-
combination. Common extraction enhancement methods for thin–film LEDs are surface
texturing [69,71–73], buried micro-reflectors [65,76] or the combination of both [72,73].
They all lead to a drastic reduction of the mean photon path length for extraction by
an angular randomization of the totally reflected light. With these approaches high
external quantum efficiencies have been achieved in the red and in the near infrared
(see chapter 2.6.2).

Due to the angular randomization, these device types show a non-directional emis-
sion despite their single facet emission. To achieve high directionality, MCLEDs are
ideal candidates [249,250]; however, the maximum achievable efficiencies in the red are
limited. A self-evident approach for the realization of directional emitters in the red

185
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with reasonable efficiencies is therefore the combination of the resonant cavity concept
with the thin–film technology. Due to the highly reflective bottom hybrid mirror with
a large spectral and angular stopband and the waveguide structure formed with the
semiconductor–air interface, thin–film MCLEDs can be expected to exhibit small ef-
fective cavity lengths and have the potential for high photon recycling factors. Therefore
higher external quantum efficiencies than for standard red MCLEDs can be expected
from these red thin–film MCLEDs.

Devices of this type were grown and fabricated by OSRAM Opto Semiconductors
and have been characterized in detail. They consist of an AlGaInP cavity, a bottom
hybrid mirror and a top AlGaAs outcoupling DBR. The hybrid mirror is made up
of an omnidirectional reflector (ODR, see chapter 2.8.3) and a single AlGaAs DBR
pair. The angular and spectral emission properties specific to this device type will be
presented and the effect of photon recycling and in-plane superluminescence on the
far–field radiation pattern will be discussed. To our knowledge these devices represent
the first realization of thin–film MCLEDs.
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6.2 Structure

The epitaxial structure of the thin–film MCLEDs consists of a 1-λ AlGaInP cavity,
a 6 pair n-Al0.53Ga0.47As/Al0.95Ga0.05As outcoupling DBR and a single pair of p-type
Al0.53Ga0.47As/Al0.95Ga0.05As. The active region is made up of 5 compressively strained
GaInP QWs with (Al0.47Ga0.53)0.51In0.49P barrier layers, surrounded by Al0.51In0.49P
confinement layers. On the extraction side a several micron thick Al0.80Ga0.20As current
spreading layer and an (Al0.55Ga0.45)0.51In0.49P etch stop layer enabling the substrate
removal are added.

During device fabrication an omnidirectional reflector (ODR), consisting of a low
index semiconductor layer and a gold layer, is added on the p-side in order to complete
the high reflectivity hybrid mirror. On the extraction side a silicon nitride anti-reflection
coating is deposited on the etch stop layer after the substrate removal. This should
minimize the parasitic reflections within the waveguide structure.

The structure was designed by Wolfgang Schmid from OSRAM Opto Semiconduc-
tors and is labelled K2552. It was grown by metalorganic vapor phase epitaxy (MOVPE)
by Rainer Butendeich at the OSRAM Opto Semiconductors R&D lab in Regensburg,
Germany. The refractive index profile of the structure is displayed in figure 6.1, the
detailed structure can be found in appendix B.
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Figure 6.1: Refractive index profile of structure K2552 (left) with a close-up of the cavity
region (right)



188 CHAPTER 6. Thin–Film MCLEDs at 650 nm

6.3 Simulation

The light extraction properties of the structure are calculated with the simulation pro-
gram described in section 3.3. The refractive index calculation is based on the data by
Adachi [162] for AlGaAs and on the analytical model presented by Moser et al. [270] for
AlGaInP. The refractive index of gold is estimated to be 0.166 + 3.15i around 650 nm
based on the data by Palik et al. [163].
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Figure 6.2: Simulated extraction efficiency of structure K2552; emission into air (solid line)
plus intrinsic emission spectrum (dashed line)

Figure 6.2 shows the extraction efficiency of structure K2552 as a function of wave-
length, calculated for monochromatic emission into air. The QW emission spectrum
used for the integration is displayed as well. Table 6.1 shows the distribution of the
emission in the different modes at 650 nm. The outcoupling DBR shows a narrow an-
gular stopband, since its refractive index contrast is quite low. This explains the high
leaky mode fraction. However this fraction is not lost as the original absorbing sub-
strate is removed during the fabrication. This light is totally internally reflected at the
interface semiconductor–air and thus laterally guided in the waveguide formed by the
hybrid mirror and the top interface. Therefore in the case of structures of this type the
leaky mode fraction can be counted as guided modes as well.

Table 6.1: Fractions of emission in the various kinds of modes for structure K2552 at 650nm
and for emission into air. Leaky mode fraction guided in thin–film waveguide.

extracted (leaky) guided
[%] [%] [%]

air 14 74 11

An external quantum efficiency of the order of 12% can thus be expected to achieve
with this structure for. A discontinuity in the simulation around 652 nm related to the
absorption band edge of GaInP at this wavelength leads to a high relative error of the
simulation result on the order of 10 to 20%. It was not possible to simulate the emission
into epoxy for this structure. In addition it has to be noted that this simulation does
not include any photon recycling.
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6.4 Fabrication

The chip processing of these thin–film MCLEDs has been done in the wafer fab of OS-
RAM Opto Semiconductors in Regensburg, Germany and can therefore not be compared
with the fabrication of the other MCLEDs treated in this thesis. Device fabrication be-
gins with the deposition of a dielectric on the central device area on the p-side in order
to avoid light generation beneath the final n-contact bond pad. Subsequently the omni-
directional reflector and solder metallizations are added. The wafer is then bonded onto
a new carrier and the GaAs substrate is removed by selective etching. An anti-reflection
coating (ARC) deposited on the etch stop layer minimizes parasitic reflections within
the waveguide structure formed by the bottom reflector and the semiconductor–air in-
terface. The ARC is removed in the central area and replaced by a standard bond pad.
Finally the wafer is sawn into 300 × 300 µm2 chips which are then mounted on TO18
headers for characterization. Some of the devices are furthermore encapsulated in epoxy.

The main processing steps are:

• Current Blocking Dielectric, ODR and P-Contact Deposition

• Wafer Bonding and Substrate Removal

• Anti-Reflection Coating and N-Contact Deposition

• Wafer Sawing, Bonding and Encapsulation

The different steps are described below and are illustrated with schematic cross-sections
in figures 6.3–6.6. However the description is not as detailed as in the previous chapters,
as the chip processing was done by OSRAM.

5 GaInP QWs
p-AlGaAs DBR

n-AlGaAs DBR

current spreading layer

etch stop layer

GaAs substrate

Figure 6.3: Schematic layer structure after growth

Current Blocking Dielectric, ODR and P-Contact Deposition

i. Insulator pad deposition: SiNx (opposite of n-contact pad to be deposited later)

ii. Low refractive index semiconductor layer deposition

iii. Gold mirror and p-contact layer deposition
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SiN

semicond.

gold

Figure 6.4: Current blocking dielectric, ODR and p-contact deposition

Wafer Bonding and Substrate Removal

i. Wafer bonding to new carrier substrate

ii. Substrate removal by selective etching

new carrier

Figure 6.5: Wafer bonding and substrate removal

Anti-Reflection Coating and N-Contact Deposition

i. Anti-reflection coating deposition: SiNx

ii. SiNx removal in central part

iii. N-contact pad deposition

SiN

n-contact

Figure 6.6: Anti-reflection coating and n-contact deposition

Wafer Sawing, Bonding and Encapsulation
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6.5 Experimental Results

6.5.1 L–I–V Measurements

Figure 6.7 shows the dc output characteristics of the red thin–film MCLEDs, mea-
sured with an integrating sphere, as determined by OSRAM Opto Semiconductors.
These devices show a maximum external quantum efficiency of 18 % and 23 % for non-
encapsulated and epoxy-encapsulated devices, respectively. The corresponding output
powers are 3.4 mW and 5.4 mW. The efficiency maxima occur at a drive current of
10 mA, translating to a current density of approximately 11 A/cm2, and at a voltage
of 2.5 V. Since the backside mirror contact and the associated semiconductor interface
are not yet optimized from an electrical point of view, the series resistance is still quite
high in these devices, leading to wall–plug efficiencies slightly lower than the external
quantum efficiencies.
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Figure 6.7: External quantum efficiency (solid symbols) and optical power (empty symbols)
vs. drive current of thin–film MCLEDs from sample K2552, measured with an
integrating sphere; without (solid line) and with epoxy encapsulation (dashed
line). Measurements carried out by OSRAM Opto Semiconductors.

The devices are further characterized by more detailed light, current and voltage
(L–I–V) measurements over a larger current range and with a smaller step width. The
emitted light is collected either with a large area silicon photodetector or with an
integrating sphere.

L–I–V Measurements with Large Area Photodiode

The set-up consists of a calibrated large area silicon photodiode (Hamamatsu S1337-
1010BR) and a HP 4145B Semiconductor Parameter Analyzer, which is used as DC
voltage source, current monitor and photocurrent monitor simultaneously. All mea-
surements are taken in cw (continuous wave) mode and at room temperature. The
bonded devices are attached to a transistor socket. A voltage is applied to the diode
and is varied over a certain range while the resulting diode forward current and the
photocurrent generated in the photodiode are recorded. The photodiode is biased at
0 V in order to minimize its dark current. The measurement setup for top emitting de-
vices is explained in detail in section 4.5.2. At 650 nm the external quantum efficiency
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of the photodiode is 0.783. This value corresponds to the product 1.24RPD/λ[µm] with
RPD being the calibrated photo sensitivity of the photodiode in units of A/W. The
calibration values are listed in appendix D.1.

As the LED characteristics at low current densities give a good indication of the
electrical and optical quality of the device, the current–voltage curves are plotted on a
semilogarithmic scale (log(I)–V) and the external quantum efficiency is plotted versus
the logarithm of the current density (ηext–log(J)). The measured I–V characteristic
and external quantum efficiency as a function of drive current density are shown in
figure 6.8. The efficiency is maximal at a current of 5 mA, corresponding to a current
density of 7 A/cm2. The ideality factor of the I–V characteristic can be determined in
the 10−8 to the 10−5 A current range and is approximately 2.2.
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Figure 6.8: I–V characteristic and external quantum efficiency vs. drive current density of
thin–film MCLEDs from sample K2552; emission into air

L–I–V Measurements with Integrating Sphere

This set-up consists of a calibrated integrating sphere (UDT Instruments Radiometry
Model 2575 Laser Power Attenuator with a Model 260 silicon sensor head attached to
it) and a HP 4145B Semiconductor Parameter Analyzer, which is used as DC voltage
source, current monitor and photocurrent monitor simultaneously. All measurements
are taken in cw (continuous wave) mode and at room temperature. The bonded devices
are attached to a transistor socket. The measurement conditions are the same as for
the previous setup; measurements with an integrating sphere are described in detail in
section 4.5.2. According to the calibration sheet in appendix D.2 the external quantum
efficiency of the ensemble sphere – photodetector corresponds to 1.45× 10−3 at 650nm.

In figure 6.9 the current–voltage curve and the external quantum efficiency versus
the current density of the thin–film MCLEDs measured with the integrating sphere
are plotted. Compared to the measurement with the large area detector the efficiency
maximum is located at a higher current density, 11A/cm2, and the roll-over is smoother
and less steep. This phenomenon will be discussed later on.
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Figure 6.9: I–V characteristic and external quantum efficiency vs. drive current density of
thin–film MCLEDs from sample K2552, measured with an integrating sphere;
emission into air

6.5.2 Far–Field Emission

The far–field emission of the red thin–film MCLEDs from sample K2552 was determined
as described in section 4.5.2. The structure as designed with the intended negative
detuning for a maximum external quantum efficiency should show an emission peak at
an angle of 45◦ from the normal. However the measurements show a directional emission
centered around the normal, as can be seen in figure 6.10 for the measurements carried
out by OSRAM Opto Semiconductors. This emission profile indicates a detuning of
approximately zero, i.e. a shorter cavity length than designed. Furthermore an increase
in temperature did not lead to a change of the emission pattern but only to a decrease
in intensity, as would be expected for a positive detuning (measurements carried out by
OSRAM Opto Semiconductors, not shown).
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Figure 6.10: Far–field emission spectrum of thin–film MCLEDs from sample K2552 at a
current of 10mA; comparison between measurement (solid line) and simulation
(dashed line). Measurement carried out by OSRAM Opto Semiconductors.
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The evolution of the far–field radiation pattern with injection current density was
studied. Figure 6.11 shows the emission spectra for different drive currents. Up to
5 mA, corresponding to the current density for which the maximum in efficiency was
measured with the large area detector, a general broadening of the emission spectrum
can be noted. Between 5 and 50mA however the relative emission significantly increases
for large angles from the normal but decreases for small angles. This intensity shift is
more obvious in the linear plot in figure 6.12.
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Figure 6.11: Far–field emission spectrum of thin–film MCLEDs from sample K2552 as a
function of injection current; 0.1 mA (dash-dot line), 5 mA (dashed line), and
50 mA (solid line)
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Figure 6.12: Linear plot of the far–field emission spectrum of thin–film MCLEDs from sam-
ple K2552 as a function of injection current; 0.1 mA (dash-dot line), 5 mA
(dashed line), and 50 mA (solid line)
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6.5.3 Electroluminescence

The thin–film MCLEDs realized show an emission peak centered around 655 nm with a
full width at half maximum (FWHM) of 34 meV at room temperature and in the nor-
mal direction. With increasing collection angle the cavity resonance shifts to shorter
wavelengths, as can be seen in figure 6.13. In addition the emission into secondary
resonances related to the thick waveguide is increasing with collection angle. The cor-
responding simulated spectra based on the design parameters, integrated with a typical
QW emission spectrum, are shown in figure 6.14. The comparison of the measured
spectra with the simulations indicates a blue-shift of the cavity resonances.
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Figure 6.13: Electroluminescence for different collection angles of thin–film MCLEDs from
sample K2552 at a current of 10 mA; 0 ◦ (solid line), 30 ◦ (dashed line), 45 ◦

(dash-dot line) and 60 ◦ (dotted line)
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Figure 6.14: Simulation based on design parameters of cavity resonance for different collec-
tion angles for structure K2552, integrated with a typical QW emission spec-
trum; 0 ◦ (solid line), 30 ◦ (dashed line), 45 ◦ (dash-dot line) and 60 ◦ (dotted
line)
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6.6 Discussion

The incorporation of a thin–film structure leads to a significant increase in performance
of red MCLEDs. Despite a non-optimized backside contact and an obviously inadequate
detuning the thin–film MCLEDs realized show significantly higher external quantum
efficiencies than standard red MCLEDs.

6.6.1 Cavity Thickness and Detuning

The measured far–field emission and electroluminescence spectra show that the resonant
cavity in these thin–film MCLEDs is shorter than designed, leading to a detuning of
approximately zero. Reflectivity measurements carried out after the epitaxial growth by
OSRAM Opto Semiconductors (not shown) indicate that the Al0.53Ga0.47As high index
layer in the p-DBR pair is too thin. Furthermore it is believed that the low refractive
index semiconductor layer in the bottom hybrid reflector is partially attacked during
the device fabrication.

By reducing the thicknesses of these two layers by a total of 0.1λ, a reasonable
overlap can be found between measurement and simulation for the far–field emission
and the electroluminescence as a function of collection angle. The simulation results
are shown in figures 6.15 and 6.16. It seems as if the internal emission spectrum at a

0

0.2

0.4

0.6

0.8

1

1.2

0

30

60

90

120

In
te

n
s
it
y
  
[a

. 
u
.]

Figure 6.15: Corrected simulation angular emission spectrum compared with the measure-
ment of thin–film MCLEDs; measurement (solid line), simulation structure as
designed (dashed line) and simulation corrected structure (dash-dot line)
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Figure 6.16: Corrected simulation cavity resonance of structure K2552 for different collec-
tion angles; 0 ◦ (solid line), 30 ◦ (dashed line), 45 ◦ (dash-dot line) and 60 ◦

(dotted line)
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current of 10 mA is wider than the one used for the electroluminescence simulations,
nevertheless the individual curves match quite well.

Further processing runs were carried out with different parameters or sequences,
in order to avoid a cavity thickness reduction during fabrication by an attack of the
ODR semiconductor layer. However, all thin–film MCLEDs realized to date show a
near normal emission suggesting a detuning around zero.

6.6.2 Photon Recycling and In-Plane Superluminescence

Apart from the reduced effective cavity length and the reduced absorption an important
part of the efficiency increase in red thin–film MCLEDs compared to standard red
MCLEDs is attributed to photon recycling. Photon recycling denotes the re-absorption
in the active region of photons that would not normally escape (i.e. guided modes) and
the subsequent re-emission of some of these photons into the escape cone. This effect
is discussed in more detail in section 2.7.3.

The simulation of the structure with the non-optimal detuning leads to a similar
external quantum efficiency for emission into air as for the designed structure, a value
of the order of 12 %. Therefore by comparing this value with the measured 18 %, the
photon recycling factor can be estimated to be approximately 1.5 for this thin–film
MCLED structure. Neither any shadowing effects by the top contact nor any current
crowding effects are included in this simple estimation.

In the present structure the guided mode fraction is very high, up to 80 %. Due to
the waveguide formed by the hybrid reflector and the semiconductor–air interface and
the absence of an absorbing substrate, no leaky modes occur in this thin–film MCLED
structure. Hence, apart from a small fraction that is absorbed in the metal mirror layer,
all the light trapped in the device is emitted into guided modes. The internal quantum
efficiency can be assumed to be at least 80 %. Thus for devices with dimensions larger
than the typical characteristic absorption length, which is of the order of 100 µm, it is
not surprising to find recycling factors significantly higher than unity.

Photon recycling only takes place if the absorption in the active region is non-
negligible. However the absorption coefficient decreases with increasing carrier density
and at some point population inversion and gain occurs. Therefore, at transparency, the
photon recycling mechanism collapses and superluminescence in the lateral direction
within the waveguide formed by the hybrid reflector and the semiconductor–air interface
sets in. This leads to a redirection of a large part of the emission from the vertical
Fabry-Perot mode to lateral guided modes.

Effect on External Quantum Efficiency Characteristic

In the case where transparency occurs at a lower current density than the roll-over
of the internal quantum efficiency caused by thermal effects or carrier spill-over, the
occurrence of photon recycling and in-plane superluminescence can be visualized by
comparing the emission in the vertical direction and in the lateral direction. In fig-
ure 6.17 the external quantum efficiency characteristics measured with an integrating
sphere and with a large area Si photodiode situated on top of the device are plotted.
With the large area detector over the device only the vertical emission is measured
whereas the integrating sphere collects light emitted in all directions, including any
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lateral emission. It can be seen that, if only the emission in the vertical direction is
taken into account, the efficiency starts to decrease at a lower current density and with
a steeper slope compared to the efficiency for the overall emission. This can therefore
be explained by a gradual re-distribution of the emission from the vertical to the lat-
eral direction due to the disappearance of photon recycling and the onset of in-plane
superluminescence at a lower current density than the overall efficiency roll-over.
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Figure 6.17: External quantum efficiency vs. drive current density of thin–film MCLEDs
from sample K2552; measured with an integrating sphere (solid line) and with
a large area photodiode (dashed line)

Effect on Far–Field Radiation Pattern

The transition from photon recycling to in-plane superluminescence with increasing
current density can be visualized as well by tracing the far–field emission of the thin–
film MCLEDs as a function of current density. The current-dependence of the radiation
pattern has been shown in figures 6.11 and 6.12. The general broadening of the emission
up to 5mA, the current density for which the maximum in efficiency was measured with
the large area detector, can be explained with a spectral broadening of the internal
emission, leading to a wider spatial emission pattern. Between 5 and 50 mA however
the relative intensity at large angles drastically increases, at the expense of the relative
intensity for angles smaller than 45 ◦ from the normal. This effect is ascribed to the
successive redirection of the emission from the vertical to the lateral direction above
transparency as a result of a switch from enhanced vertical emission due to photon
recycling to enhanced lateral emission due to in-plane superluminescence.
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6.7 Conclusions

A new type of high-brightness LEDs is presented, which is based on the combination of
resonant cavities and thin–film structures. To our knowledge, this is the first realization
of thin–film MCLEDs. With this device design significantly higher external quantum
efficiencies compared to standard MCLEDs can be achieved in the red. This is related
to the absence of an absorbing substrate and the presence of a waveguide structure
with high angle-averaged reflectivities and minor penetration depths. The large guided
mode fraction in this type of devices leads to a significant amount of photon recycling,
causing an additional efficiency enhancement. Red emitting thin–film MCLEDs with
an AlGaInP-based cavity surrounded by an AlGaAs/AlAs outcoupling reflector and a
high reflectivity hybrid mirror have been realized by OSRAM Opto Semiconductors.
Even though these devices show a non-optimal detuning, external quantum efficiencies
of 23 % and 18 % with and without encapsulation, respectively, have been achieved.
Due to a detuning of virtually zero, these emitters show a highly directional emission
with a narrow far–field around the normal. This makes these thin–film MCLEDs ideal
for high brightness applications and in particular for optical communication, because
of their increased fiber coupling efficiency as compared to other LED designs. With an
optimum negative detuning a further increase in efficiency should be achievable.

The occurrence of photon recycling and in-plane superluminescence and their effect
on the far–field radiation pattern of these thin–film MCLEDs is demonstrated. The
transition from photon recycling to in-plane superluminescence at transparency causes
a gradual redirection of part of the emission from the vertical to the lateral direction
with increasing current density in that range.
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Chapter 7

Conclusions and Perspectives

The need for high efficiency LEDs in order to achieve a further market penetration and
to broaden the range of applications for LEDs has been emphasized in the introduc-
tion, together with the resulting beneficial effects on the economy and the environment.
In modern semiconductor LEDs internal quantum efficiencies close to unity can be
achieved. High injection efficiencies are possible due to an optimized bandgap engineer-
ing and high radiative efficiencies are achieved with advanced epitaxial growth tech-
niques. Therefore the external quantum efficiency of a semiconductor LED is mainly
limited by its extraction efficiency. Due to the high refractive index of common III–V
semiconductor materials only a small fraction of the light generated internally is ex-
tracted from a standard planar device and the extraction efficiencies are limited to very
low values.

Several methods have been developed in order to circumvent this problem, either by
optimizing the device geometry in order to increase the escape cones or by incorporating
a resonant structure in order to force the emission into the existing escape cones. The
latter approach is called microcavity LED (MCLED) or resonant cavity LED (RCLED).
In a MCLED the spontaneous internal emission is controlled by placing the emitter
inside an optical cavity with a thickness of the order of the emission wavelength. The
resulting interference effects increase the part of the emission that can be extracted.
Contrary to the other approaches this is possible without changing the device geometry
and thus without additional costly back–end processing steps. The control of the far–
field radiation pattern makes these devices particularly interesting for high brightness
applications demanding highly directional emitters, such as printing, bar code reading,
large area displays or optical communication.

7.1 Summary of results

The extraction efficiency of standard MCLEDs is limited by several technological as-
pects. Even though an optical cavity thickness of λ/2 would be ideal for optical pur-
poses, λ cavities are generally used. For smaller sized cavities either the carrier injection
or the radiative recombination efficiency in the quantum well would be compromised.
Furthermore due to the limited refractive index contrast in the semiconductor dis-
tributed Bragg reflectors (DBRs) the penetration depth of the optical field into these
reflectors is large compared to the actual cavity length. This leads to high effective cav-
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ity lengths and thus decreased external quantum efficiencies, as the extraction efficiency
of a MCLED structure is inversely proportional to the effective cavity length.

Thanks to the implementation of novel concepts the extraction properties of different
types of MCLEDs are further enhanced by decreasing their effective cavity length. The
phase-shift cavity principle whilst maintaining the electrical properties of a standard
λ cavity achieves optical properties close to a λ/2 cavity. The use of AlOx instead of
AlAs as the low refractive index component in the distributed Bragg reflectors (DBRs)
leads to smaller penetration depths and therewith a reduction in the effective cavity
length. Another means of reducing the effective cavity length of a standard MCLED is
to combine it with a thin–film structure.

The beneficial effect of these structure modifications is studied for two different emis-
sion regions. For near infrared emitting devices high quality InGaAs/GaAs QWs are
available (peak wavelength 970–980 nm). Red emitting devices with GaInP/AlGaInP
active regions (peak wavelength 650 nm) are of commercial interest. For red emitting
MCLEDs the attainable efficiencies are lower than for near infrared devices due to sev-
eral reasons. The lower confinement potentials lead to an increased carrier leakage and
the larger thermal and electrical resistivities cause an increased sensitivity to Joule heat-
ing. In addition the lower refractive index contrast of the AlGaAs-based DBRs leads
to larger penetration depths and thus increased effective cavity lengths. Since thicker
barrier layers are needed due to the lower confinement potentials, the phase-shift cavity
concept cannot be applied to red emitting AlGaInP MCLEDs. However due to the
lower refractive index contrast for the semiconductor DBRs the use of an oxide DBR
leads to a larger efficiency increase than in the near infrared. The latter is also true for
the implementation of a thin–film structure.

For near infrared bottom emitting MCLEDs with a phase-shift cavity and a device
diameter of 150µm values of 18% for emission into air and 24% for emission into glycerol
were measured at a very low current density of 10A/cm2. Simulations show that with a
further device optimization values above 20% into air and 30% into epoxy are possible.
These devices include a top gold contact and a recess etch of the top p-doped layers
for an efficient lateral current confinement; the substrate is thinned and coated with an
anti-reflection layer. The highest external quantum efficiencies reported prior to this
work for similar bottom emitting MCLEDs with a standard λ cavity are 17% and 23%
for small devices (diameter 85 µm) and large area devices (contact diameter 1.5 mm),
respectively [118].

Near infrared MCLEDs with semiconductor DBRs and designed for top emission
based on the phase-shift cavity principle show maximum external quantum efficiencies
of 19% for emission into air. The light aperture defined by an oxide current confinement
measures 400× 400 µm2. According to the simulations up to 24 % for emission into air
and 34 % for emission into epoxy are theoretically possible. The efficiency of standard
top emitting semiconductor DBR MCLEDs is limited to 10 % [123].

With the additional incorporation of a high reflectivity GaAs/AlOx bottom DBR
the performance of this device type can be further enhanced. The external quantum
efficiency of 28 % measured for a 350 µm diameter top emitting oxide DBR MCLED
corresponds to the highest ever reported efficiency for a MCLED. Simulations predict
values of 30 % for emission into air and nearly 40 % for emission into epoxy. The previ-
ously published record value for oxide DBR devices was a differential external quantum
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efficiency of 27 % [124], corresponding to an absolute external quantum efficiency of
approximately 23 %. However the introduction of an oxide DBR leads to a more com-
plicated device design and device fabrication, mainly related to a degradation of the
semiconductor-oxide interface. A grading of the interfaces in the oxide DBR layers is
missing in the present devices but is considered crucial for a good and reliable device
performance.

Preliminary red emitting MCLEDs with a single GaInP QW in an AlGaInP cavity,
surrounded by AlGaAs current spreading layers and an AlGaAs/AlOx bottom DBR
were realized. The structure was grown by OSRAM Opto Semiconductors and is based
on a design developed in collaboration between the Ecole Polytechnique in Paris, OS-
RAM Opto Semiconductors and EPFL. These devices show an external quantum effi-
ciency of 12 %. The maximum external quantum efficiency achieved for standard red
emitting MCLEDs with semiconductor DBRs is 9.6 % [119]. For larger device sizes
(700 × 700 µm2 instead of 300 × 300 µm2) the wall-plug efficiency of these MCLEDs
increases from 10 to 12% [65]. In order for the AlGaAs layers to be transparent around
650 nm, the aluminum content needs to be at least 50 %. This condition significantly
complicates the device design and device fabrication for red MCLEDs with an oxide
DBR, since a partial parasitic vertical oxidation of the high index AlGaAs DBR layers
and of the n-AlGaAs intracavity contact layer on top of the bottom DBR is inevitable.
A change in the optical properties as well as a reduced current injection are the result of
this parasitic oxidation. Nevertheless with an optimized device design and fabrication
efficiencies close to 20% for emission into air should be attainable with this device type.

The problems related to the incorporation of an oxide DBR into a red emitting
MCLED structure can be avoided by combining the resonant cavity with a thin–film
structure instead. With the bottom hybrid mirror, formed by a metal mirror, a low
refractive index semiconductor layer and a single DBR pair, a high angle-averaged
reflectivity and a small penetration depth can be achieved. Thanks to the substrate
removal the absorption losses are minimal. Thus with devices of this type significantly
higher efficiencies than for standard red emitting MCLEDs can be achieved. First non-
optimized devices were fabricated by OSRAM Opto Semiconductors and have been
characterized in detail. To our knowledge, this corresponds to the first realization of
thin–film MCLEDs. Even though their detuning is not optimal, these devices show an
external quantum efficiency of 18 % for emission into air and 23 % for emission into
epoxy. It is assumed that a significant fraction of the high external quantum efficiency
of these devices is related to a strong photon recycling effect, favored by the presence
of the waveguide structure formed by the bottom hybrid mirror and the top interface
semiconductor–air. Furthermore a study of the far–field radiation pattern of these thin–
film MCLEDs as a function of injection current shows that gain occurs in the quantum
wells at high injection levels, causing the disappearance of photon recycling and the
on-set of lateral in-plane superluminescence. This change from one mechanism to the
other manifests itself as a re-direction of part of the emission from the vertical to the
lateral direction with increasing current injection.

It has been shown that with an optimization of the microcavity design the limits
in terms of efficiency can be pushed to higher values. In the near infrared the external
quantum efficiencies of bottom emitting MCLEDs with a phase-shift cavity seem to be
limited to 20 and 30 % before and after encapsulation, respectively. For top emission
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the values are slightly higher, 25 and 35%. With an oxide DBR in addition top emitting
phase-shift cavity MCLEDs might reach up to 30 % for emission into air and 40 % for
emission into epoxy. In the case of red emitting MCLEDs the implementation of an
oxide DBR leads to a theoretical value for unencapsulated devices close to 20 %. By
combining a standard resonant cavity with a thin–film structure instead it should be
possible to surpass the 20 % limit for red emitting devices.

In all the presented cases the implementation of novel concepts led to an enlarge-
ment of the efficiency levels available with MCLEDs. However these values are still
far below the maximum efficiencies demonstrated with other, geometrical approaches.
Nevertheless it is hoped that this work contributes to an enlargement of the field of
applications for MCLEDs thanks to their increased efficiencies.

7.2 The Future of MCLEDs

The devices presented in this work represent prototypes, which require a further opti-
mization in terms of device design and fabrication. This should lead to an additional
increase in external quantum efficiency for these types of MCLEDs. The combination
with a thin–film structure is applicable to any other material system and is especially in-
teresting for wavelength ranges that still lack high refractive index contrast DBRs with
a reasonable conductivity, such as for example III-nitride based devices. Once a viable
substrate lift-off technique is found for this latter material system, high efficiencies can
be expected for thin–film MCLEDs of this type.

In order to surpass the efficiency limits for MCLEDs mentioned previously, a further
evolution of the epitaxial growth techniques is necessary. With a better control of the
doping profiles and the availability of high refractive index contrast reflectors that can
be grown epitaxially, the effective cavity lengths could be further reduced. Finally once
it is possible to grow high aluminum content epitaxial layers with a low defect density,
such as AlAs with a similar quality as GaAs for example, it will be possible to realize
low index λ/2 cavities without any guided modes. However the problem of an efficient
carrier injection into these high bandgap cavities still needs to be addressed.

From a realistic point of view, the above stated limits for different types of MCLEDs
probably represent the highest efficiencies achievable with a reasonable effort. Only for
hybrid forms such as thin–film MCLEDs there still seems to be a large potential for
improvement. The use of classic MCLEDs will therefore presumably remain limited to
high brightness applications.

Maybe it is rather the general approach towards MCLEDs which needs to be recon-
sidered. Detailed and extensive simulations have shown that a high extraction efficiency
is currently impossible to achieve for a single sided extraction from a planar geometry.
However if this latter condition of single sided emission and high brightness was dropped
and ways were explored to include the guided mode in the overall emission, very high
extraction efficiencies can be expected. In the absence of any leaky modes the extraction
would only be limited by the optical absorption within the cavity and the reflectors.
For this approach again thin–film MCLEDs seem to be the most promising candidates.



Appendix A

Material Parameters

A.1 Bandgap Energy

Figure A.1 shows the energy gap of several III–V semiconductors as a function of the
lattice constant (not shown is the GaInN material system). The bandgap energy Eg

and the bandgap wavelength λg are related via the following expression [37]

λg[µm] =
hc

eEg

=
1.24

Eg[eV]
(A.1)

Figure A.1: Bandgap energy and corresponding wavelength versus lattice constant of various
III–V semiconductors at room temperature [9]
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A.1.1 The AlGaAs material system

AlxGa1−xAs is a direct bandgap semiconductor for x < 0.45. The bandgap energy of
AlxGa1−xAs versus the Al mole fraction is shown in figure A.2. Its direct bandgap
energy EgΓ can be analytically expressed as [9,294]

EgΓ/eV = 1.424 + 1.247x (0 ≤ x ≤ 0.45) (A.2)

Figure A.3 shows in addition the intrinsic absorption coefficient of AlxGa1−xAs near
the intrinsic absorption edge as a function of photon energy for different values of x
[295]. From these two figures it can be seen that in order to be transparent in the red
(λ ≈ 650 nm, Eg ≈ 1.9 eV) the Al-content has to be larger than 35 % at least.

Figure A.2: Bandgap energy and emission wavelength of AlxGa1−xAs at room temperature.
EgΓ denotes the direct gap at the Γ point and EgL and EgX denote the indirect
gap at the L and X point of the Brillouin zone, respectively [9,294].

Figure A.3: Intrinsic absorption coefficient of AlxGa1−xAs near the intrinsic absorption edge
versus photon energy for different values of x at room temperature [295]
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A.1.2 The AlGaAInP material system

Figure A.4 shows the energy gap and the corresponding wavelength versus the lattice
constant of (AlxGa1−x)yIn1−yP. Ga0.51In0.49P is lattice matched to GaAs (cf. figure A.1)
and since Al and Ga have very similar atomic radii (AlxGa1−x)0.51In0.49P is lattice
matched to GaAs as well.

(AlxGa1−x)0.51In0.49P has a direct bandgap for x < 0.53. Figure A.5 shows the
bandgap energy of unordered (AlxGa1−x)0.51In0.49P lattice-matched to GaAs. The fol-
lowing analytical expression was found for the direct bandgap energy [9,10]

EgΓ/eV = 1.91 + 0.61x (0 ≤ x ≤ 0.53) (A.3)

Figure A.4: Bandgap energy and corresponding wavelength versus lattice constant of
(AlxGa1−x)yIn1−yP at room temperature. The dashed vertical line shows
(AlxGa1−x)0.51In0.49P lattice matched to GaAs [9,10].

Figure A.5: Bandgap energy and emission wavelength of unordered (AlxGa1−x)0.51In0.49P
lattice-matched to GaAs at room temperature. EgΓ denotes the direct gap at
the Γ point and EgX denotes the indirect gap the X point of the Brillouin zone
[9,10].
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A.2 Indices of refraction

The refractive index calculation is based on the data by Adachi [162] for AlxGa1−xAs
and on the analytical model presented by Moser et al. [270] for (AlxGa1−x)0.51In0.49P.
Table A.1 shows the values as a function of aluminum content at 970 and 650 nm for
AlxGa1−xAs and 650 nm for (AlxGa1−x)0.51In0.49P.

Table A.1: Calculated refractive indices of AlxGa1−xAs at 970 nm and 650 nm (based on
[162]) and of (AlxGa1−x)0.51In0.49P at 650 nm (based on [270])

Al-content AlxGa1−xAs (AlxGa1−x)0.51In0.49P
970 nm 650 nm 650 nm

x n k n k n k
0 3.5228 3.8254 0.1808 3.5842 0.1004
10 3.4770 3.7784 0.2383 3.5009
20 3.4229 3.7044 0.1694 3.4464
30 3.3662 3.6609 0.1231 3.4033
40 3.3100 3.5793 0.0004 3.3649
50 3.2502 3.4759 3.3294
60 3.1928 3.4006 3.2959
70 3.1349 3.3101 3.2639
80 3.0791 3.2391 3.2333
90 3.0295 3.1858 3.2038
93 3.0070 3.1585 3.1952
95 2.9920 3.1403 3.1895
98 2.9695 3.1130 3.1810
100 2.9545 3.0953 3.1754



Appendix B

Epitaxial Structures

The structures grown and processed during this work are listed in the following tables.
Table B.1 shows a general overview of the different structures. The ones emitting
in the near infrared are labelled ”S” and were grown at EPFL by molecular beam
epitaxy (MBE). The structures emitting in the red are labelled ”K” and were grown by
metal organic chemical vapor deposition (MOCVD) by OSRAM Opto-Semiconductors,
Regensburg, Germany.

Table B.1: Overview MCLED structures

Structure Type Emission Cavity Emission Carrier
wavelength length optimization confinement

S1892 SE MCLED 970 λ/8 PS air oxide aperture
S1904 TE MCLED 970 λ/8 PS epoxy oxide aperture
S1905 TE MCLED 970 λ/8 PS air recess etch
S1907 TE MCLED 970 λ/8 PS air recess etch
S1908 TE MCLED 970 λ/8 PS epoxy recess etch
S1910 TE MCLED 970 λ/8 PS air oxide aperture
K1439 TE MCLED 650 2λ air recess etch
K2552 TF MCLED 650 1λ air current blocking

Except for S1892 all structures are top emitting (TE), whereas S1892 is substrate
emitting (SE). K2552 corresponds to a thin–film (TF) MCLED structure. The infrared
MCLEDs all consist of a bottom DBR and a λ/8 phase-shift (PS) cavity with a single
In0.16Ga0.84As quantum well and a squeezed GRINSCH-like confinement region. The
top mirror consists either simply of the interface GaAs–air or has an additional DBR
pair. The detailed mirror compositions are listed in table B.2, the individual epitaxial
structures are presented subsequently. The metal mirror for structure S1892 and the
ODR for K2552 are deposited during the device fabrication subsequent to the epitaxial
growth.

Structures S1892 and S2062 contain an Al0.98Ga0.02As layer in order to form an oxide
aperture for lateral current confinement, in case of the structures S1904 and S1910 the
Al0.98Ga0.02As layer in the top DBR and the top Al0.98Ga0.02As layer in the bottom DBR
can be selectively oxidized by only exposing these layers by selective wet etching. In
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Table B.2: Different MCLED structures as grown and processed

Structure Bottom Reflector Top Reflector
pairs nh nl pairs nh nl

S1892 3.5 GaAs Al0.93Ga0.07As 0 - gold
S1904 16.5 GaAs Al0.98Ga0.02As 1 GaAs Al0.98Ga0.02As
S1905 3.5 GaAs AlOx 0 GaAs air
S1907 3.5 GaAs AlOx 1 GaAs Al0.90Ga0.10As
S1908 3.5 GaAs AlOx 1 GaAs Al0.90Ga0.10As

+1 GaAs Al0.90Ga0.10As
S1910 15.5 GaAs Al0.98Ga0.02As 0 GaAs air
K1439 3.5 Al0.5Ga0.5As AlOx 0 GaAs air
K2552 - ODR - 6 Al0.53Ga0.47As Al0.95Ga0.05As

+1 Al0.53Ga0.47As Al0.95Ga0.05As

the other structures the current is confined by a selective recess etch of the top p-doped
GaAs layers and the top DBR pair, if present. The thin–film MCLEDs with structure
K2552 feature a dielectric current blocking layer on the p-side opposite to the n-contact
pad.

S1905, S1907 and S1908 contain a 3.5 pair GaAs/Al0.98Ga0.02As bottom DBR desig-
nated for lateral oxidation. By transforming the Al0.98Ga0.02As layers to AlOx a similar
reflectivity as for the semiconductor DBRs with a significantly higher number of DBR
pairs can be achieved.

In case of the substrate emitting devices with structure S1892 the substrate is
thinned after the device processing and an anti-reflection coating is deposited on the
substrate side.

The red MCLED structure K1439 consists of an Al0.5Ga0.5As/AlOx bottom DBR
and a standard 2λ cavity with a single GaInP quantum well, AlGaInP barrier and
confinement layers and AlGaAs current spreading and contact layers. The GaAs top
p-contact layer is kept as thin as possible in order to minimize absorption. The mirror
oxidation layers are surrounded by thick Al0.95Ga0.05As intermediate grading layers.

The thin-film MCLED devices based on structure K2552 contain a 1-λ cavity with 5
GaInP QWs. An omnidirectional reflector (ODR) consisting of a gold and a proprietary
semiconductor layer in combination with a single pair of p-type Al0.53Ga0.47As/Al0.95Ga0.05As
represent the bottom hybrid mirror. The outcoupling reflector consists of a 6 pair n-
Al0.53Ga0.47As/Al0.95Ga0.05As DBR, in both DBRs the interfaces are graded linearly.
After the epitaxial growth the bottom ODR is deposited, before the wafer is bonded
onto a new carrier and the substrate is removed by epitaxial lift-off. With an anti-
reflection coating deposited on the etch stop layer the parasitic reflections within the
waveguide structure are minimized.
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Table B.3: Epitaxial structure S1892

Compound Doping Thickness Comments
[nm]

GaAs n-Si substrate and buffer
Al0.93Ga0.07As n-Si 91

GaAs n-Si 64 3.5 pair
Al0.93Ga0.07As n-Si 91 bottom

GaAs n-Si 64 DBR
Al0.93Ga0.07As n-Si 91

GaAs n-Si 64 n-intracavity contact layer
Al0.98Ga0.02As n-Si 91 oxide aperture layer

GaAs n-Si 65
Al0.93Ga0.07As n-Si 30
Al0.50Ga0.50As 20 3-step GRINSCH
Al0.10Ga0.90As 15

GaAs 10 barrier layer
In0.16Ga0.84As 7.5 QW emitting at 970 nm

GaAs 10 barrier layer
Al0.10Ga0.90As 15
Al0.50Ga0.50As 20 3-step GRINSCH
Al0.93Ga0.07As p-Be 30

GaAs p-Be 84 current spreading layer
GaAs p+-Be 20 p-contact layer
air
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Table B.4: Epitaxial structure S1904

Compound Doping Thickness Comments
[nm]

GaAs n-Si substrate and buffer
Al0.98Ga0.02As n-Si 82

GaAs n-Si 76.4
Al0.98Ga0.02As n-Si 82

GaAs n-Si 76.4
Al0.98Ga0.02As n-Si 82

GaAs n-Si 76.4 16.5 pair
Al0.98Ga0.02As n-Si 82 bottom

GaAs n-Si 76.4 DBR
Al0.98Ga0.02As n-Si 82

...
...

...
Al0.98Ga0.02As n-Si 82

GaAs n-Si 76.4 n-intracavity contact layer
Al0.98Ga0.02As n-Si 82 oxide aperture layer

GaAs n-Si 77
Al0.90Ga0.10As n-Si 24
Al0.90Ga0.10As 24
Al0.50Ga0.50As 10 3-step GRINSCH
Al0.10Ga0.90As 5

GaAs 10 barrier layer
In0.16Ga0.84As 7.5 QW emitting at 970 nm

GaAs 10 barrier layer
Al0.10Ga0.90As 5
Al0.50Ga0.50As 10 3-step GRINSCH
Al0.90Ga0.10As 24
Al0.90Ga0.10As p-Be 24

GaAs p-Be 75
Al0.98Ga0.02As p-Be 82 oxide aperture layer

GaAs p-Be 54 1 pair top DBR
GaAs p+-Be 20 p-contact layer
air
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Table B.5: Epitaxial structure S1905

Compound Doping Thickness Comments
[nm]

GaAs n-Si substrate and buffer
Al0.98Ga0.02As n-Si 120

GaAs n-Si 88
Al0.98Ga0.02As n-Si 120 3.5 pair

GaAs n-Si 88 GaAs/AlOx

Al0.98Ga0.02As n-Si 120 bottom DBR
GaAs n-Si 94

Al0.98Ga0.02As n-Si 120
GaAs n-Si 78.5 n-intracavity contact layer

Al0.90Ga0.10As n-Si 20
Al0.50Ga0.50As 20 3-step GRINSCH
Al0.10Ga0.90As 15

GaAs 10 barrier layer
In0.16Ga0.84As 7.5 QW emitting at 970 nm

GaAs 10 barrier layer
Al0.10Ga0.90As 15
Al0.50Ga0.50As 20 3-step GRINSCH
Al0.90Ga0.10As p-Be 20

GaAs p-Be 53.6 current spreading layer
GaAs p+-Be 20 p-contact layer
air
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Table B.6: Epitaxial structure S1907

Compound Doping Thickness Comments
[nm]

GaAs n-Si substrate and buffer
Al0.98Ga0.02As n-Si 120

GaAs n-Si 88
Al0.98Ga0.02As n-Si 120 3.5 pair

GaAs n-Si 88 GaAs/AlOx

Al0.98Ga0.02As n-Si 120 bottom DBR
GaAs n-Si 94

Al0.98Ga0.02As n-Si 120
GaAs n-Si 78.5 n-intracavity contact layer

Al0.90Ga0.10As n-Si 20
Al0.50Ga0.50As 20 3-step GRINSCH
Al0.10Ga0.90As 15

GaAs 10 barrier layer
In0.16Ga0.84As 7.5 QW emitting at 970 nm

GaAs 10 barrier layer
Al0.10Ga0.90As 15
Al0.50Ga0.50As 20 3-step GRINSCH
Al0.90Ga0.10As p-Be 20

GaAs p-Be 76
Al0.90Ga0.10As p-Be 76

GaAs p-Be 56 1 pair top DBR
GaAs p+-Be 20 p-contact layer
air
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Table B.7: Epitaxial structure S1908

Compound Doping Thickness Comments
[nm]

GaAs n-Si substrate and buffer
Al0.98Ga0.02As n-Si 140

GaAs n-Si 96
Al0.98Ga0.02As n-Si 140 3.5 pair

GaAs n-Si 96 GaAs/AlOx

Al0.98Ga0.02As n-Si 140 bottom DBR
GaAs n-Si 84

Al0.98Ga0.02As n-Si 140
GaAs n-Si 77.6 1 pair

Al0.90Ga0.10As n-Si 82.3 bottom DBR
GaAs n-Si 74.6 n-intracavity contact layer

Al0.90Ga0.10As n-Si 24
Al0.90Ga0.10As 24
Al0.50Ga0.50As 10 3-step GRINSCH
Al0.10Ga0.90As 5

GaAs 10 barrier layer
In0.16Ga0.84As 7.5 QW emitting at 970 nm

GaAs 10 barrier layer
Al0.10Ga0.90As 5
Al0.50Ga0.50As 10 3-step GRINSCH
Al0.90Ga0.10As 24
Al0.90Ga0.10As p-Be 24

GaAs p-Be 75
Al0.90Ga0.10As p-Be 80.5

GaAs p-Be 55 1 pair top DBR
GaAs p+-Be 20 p-contact layer
air
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Table B.8: Epitaxial structure S1910

Compound Doping Thickness Comments
[nm]

GaAs n-Si substrate and buffer
Al0.98Ga0.02As n-Si 89.1

GaAs n-Si 67.6
Al0.98Ga0.02As n-Si 89.1

GaAs n-Si 67.6
Al0.98Ga0.02As n-Si 89.1 15.5 pair

GaAs n-Si 67.6 bottom
Al0.98Ga0.02As n-Si 89.1 DBR

GaAs n-Si 67.6
Al0.98Ga0.02As n-Si 89.1

...
...

...
Al0.98Ga0.02As n-Si 89.1

GaAs n-Si 67.6 n-intracavity contact layer
Al0.98Ga0.02As n-Si 89.1 oxide aperture layer

GaAs n-Si 78.5
Al0.90Ga0.10As n-Si 15
Al0.90Ga0.10As 15
Al0.50Ga0.50As 10 3-step GRINSCH
Al0.10Ga0.90As 10

GaAs 10 barrier layer
In0.16Ga0.84As 7.5 QW emitting at 970 nm

GaAs 10 barrier layer
Al0.10Ga0.90As 10
Al0.50Ga0.50As 10 3-step GRINSCH
Al0.90Ga0.10As 15
Al0.90Ga0.10As p-Be 15

GaAs p-Be 55.7 current spreading layer
GaAs p+-Be 20 p-contact layer
air
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Table B.9: Epitaxial structure K1439

Compound Doping Thickness Comments
design nominal
[nm] [nm]

GaAs substrate and buffer
Al0.95Ga0.05As 45
Al0.98Ga0.02As 20 110.3
Al0.95Ga0.05As 45
Al0.5Ga0.5As 50 47.7

Al0.95Ga0.05As 45
Al0.98Ga0.02As 20 110.3 3.5 pair
Al0.95Ga0.05As 45 Al0.5Ga0.5As/AlOx

Al0.5Ga0.5As 50 47.7 bottom DBR
Al0.95Ga0.05As 45 with Al0.95Ga0.05As
Al0.98Ga0.02As 20 110.3 grading layers
Al0.95Ga0.05As 45
Al0.5Ga0.5As 50 47.7

Al0.95Ga0.05As 45
Al0.98Ga0.02As 20 110.3
Al0.95Ga0.05As 45
Al0.7Ga0.3As n+-Te 53 103.1 n-intracavity contact layer
Al0.7Ga0.3As n-Te 50 intermediate layer

(Al0.7Ga0.3)0.5In0.5P n-Te 50 54.8 confinement layer
(Al0.5Ga0.5)0.5In0.5P 46 48.7 barrier layer

GaInP 5 4.6 QW emitting at 650 nm
(Al0.5Ga0.5)0.5In0.5P 46 48.7 barrier layer
(Al0.7Ga0.3)0.5In0.5P p-Mg 50 54.8 confinement layer

Al0.7Ga0.3As p-C 87 88.4 current spreading layer
GaAs p+-C 10 6.4 p-contact layer
air
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Table B.10: Epitaxial structure K2552

Compound Doping Thickness Comments
[nm]

GaAs n substrate and buffer
(Al0.55Ga0.45)0.51In0.49P n 440 etch stop layer

Al0.80Ga0.20As n 3875 current spreading layer
AlxGa1−xAs n 12.4 linear grading

Al0.53Ga0.47As n 35.3
AlxGa1−xAs n 12.4

Al0.95Ga0.05As n 40.2 6 pair
AlxGa1−xAs n 12.4 top

Al0.53Ga0.47As n 35.3 DBR
AlxGa1−xAs n 12.4 with linear grading

Al0.95Ga0.05As n 40.2
...

...
...

Al0.95Ga0.05As n 40.2
AlxGa1−xAs n 12.4

Al0.53Ga0.47As n 35.3
AlxGa1−xAs n 12.4

Al0.95Ga0.05As n 40.2
Al0.51In0.49P n 49.3 confinement layer

(Al0.47Ga0.53)0.51In0.49P 32.9 barrier layer
GaInP 4.9 QW emitting at 650 nm

(Al0.47Ga0.53)0.51In0.49P 6.3 barrier layer
GaInP 4.9 QW emitting at 650 nm

(Al0.47Ga0.53)0.51In0.49P 6.3 barrier layer
GaInP 4.9 QW emitting at 650 nm

(Al0.47Ga0.53)0.51In0.49P 6.3 barrier layer
GaInP 4.9 QW emitting at 650 nm

(Al0.47Ga0.53)0.51In0.49P 6.3 barrier layer
GaInP 4.9 QW emitting at 650 nm

(Al0.47Ga0.53)0.51In0.49P 32.9 barrier layer
Al0.51In0.49P p 49.3 confinement layer

Al0.95Ga0.05As p 45 1 pair
AlxGa1−xAs p 14 bottom DBR

Al0.53Ga0.47As p 35.2 with linear grading
GaAs p+ 2 p-contact layer
air



Appendix C

Lithography Masks

C.1 Mask Substrate Emitting Devices

Figure C.1: Schematic of mask set used for substrate emitting MCLEDs; mesas (dark gray),
n-contact (light gray) and p-contact (black). The device sizes are defined by
the p-contact areas and vary from 400 µm to 50 µm in diameter.
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C.2 Masks Top Emitting Devices

C.2.1 Mask Semiconductor DBR Devices

Figure C.2: Schematic of mask set used for top emitting MCLEDs with a semiconductor
bottom DBR; n-contact (dark gray), p-contact (black) and contact pads (light
gray). The device sizes are defined by the light aperture within the outer p-
contact ring and range from 400 × 400 µm2 to 28 × 28 µm2.
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C.2.2 Mask Oxide DBR Devices

Figure C.3: Schematic of mask set used for top emitting MCLEDs with an oxide bottom
DBR; oxidation trenches (black, filled), recess etch (light gray, filled), n-contact
(dark gray, empty) and p-contact (black, empty). The device sizes are defined
by the light aperture within the outer p-contact ring and vary from 350 µm to
20 µm in diameter.
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Appendix D

Detector Calibration

D.1 Large Area Photodiodes

The large area silicon photodiodes used for the L–I–V measurements in this thesis had
been calibrated beforehand by the Swiss Federal Office of Metrology and Accreditation
(METAS) in Bern, Switzerland. The absolute spectral sensitivity of four different pho-
todiodes was determined. The photocurrent generated by the photodiode was compared
with the optical power displayed by the reference detectors EAM4, EAM5 and EAM6
for the same monochromatic collimated light beam. The electric current was measured
with a pico-ampere meter METAS 2240.

Two different types of photodiodes were evaluated, Hamamatsu S1337-1010BR and
Hamamatsu S1337-1010BQ. The photodiodes S1337-1010BQ have a quartz window
instead of a resin coating and show therefore an increased sensitivity below 400 nm
but a reduced sensitivity for larger wavelengths. The typical spectral response of the
photodiodes given by Hamamatsu is shown in figure D.1. The four different photodiodes

Figure D.1: Typical spectral response large area photodiodes by Hamamatsu
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Table D.1: Calibrated large area photodiodes

Label Type Calibration range
“B” S1337-1010BR 310 - 1000 nm, step width 10 nm
“C” S1337-1010BR 400, 450, 500, 600, 650, 700, 900, 950 and 1000 nm
“D” S1337-1010BQ 270 - 1000 nm, step width 10 nm
“E” S1337-1010BQ 300, 400, 450, 500, 600, 650, 700, 900, 950 and 1000 nm

are labelled “B”, “C”, “D” and “E”, the first two being of type S1337-1010BR and the
latter two of type S1337-1010BQ. Photodiode“B”was calibrated from 310nm to 1000nm
with a step width of 10 nm; photodiode “D” from 270 nm to 1000 nm with the same
step width. The two photodiodes “C” and “E” were calibrated only at certain specific
wavelengths which are listed in table D.1. The photodiodes of type S1337-1010BR could
not be calibrated between 270 nm and 310 nm as the dark current noise was too high.

Table D.2: Spectral sensitivities of the different Hamamatsu large area photodiodes
(METAS calibration certificate No 116-0096)

“B” “D” “C” “E”
Wavelength ε(λ) ε(λ) ε(λ) ε(λ)

[nm] [A/W] [A/W] [A/W] [A/W]
270 0.1226
280 0.1183
290 0.1241
300 0.1343 0.1325
310 0.1036 0.1421
320 0.1194 0.1467
330 0.1298 0.1501
340 0.1384 0.1526
350 0.1444 0.1531
360 0.1463 0.1494
370 0.1527 0.1489
380 0.1699 0.1601
390 0.1884 0.1734
400 0.2031 0.1840 0.2019 0.1827
410 0.2159 0.1933
420 0.2275 0.2018
430 0.2379 0.2096
440 0.2476 0.2170
450 0.2570 0.2240 0.2563 0.2228
460 0.2660 0.2308
470 0.2745 0.2375
480 0.2828 0.2438
490 0.2910 0.2501
500 0.2990 0.2563 0.2985 0.2552
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Wavelength ε(λ) ε(λ) ε(λ) ε(λ)
[nm] [A/W] [A/W] [A/W] [A/W]
510 0.3070 0.2625
520 0.3148 0.2684
530 0.3225 0.2745
540 0.3300 0.2805
550 0.3376 0.2863
560 0.3450 0.2921
570 0.3525 0.2981
580 0.3600 0.3037
590 0.3672 0.3094
600 0.3743 0.3153 0.3741 0.3143
610 0.3818 0.3209
620 0.3889 0.3266
630 0.3962 0.3320
640 0.4035 0.3378
650 0.4103 0.3433 0.4102 0.3425
660 0.4175 0.3490
670 0.4245 0.3545
680 0.4317 0.3601
690 0.4386 0.3656
700 0.4458 0.3713 0.4455 0.3704
710 0.4526 0.3767
720 0.4596 0.3823
730 0.4666 0.3878
740 0.4733 0.3932
750 0.4800 0.3987
760 0.4871 0.4042
770 0.4940 0.4097
780 0.5009 0.4152
790 0.5078 0.4207
800 0.5147 0.4261
810 0.5215 0.4318
820 0.5281 0.4370
830 0.5352 0.4426
840 0.5418 0.4479
850 0.5487 0.4533
860 0.5553 0.4588
870 0.5615 0.4647
880 0.5684 0.4700
890 0.5752 0.4753
900 0.5807 0.4809 0.5805 0.4803
910 0.5869 0.4863
920 0.5945 0.4917
930 0.6007 0.4969
940 0.6077 0.5016
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Wavelength ε(λ) ε(λ) ε(λ) ε(λ)
[nm] [A/W] [A/W] [A/W] [A/W]
950 0.6125 0.5048 0.6126 0.5047
960 0.6151 0.5070
970 0.6145 0.5067
980 0.6098 0.5031
990 0.6000 0.4942
1000 0.5826 0.4802 0.5825 0.4818
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Figure D.2: Spectral response of the large area photodiodes by Hamamatsu; “B” (solid line),
“D” (dashed line), “C” (squares) and “D” (circles)
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D.2 Integrating Sphere

The integrating sphere used for the absolute L–I–V measurements in this thesis had
been calibrated by the manufacturer, UDT Instruments, Baltimore, USA. The detector
labelled “S2575 S/N 8U087”was calibrated as a whole, integrating sphere (UDT Instru-
ments Radiometry Model 2575 Laser Power Attenuator) together with the photodiode
(UDT Instruments Model 260 silicon sensor head), using the laboratory standards that
are traceable to the National Institute of Standards and Technology (NIST). The en-
semble was calibrated from 400 nm to 1100 nm with a step width of 10 nm.

Table D.3: Spectral response of the UDT integrating sphere S2575 S/N 8U087 (UDT cali-
bration certificate No 90198)

Wavelength Response Response
[nm] [10−3 A/W] [%]
400 0.694 39.4
410 0.757 43.0
420 0.818 46.5
430 0.866 49.2
440 0.908 51.6
450 0.953 54.1
460 0.993 56.4
470 1.031 58.6
480 1.069 60.7
490 1.103 62.7
500 1.138 64.7
510 1.172 66.6
520 1.204 68.4
530 1.231 69.9
540 1.259 71.5
550 1.283 72.9
560 1.305 74.1
570 1.325 75.3
580 1.344 76.4
590 1.361 77.3
600 1.376 78.2
610 1.393 79.1
620 1.408 80.0
630 1.423 80.9
640 1.435 81.5
650 1.448 82.3
660 1.459 82.9
670 1.471 83.6
680 1.485 84.4
690 1.499 85.2
700 1.513 86.0
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Wavelength Response Response
[nm] [10−3 A/W] [%]
710 1.530 86.9
720 1.550 88.1
730 1.570 89.2
740 1.590 90.3
750 1.608 91.4
760 1.625 92.3
770 1.642 93.3
780 1.656 94.1
790 1.668 94.8
800 1.679 95.4
810 1.688 95.9
820 1.696 96.4
830 1.703 96.8
840 1.713 97.3
850 1.720 97.7
860 1.727 98.1
870 1.735 98.6
880 1.742 99.0
890 1.748 99.3
900 1.754 99.7
910 1.759 99.9
920 1.760 100.0
930 1.744 99.1
940 1.749 99.4
950 1.744 99.1
960 1.740 98.9
970 1.731 98.4
980 1.723 97.9
990 1.704 96.8
1000 1.675 95.2
1010 1.626 92.4
1020 1.554 88.3
1030 1.459 82.9
1040 1.328 75.5
1050 1.179 67.0
1060 1.009 57.3
1070 0.8560 48.6
1080 0.7400 42.0
1090 0.6290 35.7
1100 0.5260 29.9
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Figure D.3: Spectral response of the UDT integrating sphere S2575 S/N 8U087
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1998 - 1999 Diploma thesis carried out at the University of California,

Santa Barbara (UCSB), USA
Title: “Optimization of Si3N4 Suspensions for Colloidal
Iso-Press Forming”

2000 - 2005 Ph.D. at the Swiss Federal Institute of Technology,
Lausanne (EPFL)
Title: “Microcavity Light–Emitting Diodes from the Red Visible
to the Near Infrared Wavelength Range”
Supervisor: Prof. Marc Ilegems, Semiconductor Device Physics
Group, Institute of Quantum Electronics and Photonics (IPEQ)

253



254



Publications

Articles

• R. Joray, B. Yu, F. Lange and J. Pollinger, “Optimization of an Aqueous, Com-
mercial Silicon Nitride Slurry for Colloidal Isopressing”, Journal of the European
Ceramic Society, vol. 22, no. 7, pp. 1061–1066, 2002.

• W. Nakwaski, M. Wasiak, P. Mackowiak, W. Bedyk, M. Osinski, A. Passaseo,
V. Tasco, M. T. Todaro, M. De Vittorio, R. Joray, J. X. Chen, R. P. Stanley and
A. Fiore, “Oxidation kinetics of AlAs and (AlGa)As layers in GaAs-based diode
laser structures: comparative analysis of available experimental data”, Semicon-
ductor Science and Technology, vol. 19, no. 3, pp. 333–341, 2004.

• R. Joray, M. Ilegems, R. Stanley, W. Schmid, R. Butendeich, R. Wirth, A. Jaeger
and K. Streubel, “Effect of Photon Recycling and In-Plane Superluminescence on
the Far–Field Radiation Pattern of Red Emitting AlGaInP Thin-Film RCLEDs”,
in preparation.

• R. Joray, R. Stanley, J. Dorsaz, U. Oesterle and M. Ilegems, “High Efficiency
Substrate Emitting MCLEDs”, in preparation.

Conference Presentations and Proceedings

• R. Joray, J. Dorsaz, R. P. Stanley, M. Ilegems, M. Rattier, C. Karnutsch and
K. Streubel, “High Extraction Efficiency AlGaInP Microcavity Light Emitting
Diodes at 650 nm with AlGaAs–AlOx DBR”, at the 29th International Symposium
on Compound Semiconductors (ISCS), Institute of Physics Conference Series,
Lausanne, Switzerland, vol. 174, M. Ilegems, G. Weimann and J. Wagner, Eds.,
pp. 363–366, 2002 (Oral Presentation).

• R. P. Stanley, P. Royo, U. Oesterle, R. Joray and M. Ilegems, “Novel Micro-
cavity Light Emitting Diodes”, at the 29th International Symposium on Com-
pound Semiconductors (ISCS), Institute of Physics Conference Series, Lausanne,
Switzerland, vol. 174, M. Ilegems, G. Weimann and J. Wagner, Eds., pp. 359–362,
2002.

• R. Joray, M. Ilegems, R. Stanley, W. Schmid, R. Butendeich, R. Wirth, A. Jaeger
and K. Streubel, “High brightness red emitting AlGaInP thin-film RCLEDs”, at
Optics East, Physics and Applications of Optoelectronic Devices, SPIE, Philadel-
phia, PA, USA, in press, 2004 (Oral Presentation).

255



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


