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Zusammenfassung

Ein Leben ohne Halbleitertechnologie ist heutzutage kaum noch vorstellbar, da viele
Aspekte des Alltags eingeschränkt wären. Obwohl es vielen Menschen nicht bewusst
ist sind Halbleiter in den verschiedensten elektronischen und optoelektronischen Gerä-
ten verbaut. Die bekanntesten sind Computer, Flachbildfernseher, Autos und Smart-
phones. Im Gegensatz zu diesen Beispielen, gibt es auch viele Bereiche die von der
Halbleitertechnik erobert werden, welche Jahrzehnte lang ohne sie auskamen. In Au-
tos, Straßenlaternen und als LED-Leuchten übernehmen sie den Beleuchtungsmarkt
im Privaten und im öffentlichen Raum. Darüber hinaus gibt es noch weitere Bereiche
welche die Halbleitertechnologie verwenden, ohne das sie vom Endnutzer wahrgenom-
men wird. Beispiele dafür sind lasergestützte Operationen oder Telekommunikation
und Datenübertragung über Glasfaser.

Seit der Erfindung des Photophons im Jahr 1880 durch Alexander Graham Bell
und Charles Sumner Tainter [1], welches als erstes Gerät Sprache über Licht über-
trug, haben sich Telekommunikation und optische Kommunikation weiterentwickelt.
Heutzutage wird beinahe die gesamte Kommunikation nur noch digital durchgeführt.
Daher werden alle zu übertragenden Daten in digitale Signale umgewandelt, was üb-
licherweise von halbleiterbasierten Geräten übernommen wird. Diese Signale werden
dann als Lichtpuls in Lichtwellenleiter eingekoppelt und übertragen, dabei sind Halb-
leiterlaser für die Erzeugung der Lichtpulse zuständig. Solche Lasersysteme müssen
Licht mit bestimmten Wellenlängen der sogenannten Telekombänder emittieren. Die
Telekombänder ergeben sich aus den Minima der Materialdispersion in Lichtwellenlei-
tern, welche zu einer Minimierung von Verlusten bei der Datenübertragung führen [2].
Daher sind Halbleiterlaser ein essentieller Bestandteil der globalen Kommunikation,
unter anderem für die Telekommunikation und Computernetzwerke, wie das weltweite
Internet. Lichtwellenleiter, gebündelt zu Glasfaserkabeln, werden in vielen Teilen des
Internets genutzt. Dies geschieht bereits seit geraumer Zeit in interkontinentalen See-
kabeln und mittlerweile auch vermehrt auf der letzten Meile, die den Endnutzer mit
dem Internet verbindet. Neben der Erzeugung der optischen Signale werden Halbleiter-
laser auch zur Verstärkung genutzt um Informationsverlust bei längeren Laufstrecken
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vorzubeugen. Daher ist es nicht übertrieben zu behaupten, dass die gesamte heutige
Kommunikation ohne Halbleitertechnologie nicht möglich wäre.

Durch die Vielzahl an Halbleitermaterialien und die Möglichkeiten durch Kombina-
tion Heterostrukturen herzustellen, existieren die verschiedensten Halbleiterlaser. Ei-
ne Unterscheidung erfolgt zwischen Kantenemittern, zum Beispiel mit SCH-Struktur
(englisch: separate confinement heterostructure) [3], und Oberflächenemittern, wie ei-
nem VECSEL (englisch: vertical-external-cavity surface-emitting laser) [4–6]. Beide
basieren auf einer aktiven Region bestehend aus Halbleiterquantenfilmen. Kantene-
mitter werden üblicherweise elektrisch betrieben, während VECSEL optisch und da-
her unter unterschiedlichen Bedingungen angeregt werden können. Zusätzlich haben
VECSEL den Vorteil, dass im externen Teil ihres Resonators optische Elemente plat-
ziert werden können und so direkt im Strahlengang Manipulationen vorgenommen
werden können [7–9]. Somit eignen sie sich als System für eine Fülle an verschiedenen
Anwendungen und zum Testen von neuen Materialsystemen, sowie zur Grundlagen-
forschung.

Die Vielzahl an Anwendungen für Halbleiterlaser in der Telekommunikation und
optischen Datenübertragung [10] führt zu hohen Ansprüchen an eben diese. Minima
von Materialabsorption und -dispersion können für Lichtwellenleiter um 1300 nm und
1550 nm gefunden werden, jedoch ist das ein energetischer Bereich in dem Augerver-
luste anfangen die materialspezifischen Verlustprozesse in Halbleitern zu dominieren
[11–13]. Laser für diese Anwendungen sind typischer Weise auf InP basiert und funk-
tionieren am besten in einem konstanten Umgebungsklima [14, 15]. Daher wäre ein
flexibleres Materialsystem wünschenswert, welches beispielsweise in einem größeren
Bereich von Umgebungstemperaturen operieren kann.

Um diese Probleme zu überwinden wird in dieser Dissertation ein verbessertes Kon-
zept im Vergleich zu den üblichen Halbleiterlasern basierend auf Typ-I Bandanord-
nungen diskutiert. Durch die Kombination von zwei Halbleitermaterialien, mit jeweils
relativ großen Bandlücken verglichen mit dem Nahinfrarotbereich, wird eine effekti-
ve Übergangsenergie im gewünschten Bereich realisiert [16]. Dies ist möglich, da die
Rekombination von Ladungsträger in einem solchen System durch die Grenzfläche
zwischen den beiden Quantenfilmen von statten geht, siehe Abbildung 0.1. Eine An-
ordnung in der Elektronen und Löcher nicht im selben Quantenfilm lokalisiert sind,
wird als Typ-II Bandanordnung bezeichnet. In diesem Fall sind die Quantenfilme so
angeordnet, dass das Confinement-Potential der Elektronen ein namensgebendes ”W“
bildet. Solch ein System hebt die Überlappung der Wellenfunktionen von Elektronen
und Löchern in den Vordergrund, da sie betrachtet werden muss um eine Rekom-
binationsrate zu erhalten die groß genug ist, um einen Laserbetrieb zu ermöglichen.
Bisherige Studien zeigen, dass die intrinsischen Verluste für solche Systeme kleiner als
in Typ-I Systemen sind [17, 18]. Es bietet sich deshalb an, ”W“-artige Typ-II Systeme
weiterführend zu untersuchen.

Die sorgfältige theoretische Konzeption und experimentelle Realisierung eines Halb-
leiterlasers gehen Hand in Hand. Ausgehend von einem theoretischen Vorschlag, basie-
rend auf den gewünschten optischen Eigenschaften, beginnt ein geschlossener Entwick-
lungskreislauf. Dieser wird durch Anwendung einer vollständig mikroskopischen Theo-
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Abbildung 0.1: Skizze einer Typ-II “W”-Quantenfilmanordnung. Das Confinement-
Potential (Linien) wird gezeigt für zwei Quantenfilmmaterialien (Flä-
chen), die von einem Barrierenmaterial eingeschlossen sind. Die Emis-
sion von Licht durch die Rekombination von Ladungsträgern ist eben-
falls dargestellt (Pfeile).

rie erstellt, sprich durch lösen der Halbleiter-Bloch-Gleichungen [19, 20]. Im nächsten
Schritt wird die vorgeschlagene Struktur epitaktisch als Halbleiterchip gewachsen. Da-
nach wird eine ausführliche strukturelle Analyse und eine grundlegende Charakteri-
sierung des Lasers durchgeführt. Durch diese Analyse werden die nominellen Para-
meter der Probe bestimmt. Zu ihnen gehören die Materialzusammensetzung, welche
durch hochauflösende Röntgenbeugungsmessungen [21] ermittelt wird, und die opti-
schen Eigenschaften, zum Beispiel die Photolumineszenz. Die experimentellen Photo-
lumineszenzmessungen werden dann mit numerischen Ergebnissen, die durch die An-
wendung der Halbleiter-Lumineszenz-Gleichungen [20, 22] erzielt werden, verglichen.
So kann eine direkte Rückmeldung zu den nominellen Parametern und der inhomoge-
nen Verbreiterung der Probe erfolgen. Photolumineszenzauswertungen sind im ersten
Schritt dieses Entwicklungskreislaufs ein probates Mittel, da sie an Quantenfilmhete-
rostrukturen durchgeführt werden können und die Proben nicht bis zum Niveau eines
Halbleiterlasers prozessiert werden müssen. Daher können sie ohne größeren Aufwand
zur Überprüfung des Wachstumsprozesses eingesetzt werden. Sobald ein vollständi-
ger Laser prozessiert ist können weitere Untersuchungen durchgeführt werden, um ihn
komplett zu charakterisieren.

Ein anderer Typ von Halbleiterlaser basiert auf Quantenpunkten: die Quanten-
punktlaser [23]. Bedingt durch ihre Struktur haben sie ein stärkeres Ladungsträger-
Confinement und daher beinahe atomare Eigenschaften. Idealerweise stammt ihre La-
seremission nur von einem einzelnen Quantenpunkt in einem Mikroresonator, welcher
verschiedene Formen haben kann [24]. Als Laser stechen sie durch ihre linearen und
beinahe schwellenlose Eingangs-/Ausgangscharakteristik hervor, die sie unter nicht-
resonanter Anregung zeigen [25]. Ihre Anwendungsfelder sind ähnlich zu denen von
Halbleiterlasern, welche die Ladungsträger in höherdimensionalen Strukturen einfan-
gen. Sie eigenen sich hervorragend zur Grundlagenforschung in der Quantenelektro-
dynamik [20, 24, 26] und zu Quantenphänomenen wie Vakuum-Rabi Aufspaltung [27,
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28] oder der Emission einzelner [29–31] und verschränkter [32] Photonen, sowie Ex-
perimenten zu besonders starker Licht–Materie Kopplung [28, 33, 34]. Folglich eignen
sie sich hervorragend als Modellsystem in quantenoptischen Studien.

Diese Dissertation fasst die Ergebnisse mehrerer Publikationen zu grenzflächendomi-
nierten Laserstrukturen und Quantenpunktemissionscharakteristiken zusammen und
erweitert sie an gegebener Stelle. Alle Untersuchungen erfolgen mit der Zielsetzung
die makroskopischen Eigenschaften der Systeme durch mikroskopische Theorien zu
beschreiben. Eine Einführung in die theoretischen Modelle kann in Kapitel 2 gefun-
den werden. Ausgehend vom Jaynes–Cummings Modell [35] wird eine Erweiterung
dieses Modells eingeführt, analog zu Publikation [I]. Dies wird zur Untersuchung von
Quantenpunkten die mehrere zwei-Niveausysteme beherbergen, und sich in einem Mi-
kroresonator befinden, genutzt. Des weiteren werden die Halbleiter-Blochgleichungen
beschrieben, beginnend beim Hamiltonoperator zur Beschreibung des physikalischen
Systems bis hin zur Verknüpfung zu makroskopischen Größen wie Absorption und Bre-
chungsindexänderung. Weiterhin werden die durch die Quantisierung des Lichtfeldes
zu erhaltenden Halbleiter-Lumineszenz-Gleichungen vorgestellt. Zum Abschluss von
Kapitel 2 wird in Analogie zu Veröffentlichung [III] die Berechnung von Photomodu-
lationsspektren [36] unter Zuhilfenahme der Halbleiter-Blochgleichungen besprochen.
Alle theoretischen Ansätze werden angewandt, um umfangreiche Experiment–Theorie
Vergleiche durchzuführen, und damit das physikalische Verständnis von neuartigen
Lasermaterialsystemen zu bessern.

Das Ziel von Kapitel 3 ist die systematische Untersuchung eines neuartigen Typ-II
Lasermaterialsystems. Es gibt einen Überblick über die Untersuchungen die bisher
zu Typ-II band-angeordneten ”W“-Strukturen durchgeführt wurden, siehe Publika-
tionen [II], [III], [IV], [V] und [VII], und erweitert sie. Alle Publikationen haben als
Fundament das direkte Zusammenspiel von Experiment und Theorie. Neben dem In-
halt der Veröffentlichungen beginnt das Kapitel mit einer allgemeinen Einführung
in Typ-II Systeme, insbesondere in die ”W“-Anordnung. Sie werden, unter Anwen-
dung der Halbleiter-Blochgleichungen, mit gewöhnlichen Typ-I Systemen verglichen.
Als Resultat zeigt sich ein temperaturstabileres Verhalten und ein spektral breiterer
Materialzugewinn. Des weiteren reagieren Typ-II Systeme anders auf eine Erhöhung
der Ladungsträgerdichte, da durch die Ladungsträger das Confinement-Potential ver-
ändert wird, was zu einer Blauverschiebung der Emission führt. Dies resultiert aus
der Ladungstrennung in die unterschiedlichen Quantenfilme. Nachfolgend wird, als
wichtiger Bestandteil eine Entwicklungsprozesses, der Experiment–Theorie-Vergleich
für Photolumineszenzspektren von epitaktisch gewachsenen ”W“-Strukturen gezeigt.
Basierend auf den nominellen Strukturparametern wird analog zur Publikation [II]
der Materialzugewinn dieser Struktur berechnet. Weiterführend werden exzitonische
Übergänge und ihre räumliche Komponente untersucht, um sie als Typ-II Übergang
zu identifizieren, dies wurde erstmals in Publikation [III] präsentiert. Daher sind diese
Strukturen vielversprechende Kandidaten für den Einsatz als aktives Medium in einer
Laserstruktur.

Basierend auf den vorherigen Untersuchungen wurde ein ”W“-VECSEL entworfen,
realisiert und untersucht. Die zugehörige experimentelle Charakterisierung sind in den
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Publikationen [IV] und [V] veröffentlicht. Zusätzlich wird eine ausführliche Analyse
der Eigenschaften mit Hilfe der mikroskopischen Theorie durchgeführt. Unter anderen
werden Reflektionsspektren in Abhängigkeit der Ladungsträgerdichte untersucht, um
die experimentell bestimmte Laserwellenlänge zu bestätigen. Die Laserprobe weist in
Übereinstimmung von Experiment und Theorie einen resonanten Aufbau mit einer
Emissionswellenlänge von 1180 nm auf. In Anlehnung an Publikation [VII] werden
die Verstimmung vom aktiven Material und dem Resonators, sowie die modale Zu-
gewinn bestimmt. Daraus kann geschlossen werden, dass in der Probe eine niedrige
Laserschwelle vorliegt. Type-I Systeme mit einer Emission bei 1180 nm [37] erreichen
Ausgangsleistungen von 20 W. Hingegen wurde für den “W”-VECSEL bisher nur 4 W
gemessen [IV]. Aus den theoretischen Analysen wird geschlossen, das eine stärker ne-
gative initiale Verstimmung zur Erhöhung der Ausgangsleistung führen würde. Zusätz-
lich werden in Abschnitt 3.5 Optimierungen des Ladungsträger-Confinements durch
Veränderung der Grenzflächen und Barrieren diskutiert. Die Untersuchungen zeigen,
dass durch die Bearbeitung der Grenzflächen der Wellenfunktionsüberlapp erhöht und
somit der Materialzugewinn um bis zu 10 % gesteigert werden kann. Auch durch eine
Änderung im Aufbau der Barrieren kann eine vergleichbare Steigerung erreicht wer-
den. Zuletzt werden drei mögliche Materialzusammensetzungen vorgestellt die eine
Laseremission bei 1300 nm ermöglichen.

Eine direkte Weiterführung der hier vorgestellten Aktivitäten zur Untersuchung
von Typ-II ”W“-Strukturen kann durch die Anwendung eines Rastertransmissions-
elektronenmikroskop erfolgen. Damit können die Eigenschaften wie Rauigkeit oder
Konzentrationsgefälle an der Grenzfläche in Abhängigkeit der Wachstumsbedingungen
systematisch untersucht werden. Somit könnte eine Optimierung des Ladungsträger-
Confinements erreicht werden. Wie in Publikation [VI] vorgestellt, wurden mittlerweile
auch Kantenemitter basierend auf Typ-II ”W“-Strukturen gewachsen und charakteri-
siert. Auch diese können im weiteren Optimierungsprozess eingebunden werden. Mit
dem Ziel ”W“-Laser für die Telekommunikation zu realisieren, sollten die Untersu-
chungen von Materialzusammensetzungen die eine Emission von 1300 nm ermöglichen
intensiviert werden. Dazu wären Berechnungen des Einfangs der Ladungsträger, ins-
besondere der Löcher, in ihren Potentialtöpfen hilfreich. Mit dem Wissen über Ein-
fangraten könnten Obergrenzen für Konzentrationen in bestimmten Quantenfilmen
angegeben werden. Alternativ zu dem neuartigen Materialsystem welches in dieser
Dissertation und den zugehörigen Publikationen diskutiert wird, gäbe es auch die
Möglichkeit die Zusammenstellung eines Quantenfilms zu verändern, um eine Emissi-
onswellenlänge von 1300 nm zu erreichen [38–41]. Auch die Wellenlänge von 1550 nm
im anderen Telekomfrequenzband wurde bereits ausführlich untersucht [40, 42, 43], es
ist aber unrealistisch diese Wellenlänge basierend auf dem vorliegenden Materialsys-
tem zu erreichen. Nichtsdestotrotz leiden Typ-I Laser bei 1550 nm unter der internen
Hitzeentwicklung [44], daher wäre es wünschenswert eine Alternative in Form eine
Typ-II Systems zu haben.

Im zweiten Teil dieser Dissertation werden unerwartete Oszillationen in der Emis-
sion von optisch gepumpten Halbleiterquantenpunkten in Mikroresonatoren disku-
tiert und analysiert, wie in Publikation [I] vorgestellt. Dazu beginnt Kapitel 4 mit
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der experimentell gemessenen Eingangs-/Ausgangsleistungscharakteristik welche die-
se Oszillationen unterhalb der Laserschwelle offenlegt. Eine Erweiterung des Jaynes–
Cummings Modells ermöglicht die Reproduktion dieser Oszillationen und identifiziert
sie als Quantengedächtniseffekt. Dieser wird durch vorhergehende Emissions- und Ab-
sorptionsereignisse aufgebaut. Es wurde herausgefunden, dass das Quantengedächtnis
als Korrelation zwischen Resonator-Photonen und Besetzung der Quantenpunktzu-
stände, aufgebaut durch verstimmte Rabioszillationen, beschrieben werden kann. Zu-
sätzliche Untersuchungen konnten die Sensitivität der Systems auf quantenoptische
Fluktuationen im anregenden Lichtfeld herausstellen. Sie kann benutzt werden um
die Stärke der Oszillationen, zum Beispiel mit Hilfe von quantenoptischer Spektrosko-
pie, zu verändern. Auch wenn heutzutage keine Lichtquellen mit beliebig einstellbaren
Quantenfluktuationen verfügbar sind, so gibt es doch einen Eindruck von den Mög-
lichkeiten die man hat, um diesen Effekt zu kontrollieren.

Zusammenfassend wurden zwei unterschiedliche Halbleiterlasermaterialsysteme mit
Hilfe von mikrokopischen Quantentheorien untersucht. Die verschiedenen Theorien er-
geben zusammen einen umfangreichen Werkzeugsatz, welcher seine Stärken bei der An-
wendung in intensiven Experiment–Theorie Kollaborationen zeigt. So wird ermöglicht
direkt Rückmeldungen zum strukturellen Aufbau von Proben zu geben und Vorher-
sagen über Materialeigenschaften zu treffen, welche durch strukturelle Veränderungen
erreicht werden können.
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1
Introduction

Life without semiconductor technology is no longer imaginable today as it would
constrain many areas of our daily life. Even though many people are unaware of
their use, semiconductors are implemented in various electronic and optoelectronic
devices. The most common ones are personal computers, flat panel TVs, cars, and
smartphones. In contrast to this prominent examples, the technology is often invisible
to the user as semiconductors conquer applications which were carried out without
them for decades. Found in cars, streetlights, and as LED lamps, semiconductors take
over the market of illumination at home and in public areas. In addition, other fields
make heavy use of semiconductor technology which may not be visible to the end user.
Examples are medical applications, e.g. laser surgery or telecommunication and data
transfer via optical fibres.

Since the invention of the photophone in 1880 by Alexander Graham Bell and
Charles Sumner Tainter [1], which was one of the first communication device that
transmitted speech via a beam of light, telecommunication and optical communica-
tion has advanced. Nowadays, most kinds of communication are carried out in a
digital manner. Therefore, all data transmitted has to be translated into digital sig-
nals, which is usually done by semiconductor-based devices. These signals are then
send through optical fibres in form of a light pulse. The creation of such light pulses is
carried out by semiconductor lasers. These lasers are required to operate at a specific
wavelength in one of the so-called telecom wavelength bands. This arises from a ma-
terial dispersion minimum in optical fibres which allows for a reduction of the losses
during data transmission [2]. Thus, semiconductor laser devices are an essential part
of the global communication, e.g. for telecommunication and computer networks like
the internet. Optical fibres are used in all parts of the internet from long distance
communication in submarine communications cables right up to the last mile, which
connects the end user with the network. Besides the generation of the light pulses,
semiconductor lasers are also used to amplify the signal after a certain distance to its
original strength to not lose any information. Hence, it is not exaggerated to say that
the whole present-day communication is based on semiconductor technology.

Due to the variety of semiconductor materials available and the several possibilities
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to combine them into heterostructures, a lot of different semiconductor lasers ex-
ist. A distinction is made between edge-emitting devices like separate confinement
heterostructure lasers [3] and surface-emitters like vertical-external-cavity surface-
emitting lasers (VECSELs) [4–6], both of them are based on semiconductor quantum
wells. Edge-emitting devices are usually electrically pumped while VECSELs are op-
tically pumped and can therefore be excited by a wide range of different excitation
conditions. Additionally, VECSELs have the advantage that they allow for optical
elements in the cavity beam path as they are build with an external cavity on one
side [7–9]. Therefore, they are an ideal system for a wide range of applications and
first-order principle testing of new material systems and fundamental research.

The wide range of applications for semiconductor lasers in telecommunication and
optical data transfer [10] leads to a high requirement on the quality of such devices.
Unfortunately, the material absorption and dispersion minima of optical fibres at
1300 nm and 1550 nm are in an energetic range where Auger losses start to dominate
the intrinsic loss processes in semiconductors [11–13]. Laser devices used for this
application are typically based on InP as material system and perform best under
stable ambient conditions [14, 15]. A more flexible material system would be desirable,
e.g. such that the devices could be used under a wide range of temperatures.

To overcome this problem, an improved concept compared to ordinary semiconduc-
tor laser devices based on type-I band alignment is discussed in this Thesis. By com-
bining two semiconductor materials with rather large band gap compared to the near-
infrared regime, an effective transition energy at the desired wavelength is achieved
[16]. This is possible due to a new recombination path for the charge carriers in the
system, which goes spatially through the interface between the two quantum wells.
An arrangement where electrons and holes are not spatially located in the same quan-
tum well is called type-II band aligned. Figure 1.1 presents a scheme where an array
of quantum wells is aligned in a manner that it is symmetric and the electrons’ con-
finement potential forms an eponymous “W”. Here, aspects like wave function overlap
have to be considered to have a recombination rate, which is strong enough for laser
operation in type-II systems. Previous studies suggest that the intrinsic losses are
small compared to type-I quantum-well setups [17, 18] and thus commend a thorough
investigation.

A careful theoretical design and experimental realization of semiconductor laser de-
vices go hand in hand. A closed-loop design process starts with a suggestion from
the theory side, which is based on the optical properties that the new device has to
achieve. They are calculated by applying a fully microscopic theory which yields the
well-known semiconductor Bloch equations (SBEs) [19, 20]. In a next step, expertise
in epitaxial growth is required in order to implement the design into a semiconduc-
tor chip. After the growth, a detailed structural analysis and a fundamental laser
characterization are carried out by different experimental methods to extract its nom-
inal material composition and optical properties, i.e. high resolution X-ray diffraction
(HR-XRD) [21], photoluminescence (PL), and more complex measurements. The ex-
perimental PL measurements are compared to numerical results obtained by solving
the semiconductor luminescence equations (SLEs) [20, 22] to give immediate feedback
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Figure 1.1: Sketch of a type-II “W”-quantum well alignment. The confinement po-
tential (solid lines) of two different quantum-well (QW) materials (shaded
areas) enclosed by a barrier material is shown. Light emission through
recombination of charge carriers is depicted by arrows.

on the nominal parameters and define the inhomogeneous broadening of the sample.
As first analyzing step of a closed-loop design process, the PL analysis is very conve-
nient as the experiment can be performed on a multiple quantum-well heterostructure
(MQWH) without further sample preparation. Thus, it can be used as zeroth-order
check, to evaluate whether the growth of a semiconductor heterostructure was success-
ful and a laser shall be processed. Once a full laser device is processed, e.g. a VECSEL
consisting of the resonant periodic gain (RPG) region and a distributed Bragg reflector
(DBR), additional investigations are performed to characterize it entirely.

Another type of semiconductor lasers are quantum-dot lasers [23]. Their charge
carrier confinement stemming from their structural configuration is stronger and thus
they have atom-like electronic properties. Ideally their laser emission originates from
only one quantum dot inside a microcavity, which can be of different forms [24].
As lasers they stand out by their linear and nearly thresholdless input/output (I/O)
characteristics under off-resonant excitation conditions [25]. They are used in the same
fields of application as higher dimensional laser structures nowadays. In fundamental
research they are a versatile system to investigate quantum electrodynamics [20, 24, 26]
and several quantum phenomena, such as vacuum Rabi splitting [27, 28], single-photon
[29–31] and entangled photon-pair emission [32], and strong coupling experiments [28,
33, 34]. Thus, they are very a promising model system for quantum-optical studies.

This Thesis provides an overview on microscopic theories for the description of semi-
conductor laser material systems. Therefore, Chapter 2 gives an overview about three
theoretical models used for the description of different properties of semiconductors.
First, an extension to the original Jaynes–Cummings model (JCM) [35] is introduced,
as discussed in Paper [I]. It is later used for the investigation of quantum dots host-
ing multiple electronic levels placed inside a microcavity. Advancing to a different
approach, second, the SBEs are discussed together with the system Hamiltonian and
the resulting measurable macroscopic quantities, i.e. absorption and refractive index
change. As third model, the SLEs are presented to calculate PL spectra where the
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quantized properties of the light are taken into account. Last, in correspondence to
Paper [III], the evaluation of photomodulated reflectance (PR) spectroscopy [36] based
on the SBEs is presented.

Chapter 3 reviews and extends all investigations made in the context of type-II
band-aligned “W”-systems in Papers [II], [III], [IV], [V], and [VII]. Besides the con-
tent presented in these publications, the chapter starts with a general introduction of
type-II and especially “W”-aligned MQWHs. They are compared to traditional type-I
systems in terms of temperature and charge carrier density dependence. The differ-
ences are studied based on the SBEs. Subsequently, as part of the closed-loop process,
an experiment–theory comparison for PL measurements of epitaxially grown “W”-
MQWHs is presented. Based on the nominal parameters, i.e. quantum-well thickness
and concentration, the material gain of this structure is computed, as first done in
Paper [II]. Excitonic transitions and their spatial recombination path are investigated,
in correspondence to Paper [III], to identify their type-II character. Subsequently, a
systematic analysis of the “W”-VECSEL sample as reported in Papers [IV] and [V] is
carried out. Here, charge carrier dependent reflection spectra are presented to confirm
the experimentally determined lasing wavelength, cf. Paper [VII]. The investigation
of the VECSEL concludes with the determination of detuning and modal gain of the
sample. In addition, in Sec. 3.5 optimization capabilities are discussed by the means
of the carrier confinement due to graded interfaces and different barrier materials. As
a last point in this chapter, material compositions suitable to increase the emission
wavelength to 1300 nm are suggested based on calculations.

Unexpected oscillations in the emission of optically pumped semiconductor quantum-
dot microcavities are discussed and analyzed in Chapter 4. The usual linear slope of
the I/O characteristics of this setup is modified. To figure out the origin of the non-
linearities, a systematic theoretical investigation is applied which identifies them as
genuine quantum-memory effect. They are found to be directly addressable by utiliz-
ing the quantum-optical fluctuations of the exciting light field.
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2
Theoretical Background

Semiconductor heterostructures confine charge carriers in within quasi-two, quasi-
one, or quasi-zero dimensional space. Namely, these are quantum wells, quantum
wires, and quantum dots, which only allow for two-dimensional, one-dimensional, or
zero-dimensional movement of the charge carriers, respectively [20, 46, 47]. In this
Thesis, theoretical models for quantum dots as well as quantum wells are presented.
Ideal quantum dots are zero dimensional as they consist of only one atom and the
movement of involved charge carriers is restricted in all three dimensions of space. In
contrast, quantum wells only confine charge carriers in one dimension and therefore
create a quasi-two dimensional space. As a consequence, both structural configurations
have different electronic dispersion relations. For quantum dots it is a reasonable
approximation to treat them as two-level systems, with the optical band gap as level
spacing [48]. In turn, quantum wells have a more complex electronic structure which
has to be considered. Besides the electronic properties of the semiconductor itself,
there are two possibilities for the treatment of the interacting light field. It can be
either treated classically or fully quantized where the light source’s quantum statistics
is taken into account [49, 50]. Both methods have their individual applications and
are legitimate descriptions of certain phenomena.

In this chapter, the light–matter interaction of quantum dots with a quantized light
field will be described by the JCM [35, 50] which will be extended to handle multiple
detuned quantum dots and an external optical pump field as introduced in Paper [I].
Additionally, the SBEs, which contain the Coulomb interaction among charge carri-
ers and a semi-classical treatment of the light–matter interaction, are presented as a
description of more complex geometries including semiconductor quantum wells and
their optical properties [19, 20, 51]. In turn, treating the light field fully quantized
yields the SLEs [20, 22]. They can be applied to calculate fully quantum-optical prob-
lems like PL and other situations which are not accessible by a semi-classical theory.
At last, PR spectroscopy is modeled based on the absorption and refractive index
changes resulting from the SBEs [36, 52].
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2 Theoretical Background

2.1 External driven multiple-Level Jaynes–Cummings
Model

The JCM, originally developed to describe atoms interacting with a quantized single-
mode light field [35, 50], has already experienced several different extensions. As a fully
quantum-optical model, it provides insights into non-classical effects such as intensity
dependent JCM ladder splitting or collapse and revival behavior in time [20, 50]. It
was extended to describe multiple two-level systems under the name Tavis–Cummings
model [53], multiple light modes [54], and dephasing mechanisms via couplings to
one or more reservoirs [55–57]. Thus several quantum-optical effects like reversible
spontaneous emission [58, 59], quantum-Rabi flopping [60], and entanglement effects
[61–66] could be described.

In order to calculate the quantum-optical interaction between quantum dots and
light inside a cavity, the JCM can be applied [35]. Due to the dimensional restrictions
of quantum dots, it is reasonable to approximate their electronic structure as N two-
level system [48, 67]. To properly depict quantum dots, the system Hamiltonian of the
JCM is extended to include multiple electronic levels which are slightly detuned with
respect to the cavity. Additionally, coupling to an external field is added to model
experiments utilizing an optical pump.

2.1.1 Hamiltonian
The starting point for the objective to obtain a system’s dynamics is its Hamiltonian
[20, 68]. Considering the JCM, it includes three parts, the light energy Hlight mode,
the two-level system Htwo-level system, and the quantum-optical light–matter interaction
Hinteraction [20, 35, 50, 69]. The Hamiltonian addressed in this Thesis is extended to
include multiple two-level systems as well as an external optical pump field Hpump
such that is reads

Hextended JCM = Hlight mode +Htwo-level system +Hinteraction +Hpump . (2.1)

Overall, this model contains the non-interacting energy of both the single light mode
and the two-level systems, the fully quantum-optical light–matter interaction, and the
semi-classical pump term.

The energy of the cavity mode is characterized by a harmonic oscillator,

Hlight mode = ℏωq

(
B†

qBq +
1

2

)
, (2.2)

where ℏωq is the energy of a single photon of light mode q, while B†
q and Bq are bosonic

creation and annihilation operators. The energy of N two-level systems originating
from quantized states in a quantum dot is described by

Htwo-level systems =
N∑

n=1

ℏω21,nPz,n , (2.3)
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with the level-specific energy spacing ℏω21,n and the population-inversion operator
Pz,n for state n. In general, the states are not in resonance with the cavity mode, and
therefore their energies are detuned by ℏδn = ℏ (ω21,n − ωq). All interactions between
the two-level systems and the single-mode light field are taken into account by the
interaction Hamiltonian,

Hinteraction = −ℏg
N∑

n=1

(
B†

qPn +BqP
†
n

)
, (2.4)

within the rotating-wave approximation [20]. Here, g is the effective coupling strength
between cavity mode and two-level systems, and Pn is the polarization operator for
state n. The polarization operator and its complex conjugate are the lowering and
rising Pauli operators for the corresponding state n, known from the original JCM
[68]. Optical pumping of the two-level systems is described by a semi-classical model
via

Hpump = −
N∑

n=1

(
α⋆

L(t)Pn + αL(t)P
†
n

)
, (2.5)

using either continuous wave (cw) excitation αcw
L (t) = α0e−iωLt, where the light fields

amplitude is given by α0 and ℏωL is the photon energy of the pump laser, or a classical
pump pulse αpulse

L (t) = αcw
L (t)e−

t2

τ2 , with the pulse duration τ .

2.1.2 Density Matrix Approach
The dynamics of the system can be derived, e.g., with a density matrix approach,
which is advantageous in the way that it describes the full dynamics without any ap-
proximation. Thus, any expectation value can be calculated from the density matrix
at any point in time. A more realistic treatment is reached by taking dephasing mech-
anisms of the polarization, the population, and the photons in the cavity into account.
These dephasing channels couple the system to baths and enable the corresponding
dissipation processes.

For the definition of the density matrix, it is important to decide what states shall
be included in the model system. The single light mode can be described by the Fock
states |n⟩. For N two-level systems, 2N different basis states |S⟩ have to be used, as
all two-level systems can independently be either excited or unexcited. Using these
states, the density matrix ρ writes as

ρ =
∞∑

n1,n2

∑
S1,S2

|S1⟩|n1⟩Cn1,S1

n2,S2
⟨n2|⟨S2| . (2.6)

Applying the Liouville–von Neumann equation [70], the time evolution of ρ including
dissipation processes is obtained via

iℏ ∂

∂t
ρ = [H, ρ]− + iℏ

(
γz

N∑
n=1

L[Pz,n] + γa
N∑

n=1

L[Pn] + κL[Bq]

)
. (2.7)
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Here, all dephasing mechanisms are implemented via a Lindbladian [55],

L[O] = 2OρO† −O†Oρ− ρO†O . (2.8)

Thus, polarization dephasing is taken into account by the constant γ = γz + γa, pop-
ulation dephasing by 2γa, and cavity photon dephasing by κ. This time evolution can
be solved by numerical methods like a Runge–Kutta algorithm of 4th order [71]. The
only approximation necessary is to chose an upper limit for the Fock states included.
From the dynamics of the density matrix the expectation values of any quantity O
can be obtained via

⟨O⟩ = Tr [Oρ] . (2.9)

2.2 Semiconductor Bloch Equations
To describe the electronic states and interaction process in semiconductors, a different
approach has to be chosen, due to the large dimensionality of the corresponding density
matrix. The SBEs constitute such an approach while simultaneously being adaptable
to semiconductor structures of arbitrary dimensionality [19, 20, 51, 72]. They can
be applied to obtain changes to the semiconductor’s optical properties induced by
charge carriers and are an established tool to describe the dynamics in semiconduc-
tors induced by optical excitation [73, 74]. Especially, the absorption features and
the induced refractive index change is of great interest for theoretical investigations
and experiment–theory comparisons. This section covers the SBEs, starting from
the Hamiltonian and the electronic properties of the semiconducting material to the
equations of motion and the resulting optical response.

2.2.1 Hamiltonian
Including interaction processes inside semiconductor heterostructures requires a mi-
croscopic description of their electronic and phononic properties. Both Coulomb and
electron–phonon interaction are essential to have an appropriate description of a semi-
conductor. Therefore, they are included in the SBEs to enable a realistic modeling of
all microscopic processes involved.

The system Hamiltonian,

Hsystem = H0 +He–e +Hl–m +He–p , (2.10)

includes the single-particle energies of electrons and phonons H0, the Coulomb inter-
action between electrons He–e, the light–matter interaction Hl–m, and the interaction
between electrons and phonons He–p. Equation (2.10) can be used to compute the
dynamics of any quantum-mechanical operator within this system via the Heisenberg
equation of motion [19, 20].

In detail, the single-particle Hamiltonian of electrons and phonons is

H0 =
∑
λ

∑
k

ελka
†
λ,kaλ,k +

∑
p

ℏFp

[
D†

pDp +
1

2

]
. (2.11)
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with the single-particle energies ελk of an electron having momentum k in band λ
[19]. The fermionic operators a†λ,k and aλ,k create and annihilate an electron in a
certain state λ,k [19, 20]. The phonon energy dispersion ℏFp describes the energetic
alignment of the phonons with momentum p [75]. While D†

p and Dp are the bosonic
creation and annihilation operators, counting the total amount of phonons in state p.
Equivalently to photons, they obey the bosonic commutation relations.

The single-particle energies can be obtained by evaluating an 8× 8 Luttinger k · p
model [72, 76]. At the same time, the single-particle wave functions of charge carriers
are obtained for the desired semiconductor heterostructure. Induced strain effects in
between the different layers of the semiconductor heterostructure arrangement can be
included as described in, e.g., Ref. [77]. To be able to handle systems with local
charge inhomogeneities, the Schrödinger–Poisson equation has to be solved [78]. This
is necessary for spatially asymmetric charge distributions or high carrier densities.

The second term, He–e depicts the Coulomb interaction between the electrons,

He–e =
1

2

∑
λ,λ′

∑
k,k′,q ̸=0

V λ,λ′,λ′,λ
|q| a†λ,k+qa

†
λ′,k′−qaλ′,k′aλ,k , (2.12)

with the Coulomb matrix element V λ,λ′,λ′,λ
|q| , which is the Fourier transform of the

Coulomb potential in real space. All possible interactions are taken into account by
a summation over all bands λ and λ′. The matrix elements V λ,λ′,λ′,λ

|q| are computed
using single-particle wave functions [79]. Furthermore, it includes restrictions due to
the confinement of the carriers [80].

The light–matter interaction is defined by

Hl–m = −
∑
λ,λ′

∑
k

E(t)
(
dλ,λ

′

k a†λ,kaλ′,k + h.c.
)
. (2.13)

It describes a dipole transition between two bands, λ and λ′, with the classical elec-
tric field E(t) and the dipole-transition matrix element dλ,λ

′

k [72]. The dipole matrix
elements are computed from the single-particle wave functions and energies obtained
from the band-structure calculation [72].

The last part of the Hamiltonian describes the interaction between electrons and
phonons via

He–p =
∑
λ

∑
k,p

Gλ
k,p

[
Dp +D†

−p

]
a†λ,kaλ,k−p . (2.14)

where Gλ
k,p is the so-called Fröhlich matrix element [22].

2.2.2 Equations of Motion
Starting from the Hamiltonian, it is possible to compute the many-particle dynamics
of any microscopic quantity in the system. The most relevant quantities regarding
optics are the microscopic polarization and carrier distributions. Their dynamics is
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2 Theoretical Background

described by the so-called semiconductor Bloch equations (SBEs). Macroscopic fea-
tures, such as optical properties, are directly connected to this microscopic properties
[19, 20]. Thus, this fully microscopic theory determines the macroscopic properties of
a semiconductor.

The microscopic polarization between two arbitrary electronic bands λ and ν can
be expressed in terms of fermionic operators, pλ,νk = ⟨a†ν,kaλ,k⟩. This expectation value
is the transition probability of an electron between the bands ν and λ. Speaking of
semiconductors, a widely used concept is to describe missing electrons in the valence
band as quasiparticle holes [81]. Thus, the excitation of a semiconductor is illustrated
in terms of electrons and holes in the conduction and valence band, respectively.
Hence, other interesting quantities are the carrier distributions of electrons and holes
in their respective bands. They are defined by fλ,e

k = ⟨a†λ,kaλ,k⟩ for electrons in the
conduction band λ and by f ν,h

k = 1 − ⟨a†ν,kaν,k⟩ for the holes in the valence band ν.
Both quantities are depicted in Fig. 2.1, which shows a schematic band structure with
only one valence (ν) and conduction (λ) band in momentum space. Each band is filled
up to a certain level with charge carriers, holes (red circles) in the valence band and
electrons (blue circles) in the conduction band. The polarization between conduction
and valence band is depicted by arrows.

E
n
e
rg

y

Momentum k
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λ,e

fk

ν,h

p
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λ,νp
k

ν λ,

λ

ν

Figure 2.1: Schematic plot of microscopic polarizations (arrows) in k-space, with elec-
trons (blue circles) and holes (red circles) distributions in their respective
bands λ and ν.

The temporal dynamics of any quantum-mechanical operator O for a system can
be obtained using the Heisenberg equation of motion [19, 20],

iℏ ∂

∂t
O = [H,O]− . (2.15)

This leads to a hierarchy of coupled differential equations, which has to be truncated
to obtain a closed set of equations, e.g. by the cluster-expansion approach [20, 22].
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2.2 Semiconductor Bloch Equations

Evaluating the Heisenberg equation of motion for the polarization and the charge
carrier distributions leads to three coupled differential equations. The dynamics of the
microscopic polarizations are

∂

∂t
pλ,νk (t) =− i

ℏ
∑
λ′,ν′

[
Eλ,λ′,e

k δν,ν′ + Eν,ν′,h
k δλ,λ′

]
pλ

′,ν′

k (t)

− i
ℏ

[
1− fλ,e

k (t)− f ν,h
k (t)

]
Ωλ,ν

k (t) +
∂

∂t
pλ,νk (t)

∣∣∣∣
scatt.

.

(2.16)

Here the discrimination between the electron and hole bands is made by the indices
λ and ν for electron and hole bands, respectively. Compared to the optical Bloch
equations, the single-particle energies ε and the Rabi frequency Ω = dE are replaced
by the Coulomb renormalized energies and the Coulomb renormalized Rabi frequency,

Eλ,λ′,e
k = ελkδλ,λ′ −

∑
λ′′

∑
q

V λ,λ′′,λ′,λ′′

|k−q| fλ′′,e
q (t) , (2.17)

Eν,ν′,h
k = ενkδν,ν′ −

∑
ν′′

∑
q

V ν′,ν′′,ν,ν′′

|k−q| f ν′′,h
q (t) , (2.18)

Ωλ,ν
k (t) = −dλ,νk E(t)−

∑
λ′,ν′

∑
q

V λ,ν′,ν,λ′

|k−q| pλ
′,ν′

q (t) . (2.19)

They represent the many-particle character of the system as changes induced by the
Coulomb interaction are taken into account. Here, Eq. (2.16) is explicitly written
up to the Hartree–Fock level [68], which is equivalent to a singlet approximation in
the cluster-expansion approach [20, 22]. The higher-order correlations are denoted by
∂
∂t
pλ,νk (t)

∣∣∣
scatt.

. They include electron–electron and electron–phonon scattering and are
treated on the level of the second Born approximation and using the Markov approx-
imation, the detailed form of the scattering terms can be found in Refs. [72, 79, 82].
It is necessary to treat all equations of motion up to this level to accurately describe
the intrinsic dephasing mechanisms. Only then, the line shapes, the density depen-
dence, and the position of the peak values in the spectra coincide with experiments
[83]. This fully microscopic treatment gives correct homogeneously broadened spec-
tra in comparison to a phenomenological ansatz with dephasing times extracted from
experiments [84].

Electron and hole carrier distributions follow from

∂

∂t
fλ,e

k (t) =
2

ℏ
Im

[∑
ν

Ωλ,ν
k (t)

(
pλ,νk (t)

)⋆
]
+

∂

∂t
fλ,e

k (t)

∣∣∣∣
scatt.

, (2.20)

∂

∂t
f ν,h

k (t) =
2

ℏ
Im

[∑
λ

Ωλ,ν
k (t)

(
pλ,νk (t)

)⋆
]
+

∂

∂t
f ν,h

k (t)

∣∣∣∣
scatt.

. (2.21)

The higher order terms for the charge carrier densities are treated on the same level
as the scattering terms of the polarization. This set of coupled differential equations,
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2 Theoretical Background

Eqs. (2.16), (2.20), and (2.21), can be solved numerically, e.g. using a Runge–Kutta
algorithm of fourth order [71].

An alternative to the calculation of the dynamics (2.20) and (2.21) is to assume a
quasi equilibrium. This ansatz is appropriate for situations like laser operation where
no major changes to the amount and distribution of charge carriers in the system are
expected. Therefore, carrier densities are prepared to be Fermi–Dirac distributed and
are kept constant [85–87],

f
λ/ν,e/h
k =

1

exp
[
β(ε

λ/ν
k − µλ/ν) + 1

] , (2.22)

where the distribution is specified by a temperature in the thermodynamic beta β =
1

kBT
and the chemical potential µλ/ν of the system. This way, the carrier density

equations are uncoupled from the polarization equation, which reduces the numerical
effort.

2.2.3 Optical Response
With the microscopic polarization, the dynamics of the most interesting microscopic
quantity is known by solving the SBEs. It can be used to derive the macroscopic
polarization P (t). The optical properties of a semiconductor are connected to macro-
scopic quantities via the optical susceptibility χ [19, 88]. It is proportional to the
macroscopic polarization and antiproportional to the applied electric field [89],

χ(ω) ∝ P (ω)

E(ω)
. (2.23)

The macroscopic polarization can be calculated directly from the microscopic polar-
izations via [19]

P (t) =
1

S

∑
λ,ν

∑
k

(
dλ,νk

)∗
pλ,νk (t) + c.c. , (2.24)

with S being the quantization area of the semiconductor quantum well.
Knowing the optical susceptibility, the optical properties of the excited semicon-

ductor are directly accessable via the following proportionalities. The real part of
the optical susceptibility is proportional to the carrier-induced refractive index change
[90],

δn(ω) =
ω

100nbgc
Re [χ(ω)] , (2.25)

measured in 1/cm, containing the background refractive index nbg. It defines how
the presence of carriers in the system, described by its carrier distributions, alters the
refractive index of the semiconductor material.

Additionally, the connection between optical susceptibility and material absorption
is made through its imaginary part [91],

α(ω) =
ω

100nbgc
Im [χ(ω)] , (2.26)
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2.3 Semiconductor Luminescence Equations

also given in units of 1/cm. It describes the amount of light which is absorbed
while a light pulse is propagating through the material. For an unexcited system,
it shows sharp excitonic resonances [19]. They broaden with an increasing carrier
density and can even become negative once the system reaches population inversion.
A system’s inversion is indicated by a vanishing or even negative phase space filling
factor,

[
1− fλ,e

k (t)− f ν,h
k (t)

]
, c.f. Eq. (2.16). In this situation, the system is in the

regime of optical gain, which is equivalent to negative absorption. Light frequencies
within the gain region get amplified while propagating through the semiconductor.

The SBEs within the second Born–Markov approximation intrinsically incorporate
homogeneous broadening of the material system due to their scattering terms. In
contrast to that, inhomogeneous broadening, due to statistical fluctuations of the band
gap which are the result of imperfections in the crystal structure, is not implemented
directly. They originate from small variations during the growth process and impurities
in a sample. To handle these unavoidable fluctuations properly, a convolution of the
resulting spectra with a Gaussian is applied [84].

The material absorption and the carrier-induced refractive index change calculated
with the SBEs can be used to analyze experiments. As the composition of the semi-
conductor material is the only required input, the SBEs are a versatile tool to compare
experimentally grown samples and their spectra to the compositions intended to be
grown. The computation of the SBEs in the limit of the second Born–Markov ap-
proximation and quasi-equilibrium, together with a database of material parameters,
is implemented in the software package SimuLase [45], which has been used for the
calculation of all spectra within this Thesis.

2.3 Semiconductor Luminescence Equations
The SBEs use a semiclassical description of the light–matter interaction Hl–m, with
the electronic part being quantized and expressed through the fermionic operators of
electrons and holes, while the electric field is described classically. Such a semiclassi-
cal description does not allow to model quantum-optical effects such as spontaneous
emission [22, 92]. To include such effects into the theoretical model, the light field has
to be quantized. In the following, this quantum-optical description of the light field
will be combined with the many-body Hamiltonian (2.10) used to derive the SBEs.

2.3.1 Hamiltonian
For a fully quantized description of the light field, the energy of the light field has to
be added to the Hamiltonian Hsystem, Eq. (2.10), which reads

Hlight =
∑

q
ℏωq

[
B†

qBq +
1

2

]
, (2.27)

with the sum over all light modes q, their respective energy ℏωq, and the photon
number operator B†

qBq, compare Eq. (2.2).
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2 Theoretical Background

The semiclassical Hamiltonian Hl–m is replaced by the fully quantized light–matter
interaction Hamiltonian,

Hquantized l–m = −
∑
λ,ν

∑
k,q

Fλ,ν
k,q

[
Bq −B†

−q

]
a†λ,kaν,k−q + h.c. , (2.28)

with the dipole matrix element Fλ,ν
k,q describing the coupling between a certain light

mode and an electronic transition.

2.3.2 Equations of Motion

After extending the Hamiltonian with the quantized light–matter interaction, the dy-
namics of any operator can be solved again using the Heisenberg equation of motion
(2.15). To obtain the spontaneous emission, the equation of motion for the photon
number correlation ∆⟨B†

qBq⟩ of a certain light mode q has to be solved. It provides
information on the change of the amount of photons in a certain light mode at any
time, and therefore the semiconductors luminescence activity. The temporal evolution
of the general operator ∆⟨B†

qBq′⟩ is [20, 22]

∂

∂t
∆⟨B†

qBq′⟩ = i(ωq − ωq′)∆⟨B†
qBq′⟩+

∑
λ,ν

∑
k

(
Fλ,ν

k,q

(
Πλ,ν

k,q′

)∗
+
(
Fλ,ν

k,q′

)∗
Πλ,ν

k,q

)
.

(2.29)
It is directly coupled to the photon-assisted polarization Πλ,ν

k,q = ∆⟨B†
qa

†
ν,k−qaλ,k⟩. To

calculate the dynamics of the photon number operator, the dynamics of the photon-
assisted polarizations have to be solved as well, which is

iℏ ∂

∂t
Πλ,ν

k,q = (ελk − ενk−q − ℏωq)Π
λ,ν
k,q + Sλ,ν,SE

k,q − (1− fλ,e
k − f ν,h

k )Sλ,ν,ST
k,q . (2.30)

The photon-assisted polarization has two source terms. First, a part associated with
the spontaneous emission Sλ,ν,SE

k,q and second, a part describing the stimulated emission
Sλ,ν,ST

k,q . The detailed for of the source terms for the photon-assisted polarization can
be found in Refs. [22, 93, 94]. To derive this set of source terms, the hierarchy is
truncated at the same level as for the SBEs using the cluster-expansion approach [20,
22].

Together, Eqs. (2.29) and (2.30) build a set of coupled differential equations. The
system is assumed to be in a quasi-equilibrium state as done for the SBEs, see
Sec. 2.2.2. Hence, the carrier densities are modeled by Fermi–Dirac distributions
and kept constant. These equations, which are called semiconductor luminescence
equations (SLEs) [22, 89], are formally equal to the SBEs and thus can be solved
numerically.
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2.4 Photomodulated Reflection Spectroscopy

2.3.3 Photoluminescence
Being able to calculate the amount of photons in a certain light mode at any time can
be used to derive the PL which is emitted by a semiconductor. It is defined as

PL(ωq) =
∂

∂t
∆⟨B†

qBq⟩ = 2Re
[∑

λ,ν

∑
k

Fλ,ν
k,q

(
Πλ,ν

k,q

)∗
]
, (2.31)

which is the change of the amount of photons in a mode at a given time. To achieve
a reasonable agreement in experiment–theory comparisons, an inhomogeneous broad-
ening is applied to the PL spectra as well, cf. Sec. 2.2.2. The SLEs are implemented
in the software package SimuLase [45] in the same limits as the SBEs. In this Thesis,
all presented PL spectra were calculated using this software package.

2.4 Photomodulated Reflection Spectroscopy
Investigation techniques beyond ordinary PL measurements are needed to analyze
the optical and electronic properties of a semiconductor heterostructure in detail.
The electronic structure of samples can be investigated using PR spectroscopy. This
method utilizes two reflection measurements of a light pulse on a sample to compare
them by their normalized difference. In the first measurement, the sample is completely
unexcited, in the second, it gets excited before the reflection is measured, which induces
a modulation of the band gap [95]. Due to the changes induced to the band gap, this
spectroscopy technique allows for investigations of the oscillator strength of all possible
transitions in a semiconductor heterostructure.

To model the experimental conditions, an expression for the monitored quantity
∆R/R has to be derived. The reflection R of an optical pulse on the sample is measured
under an angle of about 45◦. Before the measurements, the sample is prepared in either
an unexcited or an excited state. To distinguish between both cases the reflectivity is
named R0 and Rx, respectively, while their difference is ∆R = R0 −Rx.

Even if the light pulse propagates under an angle of 45◦ with respect to the sample,
the light propagation is assumed to be perpendicular to the internal interfaces. This
is a reasonable assumption due to the high refractive index of semiconductor material
in comparison to air. Therefore, it is legit to use the Fresnel equation to calculate the
reflection between barrier and quantum wells. For an angle of 0◦ it reads [96]

R = 1− 4nbarriernwell

(nbarrier + nwell)2
. (2.32)

Here, nbarrier is the background refractive index of the barrier material. To calculate
nwell for the excited case, the SBEs are applied because the optical properties of the
sample are changed by an optical excitation. Thus, nwell consists of two parts, its
background refractive index nbg and contributions from the change of the refractive
index due to the optical excitation δnx. Solving the SBEs yields real and imaginary
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2 Theoretical Background

part of the optical susceptibility. The dielectric function ϵ(ω) = n2
bg + χ(ω) is directly

connected to the optical susceptibility [19, 90],

Im[ϵ(ω)] = Im[χ(ω)] , (2.33)
Re[ϵ(ω)] = n2

bg + Re[χ(ω)] . (2.34)

To express the absorption and the full refractive index of the excited material via the
dielectric function, the relations [90]

α(ω) =
ω

nbg(ω)c
Im[ϵ(ω)] , (2.35)

n(ω) =

√
1

2

[
Re[ϵ(ω)] +

√
Re[ϵ(ω)]2 + Im[ϵ(ω)]2

]
, (2.36)

are utilized. While the absorption has only contributions from the imaginary part
of ϵ(ω), the full refractive index is build up with contributions from both real and
imaginary parts. Using n(ω), a value for the reflectivity R for excited and unexcited
conditions is obtained from Eq. (2.32). Hence, ∆R/R is calculated and all the induced
differences by the PR spectroscopy technique can be visualized.

The modulation of the band gap, as it is done in an experiment, is simulated by a
change of the temperature, and thus a linear reduction of the band gap [97]. Addi-
tionally, the inhomogeneous broadening is varied to take excitation induced dephasing
into account, c.f. Paper [III]. Overall, the PR signal is defined as

PR =
R0(T, γ0)−Rx(T +∆T, γx)

R0(T, γ0)
. (2.37)

The resulting spectrum reveals the position and the oscillator strength of excitonic
transitions in semiconductor heterostructures, as discussed in Sec. 3.3.3.
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3
Interface-Dominated Laser Structures

Semiconductor heterostructures are of great interest for fundamental research as well
as for commercially sold devices. A whole of different applications can be realized by
optimizing their material composition, growth conditions, and spatial alignment and
in this way their properties. Their flexibility, especially in terms of their optical band
gap and other optical properties, is of great interest. Usually, optical transitions in
semiconductors are designed to take place spatially within one layer of a heterostruc-
ture. Growing a heterostructure with transitions possible between spatially separated
layers enables an additional degree of freedom in the design process. To differenti-
ate between direct and indirect transitions in real space, the indirect ones are called
type-II. They are discussed already for several years [16, 98–100] and up to today
investigations on their properties are performed [41, 101].

One common application for semiconductor lasers is the optical data transfer in the
near-infrared regime since dispersion and losses of optical fibres are minimized in this
spectral region, especially at 1300 nm and 1550 nm [2, 10, 102]. Traditional type-I
semiconductor lasers are not performing very well for this application. They suffer
from internal losses due to the small optical band gap of heterostructures emitting in
this regime [103, 104]. Therefore, a different approach is investigated by introducing
a setup with an optical transition across an internal interface. Here, the combination
of two materials with their intrinsic emission wavelength gives hope not to pay any
Auger penalty and to reduce characteristic losses. This allows for the combination of
two semiconductors with rather large band gaps compared to the near infrared [16].

In this chapter, general properties of interface-dominated systems are investigated
and compared to traditional double heterostructures. Analogously to Paper [II], the
experimental realization of a “W”-MQWH is analyzed theoretically and its use as gain
medium in a laser setup is investigated. Thorough experiment–theory comparisons
for PL and PR spectra highlight their type-II character, cf. Paper [III]. Furthermore,
an investigation of a VECSEL based on carrier recombinations across interfaces and
emission in the near-infrared regime is presented according to the Papers [IV], [V], and
[VII]. All experimental work, epitaxial growth and sample characterization, was done
by the groups of W. Stolz, W. Heimbrodt, S. Chatterjee, and M. Koch at Philipps-
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Figure 3.1: Illustration of (a) type-I (direct) and (b) type-II (indirect) quantum-well
alignments. Schematic confinement potentials (solid lines) for electrons
(blue circles) and holes (red circles) with an illustration of a recombination
pathway (arrows).

Universität Marburg. Last, possible optimizations for VECSEL systems with this
emission wavelength are discussed.

Traditional type-I systems are defined by the criterion of electrons and holes being
confined in the same spatial position, as depicted in Fig. 3.1 (a). In contrast to type-I
systems, a type-II alignment is defined by the separation of electrons and holes in two
different and spatially separated quantum wells [16]. Accordingly, type-II configura-
tions include an internal interface where recombinations of electrons and holes occur
across, see Fig. 3.1 (b). The electronic levels of electrons and holes are determined
individually by their confinement and the materials used. In principle, both quantum-
well materials can be chosen independently, which allows tuning the properties of the
type-II structure. In comparison to type-I systems this is a new degree of freedom
enabled due to the recombination through the interface. It doubles the amount of
parameters, like quantum-well arrangement, material, width, and concentrations. For
a type-II setup, modifications on the electron well can be made independently from
the hole well, and therefore specific emission properties can be tailored. Not to con-
ceal that there is a multitude of combinations to achieve a specific type-II transition
energy. To be able to use a type-II setup as laser gain structure, a sufficient overlap
between electron and hole wave functions is needed. An increase in wave function
overlap raises the transition and recombination probability between charge carriers in
the different quantum wells.

In the beginning, type-II diode lasers were based on superlattice configurations
and had an emission wavelength in the mid-infrared range using a (GaIn)Sb/InAs
type-II transition [98, 105, 106]. Also, type-II quantum-cascade lasers were proposed
[107] and realized showing emission wavelength of 2µm [108] and 3.8µm [109]. Type-
II quantum-well luminescence was shown for the near-infrared region based on the
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3.1 “W”-Quantum-Well Heterostructure Approach

(GaIn)As/Ga(AsSb)/GaAs material system [16, 110]. Based on type-II quantum
wells, optically pumped lasers were fabricated emitting in the mid-infrared using InAs/
(GaIn)Sb/InAs/AlSb as material system [99]. This chapter focuses on the analysis in
the near-infrared regime around 1200 nm using an improved type-II approach, the
so-called “W”-configuration, which is introduced and discussed next.

3.1 “W”-Quantum-Well Heterostructure Approach
A specific type-II heterostructure is created by adding a third quantum well. They
are arranged starting with an electron well followed by a hole well and a second
electron well. This way, the setup has two internal interfaces between electron and hole
wells. The symmetry increases the overlap between electron and hole wave functions
in comparison to a two-quantum-well configuration. A scheme of the confinement
potentials and the first electron and hole wave functions is shown in Fig. 3.2. Due
to the alignment of the conduction band confinement potential, this arrangement is
referred to as “W”-structure. Electrons are confined in two places, while the holes have
only one place to relax into. Both sides of the hole well have an electron containing
counterpart where recombinations across the interface takes place.
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Figure 3.2: “W”-confinement potentials (solid lines) of electrons (blue) and holes (red).
Wave functions (shaded areas) and charge carriers (circles) are plotted with
an indication of their recombination process across the interface (arrows).
This illustration is based on a (GaIn)As/Ga(AsSb)/(GaIn)As/GaAs ma-
terial system.

Historically, the “W”-setup was first introduced by Meyer et al. in 1995 [111]. It
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enables new material systems for emission wavelengths in the same way as ordinary
type-II setups do, especially at low energies in the infrared where type-I systems suffer
from intrinsic losses [104]. Hence, type-II “W”-alignments are most advantageous in
wavelength regimes which are hard to achieve for traditional type-I configurations.
Additionally, they improve the wave function overlap compared to ordinary type-II
alignments, as explained above. The tailoring of laser emission properties leads to
novel material systems for lasing in the near-infrared regime. One challenge for the
concrete realization is the required interface quality, which is needed to achieve a
sufficient overlap and minimize intrinsic losses.

First experimental studies on promising material systems for near-infrared emission
were done by Peter et al. in 1995 [16] for type-II systems and by Dowd et al. in 1999
[112] for a “W”-setup. This first reported successful “W”-approach was accomplished
with a (GaIn)As/Ga(AsSbP)/(GaIn)As/GaAs material system and showed PL be-
tween 1300 nm and 1550 nm. Another group of researchers confirmed this behavior
one year later using the same material system [113]. Johnson et al. introduced a more
complex strain compensated material setup of Ga(AsP)/GaAs/Ga(AsSb)/Ga(AsP)/
GaAs and observed PL at 1300 nm. A wide range of PL emission wavelengths between
1200 nm and 1550 nm were covered in Refs. [43, 114, 115] by using (GaIn)(NAs)/
Ga(AsSb)/(GaIn)(NAs)/GaAs as originally suggested by Tansu et al. [40]. Khan-
dekar et al. showed a 1400 nm PL removing In from the electron layers [116]. A
1300 nm composition using (GaIn)As/Ga(AsSb)/(GaIn)As/GaAs as setup was pro-
posed [117] and later proven by experiments [118, 119]. Lowering the Sb content to
roughly 20 %, a PL at 1200 nm was measured in Papers [II] and [III]. Nevertheless,
the first type-II “W”-VECSEL was presented just recently in Paper [IV].

This development shows promising results in the near-infrared spectral range with
the “W”-setup. A first laser with rather low output powers up to 140 mW was pre-
sented [110], the following analysis and recent Papers [IV] and [V] underline that a
“W”-structure on GaAs substrate can have an improved laser performance. Even if
this Thesis focuses on near-infrared emission, which is usually done on a GaAs sub-
strate, there is also a lot of interest in mid-infrared “W”-lasers based on GaSb and
InP substrates as reviewed in Ref. [120] and seen in latest publications [121–127].

3.2 Theoretical Predictions for “W”-aligned multiple
Quantum Wells

An actual scheme for a “W”-MQWH has already been proposed and presented in
Ref. [119]. It consists of a sequence of 6 nm (GaIn)As with 20 % In, 4 nm Ga(AsSb)
with 20 % Sb, and again 6 nm (GaIn)As with 20 % In, grown on a GaAs as substrate.
Emission properties for this material system are in the near-infrared regime. It is a
promising candidate for the use as active medium in a VECSEL, because its emission
is close to the telecom wavelengths. In addition, the (AlGa)As/AlAs DBR technique
and established know-how can be used. Figure 3.2 presents the confinement potential
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and the first electron and hole states as well as wave functions for this setup. This plot
visualizes the overlap of electron and hole wave functions in the confined region very
well, as it is the most crucial quantity for the strength of the transitions as explained
above.

As active medium in a laser, the material must amplify a light mode through stim-
ulated emission. A direct measure for this is a negative material absorption, the so-
called gain. To proof the potential as active medium, the SBEs presented in Sec. 2.2.2
are utilized for the calculation of the absorption properties. The outcome is shown in
Fig. 3.3. For carrier densities ranging from 0.1 · 1012/cm2 (bright) up to 3.0 · 1012/cm2

(dark), changes in the material absorption are observed. The result for the low-
est charge carrier density still has an excitonic absorption peak, while starting from
1.5 ·1012/cm2 negative values for the material absorption are present. Thus, a material
gain can be observed and the use as amplification medium in a laser becomes possible.
Material gain up to half of the initial absorption is predicted here at a temperature of
300 K with carrier densities in the same order of magnitude as in type-I systems [72,
83]. This confirms that (GaIn)As/Ga(AsSb)/(GaIn)As/GaAs is a promising model
system which is worth further investigations.
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Figure 3.3: Material absorption of the (GaIn)As/Ga(AsSb)/(GaIn)As/GaAs system
with thicknesses of 6/4/6 nm in the “W”-quantum well and concentrations
of 20 % for In and Sb. Carrier densities between 0.1 · 1012/cm2 (bright)
and 3.0 · 1012/cm2 (dark) are plotted at a temperature of 300 K.

3.2.1 Comparison to Type-I Setups
This section presents a direct comparison between the properties of type-I and type-II
systems, especially in “W”-configuration. Differences in the temperature dependence
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of bulk band edges and type-II transition energies are investigated as well as differences
arising from local charge separation of charge carriers in type-II systems.

Figure 3.4 presents a comparison between type-I and type-II systems’ confinement
potentials and wave functions while temperature and charge carrier densities are al-
tered. As type-I system, a (GaIn)As quantum well of 6 nm thickness and with an
In concentration of 40 % surrounded by GaAs barriers is used in this section which
is comparable to actual realizations in Refs. [128–130]. This type-I system is cho-
sen to have the same low-density PL peak position as the type-II setup introduced
in Sec. 3.2. An initial situation at 300 K with a vanishing charge carrier density is
plotted in Fig. 3.4 for type-II (a) and type-I (d). Increasing the temperature to 350 K
for type-II (b) and type-I (e) lowers their electron confinement potential, which is
the characteristic red-shift of bulk band edges described by the Varshni formula [97].
Thus, a decrease in transition energy between the first electron level and the first hole
level is observed for both types. Additionally to the temperature dependence, the
valence (VBO) and conduction (CBO) band offsets and all other material parameters
are chosen in correspondence to literature [45, 97]. However, different absolute shifts
are observed for each quantum-well material in the “W”-structure, as these are in-
trinsic properties of each layer. Additionally, the type-II transition underlies another
shift rate which originates from changes to the depth of the potential wells. The con-
finement changes as the barrier material GaAs and the second quantum-well material
Ga(AsSb) have a different temperature dependence in comparison to (GaIn)As. As
explained in Ref. [97], the VBO is a bulk parameter and is therefore independent of
temperature. Having this in mind, it is not unexpected that the type-II transition
shifts closely with the (GaIn)As band edge since the electron bands are influenced by
an increasing temperature while the hole levels remain unchanged. The band edge
has the main influence on the level of the electrons, while there is only a minor change
due to the new depth of the potential well. Thus, the type-II transition shift is close
to the one of the (GaIn)As band edge and there is no major difference between type-I
and type-II in this aspect.

Besides the increase of temperature, changes to the charge carrier density have an
effect on the transition energies in type-II systems, too. Due to a spatial carrier distri-
bution in type-II setups, a difference between type-I and type-II systems is introduced.
It is visualized by looking at the confinement potential for unexcited (b) and gain (c)
conditions at an increased temperature of 350 K in Fig 3.4. The confinement potential
is changed due to the attraction between spatially separated electrons and holes which
does not appear in type-I alignments. The induced changes in the bands by charge
carrier densities are treated by solving the Schrödinger–Poisson equation. Hence, the
type-I system band gap is reduced with increasing temperature and no additional
change is induced from an increased charge carrier density, cf. (e) and (f). In contrast
to that, type-II systems exhibit a deformation of their confinement potential with in-
creasing carrier density which leads to an overall increase of the transition energy in
Fig. 3.4 (c). Altogether, it is a competition between temperature and carrier density
dependent shift which anyway can lead to an overall shift of the type-II transitions to
higher energies with increasing density.
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densities in type-I and type-II “W”-structures. Initial situation with van-
ishing charge carrier density at a temperature of 300 K for (a) type-II and
(d) type-I. Temperature increase to 350 K for (b) type-II and (e) type-I.
Charge carrier density of 2·1012/cm2 at 350 K for (c) type-II and (f) type-I.
The transition energy between the first electron and the first hole band is
explicitly denoted.
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Next, the shift between the peak positions of a PL signal obtained at a low carrier
density and the gain maximum at a fixed level is investigated. This examination
provides insight in how many meV the gain maximum shifts in comparison to the
spontaneous emission signal, both in the type-I and the type-II setup. It is useful to
quantify this feature when implementing such semiconductor heterostructures inside
a VECSEL as active material. PL measurements are used oftentimes to monitor the
growth success of MQWHs. In general, they are easier to perform in comparison to the
determination of gain spectra. As a VECSEL is optically pumped into its barriers, it
heats up during operation. Therefore, one case with no temperature increase between
the PL and gain measurement and another with an increase of 50 K is investigated to
provide most realistic insights [131]. Hence, 350 K is a typical gain temperature at the
threshold of such lasers systems under room temperature conditions [132].

Figure 3.5 presents the shift for type-I and type-II systems with roughly the same
PL peak position. The PL signal at room temperature for type-I (solid line) and type-
II (dotted line) is plotted in Fig. 3.5 (a). In Fig. 3.5 (b), the material gain spectra are
presented for both systems and the two temperatures, namely 300 K and 350 K. The
gain value is kept constant around 300/cm and the shift between PL and gain peak is
denoted in the legend. From these calculations, the information that type-II systems
do not have a red shift as large as for type-I systems with an comparable amount of
gain is retrieved.
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Figure 3.5: Detuning between PL and gain maximum for type-I and type-II systems.
(a) Normalized PL spectra for type-I (solid line) and type-II (dotted line)
at 300 K. (b) Material gain curves with peak of 310/cm for type-I (red)
and type-II (blue) setup at 300 K (thin) and at 350 K (thick).
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In general, for type-I gain behavior is observed energetically below the absorption
due to a many-body effect, i.e. Coulomb renormalization in Eqs. (2.17) and (2.18).
The compensation of this red shift in type-II setups is explained by the deformation
of the confinement potential due to the carriers in the bands, as presented in Fig. 3.4.
In this case it is even overcompensated and inverts the direction of the shift for 300 K.
From the variation of the temperature it is found that increasing the temperature
leads to a red shift in both cases, as expected. Even the size of this shift is nearly the
same for both systems with 21 meV for the type-I and 16 meV for the type-II system.
Thus, a vanishing overall shift between PL and gain maximum is found for the realistic
consideration of type-II systems with room temperature PL and an increased sample
temperature during laser operation. Additionally, the direct comparison between the
gain curves in Fig. 3.5 (b) highlight a broader gain for the type-II system compared
to type-I.

Furthermore, the temperature stability of the material gain shall be investigated
by comparing the type-I and the type-II model systems. Figure 3.6 presents two
temperature dependence studies. First, frames (a) and (c) show an analysis which
keeps the gain maximum constant while changing the temperature from 260 K (bright)
to 360 K (dark) by adjusting the charge carrier density from 1.649 · 1012/cm2 (bright)
to 2.599 · 1012/cm2 (dark) for type-II and from 0.798 · 1012/cm2 (bright) to 1.334 ·
1012/cm2 (dark) for type-I, respectively. This is done to investigate the temperature
dependence at a fixed gain value. At this point it is important to note that there is
a mismatch in the material gain position between type-I and type-II as both model
systems where chosen to match in the low-density PL. Having the same PL peak
position directly leads to a higher energetic material gain for the type-II structure
due to the deformation of the confinement potential under gain conditions. Anyway,
the results show a smaller relative carrier density increase by a factor of 1.58 for the
type-II system in comparison to a factor of 1.67 for type-I. In addition, less absolute
shift in peak position for the temperature variation is observed.

Second, the charge carrier density is kept constant at 2 · 1012/cm2 for type-II in
Fig. 3.6 (b) and at 1·1012/cm2 for type-I in Fig. 3.6 (d). A smaller absolute and relative
change in peak height is visible for type-II in comparison to type-I. Additionally a
smaller absolute shift in peak position between 260 K and 360 K is observed. Overall,
the type-II model system’s material gain is less temperature dependent which can be
an advantage when using it as active medium in a laser with steady changes in the
environment.

In general, the transition energy between the first conduction and the first valence
band state is directly influenced by changes in the carrier density and the temperature.
The first effect is the temperature dependent shift of the conduction band and the
second the deformation of the confinement potential due to the charge carriers in
the valence and conduction band which scales with the charge carrier density in the
system. In comparison, a type-I system shows only a significant change due to the
temperature dependent shift of its bands, but no deformation happens as the carriers
are not spatially separated. This is the main difference between type-II and type-I
systems at this level because the wave function overlap is negligible as long as it is
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Figure 3.6: Temperature dependence of material gain for type-II and type-I setups. (a)
Type-II and (c) type-I material gain spectra with a fixed maximum. (b)
Type-II and (d) type-I material gain spectra with constant charge carrier
density of 2 ·1012/cm2 and 1 ·1012/cm2 for type-II and type-I, respectively.
All spectra show temperatures between 260 K (bright) to 360 K (dark).
Absolute peak shifts are denoted.

large enough to see gain and emission for this investigation.

3.3 Analysis of Epitaxially Grown “W”-multiple
Quantum-Well Heterostructures

In this section, a thorough analysis of two experimentally realized MQWHs is pre-
sented. All observations are based on an experiment–theory collaboration as reported
in Papers [II] and [III].

Two epitaxially grown semiconductor heterostructures are investigated subsequently.
Both consist of the same material system which was introduced in Sec. 3.2, but ex-
hibit slightly different material compositions and layer thicknesses. Their concrete
material composition was extracted from HR-XRD measurements and are presented
in Tab. 3.1. Additionally, GaAs barriers of 10 nm width were added to both samples,
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“W”-MQWH sample (GaIn)As (nm) In (%) Ga(AsSb) (nm) Sb (%)
#25987 5.6 21.7 4.2 17.3
#25989 5.7 21.6 4.0 21.3

Table 3.1: Nominal material composition of “W”-MQWHs obtained via HR-XRD
measurements.

and roughly 140 nm of strain compensating Ga(AsP) barriers. The whole arrange-
ment of “W”-quantum well and barriers was repeated 10 times for both samples.
They differ mostly due to their Sb content, while the rest of the nominal parameters
is approximately the same.

3.3.1 Photoluminescence

PL measurements were performed to characterize the sample properties of #25987
and #25989. An experiment–theory comparison of the PL results was performed in
Paper [II] and will be reviewed in the following. The fully microscopic theory pre-
sented in Sec. 2.3 provides a checkup for deviations from the nominal parameters by a
comparison between experimental and theoretical spectra. A selection of experimen-
tal and theoretical PL spectra are depicted in Fig. 3.7. Near-infrared emission can be
observed for both samples in the experimental spectra (top row). Sample #25987 has
two signatures, one major peak around 1.06 eV and a smaller one around 1.2 eV. In
contrast, sample #25989 shows only one peak around 1.02 eV and the energetically
higher one is only visible as a shoulder of the main peak. The main peak position of
both samples differs due to the variation in their Sb content.

By comparing the theoretical spectra (bottom row), a very good agreement in gen-
eral shape and peak position for main and side peak is found. The energetic analysis
of the peaks identifies the transitions between the first electron and the first hole
band as the main peak and between the second states as the side peak. This makes
both of them a type-II signature, as it will be discussed later in Sec. 3.3.3. It can
be observed that not only the peak position but also the strength of the side peak is
related to the Sb content of the structures, as is differs between both samples. An
analysis in Paper [II] finds adaptions for the material parameters needed to match
peak position perfectly. It brings up that the theoretical spectra for #25987 match
the experiment by changing the Sb content by 1.7 % or increasing the (GaIn)As well
width by 1 nm and the In content by 0.3 %, with respect to the interpretation scope of
the HR-XRD analysis. Sample #25989 matches already very well and an adjustment
yields only a minor improvement. Overall, the PL emission is found to be in the near-
infrared regime and the theory reproduces the experimental results very well, helping
to understand the differences between both samples.
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Figure 3.7: Experimental and theoretical PL spectra for samples #25987 (left col-
umn) and #25989 (right column). Experimental spectra (top row) were
measured for increasing excitation powers (bright to dark) at room tem-
perature. All theoretical spectra (bottom row) are calculated for charge
carrier densities between 0.1 · 1012/cm2 (bright) and 1.0 · 1012/cm2 (dark)
at 300 K and with an inhomogeneous broadening of 25 meV.

3.3.2 Prediction of Gain Properties
To intensify the analysis of the MQWHs, a calculation is performed to predict the ma-
terial gain of both samples. This is a forecast on how well both material compositions
perform as active medium in a VECSEL and which one is more preferable for the goal
of near-infrared emission. Figure 3.8 presents the calculated material gain spectra of
both samples. As presented earlier in Sec. 3.2 for the model system, increasing the
charge carrier density leads to an increasing material gain. Sample #25989 shows a
slightly higher gain at the same excitation strength compared to #25987. As for the
PL peak positions, the increased Sb content shifts the gain peak position to lower en-
ergies for sample #25989 by 1.04 eV in comparison to 1.09 eV for sample #25987. The
gain values reached for this excitation densities are as high as for the model system
and thus also comparable to typical gain values for type-I systems [72, 83]. Therefore,
the realized type-II “W”-MQWHs do not stand back from any point of view so far.
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3.3.3 Excitonic Transitions
To further investigate the states involved in the emission of type-II “W”-structures, the
theoretical results are compared to experimental measurements from PR spectroscopy
[36] as presented in Paper [III]. A photomodulation of the band edges enables the
measurement of a differential spectrum to visualize the oscillator strength of each
transition. Hence, one is able to distinguish between type-II and type-I transitions
and can analyze the origin of all emission, absorption, and gain signatures.

Figure 3.9 presents the PR measurements (solid lines) in direct comparison to the
theoretical results (dotted lines) for both samples of Tab. 3.1. Information on the
experiment can be found is Paper [III]. The calculations were done for room tem-
perature conditions at 300 K and at a low charge carrier density of 1 · 109/cm2. To
take care of the excitation which induces the signatures to the differential spectrum,
the band edges were varied by a minor increase of the temperature to 301 K. The in-
homogeneous broadening was varied from 4 meV for the unexcited case up to 12 meV
for the excited one to take care of excitation-induced dephasing. In addition to the
PR spectra, the material absorption spectra are plotted to visualize the corresponding
excitonic transitions.

All excitonic absorption features correspond very well to experimental PR signa-
tures, which are reproduced in the calculated PR spectra. The vertical lines depict
the single particle transition energies weighted by the dipole transition strength. They
indicate which states are involved in a certain transition and how strong the transition
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Figure 3.9: Experimental and theoretical PR spectra for samples (a) #25987 and (b)
#25989. The experimental PR spectra (solid lines) are plotted together
with the theoretical results (dotted lines). Vertical bars mark all single par-
ticle transitions between bound states weighted by their dipole transition
strength. The labels contain the quantum numbers of the electron and
hole state in between which the transition appears. Absorption spectra
(shaded areas) are plotted for both samples.

is. This enables us to see that the first transitions, which are positioned below 1.2 eV,
have smaller signatures in all spectra and are created by both the electron states e1
and e2 as well as the hole states h1 to h3.

To identify the type of the transitions, all signatures in the PR spectra with their
energetic position are compared to the corresponding transition and their origin in the
electronic structure of the system as presented in Fig. 3.10 for sample #25989. All
bound states involved in type-II and type-I transitions within the spectral range of
Fig. 3.9 are presented. From the spatial distribution, the transitions e1-h1, e2-h2, and
e1-h3 are identified to be of type-II character, see Fig. 3.10 (a). Their electron states
are confined within the (GaIn)As quantum wells while their hole states are confined
in the Ga(AsSb) well. A transition between these states has to occur across the
interface in between both materials. Contrary, Figure 3.10 (b) shows all wave functions
involved in spatially direct transitions. All of them have their highest probability in
the (GaIn)As well and a higher energy difference between their corresponding states.
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Thus, all small signatures in the PR spectra, which are below 1.2 eV, originate from
type-II transitions, while all type-I transitions are positioned energetically higher.
Therefore, the spectra can be divided into two ranges, one having indirect transition
and the other having direct transitions with the border at roughly 1.2 eV, emphasized
by the background color in Fig. 3.9. Experimental and theoretical PR spectra present
these ranges with the strong signature arising shortly after this border. Both samples
show three type-II transitions, which have a different distance to the type-I range
of the spectra. Type-II and type-I signatures of sample #25987 are really close to
each other, whereas the type-II peak of #25989 is energetically lower and therefore
separated from the direct range. All type-I transitions are quite similar for both
samples as the (GaIn)As quantum-well configuration is nearly the same. Differences
are primarily in the Sb content which induces changes especially to the energetic
position of the type-II signatures. As the energetic positions are directly connected
to the VBO of the Ga(AsSb) hole well and thus to the strength of the confinement of
the holes, it is a direct measure of the Sb content.
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Figure 3.10: Confinement potential with electronic states for (a) type-II and (b) type-I
transitions of sample #25989. The confinement potential (shaded areas)
is plotted together with the electron and hole wave functions (lines) in-
volved in the transitions of Fig. 3.9.

Overall, the comparison of experiment and theory shows a good reproduction of the
peaks in the indirect range, while the direct range peaks are slightly off, especially in
size. The reason is that in the experiment not all carriers are thermally distributed
yet. All calculations are done using Fermi–Dirac distributions such that all carriers
are already in thermal equilibrium. The correspondence between PR, absorption sig-
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natures, and dipole transition strengths enables the identification of the transitions
and label them as type-II and type-I. Hence, the electron- to hole-state transitions in
the excitonic spectra are allocated and the Sb content is proven to be a valuable tool
to alter the emission, i.e. an increase of the emission wavelength requires more Sb.

3.4 Investigation of a Type-II VECSEL
In the following, the investigated “W”-MQWH with its promising properties and pre-
dicted gain behavior is integrated as active region in a full VECSEL design. The
growth of a working laser structure and its characteristics are presented in Papers [IV]
and [V]. Here, the findings are summarized and some additional information is given
about the analysis and optimization process of the VECSEL devices.

The active region was analyzed by a HR-XRD measurement and their nominal
parameters are written in Tab. 3.2. In between each of the active regions, GaAs
and Ga(AsP) barriers were implemented, as for the MQWHs presented in Sec. 3.3.
Additionally, a (GaIn)P capping layer was added on one side of the chip, while on the
other side an (AlGa)As/AlAs DBR was attached. A bond completes the VECSEL
chip, further details can be found in Paper [IV].

VECSEL sample (GaIn)As (nm) In (%) Ga(AsSb) (nm) Sb (%)
#26371-2 5.5 20.3 4.0 19.8

Table 3.2: Composition of the active region in a grown VECSEL obtained by a HR-
XRD measurement.

A good agreement is found comparing the VECSEL’s experimental edge PL with
the calculations. The PL of sample #26371-2 is well reproduced with its emission
slightly above 1200 nm and the gain prediction matches the peak power laser emission
at 1182 nm, cf. Paper [IV]. Both properties are reproduced best by increasing the
temperature above 300 K to take care for the higher pump intensity when measuring
edge PL or laser emission.

3.4.1 Longitudinal Light Mode and Reflectivity
The complete investigation of a VECSEL goes further than only looking at the material
properties of the RPG structure. For example, the resonance of the grown VECSELs
is investigated by analyzing the longitudinal light modes propagating through the
sample. Thereby, the light’s intensity at the position of the active regions is calculated.
Additionally, the decay of the intensity and with this the reflection of the light at
the DBR is verified. Here, the microscopic calculations for the change in material
absorption and refractive index are used to calculate the light modes reflection via the
transfer matrix method [20, 133]. In this manner, the wavelength of the VECSEL’s
laser mode is distinguished in dependence on the charge carrier density.
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Figure 3.11: Longitudinal light mode intensity for 1171 nm (solid line) and the re-
fractive index profile for the VECSEL sample #26371-2 (shaded area)
are plotted at 300 K. The positions of the active regions in the RPG are
highlighted by vertical lines.

The refractive index profile of VECSEL sample #26371-2 and the 1171 nm longi-
tudinal light mode inside are plotted in Fig. 3.11. It is directly observable that the
sample is resonant for the 1171 nm light mode because the standing wave has its max-
ima close to the positions of the active regions. Therefore, absorption and stimulated
emission processes can happen with a high probability and efficiency. This structure
is called a resonant setup, as no mismatch in detuning between the resonator and
material gain is present. Laser emission from this sample was measured and presented
in Papers [IV] and [V].

Spectrally resolved for all wavelengths, a filter function is defined to quantify the
resonance properties of the cavity [134]. The definition of the filter function includes
the intensity of the longitudinal light mode at the positions of the active regions in the
RPG. A peak value of 4 is the maximum the filter function can reach as it is calculated
for the in- and outward propagating light intensity.

Another quantity of interest is the total reflectivity of VECSEL chips. Experimental
data in the form of a reflectivity spectrum was obtained for the unexcited sample
#26371-2. Figure 3.12 compares the experimental reflectivity (shaded area) with the
theoretically calculated spectra (solid lines) for no excitation up to gain conditions.
Both unexcited spectra show a broad stop band, where ideally the laser mode should
be placed centrally. The filter function peak and the absorption dip of both spectra
show a good agreement in the position with the resonance around 1170 nm. In the
computed curves, no peak arises right in the middle of the stop band as the excitation
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Figure 3.12: Experimental (shaded area) and theoretical (solid lines) reflectivity spec-
tra and corresponding filter function (dotted line) at 300 K. The charge
carrier density is varied between 0 · 1012/cm2 (bright) and 3 · 1012/cm2

(dark) and an inhomogeneous broadening of 20 meV is applied.

density is increased. Nevertheless, a laser mode around 1170 nm is predicted with
the reflectivity rising to values higher than 1 at this position. This is in very good
agreement with the experimentally found values ranging from 1173 nm up to 1183 nm
in Paper [IV].

To further support this analysis, intensity dependent reflectivity measurements were
performed in Ref. [VII]. It was confirmed that the laser mode is just at the edge of
the stop band. The analysis in this Paper shows how the mode grows with excitation
power.

3.4.2 Detuning and Modal Gain
Suggestions resulting from a theoretical analysis can be used to optimize the VECSEL
structure. Therefore, it is very helpful to define quantities like the detuning between
cavity resonance and the RPG’s material gain maximum. The linkage of both brings
up the modal gain of the system which highlights the amplification of material gain
by the whole cavity. While the cavity resonance is presented in Paper [IV], the modal
gain of sample #26371-2 is displayed in Ref. [VII] and presented in the following.

In comparison to the material gain of a semiconductor heterostructure, the modal
gain also covers the influence of the cavity. It is a multiplication of material gain
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3.4 Investigation of a Type-II VECSEL

and filter function and is influenced by the dependencies of both quantities. There-
fore, it is reasonable to have a closer look at the temperature dependent shifts of
both components of the modal gain. Both quantities have different shift rates as pre-
sented in Fig. 3.13 (a). The material gain (solid lines) and the filter function (dashed
lines) are plotted having a charge carrier density of 2.0 · 1012/cm2 at 300 K (thin) and
2.5 · 1012/cm2 at 350 K (thick). It becomes clear that the material gain shifts faster
with an increasing temperature even if the charge carrier density is increased. This
suggests that with an increasing temperature, the gain outruns the cavity resonance
and therefore no sufficient modal gain is present in sample #26371-2. Figure 3.13 (b)
depicts the resulting modal gain for both cases. In direct comparison, for 300 K (thin)
a more pronounced peak is present which is close to the peak position of the filter
function. Meanwhile for 350 K (thick) the modal gain is smaller and decreases to zero
as the sample’s temperature is further increased.

From Fig. 3.13 it becomes clear that the peaks of the filter function and the material
gain are not necessarily at the same position. Additionally, a different temperature
dependence for both quantities is exposed. Thus, it is useful to specify a detuning be-
tween active material and cavity. To make this definition most general and practicable,
the detuning is defined between the low-density PL of the semiconductor heterostruc-
ture and the resonance of the cavity. According to Ref. [131], a negative detuning,
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Figure 3.13: Modal gain properties of sample #26371-2. (a) Material gain (solid lines)
and filter function (dashed lines) for 300 K (thin) and 350 K (thick), with
carrier densities of 2.0 · 1012/cm2 and 2.5 · 1012/cm2 for 300 K and 350 K,
respectively. (b) Resulting modal gain is plotted for both temperatures.
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3 Interface-Dominated Laser Structures

i.e. PL blue shifted to cavity, is needed for efficient laser operation in type-I systems.
For a type-II setup instead, a positive detuning is preferable, as the material gain blue
shifts when increasing the pump power, as explained in Sec. 3.2.1 and outlined in Pa-
pers [IV] and [V]. Nevertheless, even an increasing pump power together with a blue
shift in the material gain can lead to an overall red shift of the modal gain. This case
appears when keeping the temperature constant while the material gain amplitude
increases faster than the overlap of cavity resonance and shifting material gain edge.

Corresponding to the previous result, the initial detuning between the low-density
PL of the “W”-structure and the cavity resonance is an important quantity for VEC-
SELs. This analysis suggests that for high power operation a situation is favorable
where the gain is initially blue shifted in comparison to the cavity resonance. The
overlap between both increases with increasing temperature and pump power, and
therefore enables high power operation. For VECSEL #26371-2 a low threshold con-
figuration is achieved as the experimental investigations in Paper [IV] confirm.

To demonstrate the low threshold behavior, a calculation of the modal gain in
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Figure 3.14: Effect of detuning change on modal gain. (a) Material gain value at the
cavity resonance (peak position of the filter function) against an artificial
change of the detuning. Carrier densities of 2.0 · 1012/cm2 (bright) and
2.5 · 1012/cm2 (dark) were assumed for 300 K and 350 K, respectively. (b)
Corresponding material (solid lines) and modal (dashed lines) gain peak
positions.
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3.5 Optimization Capabilities of Type-II Lasers

dependence of the detuning is performed. For this, the filter function is fixed, cf.
Fig. 3.13 (a), but the spectral position of the material gain is shifted and thus the
detuning altered. Figure 3.14 (a) shows the material gain value at the position of the
cavity resonance in dependence of the detuning variation. A lowering of the detuning
by 12 nm would be enough to maximize the overlap for 300 K (bright). At 350 K (dark)
a decrease of the detuning by 27 nm is needed to increase the modal gain. Such a
change would provide a higher threshold and high power operation would be possible.
This observation underlines that a type-II laser with a low threshold is realized in
sample #26371-2. In Fig. 3.14 (b) the material and modal gain peak positions are
plotted against the change in detuning. Here, the system’s laser mode follows the main
cavity resonance for a wide range of detunings. A jump to another mode occurs at
an increased detuning of +25 nm for 300 K or +10 nm for 350 K. Anyway, if the initial
detuning between PL and the cavity resonance is too positive (PL peaks at higher
wavelength than cavity resonance), there is no lasing on the main cavity resonance.

With this investigation of the detuning and the modal gain, sample #26371-2 is
identified as a low-threshold device. For high-power operation a negative detuning,
in other words an initial blue shift between PL and cavity resonance, is favorable as
different shift rates as function of the temperature apply for the material gain and the
cavity resonance. The peak material gain and the cavity resonance would match when
increasing the temperature and the excitation density pumping the VECSEL.

3.5 Optimization Capabilities of Type-II Lasers
In contrast to optimizing growth conditions and properties like detuning, slight mod-
ifications to the material system can help to improve the laser performance, too. The
most crucial property when looking at the RPG is by far the strength of the material
gain at the desired emission wavelength. A simple approach is to change the In and
Sb content or the size of the quantum wells, while keeping the emission wavelength
constant. More sophisticated approaches are the optimization of the interfaces in be-
tween the quantum wells or the increase of the quantum confinement by a variation of
the barrier material. These two approaches are presented in this section. In addition,
an advance to emission wavelength around 1300 nm is discussed, as this would enable
the use in optical data transfer.

3.5.1 Graded Interfaces
One possible field of optimization for the material gain strength are the interfaces in
between the quantum wells and barriers. Implementing concentration gradients in the
simulation of the interfaces enables realistic modeling in comparison to perfect abrupt
interfaces which are not very likely to be found in the experiment [135].

Figure 3.15 (a) presents the confinement potentials of an approach to describe the
interfaces with concentration gradients. All interfaces are described as linear gradients
with length 1 nm in which the concentrations change between the layers. The effective
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3 Interface-Dominated Laser Structures

thickness of each layer is kept constant in comparison to the reference structure from
Sec. 3.2. Analyzing the respective gain spectra in Fig. 3.15 (b), it is found that
smoothing the interfaces raises the material gain in comparison to the reference with
abrupt interfaces by 16 %. This is explained by the increased wave function overlap
as the innermost interfaces between the Sb and In containing wells are smoother.

In real grown structures the interfaces are far from being perfectly abrupt, thus 1 nm
of intermixing between the different layer materials is a realistic approximation [135].
This investigation shows that it could be counterproductive to use perfectly smooth
interfaces. In terms of maximizing the material gain, it would be way more worth it
to search for a gradient which increases the wave function overlap.
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Figure 3.15: Effect of graded interfaces on material gain. (a) Confinement potential
(solid lines), wave functions (shaded areas), and first electron and hole
levels (dashed lines) are plotted for linear gradients (highlighted) at all
interfaces. (b) Induced change to material gain at charge carrier density
of 2.5 · 1012/cm2 at 300 K (dark) versus reference spectrum (light) of the
structure with abrupt interfaces.

3.5.2 Barrier Height
The leakage of the carriers to the outside of the active region crucially depends on the
barrier height. Optimization can either be done by using a different material for the
barriers or adding only a few monolayers in between “W”-quantum well and barrier
to increase the confinement of the wave functions in the active region.

Replacing GaAs as barrier material by (AlGa)As to increase the barrier height is the
first approach. Second, a monolayer of Ga(AsP) is placed in between the In-containing
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3.5 Optimization Capabilities of Type-II Lasers

wells and the GaAs barriers. Both approaches are presented in Fig. 3.16 (a) and (b),
respectively. For different Al concentrations of 3.5 % and 7.0 % it is found that a
higher barrier increases the confinement and with this the maximum gain value for a
given charge carrier density as shown in Fig. 3.16 (c). An even more drastic increase
by 16 % is achieved by adding Ga(AsP) monolayers in between the barriers and the
“W”-region. The position of the gain maxima are not affected in both approaches in
comparison to the reference. A natural limit to the Al concentration is given by the
band gap of (AlGa)As, if the optical excitation of carriers is done by the use of an
808 nm pump laser.
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Figure 3.16: Variation of barrier materials. Confinement potentials (solid lines), wave
functions (shaded areas), and the first electron and hole levels (dashed
lines) for two exemplary barrier configurations with (a) (AlGa)As con-
taining 7 % Al and the other with (b) two monolayers of Ga(AsP) with
50 % P in between barrier and “W”-region. (c) Calculated material gain
for two different Al contents of 3.5 % (solid line) and 7 % (dashed line)
in an (AlGa)As barrier, two monolayers of Ga(AsP) (dotted line) in be-
tween the barrier and the “W”-quantum well, and a reference (shaded
area) using GaAs barriers for a charge carrier density of 2.5 · 1012/cm2 at
a temperature of 300 K
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3.5.3 1300 nm Emission Wavelength
So far all investigations where based on 1200 nm emission wavelength. They proved
the (GaIn)As/Ga(AsSb)/GaAs material system as working active medium in VECSEL
devices, cf. Papers [IV] and [V]. Even if an emission at 1200 nm is in the near-infrared
regime, it can be viewed as a proof of principle and test of the material system. For
applications in the optical data transfer, emission wavelength of 1300 nm or 1550 nm
are needed. This investigation shall provide an idea on how the emission of a laser
based on this material system can be tuned to 1300 nm. Therefore, three different
suggestions are made with changes in the In and Sb content of the quantum wells.

Table 3.3 presents three suggestions which enable an laser emission around 1300 nm.
These compositions of the active regions are all tuned to provide material gain close
to 1300 nm as presented in Fig. 3.17. All suggestions have material gain spectra which
peak around 0.95 eV, which is roughly 1300 nm, could be achieved. The gain value is
highest for the High Sb approach and is of the same size as for the 1200 nm model
system, cf. Fig. 3.3.
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Figure 3.17: Material gain spectra for the 1300 nm suggestions (a) High In, (b) High
Sb, and (c) Mix, calculated for carrier densities from 1.5·1012/cm2 (bright)
to 3.0 · 1012/cm2 (dark) and a temperature of 300 K.

Another property which may change when going to longer emission wavelength is
the detuning between the low-density PL emission and the material gain. Figure 3.18
presents a PL to gain maximum shift analysis, as performed for 1200 nm “W”-MQWHs
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3.5 Optimization Capabilities of Type-II Lasers

Name (GaIn)As (nm) In (%) Ga(AsSb) (nm) Sb (%)
High In 6 35 4 20.0
High Sb 6 20 4 28.5

Mix 6 26 4 25.0

Table 3.3: Quantum-well thickness and composition of “W”-MQWH design sugges-
tions with a material gain tuned to a wavelength of 1300 nm.

in Sec. 3.2.1. The emission to gain shift is actually smaller than for the 1200 nm system.
Without increasing the temperature a stronger shift to higher energies is present.
This phenomenon was discussed in Sec. 3.2.1 as a consequence of the deformation
of the confinement potential due to the presence of charge carriers. Increasing the
temperature moves the gain to lower energies which enables an overall shift close to
0 eV for all three suggestions. They mainly differ in their peak height but not in their
peak position.

It could be proven that in principle an emission of 1300 nm is achievable with the
(GaIn)As/Ga(AsSb)/GaAs material system. All three suggestions are possible designs
for a “W”-laser’s active region with 1300 nm emission wavelength and enable chances
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Figure 3.18: Detuning between PL and gain maximum for type-II 1300 nm suggestions.
(a) PL spectra for High In (solid line), High Sb (dashed line), and Mix
(dotted line) compositions at 300 K. (b) Corresponding material gain for
300 K (thin) and 350 K (thick). The shift of the peak positions is denoted
in the legend.
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to use this material system in devices for optical communication.
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4
Nonlinearities in Quantum-Dot Emission

Quantum-dot microcavities are a versatile system to investigate several quantum phe-
nomena [27–34, 136] and semiconductor-based cavity quantum electrodynamics [20,
24, 26, 137, 138]. Additionally, they are used as laser systems [139–141] and applica-
tions like quantum-information processing [142]. As laser they show nearly threshold-
less I/O characteristics under off-resonant excitation conditions [25, 143]. Comparable
to the pumping into the barrier of the VECSEL structures presented in Sec. 3.4, the
off-resonant excitation of quantum dots is done indirectly into the wetting layer and
followed by a relaxation of carriers into the dots. Since laser emission produces the
most classical form of light, namely the coherent state [144], the detection of new quan-
tum phenomena is challenging. In this study, the excitation was done near-resonant,
which disables inversion of the system and thus operation in the regime below lasing
is present. Quantum-optical response theory [94] tells us that nonlinearities in the
response to an optical excitation are a clear sign for the sensitivity of the matter to
the exciting light’s quantum fluctuations.

In this chapter, I/O characteristics of semiconductor quantum dots under near-
resonant excitation conditions is investigated by applying a systematic three-step ap-
proach to identify a new genuine quantum-optical effect, cf. Paper [I]. First, a nonlin-
earity in the I/O curves is extracted from the measured response, which were obtained
by the group of M. Bayer at Technische Universität Dortmund. Second, the emission
characteristics is modeled via a quantum theory which identifies the nonlinearity as a
quantum-memory effect related to photon-density correlations. Third, the sensitivity
to the quantum-optical properties of the exciting light field is discussed. Quantum-
optical spectroscopy can make use of this sensitivity to manipulate the strength of the
nonlinearities. This is beyond the scope of this Thesis, information on the results are
published in Paper [I] and the technique is explained and applied in Refs. [145–149].
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4 Nonlinearities in Quantum-Dot Emission

4.1 Extraction of Nonlinear Behavior

The experiments have been performed on self-assembled InP quantum dots in micro-
ring cavities made of a 150 nm thick (GaIn)P waveguide [25, 143]. A dot density
between 1 × 109/cm2 and 2 × 109/cm2 and a mean dot size of 75 nm is estimated.
Because of such s large diameter, the dots host multiple electronic levels which are
separated by 3 − 5meV, and are extracted from the single-dot luminescence spectra
in Ref. [25]. The samples were excited quasi-resonantly with a detuning of 30.7 meV
above the main cavity mode but below the (GaIn)P band gap, using a laser emitting
2 ps long pulses. At the highest pump power, these pump pulses excite less than 0.26
electrons per electronic level, which is not near to inversion or lasing of the system, cf.
Supplemental Material to Paper [I]. Hence, the main cavity mode emission is provided
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Figure 4.1: Nonlinear oscillations in experimental I/O characteristics. (a) Experimen-
tal I/O curve (squares) and linear output (solid line) are plotted. The
powers are scaled to 1 at the first sublinear dip. (b) Difference between
experiment and linear output, Iosc (squares), is presented as function of
the input.
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4.2 Modeling and Identification of Sources to Quantum-Dot Emission

by a single dot, while other off-resonant dots contribute to the background emission.
Further information on the experiment can be found in Paper [I].

As first step of the systematic three-step approach, the experimental I/O charac-
teristics (squares) for the main cavity mode are presented in Fig. 4.1 (a). Comparing
them with a perfect linear output (solid line) reveals an oscillating behavior with sub-
and superlinear segments in the emission. By plotting the difference between the ex-
perimental I/O curve and the linear output, Iosc, Fig. 4.1 (b) highlights the nonlinear
oscillation of the quantum-dot emission. It dips at the first minimum by more than
10 % of its output power, which exceeds significantly the noise level of 6 %. This
analysis can be performed with an arbitrary linear output, as the subtraction of a
line will only remove linear contributions and never higher orders like the oscillatory
nonlinearities. Robustness of the extraction method and the reproducibility with dif-
ferent quantum dots, excitation conditions, and cavity modes are confirmed in the
Supplemental Material to Paper [I].

4.2 Modeling and Identification of Sources to
Quantum-Dot Emission

The second part of the three-step approach is to model and explain the origin of the
experimental observations. For the calculation of the quantum-dot emission properties,
the extended JCM presented in Sec. 2.1 is applied. To reproduce the experimental
results best, the following parameters are chosen, which are based on the experiment.
According to the experimental observations, four quadratically distributed electronic
states with a detuning between 2 meV and 8 meV are included. Fully converged results
are achieved by including 12 Fock states in the computation. A light–matter coupling
strength of ℏg = 0.405meV is assumed which agrees with typical values for Rabi
splitting in comparable quantum-dot experiments [24]. The 2 ps-long pump pulse is
set to a detuning of ℏ∆L = ℏ(ωL − ωq) = 30.7meV with respect to the main cavity
mode. Dissipation processes implemented via the Lindbladians in the Liouville–von
Neumann equations, Eq. (2.7), are chosen to have a 0.8 ps cavity-photon lifetime and
decay times for polarization and occupation of 2.1 ps, each. These lifetimes correspond
to ℏκ = 0.8meV and ℏγ = 0.32meV. All values are close to parameters extracted from
other experiments [25, 33, 143] and reproduce the emission characteristics.

With this full set of physical parameters the dynamics of the system is solved. The
pump amplitude defines the input intensity, Iin ∝

∫
|α(t)|2dt, and the photon count

inside the cavity defines the output, Iout ∝ ⟨B†B⟩ = Tr
[
B†Bρ

]
. For an appropriate

comparison to the nonlinear experimental emission, a linear fit with the same slope
as for the linear output in Fig. 4.1 (a) is subtracted to obtain Iosc, see Supplemental
Material of Paper [I] for details. The computed input is scaled to match the experiment
at the first sublinear dip. By this the I/O scales are not altered and the oscillations
in experiment and theory are qualitatively comparable.

Figure 4.2 (a) presents the resulting Iosc for a 2 ps-long pulsed (solid line) and cw
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Figure 4.2: Computed I/O oscillations. (a) Difference between experimental and linear
output, Iosc (squares), is plotted against the input together with computed
Iosc using a cw (shaded area) and a 2 ps-long pulsed (solid line) excitation.
The powers are scaled the same way as in Fig. 4.1. (b) Computed I/O
responses using cw excitation. Full model (shaded area) is compared with
the emission stemming from the sum of the SE and ST source (dashed
line), the QMEM source only (solid line), and the sum of SE, ST, and
QMEM source (dotted line).

(shaded area) excitation which are compared to the experimental result (squares). The
nonlinear behavior from the experiment is reproduced under both excitation condi-
tions. To show the robustness of this computational results, the laser–cavity detuning,
the number of states included, and the pulse duration are varied and analyzed in the
Supplemental Material to Paper [I]. It is found that increasing the detuning yields an
increase in the size of the sublinear dip, which can be attributed to an higher effective
Rabi frequency as explained later in Sec. 4.3. The nonlinear oscillations are found to
be slightly, but not critically, dependent on the number of states N included. For
the pulse duration, an asymptotical trend towards the cw result is found. A 2 ps-long
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4.2 Modeling and Identification of Sources to Quantum-Dot Emission

pulsed excitation is already sufficiently long to approach the cw result. This is also of
interest for further investigations of the nonlinear behavior’s origin, as they become
significantly simpler if a cw excitation can be assumed.

An identification of the sources to the quantum-dot emission, especially of the
nonlinear behavior, is done by deriving the steady-state solution of the photon flux
∆⟨B†B⟩. It can be written in terms of the cluster-expansion approach [20, 22],
∆⟨B†B⟩ = ⟨B†B⟩− |⟨B⟩|2, to be the pure correlated part of the total photon number.
The output intensity can be obtained via [I]

∂

∂t
∆⟨B†B⟩ = −2κ∆⟨B†B⟩ − 2 g

N∑
n=1

Im[Π−,n] , (4.1)

containing the cavity-photon dephasing constant κ and the light–matter coupling con-
stant g. It is driven by the photon-assisted polarizations Π−,n = ∆⟨B†Pn⟩. The
dynamics of the photon-assisted polarizations follow from [I]

i ∂
∂t

Π−,n = [δn − i(γ + κ)] Π−,n + sSE
n + sST

n + sQMEM
n + stri

n , (4.2)

and contain four different source terms. First, the spontaneous-emission (SE) source
sSE
n = g

∑N
n′=1

[
⟨P †

n′Pn⟩ − ⟨P †
n′⟩⟨Pn⟩

]
, which is non-vanishing, if at least one state is

excited. Spontaneous emission also enables the second source, stimulated emission
(ST), sST

n = 2 g⟨Pz,n⟩∆⟨B†B⟩. It is a product of the population inversion and the
photon correlations, and therefore scales with the amount of photons inside the cav-
ity. The third source term generates a quantum-memory (QMEM) contribution via
sQMEM
n = Ω Πz,n, including a product of the Rabi frequency Ω = 2(g⟨B⟩ + αL(t)

ℏ ) and
the photon-density correlation Πz,n = ∆⟨B†Pz,n⟩. Here, the photon-density correla-
tion stores the dependence of excitation and emitted photons, and therefore gives rise
to a quantum memory. As fourth, three-particle correlations, stri

n = 2 g∆⟨B†BPz,n⟩,
contribute to the photon-assisted polarizations.

By integrating Eq. (4.2), an exact solution for the dynamics of the photon-assisted
polarizations is found,

Π−,n(t) = −i
∫ t

−∞
dt′

[
sST
n (t′) + sQMEM

n (t′) + sSE
n (t′) + stri

n (t′)
]
e−i[δn−i(γ+κ)](t−t′) . (4.3)

It is inserted directly into Eq. (4.1) to obtain

∂

∂t
∆⟨B†B⟩ = 2 g

∫ t

−∞
dt′Re[S(t, t′)]− 2κ∆⟨B†B⟩ , (4.4)

where all source terms are collected in

S(t, t′) = SSE(t, t′) + SST(t, t′) + SQMEM(t, t′) + Stri(t, t′) . (4.5)
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The individual sources can be accessed via Stype(t, t′) =
∑

n s
type
n (t′)e−i[δn−i(γ+κ)](t−t′),

where type refers to SE, ST, QMEM, or tri. In a steady-state solution of Eq. (4.4)
the emission is found to be

∆⟨B†B⟩ = g

κ

N∑
n=1

Im
[
sSE
n + sST

n + sQMEM
n + stri

n

δn − i(γ + κ)

]
. (4.6)

For this relation a switch-off analysis can be performed to highlight the strength of
the different contributions in the overall emission. This analysis is simpler for cw
excitation conditions since here Eqs. (4.2) and (4.4) require no integration.

Figure 4.2 (b) presents the switch-off analysis for the different source terms. A
computation of Iout including all terms (shaded area) is compared to emission from
only SE and ST terms (dashed line), emission of SE, ST, and QMEM terms (dotted
line), and emission contributed by the QMEM term (solid line). The sum of SE
and ST sources shows a monotonically increasing output, which becomes linear for
high input powers and is not even half of the size of the full computation. Adding
the QMEM contributions, leads to an almost perfect agreement with the full result.
Thus, the three-particle correlations have only a minor effect in this regime and can be
neglected. The emission from the QMEM source alone shows an oscillation comparable
to the nonlinear behavior of the full result. Thus, the nonlinearity can be identified
as genuine quantum-memory effect, altering the emission properties.

4.3 Quantum-Optical Sensitivity

As third step of the systematic three-step approach, the quantum-optical sensitivity
of the nonlinearities found is demonstrated. Furthermore, the identified quantum-
memory effect is discussed.

As worked out in Eq. (4.2), the quantum-memory term contains the Rabi frequency
Ω and the photon-density correlation Πz,n. An intuitive explanation of their contri-
butions to the nonlinear behavior is found in the time domain. The exciting pump
generates detuned Rabi oscillations in the quantum dot, which either favor the emis-
sion at the peak of the dot excitation or inhibit emission at the dip. Rabi oscillations
in the dot contribute to emission processes but also build up quantum-memory con-
tributions to remember excitations earlier in time. This quantum memory involves
photons and the oscillating quantum-dot excitation accumulates photon-density corre-
lations. These correlations are nonlinear as function of the pump intensity. Therefore,
quantum-memory effects have to be nonlinear in the I/O characteristics.

An analysis of the source terms of the quantum-memory contribution exhibits the
quantum-optical sensitivity beyond the dependence on detuned Rabi oscillations and
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pump power. The exact dynamics of Πz,n is [I]

i ∂
∂t

Πz,n =− i(κ+ 2γa)Πz,n + g(∆⟨B†B†⟩⟨Pn⟩ −∆⟨B†B⟩⟨P †
n⟩)

+ g
∑
n′

(⟨P †
n′Pz,n⟩ − ⟨P †

n′⟩⟨Pz,n⟩) +
Ω⋆Π−,n − ΩΠ+,n

2

+ g[∆⟨B†B†Pn⟩ −∆⟨B†BP †
n⟩] .

(4.7)

Thus, photon-density correlations are build up by the simultaneous presence of squeez-
ing ∆⟨B†B†⟩ and polarization, as observed from the second term in Eq. (4.7). Further-
more, the third term forms whenever the system has polarization or coherent ⟨P †

n′Pz,n⟩
contributions. The other source terms need coherences to be non-vanishing as well.
Hence, it is clear that the generation of quantum-memory correlations has two main
contributors, pure coherence and a combination of squeezing and polarization.

To complete this final step of the three-step approach, quantum-optical spectroscopy
[145] is applied which uses the light source’s quantum statistics to characterize and
control the quantum-dot emission. This enables a spectroscopic analysis with exci-
tations which are not available in present-day experiments, due to the lack of free
adjustable quantum-optical light sources. This method has been applied in Paper [I]
and in Refs. [149, 150], and will not be explained in detail within the scope of this
Thesis. Anyway, the results show that a squeezed light field or one with and without
coherences can be used to control the strength of the nonlinear oscillations.

In conclusion, this investigations revealed unexpected oscillations in the I/O curve
of quantum dots in a micro-cavity. These oscillations could be identified as a quantum-
memory effect by the use of a fully quantum-optical approach. They are driven by
photon-density correlations which record emission processes during the excitation of
the quantum dot and thus induce nonlinearities to the I/O curve. Additionally, their
sensitivity to coherences and squeezing in the pump light field’s quantum fluctuations
could be shown.
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5
Conclusion

This Thesis summarizes and partially extends the findings from several papers on
interface-dominated laser structures and quantum-dot emission characteristics. In
these investigations, the aim was to assess the macroscopic properties of both systems
by two fully microscopic theories. Therefore, Chapter 2 provides an overview of an
extended JCM which is used to model quantum-dot microcavities. Moreover, the
well-established SBEs and SLEs are reviewed with the aim to determine the optical
properties of type-II semiconductor heterostructures. Both theoretical approaches are
applied to perform detailed experiment–theory comparisons in order to increase the
physical understanding of novel semiconductor laser material systems.

The main goal of Chapter 3 is to evaluate a novel type-II laser material system and
to systematically compare the properties of a type-II band aligned “W”-MQWH ar-
rangement to ordinary type-I systems. Furthermore, all calculations are compared to
experimental results for “W”-MQWHs and a type-II based VECSEL. Starting of with
the concept of a “W”-arranged MQWH, a model system is suggested by theoretical
calculations. The systematic comparison to type-I systems reveals a more temperature
stable and broader material gain for type-II systems. A more significant finding of this
study is that type-II systems have a different sensitivity to increased charge carrier
densities. Their material gain shifts to higher energies due to a deformation of the con-
finement potential induced by an increased charge carrier density in charge separated
structures. Besides these fundamental investigations, experimental realization and
characterization of “W”-MQWHs are compared to numerical results. In conclusion,
they are found to be promising candidates for the use as active medium of a laser, e.g a
VECSEL, cf. Papers [II] and [III]. Thus, a “W”-VECSEL was designed, realized, and
examined, experimental results are presented in Papers [IV] and [V]. Additionally, a
thorough analysis of the VECSEL properties is performed by applying the microscopic
theory. A resonant emission around 1180 nm is found which corresponds to the exper-
imental findings. Systematic investigations of the detuning and the modal gain show
that a low-threshold laser was built. As type-I systems at 1180 nm [37] exceed output
powers of 20 W, compared to 4 W found for the “W”-VECSEL [IV], a more negative
detuning is suggested to enable high-power operation for this class of lasers. In the

51



5 Conclusion

last part of Chapter 3 possible optimizations of the structural design are discussed.
Besides the detuning, which allows to create devices for specific power ranges, this is
a versatile approach to increase the material gain. It is found that graded interfaces
increase the wave function overlap and thus lead to a 10 % higher gain. Barrier heights
are another promising tool to adjust the strength of the gain through a change of the
carrier confinement. Last, three possibilities are presented to tune the laser emission
to 1300 nm based on the (GaIn)As/Ga(AsSb)/(GaIn)As/GaAs material system. From
the calculated suggestions, an increase of the Sb content to 28.5 % is most favorable
as it produces the highest material gain at 1300 nm.

A natural progression of this work is to analyze the interfaces using scanning trans-
mission electron microscopy and define the interface roughness and concentration gra-
dients under the growth conditions used. Hence, an optimization of the carrier con-
finement through variation of growth conditions could be performed. As presented in
Paper [VI], edge-emitting lasers were fabricated using this material system recently.
They performed well in all investigations and can also be subject of an optimiza-
tion process. Aiming for devices operating at the telecom wavelengths, the efforts
on design suggestions for an emission wavelength of 1300 nm should be intensified.
Especially in terms of an increased Sb content, where the hole well’s confinement po-
tential gets deeper, the carrier capture dynamics should be studied. Overall, 1300 nm
are a realistic goal for this material system, despite having options like incorporat-
ing N to the electron wells to reduce the type-II transition energy [38–41]. The even
longer 1550 nm telecom wavelength was already investigated in Refs. [40, 42, 43], and
seems unlikely to be reachable for the material system discussed in the scope of this
Thesis. To the best of my knowledge no type-II device based on the (GaIn)(NAs)/
Ga(AsSb)/(GaIn)(NAs)/GaAs material system was produced so far. Nevertheless,
type-I 1550 nm devices suffer from heat load [44] and thus it is desirable to have
type-II systems as an alternative.

In the second part of this Thesis nonlinear oscillations in the emission of quantum-
dot microcavities are studied as presented in Paper [I]. Chapter 4 starts from the
experimental I/O curve, which reveals intriguing oscillations in the non-lasing emis-
sion of quantum-dot microcavities. An extended JCM reproduces the oscillations
and identifies them as quantum-memory effect, which builds up through prior emis-
sion and absorption events. It is found that this quantum-memory can be described
by photon-density correlations through detuned Rabi flopping. Additional investiga-
tions find a sensitivity of the system to quantum-optical fluctuations of the exciting
light. They can be used to alter the strength of the nonlinear response by the use
of quantum-optical spectroscopy. Even as nowadays no light sources with arbitrary
tunable quantum fluctuations are available in experiments, such excitations could be
used to control the nonlinear behavior and investigate this effect further.

Overall, two semiconductor laser material systems were studied using microscopic
quantum theories. The application of the different theories forms a powerful toolkit,
which develops its strength during intense experiment–theory collaborations. It pro-
vides immediate feedback on structural information of grown samples and enables the
forecast of material properties due to structural changes.
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This appendix contains all publications described in this Thesis. An overview of the
articles is provided by their abstracts first.

Paper I: Quantum-Memory Effects in the Emission of Quantum-Dot Microcavities
The experimentally measured input-output characteristics of optically pumped
semiconductor microcavities exhibits unexpected oscillations modifying the fun-
damentally linear slope in the excitation power regime below lasing. A sys-
tematic microscopic analysis reproduces these oscillations, identifying them as a
genuine quantum-memory effect, i.e., a photon-density correlation accumulated
during the excitation. With the use of projected quantum measurements, it is
shown that the input-output oscillations can be controlled and enhanced by an
order of magnitude when the quantum fluctuations of the pump are adjusted.

Paper II: Novel type-II material system for laser applications in the near-infrared regime
The design and experimental realization of a type-II “W”-multiple quantum
well heterostructure for emission in the λ > 1.2µm range is presented. The
experimental photoluminescence spectra for different excitation intensities are
analyzed using microscopic quantum theory. On the basis of the good theory–
-experiment agreement, the gain properties of the system are computed using
the semiconductor Bloch equations. Gain values comparable to those of type-I
systems are obtained.

Paper III: Excitonic transitions in highly efficient (GaIn)As/Ga(AsSb) type-II quantum-
well structures
The excitonic transitions of the type-II (GaIn)As/Ga(AsSb) gain medium of
a “W”-laser structure are characterized experimentally by modulation spec-
troscopy and analyzed using microscopic quantum theory. On the basis of the
very good agreement between the measured and calculated photoreflectivity, the
type-I or type-II character of the observable excitonic transitions is identified.
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Whereas the energetically lowest three transitions exhibit type-II character, the
subsequent energetically higher transitions possess type-I character with much
stronger dipole moments. Despite the type-II character, the quantum-well struc-
ture exhibits a bright luminescence.

Paper IV: Type-II vertical-external-cavity surface emitting laser with Watt level output pow-
ers at 1.2µm
Semiconductor laser characteristics based on type-II band-aligned quantum well
heterostructures for the emission at λ > 1.2µm are presented. Ten “W”-
quantum wells consisting of GaAs/(GaIn)As/ Ga(AsSb)/(GaIn)As/GaAs are
arranged as resonant periodic gain in a vertical-external-cavity surface-emitting
laser. Its structure is analyzed by X-ray diffraction, photoluminescence, and re-
flectance measurements. The laser’s power curves and spectra are investigated.
Output powers at Watt level are achieved, with a maximum output power of 4
W. It is confirmed that laser operation only involves the type-II transition. A
blue shift of the material gain is observed while the modal gain exhibits a red
shift.

Paper V: 1.2µm emitting VECSEL based on type-II aligned QWs
Since the invention of VECSELs, their great spectral coverage has been demon-
strated and emission wavelengths in the range from UV to almost MIR have
been achieved. However, in the infrared regime the laser performance is affected
by Auger losses which become significant at large quantum defects. In order to
reduce the Auger losses and to develop more efficient devices in the IR, type-II
aligned QWs have been suggested as alternative gain medium for semiconductor
lasers.
We present the first room temperature VECSEL containing type-II aligned
quantum wells arranged as resonant periodic gain. The quantum wells consist
of (GaIn)As/Ga(AsSb)/(GaIn)As heterostructures. The structure was grown
bottom-up on GaAs substrate and flip-chip bonded onto a diamond heat spreader.
The device, pumped at 808 nm, emits > 1W of cw output power at an emis-
sion wavelength of λ > 1.2µm. A detailed study of the device is performed in
order to investigate the potential of such novel type-II gain media for future
applications. These investigations include the determination of the power and
temperature dependent shift rates. The gain temperatures at laser threshold
and at maximum output power are determined.

Paper VI: Electrical Injection Type-II (GaIn)As/Ga(AsSb)/(GaIn)As Single “W”-Quantum
Well Laser at 1.2 µm
Highly efficient interface-dominated electrical injection lasers in the near-infrared
regime based on the type-II band alignment in (GaIn)As/Ga(AsSb)/(GaIn)As
single “W”-quantum wells are verified. The structure is designed by applying
a fully microscopic theory, realized by employing metal organic vapor phase
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epitaxy, and characterized using electroluminescence measurements and broad-
area laser studies. The characteristic blue shift of type-II material systems with
increasing charge carrier density is observed and compared to theoretical in-
vestigations. The experimental data yields a shift of 93 meV/(kA/cm2). Low
threshold current densities of 0.4 kA/cm2, high differential efficiencies of 66 %,
optical output powers of 1.4 W per facet, and internal losses of only 1.9 cm−1 are
observed at a wavelength of 1.16 µm . No indication for type-I related transi-
tions for current densities up to 4.5 kA/cm2 is observed. A detailed atomic scale
chemical analysis forms the basis for future improvements in laser performance.

Paper VII: Gain spectroscopy of a type-II VECSEL chip
In this work, gain dynamics of a novel VECSEL chip design based on type-II
heterostructures is analyzed both theoretically as well as experimentally. For
such a chip consisting of a GaAs/(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs multi-
quantum-well active region, optical transitions for laser operation take place
across the interface of the heterostructure, with holes and electrons separately
confined. In order to study the temporal evolution of gain in a type-II chip in
comparison to conventional type-I structures, optical pump–probe spectroscopy
is used. Our measurements in reflection geometry reveal a maximum reflectance
of 1.008 at 1168 nm for a delay of 1.3 ns between pump and probe pulse. Starting
at 0.6 ns after excitation, gain lasts for 1.5 ns. Here, the observed dynamics devi-
ates from the earlier but shorter gain evolution in a comparable type-I structure.
Gain spectra of the laser chip are predicted by a fully microscopic approach us-
ing the semiconductor Bloch equations, showing remarkable agreement with the
obtained results.
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The experimentally measured input-output characteristics of optically pumped semiconductor micro-
cavities exhibits unexpected oscillations modifying the fundamentally linear slope in the excitation power
regime below lasing. A systematic microscopic analysis reproduces these oscillations, identifying them as a
genuine quantum-memory effect, i.e., a photon-density correlation accumulated during the excitation. With
the use of projected quantum measurements, it is shown that the input-output oscillations can be controlled
and enhanced by an order of magnitude when the quantum fluctuations of the pump are adjusted.
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Quantum-dot microcavities have been used to demon-
strate a number of intriguing quantum phenomena such as
the Purcell effect [1], vacuum Rabi splitting [2,3], strong
light-matter coupling [3–5], and single-photon [6–8] as well
as entangled photon-pair [9] emission. These systems are,
thus, prototypical for semiconductor-based cavity quantum
electrodynamic (QED) studies [10–12] exploring the foun-
dations of quantum mechanics. Moreover, microcavity
structures can be utilized to produce new components and
algorithms for quantum-information processing [13] and
they can be used as high-quality lasers [14–16] that show a
nearly thresholdless input-output (I=O) characteristics.
In the lasing regime, the system’s output approaches a

coherent state [17], which as the most classical form of
light, is not interesting for QED studies. However, true QED
effects can still be observed in the regime of low output
power [18] where they may even become strong enough to
produce visible deviations from the expected linear I=O
behavior. According to the quantum-optical response theory
developed in Ref. [19], any form of optical nonlinearity in
the matter’s response to classical light implies that the
response must necessarily be sensitive to the light’s quantum
fluctuations. This completely general result implies that one
should be able to find quantum-fluctuation signatures in the
light-matter correlations even when the nonlinearity was
originally identified completely classically.
In this Letter, we analyze the quantum-optical sensitivity

of quantum-dot microcavities with a three-step approach:
(i) We present the experimental observation of well-defined
I=O oscillations as the nonlinear response; (ii) we use a
quantum analysis to show that these oscillations originate
from quantum-memory effects related to photon-density
correlations; (iii) we demonstrate that the quantum-optical
sensitivity of the I=O curve exhibits the predicted signa-
tures for the identified quantum-memory correlation.

Our sample contains microring cavities [20,21] fabri-
cated from a 150 nm thick Ga0.52In0.48P waveguide
including self-assembled InP quantum dots with a dot
density of ð1–2Þ × 109=cm2 and a mean dot size of 75 nm.
Because of the large diameter, the dots host multiple
confined levels with level spacings on the order of
3–5 meV, as demonstrated in single-dot luminescence
spectra [21]. The central emission wavelength of the dot
ensemble is close to 720 nm, and the inhomogeneous
linewidth is 25 nm at cryogenic temperatures. The inset to
Fig. 1 shows a scanning electron micrograph of the used
ring cavity with a 2.2 μm outer and 1.5 μm inner diameter.
The sample is kept in a helium-flow cryostat at 10 K
temperature and excited using a Ti-sapphire laser emitting
pulses with 2 ps duration at 75.39 MHz repetition rate. The
linearly polarized pump beam is focused onto the cavity
using a 100 × microscope objective with a numerical
aperture of 0.55, resulting in a spot size of 2–3 μm covering
the ring. We excite the dots quasiresonantly by detuning the
photon energy 30.7 meV above the M1 main cavity mode

FIG. 1 (color online). μPL spectrum of the investigated micro-
ring cavity. The excitation laser was tuned to the wavelength of
705 nm. Inset: Scanning electron micrograph (side view) of the
microring cavity used.
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energy (see Fig. 1) but below the GaInP band gap. For
this detuning, the highest excitation power generates less
than 0.26 electrons per electronic level, as shown in the
Supplemental Material [22]. This is well below inversion
and lasing even though these structures have extremely low
lasing thresholds for strongly nonresonant excitations [21].
From the dot density and the ring area in combination
with the quasiresonant excitation, we estimate that the M1
mode emission can basically be attributed to a single dot
[21], while off-resonant dots only contribute to the broad
background.
The emission is collected using the same 100 ×

microscope objective that is used for the pump focusing.
To minimize stray light from the excitation laser, a cross-
polarized Glan prism is inserted in the detection path.
Microphotoluminescence (μPL) spectra are measured
using a 500 mm focal length spectrometer equipped with
a liquid-nitrogen-cooled CCD camera. A μPL spectrum
of the investigated microring cavity is shown in Fig. 1.
Three main whispering-gallery modes labeled M1-M3 are
observed.
Our three-step approach starts with Fig. 2(a) that presents

the measured output power at the M1 cavity mode as a
function of the input power. While the I=O curve at first
sight appears to show a linear behavior, a closer look at the
data reveals small but systematic deviations from a perfect
linear I=O dependence (solid line). To clearly visualize
the nonlinearities, we subtract the linear straight line
from the I=O data and plot in Fig. 2(b) the difference
Iosc; this procedure nicely highlights the oscillatory devia-
tions. We see that the first minimum dips down to −0.1,
i.e., 10%, below the expected linear output, which signifi-
cantly exceeds the 6% noise level. As discussed in the
Supplemental Material [22], we have verified that the
Iosc oscillations are reproduced for a large variety of
experimental conditions.
In the second step of our analysis, we want to identify

a particular quantum correlation that is responsible for
the experimentally observed oscillatory nonlinearity. For
this purpose, we extend the standard Jaynes-Cummings
model [28] to include the four relevant electronic states
in our large dot. Denoting the polarization operator for
the state n by P̂n, the cavity-dot interaction follows from
Ĥint ¼ −ℏg

P
nðB̂P̂†

n þ B̂†P̂nÞ, containing an effective cou-
pling strength g and the Boson operator B̂ for the cavity
mode. We use ℏg ¼ 0.405 meV that agrees with the typical
Rabi splitting in similar quantum-dot experiments [11].
The experimental emission is best reproduced when the
four states have a detuning δn between 2 and 8 meV above
the cavity mode, comparable with the dot energetics
identified in Ref. [21]. These states contribute to the
Hamiltonian via

P
nℏδnP̂z;n where P̂z;n is the inversion

operator for the state n.
The dot is optically driven by a classical pump pulse

αðtÞ ¼ α0e−ðt
2=τ2Þe−iΔLt where α0 is the amplitude, τ gives

the duration, and ℏΔL defines the laser detuning with
respect to the cavity. The pump-dot interaction follows
from Ĥpump ¼ −

P
n½α⋆ðtÞP̂n þ αðtÞP̂†

n�. We set ℏΔL ¼
30.7 meV as in the experiment and use the Lindbladian
[29] to systematically introduce dephasing for the dot

FIG. 2 (color online). Characterizing the I=O oscillations.
(a) Measured I=O curve (squares) is compared with a linear
output (solid line). The powers are scaled to 1 at the first sublinear
dip, which corresponds to an input power of 7.6 μW resulting in
500 photons per dot in the experiment. (b) Difference of measured
and linear output Iosc (squares) is shown as function of the input
together with computed Iosc using a cw (shaded area) and a pulsed
2-ps-long (solid line) excitation. (c) Computed I=O responses for a
cw excitation. Full computation (shaded area) is compared with the
emission stemming from the sum of the spontaneous-emission
(SE) and stimulated-emission (ST) sources (dashed line), the
quantum-memory (QM) source only (black solid line), and the
sum of SE, ST, and QM sources (red solid line).
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excitation and the cavity photons. The dephasing param-
eters are chosen to reproduce the 0.8 ps cavity-photon
lifetime as well as the T1 ¼ 2.1 ps polarization and
T2 ¼ 2.1 ps occupation decay times. These values not
only reproduce the correct emission linewidth in our system
but are also very close to the parameters deduced from
other experiments [4,20,21].
We solve the full quantum dynamics exactly by evolving

the dot-cavity mode density matrix ρ̂ in time. The input
intensity is defined by the pump amplitude, i.e.,
Iin ∝

R jαðtÞj2dt, while the dot emits the output intensity
Iout ∝ hB̂†B̂i ¼ Tr½B̂†B̂ ρ̂�. We scale the computed input
power to match the experiment at the first sublinear dip. We
then find the linear fit Ilin ¼ aIin þ b for both experiment
and theory and fix the scale of Iout so that it has the same
linear coefficient a as the experiment. This procedure only
matches the I=O scales while the relative magnitude of the
Iosc oscillations is not a priori fixed.
The resulting computed Iosc is shown in Fig. 2(b) for a

2-ps-long (solid line) and a continuous-wave (cw) pump
(shaded area) as function of pump power. We see that the
computed Iosc reproduces the experimentally observed
nonlinearities. We also conclude that the 2-ps-long pump
pulse is sufficiently long such that the Iosc oscillations
approach the cw result.
In our experiment, the pump generates detuned Rabi

oscillations that favor (inhibit) emission at the peak (dip)
of the dot excitation. For the chosen detuning, the dot
excitation both remains very small and oscillates more than
five times during a photon emission. Such oscillations not
only regulate the instantaneous emission but also induce
quantum-memory contributions that remember excitations
prior to the emission. Intuitively, the quantum memory
must then involve both photons and the oscillating exci-
tation density, yielding an accumulation of photon-density
correlations. Since any photon-density correlation must be
nonlinear in the pump, the quantum-memory effects must
contribute nonlinearly to the I=O curve.
To verify this intuitive interpretation, we express the

emitted photon flux exactly via [10]

∂
∂tΔhB̂

†B̂i ¼ 2g
Z

t

−∞
dt0Re½Sðt; t0Þ� − 2κΔhB̂†B̂i; ð1Þ

that is driven by a kernel S ¼ SSE þ SQM þ SST þ Stri,
as discussed in the Supplemental Material [22]. The
emission is initiated by the spontaneous source SSE ¼
g
P

n;n0 ½hP̂†
n0P̂ni − hP̂†

n0 ihP̂ni� that is nonvanishing when-
ever one or more states are excited. The stimulated
contribution SST ¼ 2g

P
nhP̂z;niΔhB̂†B̂i modifies the emis-

sion via the photon correlations inside the cavity. The
quantum-memory contribution SQM ¼ ΩΔhB̂†P̂z;ni con-
tains a product of the classical Rabi frequency Ω and
ΔhB̂†P̂z;ni that describes a photon-density correlation.
In addition, Stri defines a three-particle correlation.

The relative influences of the different source terms on
the emission are identified via a straightforward switch-off
analysis. Figure 2(c) compares Iout of the full computation
(shaded area) with the emission stemming from SSE þ SST

(dashed line) and from the sum of spontaneous, stimulated,
and quantum-memory sources (red solid line). We observe
that SSE þ SST produces a monotonically increasing output.
For larger Iin, Iout becomes essentially a linear function of
Iin, while it still deviates significantly from the full
computation result. However, combining SSE þ SST with
SQM results in an almost perfect reproduction of the full
Iout. Especially, SQM (black solid line) alone contains large
oscillations that remain visible also in the full Iout, verifying
our intuitive explanation above. Since the calculated results
for SSE þ SST þ SQM are very close to the experimentally
observed emission, we can conclude that Stri has a minor
effect on Iout in our experiment. In the Supplemental
Material [22], we discuss that different coupling strengths
for each emitting state and modified dot energetics do not
produce quantitative changes of the scaled I=O character-
istics. The further analysis also indicates that the quantum-
memory effect can be enhanced by changing the detuning
and engineering the coupling strength.
The third step of our analysis verifies that Iosc and SQM

have the same quantum-optical sensitivity. The detailed
analysis in the Supplemental Material [22] shows that SQM

is driven by coherences involving a product of Ω and the
squeezing of the light emission. Consequently, according to
the principles of quantum-optical spectroscopy [10,30–34],
Iosc should also depend on the pump field’s quantum
fluctuations following the same control rules as the
quantum memory does. To fully demonstrate this exper-
imentally, one would need to adjust the quantum fluctua-
tions of the source. Unfortunately, this level of control is
not yet possible in present-day experiments. However, a
set of classical measurements can be projected to any
quantum-optical response to access the quantum-optical
dependence of Iosc, as demonstrated in Ref. [19] and
utilized in Refs. [35,36] to realize a superior characteriza-
tion of different quasiparticles. The projection algorithm is
discussed in the Supplemental Material [22] together with
all quantum-light sources studied.
Since SQM is generated via the simultaneous presence of

coherences and squeezing of the emission, we test if we can
quench the I=O oscillations by a pump field that has either
no coherences or does not produce squeezed emission.
Figure 3(a) compares the classical measurement (squares)
with the quantum (solid line) I=O curve when we use a
squeezed vacuum state as quantum source in the projection.
Since the squeezed vacuum lacks first-order coherences,
it cannot induce a coherent Ω. As a result, it produces an
output response without the oscillations, simply, because it
does not generate the required quantum-memory correla-
tions. In contrast to this, a coherent state has a nonvanishing
Ω while it generates squeezing as a natural part of
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resonance fluorescence emission [37]. For a consistency
check, we have also projected the coherent-state response
(shaded area) and, as expected, it reproduces the measured
I=O oscillations.
The quantum-optical control of the I=O oscillations

becomes particularly clear when we construct Iosc as
in Fig. 2(b) by removing the line from the I=O curve.
Figure 3(b) compares the measured Iosc (squares) with the
projected coherent-state (shaded area), squeezing (solid
line), and thermal-state (dashed line) source outputs. The
thermal source has neither coherences nor does it generate

squeezed emission such that it produces essentially the
same output as the squeezed-state source. In other words,
we have verified that Iosc indeed stems from the quantum-
memory correlations because they obey the same, non-
trivial, control rules.
The dependence of the output super- or sublinearity on

the quantum fluctuations of the source can be directly
characterized by defining an output differential,

δIjλiout ≡ Ijλiout − Iout; ð2Þ
when one changes the laser’s fluctuations from a classical

source (giving Iout) to a quantum state jλi; we project Ijλiout
from the measured I=O curve. For the classical differ-
entials, we use jλi ¼ jclassi that is a coherent state having
one more photon than when measuring Iout. For the
quantum differentials, we use the so-called stretching-cat
state [19] jλi ¼ jcati that consists of a superposition of two
different coherent states displaced along the direction of the
classical field’s original displacement. We adjust jcati such
that its quantum fluctuations add one photon to the source
while its coherences are reduced so that its average photon
number is equal to that of the classical reference Iout. As a

result, δIjλiout measures the effects generated by pure quan-
tum fluctuations. The cat state is expected to enhance the
oscillatory nonlinearities because it contains both coher-
ences and squeezing.

Figure 3(c) compares the projected δIjclassiout (dashed line)

with the differential δIjcatiout (solid line). We see that the
classical differential response is always positive valued and

oscillatory. The maxima and minima of δIjclassiout match with
the nodes of the measured Iosc oscillations in Fig. 3(b). At

the same time, jcati produces a differential δIjcatiout whose
oscillation amplitude is an order of magnitude greater than
the result of classical spectroscopy, verifying that a suitable
quantum source can indeed amplify the quantum-memory
effects. By comparing this result with Iosc in Fig. 3(b), we
also see that the used jcati produces a superlinear increase
(sublinear decrease) when the classical pump yields sub-
linear (superlinear) output. Since the super-or sublinear
oscillations have an opposite phase, one can control the
super- or sublinear nature of quantum-memory effects
completely via the quantum fluctuations of the pump.
In conclusion, our measurements identify nontrivial I=O

oscillations for a quantum dot in a microcavity. Using the
methodology of quantum-optical spectroscopy, we show
that the I=O oscillations are initiated by the simultaneous
presence of coherences and squeezed-light emission.
Physically, the excitation drives photon-density correla-
tions that act as a quantummemory for the Rabi oscillations
and, thus, induce the oscillatory nonlinearities in the
I=O curve. Our projected measurements demonstrate that
the super- and sublinear variations can be controlled by
modifying the quantum statistics of the pump.

FIG. 3 (color online). Quantum-optical control of I=O oscil-
lations. (a) Measured I=O curve (squares) is compared with the
projected coherent-state (shaded area) and squeezed-vacuum
output (solid line). (b) Corresponding Iosc and thermal-state
Iosc (dashed line) values are shown. (c) Differential response
as function of input power. The classical differential (dashed line)
is compared with the stretching-cat state’s differential (solid line).
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I. GENERAL IMPLICATIONS OF QUANTUM-OPTICAL RESPONSE THEORY

Classical spectroscopy measures matter’s response as a function of pump field’s amplitude, frequency, duration, or
carrier envelope phase, i. e. the classical aspects of light. Quantum mechanically, the light field fluctuates around its
classical value defined by the expectation value of the electric field. We call a distribution that uniquely defines these
intrinsic fluctuations quantum statistics. For any fixed classical aspect of light, there exist infinitely many quantum-
statistical forms that all correspond to different quantum fluctuations, cf. Refs. [10, 23]. Our analysis is guided by
the rigorous steps one must undertake in order to find which aspects of matter’s (optical) response are sensitive to
quantum fluctuations of the light source. More specifically, Ref. [19] formulates a quantum-optical response theory
that is based on a completely general argumentation; we next summarize its main points.
As defined by Glauber [24], quantum statistics of a high-quality pump laser is described by a coherent state |β〉

where β labels the complex-valued amplitude of the field. The optical response of any matter to |β〉 can be uniquely
identified by a function R|β〉; in other words, R|β〉 labels all responses measured with classical spectroscopy by adjusting
the pump laser’s amplitude. We denote the matter’s response to a real quantum-light source by R|QM〉. As formulated
by Sudershan [25], the R|β〉 and R|QM〉 are uniquely connected via a general relation

R|QM〉 =

∫
d2β P |QM〉(β)R|β〉 , (S1)

where P |QM〉(β) is the Glauber–Sudarshan function [24, 25] of the quantum source.
A classical field |β〉 has intensity Iin ∝ |β|2 defined by the average photon number N = |β|2. In case the classical

measured R|β〉 depends linearly on N , i. e. R|β〉 = a |β|2 + b, we find R|QM〉 =
∫
d2β

(
a |β|2 + b

)
P |QM〉(β) = aN + b

for all sources because P |QM〉(β) is normalized and
∫
d2β P |QM〉(β) |β|2 = N produces the average photon number

for all quantum sources. Therefore, the linear classical response is completely insensitive to the quantum fluctuations
of the pump. Consequently, the quantum-optical sensitivity must reside within the nonlinear contributions of R|β〉.

In complex systems, such nonlinearities are related to many-body and/or quantum-optical correlations. As a key
element of quantum-optical spectroscopy [26, 30, 31], specific forms of R|QM〉 nonlinearities can be directly excited via
suitably tailored quantum sources. As a result, quantum sources can characterize and control complicated processes
much more accurately than the conventional classical spectroscopy does. Especially, this quantum-optical sensitivity
is a gateway to identify individual quantum correlations in matter [19, 35, 36].
We seek for unexpected nonlinear responses to discover new quantum-optical effects in quantum-dot (QD) micro-

cavities in the Letter. Since a linear response is uninteresting from a quantum-optical point of view, we remove it
from the input/output (I/O) curves to isolate the true nonlinearity. When the I/O curve exhibits the oscillatory
nonlinearities a linear fit contains also a constant contribution depending on the oscillation period which is unknown
due to the unknown nature of the nonlinearities. In general, the line-removal does not affect the identification of the
nonlinearities because they cannot be removed by a line. In this sense, removing a line from the I/O curve is just a
visual aid that allows us to exclusively see the most interesting part of the data, i. e. the oscillatory nonlinearities.
Since the quantum-optical sensitivity of the response is caused exclusively by the nonlinear response, the line-removal
does also not affect the projection results presented in Fig. 3.
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II. QUANTUM-MEMORY OSCILLATIONS IN DIFFERENT EXPERIMENTS

To compare different measurements systematically, we introduce the following iterative procedure for the measured
I/O intensities Iorgin and Iorgout , respectively; superscript “org” denotes that the original intensities without any normal-
ization procedure are used. We first define the region of interest (ROI) for Iorgin where a linear fit Iorglin = a Iorgin + b
is performed to extract the linear part of Iorgout . As the second step, we determine Iorgosc = Iorgout − Iorglin as the difference

of the measured data and its linear fit. As the third step, we determine which input intensity Idipin produces the first

oscillation dip in Iorgosc . In other words, we find a unique I/O value (Idipin , Idipout) of the first oscillation dip. Since the

I/O data has experimental noise, we low-pass filter the Iorgosc data to determine the (Idipin , Idipout) point more accurately,

which constitutes the fourth step of our algorithm. Since the (Idipin , Idipout) outcome depends slightly on the ROI choice

we iterate steps 1-4 by setting the ROI to extend from 0.33× Idipin to 6× Idipin in step 1.
We iterate steps 1-4 until the dip position becomes stable to find a unique linear fit Iorglin and dip positions for each

measured data. These positions are used to scale input and output with Iin = Iorgin /Idipin and Iout = Iorgout/I
dip
out . For

later reference, we denote the linear fit of the scaled output as

Ilin = aexp Iin + bexp , (S2)

where the scaling coefficients follow from the linear fit of step 2, i. e. aexp = a Idipin /Idipout and bexp = b/Idipout.
Computed I/O results are processed analogously as experiments. Since the computations do not contain random

noise, iterations are not needed to locate the position of the first oscillation dip (Idipin , Idipout). However, the computed
Iorgout saturates faster than in the experiment such that the computational ROI includes some saturation aspects.
To eliminate such saturation effects from the Iorgosc identification, we use the same linear aexp coefficient as in the
experiment to describe the normalized linear computation Ilin = aexpIin + bnum. Technically, this is obtained by

scaling the output with a slightly modified value Ĩdipout , compared with Idipout , yielding Iout = Iorgout/Ĩ
dip
out . Typically, Ĩdipout

is very close to Idipout with only 1% difference.

FIG. S1. Scaled experimental output after the subtraction of the linear part. (a) Dependence of output on intensity steps in
input. Reference (squares) is compared with measurements having 2.1 (diamonds), 7.6 (filled circles), and 7.6 (open circles)
times larger intensity steps than the reference. (b) Dependence on cavity detuning. Reference (squares) has 30.7meV detuning
while two other measurements have 25.6meV (diamonds) and 19.4meV (circles) detuning. (c) Effect of cavity mode. Output
to cavity mode M2 (see Fig. 1) is measured for 50.5meV (diamonds) and 32.5meV (circles) detuning. Frames (a) and (b) were
measured for cavity mode M1.

We check the repeatability of the Iosc oscillations by performing experiments under nominally the same conditions
as the data shown in Fig. 2. Figure S1(a) presents the input dependence of Iosc that is constructed with the algorithm
above; the squares are exactly the same data as presented in the Letter. We also have performed the I/O measurements
with two different intensity steppings in the pump. The filled diamonds correspond to data measured with roughly
2.1 times larger intensity steps than for the reference while the intensity steps are 7.6 times the reference value for
both open and filled circles. Since the different measurements have different noise levels the individual measurement
points scatter quite differently and cannot be directly compared. However, the mean I/O curves coincide within the
experimental scatter, verifying the repeatability of quantum-memory oscillations. In other words, all step sizes indeed
reproduce essentially the same oscillatory nonlinearity, dipping roughly to 10% at the dip.
We also can change the detuning of the pump laser with respect to the emission energy. Figure S1(b) shows the

measured Iosc when the detuning is 30.7meV (squares), 25.6meV (diamonds), and 19.4meV (circles). As before,
the squares correspond to the same data presented in Fig. 2. The mean curves still produce qualitatively similar
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oscillatory nonlinearities, which verifies that quantum-memory effects emerge for a broad range of experimentally
relevant situations. Since our photoluminescence spectrum shows three main emission resonances (M1-M3 see Fig. 1),
we may directly analyze the cavity-mode dependence of the Iosc oscillations. Figure S1(c) shows the measured Iosc
for the M2 mode. Diamonds correspond to 50.5meV detuning while circles are measured with 32.5meV. In both
cases, the quantum-memory oscillations appear in the same way as for the M1 mode (compare Fig. S1(a)-(b)), but
only the mean of 32.5meV has a similar amplitude than the M1 data because 50.5meV detuning produces roughly
40% increase in the nonlinear dip depth. We attribute this to a rather large change in the detuning, as discussed in
more detail in connection with Fig. S2(a).
Our QD is so large that it hosts several close-by single-electron levels that can be independently excited. Therefore,

it is straight forward to estimate the QD excitation for each level separately. In more detail, we estimate the inversion
level by computing how much a single dot level is excited by our detuned pump laser. The maximum occupation of
the excited state becomes then

fmax =
1

1 +
∣∣∆
Ω

∣∣2
, (S3)

based on Eq. (18.70) in Ref. [10], which presents fmax of an ideal two-level system without further coupling to a
reservoir or other states. In other words, fmax estimates the upper limit of excitation for the most resonant dot
level. In general, fmax depends on the detuning ∆ between the two-level system and the exciting laser and the Rabi
frequency Ω. In the study of our Letter, the pump laser is ~∆ = 28.7meV above this dot level. To estimate Ω, we
measured the excitation power P of the pump at 75.4MHz repetition rate and central photon energy ~ω = 1.76 eV;
it was P = 30.4µW for the maximum excitation used in Fig. 2 and four times lower at the first nonlinear dip.
For a 2µm excitation spot, this gives 33.7 kV/cm as peak electric field for the 2 ps-long pump pulse. In principle,
only a fraction of this pulse reaches the QD due to reflection at the cavity and features in the optical path such as
microscope objective and cryostat windows. We ignore this “loss” and use E = 33.7kV/cm as the upper limit. The
Rabi frequency is determined by ~Ω = 2dE where d is the dipole of the transition. For the InP QDs, the upper limit
of d is roughly 25e Å, which yields ~Ω = 16.8meV as peak Rabi energy. By inserting Ω and ∆ into Eq. (S3), we
find fmax = 0.26 as the upper limit of excitation. At the nonlinear dip, the same estimate yields fmax = 0.08. Since
this number is so small, it is impossible that other higher excited states could invert the system. In other words, this
estimate shows convincingly that the system is certainly not inverted.
We also have computed the maximum occupation based on our microscopic model discussed in Sec. III. Including all

dot levels, the actual computations yield fmax = 0.07 and 0.24 at the nonlinear dip and maximum power, respectively.
These numbers agree well with the experimental estimate, showing that the oscillatory nonlinearities indeed appear in
the excitation power regime well below inversion, (i. e. fmax remains smaller than 0.5). The detuned Rabi frequency

Υ =
√

|∆|2 + |Ω|2 produces Rabi flopping faster than 144 fs for all pump intensities. Therefore the dot level oscillates
at least 5 times during each radiative process, defined by the 0.8 ps radiative decay. In other words, quantum memory
accumulated during many detuned Rabi flops contributes to emission even though the maximum excitation remains
low. That the QD occupation at the used excitation powers stays well below unity is also suggested by the background
emission, that is contributed by QDs off-resonant with the cavity modes, which scales linearly with excitation power,
so that any effects from biexcitons can be excluded.
In addition, despite of the low lasing threshold, the output intensity still undergoes a jump by an order of magnitude

when crossing the threshold. In our experiment we use excitation power densities which are well below those at which
this jump occurs, so that it does not occur in the scanned power range.

III. THEORY OF QUANTUM-MEMORY EFFECTS

We explain the quantum-memory effects using the standard Jaynes–Cummings Hamiltonian [28] for a detuned QD
with N electronic states inside a cavity. Each of the states can either be excited or unexcited defining 2N different
basis states |S〉. Additionally, the Hamiltonian contains classical pumping of the two-level system, yielding

Ĥ = ~ω(B̂†B̂ +
1

2
) +

N∑
n=1

~ω21,nP̂z,n − ~ g
N∑

n=1
(B̂†P̂n + B̂P̂ †

n)−
N∑

n=1
(α⋆

L(t)P̂n + αL(t)P̂
†
n) , (S4)

where B̂ and B̂† are photon operators for a single-mode light field with energy ~ω. The QD population is described
by the population-inversion operator P̂z,n while P̂n and P̂ †

n are the corresponding polarization operators for the dot

state n. Mathematically, P̂n and P̂ †
n are the usual lowering and rising Pauli operators. The energy differences of the

states ~ω21,n are detuned against the cavity mode. The effective coupling strength between light and matter is chosen
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FIG. S2. Effect of detuning and state-number on oscillatory nonlinearities and normalized oscillation amplitude as function
of pulse duration τ . (a) Normalized Iosc is plotted for ~∆L = 32.5meV (shaded area) and ~∆L = 50.5meV (solid line). (b)
Normalized Iosc is presented for N = 1 (dotted line), N = 2 (dashed line), N = 3 (blue-solid line), and N = 4 (red-solid line)
states. (c) Pulsed result (solid line) is compared with the cw computation (dashed line).

g for all states. In the Letter, we use the interaction picture that replaces ~ω21,n in Eq. (S4) by the detuned energy
~ δn = ~ (ω21,n − ω) and eliminates the pure photon part from the Hamiltonian.
The classical pump field is described by a complex-valued amplitude αL(t). We use either a continuous wave (cw)

or pulsed, αL(t) = α0e
− t

2

τ2 e−iωLt, where ~ωL is the pump-photon energy and τ determines the pulse width. We then

solve the time dynamics via the density matrix ρ̂ =
∑∞

n1,n2

∑
S1,S2

|S1〉|n1〉Cn1,S1

n2,S2
〈n2|〈S2| , where |nj〉 is a Fock state

of the quantized light and |Sj〉 denotes the basis states of the dot. The quantum dynamics of ρ̂ is solved from the
Liouville–von Neumann equation

i~
∂

∂t
ρ̂(t) = [Ĥ, ρ̂]− + i~

(
γz

N∑
n=1

L[P̂z,n] + γa
N∑

n=1
L[P̂n] + κL[B̂]

)
, (S5)

where we have added the Lindbladian, L[Ô] = 2Ôρ̂ Ô†−Ô†Ôρ̂−ρ̂ Ô†Ô [29], to account for the dephasing of polarization,
population, and cavity photons with dephasing constants γ = γz + γa, 2γa, and κ, respectively. The usual T1- and
T2-decay times become equal when we set γz = γa, as it is done in our Letter.
We solve Eq. (S5) numerically, to compute the output intensity Iorgout = 〈B̂†B̂〉 defined at the steady state. In the

same way, we compute numerically the correlations

Π−,n ≡ ∆〈B̂†P̂n〉 = 〈B̂†P̂n〉 − 〈B̂†〉〈P̂n〉 , Πz,n ≡ ∆〈B̂†P̂z,n〉 = 〈B̂†P̂z,n〉 − 〈B̂†〉〈P̂z,n〉 ,
∆〈B̂†B̂〉 = 〈B̂†B̂〉 − 〈B̂†〉〈B̂〉 , (S6)

∆〈B̂†B̂P̂z,n〉 = 〈B̂†B̂P̂z,n〉 − 〈B̂†〉∆〈B̂P̂z,n〉 − 〈B̂〉∆〈B̂†P̂z,n〉 − 〈P̂z,n〉∆〈B̂†B̂〉 − 〈B̂†〉〈B̂〉〈P̂z,n〉 ,

that are used this Section and Fig. 2 to reveal the source of Iosc oscillations.
The density-matrix computation produces fully converging results when it contains 12 Fock states for the conditions

studied. As system parameters, we use ~ g = 0.405meV, ~ γ = 0.32meV, and ~κ = 0.8meV that are very typical
values [11, 20, 21] for similar samples like ours. To explain the experimental observations in our Letter, we use the
experimental parameters ~∆L = 30.7meV and τ = 2ps (pulsed) or τ = ∞ (cw) for the pump. The individual
δn = ω21,n − ω define the state-cavity detuning. The experimental emission is best reproduced when we use N = 4
states that are detuned ~ δ1 = 2meV, ~ δ2 = 2.6meV, ~ δ3 = 4.58meV, and ~ δ4 = 8meV above the cavity mode,
which yields a similar dot energetics as observed in a comparable system in Ref. [21]. The four dot states are either
excited or unexcited, producing 24 = 16 basis states. Altogether, ρ̂ contains (12× 16)2 = 36864 elements. The energy
splitting ~ω ≈ 2.5meV and exciton mass m = 0.135 predict a QD diameter very close to the estimated dot size of
75 nm when the dot is assumed spherical. Therefore, the chosen energy levels are consistent with the dot size.
Motivated by the measured ∆L dependence of amplitude in oscillatory nonlinearities (Fig. S1(c)), it is interesting to

check whether the computations explain this tendency. Figure S2(a) presents the computed Iosc for ~∆L = 32.5meV
(shaded area) and ~∆L = 50.5meV (solid line). Increasing ∆L yields 25% increase in the Iosc dip amplitude,
which confirms the experimental change in Fig. S1(c). As explained in our Letter, Iosc results from the quantum
memory accumulated during each pump-induced Rabi flop. Since the effective Rabi frequency Υ increases with
growing detuning, higher ∆L induces more flops and, thus, a larger quantum-memory accumulation, which provides
an intuitive explanation for the detected ∆L dependence. Naturally, a too large ∆L will eventually decrease the
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excitation emission when it becomes too nonresonant, which sets physical limits how much Iosc can be enhanced by
∆L.
We also have investigated the effect of the coupling strength g on the oscillatory nonlinearities. We find that the

scaled oscillation amplitude increases with decreasing coupling strength and scales as 1
g , which again has a simple

connection to the intuitive quantum-memory source. More specifically, lowering g means that the relative effect of
pumping induced Rabi flopping, scaling with the pump (not g), becomes more prominent in the QD emission that
scales with g. Therefore, the relative strength of quantum-memory effects increases with decreasing g. However, this
argument holds only until g is large enough to favor single-mode emission. We also have verified that changing each
g separately does not alter the overall Iosc behavior. In summary, the pump-dot detuning and g provide most control
for the magnitude of Iosc.
It is also interesting to study how the quantum-memory oscillations are modified by the state number N included

to the model. Therefore, we perform a computation where one, two, or three highest-energy states are eliminated
from the computation. The full computation is solved with N = 4 states. Figure S2(b) shows the normalized Iosc
for N = 1 (dotted line), N = 2 (dashed line), N = 3 (blue-solid line), and N = 4 (red-solid line) states. We see
that the oscillation amplitude increases with elevated N . In addition, higher N yields an extended range for the
second oscillation. Therefore, we conclude that the quantum-memory effects are slightly enhanced when the number
of emitting states increases, but are not critically dependent on N . Additional numerical studies show that Iosc has
only a weak dependence on the specific energy values of the dot states.
Even though the experiment is performed with a pulsed excitation, the switch-off analysis shown in Fig. 2(c)

becomes significantly simpler when the steady-state emission of the cw pumping is analyzed. Therefore, we studied
how Iosc of the pulsed excitation approaches the cw result by increasing the pulse duration τ . Figure S2(c) presents the
magnitude of the normalized Iosc dip (solid line) as function of τ . As a clear trend, the pulsed excitation approaches
the cw result. In particular, the τ = 2ps pulsed result is sufficiently close to the cw-case such that the basic features
of quantum-memory oscillations can be studied with a cw computation.

A. Sources to quantum-dot emission

The quantum-emission dynamics of the Jaynes–Cummings model is already worked out, e. g., in a textbook [10]
such that we only need to collect here the central equations. The light emission to the cavity mode is defined by the
correlated intensity ∆〈B̂†B̂〉. As we generalize Eq. (23.42) of Ref. [10], we find that the output intensity follows from

∂

∂t
∆〈B̂†B̂〉 = −2κ∆〈B̂†B̂〉 − 2 g

N∑

n=1

Im[Π−,n] , (S7)

that contains the decay constant κ and couples to photon-assisted polarizations Π−,n. The emission is driven by Π−,n

whose dynamics becomes [10]

i
∂

∂t
Π−,n = [δn − i(γ + κ)] Π−,n + sSEn + sSTn + sQM

n + strin , (S8)

that contains four different sources. The Π−,n correlation is initiated by the spontaneous-emission source sSEn =

g
∑N

n′=1

[
〈P̂ †

n′ P̂n〉 − 〈P̂ †
n′〉〈P̂n〉

]
, whose diagonal part, i. e. g[〈P̂ †

nP̂n〉 − 〈P̂ †
n〉〈P̂n〉], is proportional to the incoherent

occupation at the excited state of level n. The nondiagonal (n′ 6= n) contributions result from the collective recombi-
nation processes where state n′ is excited by recombining state n. These processes describe either sub- or super-radiant
effects when N states collectively emit light to a single mode [27].

The spontaneous emission also enables the stimulated contribution sSTn = 2 g〈P̂z,n〉∆〈B̂†B̂〉, that is a product of the
population inversion of state n and correlated photon intensity. In other words, the more photons remain inside the
cavity, the more stimulation of Π−,n processes emerges in the system. Besides stimulation, each emission also generates

a quantum-memory contribution sQM
n = Ω Πz,n, that is a product of a Rabi frequency Ω = 2(g〈B̂〉 + αL(t)

~
) and the

photon-density correlation Πz,n = ∆〈B̂†P̂z,n〉. Intuitively, Πz,n records dot’s previous emission events giving rise to
quantum memory because it defines how excitation depends on the emitted photons; the exact form of quantum-
memory accumulations is studied below. Also correlations involving three operators, strin = 2 g∆〈B̂†B̂P̂z,n〉, act as a
source.
Equation (S8) can be solved exactly, Π−,n(t) = −i

∫ t

−∞
dt′

[
sSTn (t′) + sQM

n (t′) + sSEn (t′) + strin (t′)
]
e−i[δn−i(γ+κ)](t−t′),

in terms of its source terms. When this is inserted into Eq. (S7), we find

∂

∂t
∆〈B̂†B̂〉 = 2 g

∫ t

−∞

dt′Re[S(t, t′)]− 2κ∆〈B̂†B̂〉 , (S9)
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where we have identified S(t, t′) = SSE(t, t′)+SST(t, t′)+SQM(t, t′)+Stri(t, t′). Each of the macroscopic sources that

appear are obtained from Stype(t, t′) =
∑

n s
type
n (t′)e−i[δn−i(γ+κ)](t−t′), where type refers to SE, ST, QM, or tri.

By solving Eq. (S9) in steady state, the emission becomes

∆〈B̂†B̂〉 = g

κ

N∑

n=1

Im

[
sSEn + sSTn + sQM

n + strin

δn − i(γ + κ)

]
. (S10)

This relation can be applied to determine the effect of spontaneous emission, stimulated emission, quantum memory,
and three-particle correlations output, as done in Fig. 2(c) in our Letter. This cw analysis is simpler than the
corresponding switch-off study with the pulsed excitation, because one does not need to integrate Eqs. (S8) and (S9).
Also the Πz,n dynamics is worked out in Ref. [10] for N = 1 state so that we can directly study how the quantum
memory is generated. By generalizing Eq. (23.42) of Ref. [10] for N states, we find an exact dynamics,

i
∂

∂t
Πz,n =− i(κ+ 2γa)Πz,n + g(∆〈B̂†B̂†〉〈P̂n〉 −∆〈B̂†B̂〉〈P̂ †

n〉)

+ g
∑

n′

(〈P̂ †
n′ P̂z,n〉 − 〈P̂ †

n′ 〉〈P̂z,n〉) +
Ω⋆Π−,n − ΩΠ+,n

2
+ g[∆〈B̂†B̂†P̂n〉 −∆〈B̂†B̂P̂ †

n〉] .
(S11)

The second term induces Πz,n when the system simultaneously contains squeezing correlation ∆〈B̂†B̂†〉 and polar-

ization. The third term generates Πz,n spontaneously whenever the system has polarization or coherent 〈P̂ †
n′ P̂z,n〉

contributions. Also the remaining sources exist only when coherences are present. In particular, Eq. (S11) identi-
fies two main mechanisms for generating quantum-memory correlations; either pure coherence or a combination of
polarization and squeezing induces Πz,n.

IV. QUANTUM-OPTICAL SPECTROSCOPY

In our Letter, we measure the output intensity Iout(β) as function of the input-laser’s amplitude β or equivalent
as function of photon number N = |β|2 because our measurement is not phase sensitive. Unfortunately, lasers with

arbitrary quantum statistics are not yet available in order to measure the output intensity I
|λ〉
out as function of an

arbitrary quantum state |λ〉. However,

I
|λ〉
out =

∫
d2β P |λ〉(β) Iout(β) (S12)

establishes a fundamental connection [25] between I
|λ〉
out and a set of classical responses Iout(β), where the Glauber–

Sudarshan P |λ〉(β) function represents the quantum statistics of the desired light source. As demonstrated in Ref. [19],
the projection (S12) can be efficiently implemented with the help of the so-called cluster-expansion transformation
(CET), even when the measurement contains noise and is performed in a limited phase space β ∈ Γ. In particular, this
work introduces an experimentally robust algorithm to project a set of measured Iout to any desired quantum response

I
|λ〉
out. The extreme accuracy of this method is demonstrated by the high-precision characterization of biexcitons [35]
and the discovery of a new quasiparticle, the dropleton [36].
Technically, the CET finds correlation coefficients aR(J) based on the set of measured Iout(β). They are connected

to physical correlations like mean, variance, and higher order cumulants. The explicit algorithm from measurement-
to-aR(J) is provided in Appendix B of Ref. [35] for the phase insensitive measurements studied here. Once the aR(J)
coefficients are known, they uniquely define any quantum response. As a consistency check, we first analyze the CET
projection to a classical source |β0〉, yielding [19]

ICET(β) =
NR

4∆x2
R

C/2∑

J=0

(−1)JaR(J)WJ

(
|β|2

4∆x2

R

)
, WJ(x) =

2

π
e−2x

J∑

k=0

22J−k (−x)J−k

k!(J − k)!(J − k)!
, (S13)

where NR =
∫
Γ
d2β Iout(|β|) is the norm and ∆x2

R ≡ 1
2NR

∫
Γ
d2β |β|2Iout(|β|) is the normalized variance. Both ∆x2

R

and aR(j) can be accurately determined from the high-precision measurements shown in our Letter. In practice, one
adjusts the maximum number of clusters C such that ICET(β) reproduces the experimental input accurately. We
use C = 192 clusters to project the data in the Letter and produce I/O curves resulting from pumping a QD with
different quantum-light sources.
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A. Projection to quantum sources

A thermal state is completely defined by its photon-number fluctuations ∆〈B†B〉th = 〈B†B〉th ≡ n which are equal
to the average photon number since the first-order coherences 〈B〉th vanish [23]. The CET projection algorithm (S12)
with a thermal state yields [19]

I
|th〉
out =

NR

π(2∆x2
R + n)

C/2∑

J=0

aR(J)

J !

( −4∆x2
R

2∆x2
R + n

)J

. (S14)

A squeezed vacuum state is characterized by the two-photon correlation |∆〈BB〉sqz| = s that defines the average

photon number Nsqz via s ≡
√
N2

sqz +Nsqz. The CET projection of Eq. (S12) with squeezed vacuum produces [19]

I
|sqz〉
out =

NR

π
√
S2 − s2

C/2∑

J=0

aR(J)

(−2∆x2
R

S2 − s2

)J J/2∑

k=0

[2S]J−2ks2k

k!k!(J − 2k)!
, (S15)

where we have identified S ≡ 2∆x2
R +Nsqz .

A Schrödinger-cat state is a superposition of two coherent states with common displacement β0 along the x-
quadrature and separation determined by γ. By choosing γ to be aligned parallel to β0, we obtain the so-called
stretching-cat state [19]. The wave function is then |cat〉 ≡ Ncat (|β0 − γ〉+ |β0 + γ〉) with coherent states |β0 ± γ〉
and the normalization constant Ncat = (2 + 2 e−2|γ|2)−

1

2 . The average coherent displacement of the cat state becomes
then 〈B〉cat = β0, while its squeezing correlation is ∆ 〈BB〉cat = γ2. As a result, this stretching-cat state is squeezed
while having also coherence. The CET projection of Eq. (S12) with |cat〉 yields [19]

I
|cat〉
out =

NR

4∆x2
R

C/2∑

J=0

(−1)JaR(J)N 2
cat

[
WJ

(
|β0+γ|2

4∆x2

R

)
+WJ

(
|β0−γ|2

4∆x2

R

)
+ 2 e−2|γ|2Re

[
WJ

(
(β0+γ)⋆(β0−γ)

4∆x2

R

)]]
. (S16)

In the Letter, we choose β0 and γ so that |cat〉 has the same average photon number as the coherent state

|β =
√
|β0|2 + 1〉 while the |cat〉 state’s fluctuations correspond to the addition of a single photon.
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The design and experimental realization of a type-II “W”-multiple quantum well
heterostructure for emission in the λ > 1.2 µm range is presented. The experi-
mental photoluminescence spectra for different excitation intensities are analyzed
using microscopic quantum theory. On the basis of the good theory–experiment
agreement, the gain properties of the system are computed using the semi-
conductor Bloch equations. Gain values comparable to those of type-I sys-
tems are obtained. C 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4917180]

Semiconductor laser systems in the near-infrared regime have a wide range of applications,
especially in optical data transfer and telecommunication.1,2 Due to the absorption properties of
optical fibers, wavelengths greater than 1.2 µm are particularly important. More recently, vertical-
external-cavity surface-emitting lasers (VECSELs) with high output power, the possibility of intra
cavity frequency conversion via nonlinear crystals, and their ability of short-pulse generation have
become increasingly important for a wide range of applications.3–5

While the flexibility of using different semiconductor alloys, quantum confinement and/or
strain allows the sample designers to access a wide variety of emission wavelengths, it is often
difficult to optimize the gain and simultaneously reduce the intrinsic losses. Especially for longer
wavelength applications, Auger losses lead to prominent non-radiative carrier recombination and
introduce significant heating in the structures.6,7 Therefore, it can become desirable to utilize a
somewhat more complex design, which combines two materials with relatively large band gaps in
a type-II setup, where electrons and holes are spatially separated in neighboring quantum wells and
the optical recombination occurs across the interfaces.8 In such type-II systems, more degrees of
freedom are available in the design process than in a traditional type-I configuration. Thus, the gain
can be optimized while, at the same time, Auger losses can be controlled.9

Pioneering work in this field has been presented by Meyer et al., Kudo et al., and Vurgaft-
man et al. who introduced type-II “W”-material systems as active region of a laser setup.10–12

These structures consist of a sandwich configuration involving two different materials (see Fig. 1)
whose composition and well width can be adjusted independently to achieve the desired type-II
transition energy. Making use of the possibilities to independently adjust the individual band
gaps and to some degree also the band alignment the resulting type-II energy difference can be
tailored.

In this paper, we report on the experimental realization, the luminescence properties and the
theoretical modeling of a gain structure that can be used in an optically pumped VECSEL with
an emission wavelength of λ > 1.2 µm. For this purpose, we construct a type-II “W”-design for

aElectronic mail: christian.berger@physik.uni-marburg.de
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FIG. 1. Typical confinement potentials of electrons and holes for type-II alignment. In growth direction the layers of the
semiconductor heterostructure consist of GaAs, (Ga1−xInx)As, Ga(As1−ySby), (Ga1−xInx)As, and GaAs.

a material system consisting of (Ga1−xInx)As and Ga(As1−ySby) quantum wells. The growth of
these samples is analyzed by high resolution X-ray diffraction (HR-XRD) measurements. Their
experimentally obtained photoluminescence (PL) spectra for various optical excitation densities are
compared to those predicted by a fully microscopic theory. This many-body theory is based on
the multi-band semiconductor luminescence13,14 and Bloch14,15 equations as implemented in the
software SimuLase.16 The predictive abilities of this theory allow us to present absorption spectra
by utilizing independently determined material parameters only.

Samples of the type-II “W”-multiple quantum well heterostructure (MQWH) were grown by
metal organic vapor phase epitaxy (MOVPE) using a commercial Aixtron horizontal Aix 200-gas
foil rotation (GFR) reactor system. We held the reactor pressure at 50 mbar under H2-carrier
gas. The standard group-III precursors triethylgallium (TEGa) and trimethylindium (TMIn) in
combination with tertiarybutylarsine (TBAs), tertiarybutylphosphine (TBP), and triethylantimony
(TESb) were applied. Typical growth rates were chosen at 0.4 nm/s. All structures were grown on
semi-insulating GaAs substrates with exact (001) (±0.1◦) orientation. Prior to epitaxial growth we
prepared the substrates in a TBAs-stabilized bake-out step to remove the oxide layer. The 250 nm
thick GaAs buffer layer was grown at 600 ◦C, while the highly strained type-II “W”-layer stack
was deposited at 550 ◦C. To allow for strain compensation of the active compressively strained
“W”-MQWH stack, additional tensile-strained Ga(AsP)-barrier layers with small P contents were
incorporated in the layer stack.

The HR-XRD pattern ((004)-reflection) of two samples with different active type-II “W”-
MQWH are shown in Fig. 2. We obtained the simulated HR-XRD pattern by applying a full
dynamical description as detailed in Ref. 17. The evaluated sample parameters (thicknesses and
respective compositions) are indicated in the inset of Fig. 2 for the sample A and B, respectively.

In order to record spectrally resolved photoluminescence measurements, we used a germanium
detector in combination with a monochromator. A continuous-wave argon ion laser was employed
for optical excitation at 514 nm. The spot size on the sample was approximately 160 µm (full
width at half maximum) in diameter. All our measurements were performed with excitation powers
varying over several orders of magnitude. Their respective spectra are shown in Fig. 3 (a) (sample
A) and 3 (b) (sample B). Sample A exhibits its peak intensity at about 1.06 eV corresponding to
a wavelength of 1170 nm. Due to the higher Sb content in the Ga(As1−ySby) hole-confining wells,
sample B exhibits its peak intensity at about 1.01 eV corresponding to a wavelength of 1228 nm.
A slight blue shift is observed for intermediate excitation densities until a red shift occurs due to
saturation, which involves excessive heating of the sample.

To analyze the experimental results, we use the fully microscopic semiconductor lumines-
cence and Bloch equations. The single-particle properties are obtained by evaluating an 8 × 8
Luttinger k · p model for the designed heterostructure to determine the band structure and the elect-
ron and hole wave-functions.18,19 Strain effects between the different layers of the semiconductor
heterostructure are treated as described in Ref. 20.
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FIG. 2. HR-XRD pattern of sample A/B with simulation fit is presented in frame (a)/(b). The measurement is offset by a
factor 10 for better visibility.

FIG. 3. Experimental and theoretical PL and theoretical absorption spectra. The left/right column shows results of sample
A/B. (a) and (b) Experimental PL spectra are shown for excitation powers ranging from 0.1 to 400 mW (bottom to top) for
sample A and from 0.5 to 150 mW (bottom to top) for sample B. (c) and (d) Corresponding theoretical PL spectra for carrier
densities of 0.1−1×1012/cm2 (bottom to top) are plotted. (e) and (f) The respective theoretical absorption spectra for carrier
densities of 0.1−3×1012/cm2 (top to bottom) are depicted.
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In the next step, we calculate the dipole matrix elements dλ,ν(k) between different sub bands λ
and ν and the Coulomb matrix elements,21

V λ,λ
′,λ′′,λ′′′

|k−q| =
2πe2

ϵ0


dzdz′ψ∗

λ
(z)ψ∗

λ′(z′)
e−|k−q∥z−z′|

|k − q|
× ψλ′′(z′)ψλ′′′(z) ,

(1)

where ϵ0 is the background refractive index. Changes in the confinement potential due to local
charge inhomogeneities are included by solving the microscopic Schrödinger–Poisson equation.22

Using these results, we calculate the PL via the semiconductor luminescence equations,13,14

assuming thermal equilibrium for the carrier distributions f e/h
λ,k of electrons and holes in their respec-

tive bands. Since the spontaneous emission is a purely quantum-optical effect, we have to quantize
the light field and introduce the creation and annihilation operator for photons of light mode with
frequency ωq = cq as B̂†q and B̂q.14 We now examine the dynamics of the following quantities: The
photon-assisted polarization Πλ,ν,k,q ≡ ⟨B̂†qpλ,ν,k⟩, where pλ,ν,k is the microscopic polarization, and
the photon-number-like correlations Nq′,q ≡ ⟨B̂†qB̂q′⟩,

i~
∂

∂t
Πλ,ν,k,q =(Ee

λ,λ,k + E
h
ν,ν,k − ~ωq)Πλ,ν,k,q

+Ω
sp
λ,ν,k,q − (1 − f e

λ,k − f h
ν,k)Ωst

λ,ν,k,q ,

∂

∂t
Nq′,q =i(ωq − ω′q)Nq′,q +


λ,ν,k

(dλ,ν(k,q)Π∗λ,ν,k,q′

+ dλ,ν(k,q′)∗Πλ,ν,k,q) ,

(2)

with the Coulomb renormalized energies Ee/h
λ,λ,k. The photon-assisted polarization is driven by two

source terms representing the spontaneous emission Ωsp
λ,ν,k,q and the stimulated emission Ωst

λ,ν,k,q,
respectively. The electrons and holes in the structure are assumed to be in a quasi-equilibrium
Fermi-Dirac configuration with the density ne/h =


λ,k f e/h

λ,k .
While the microscopic modeling is based on the assumption that the structures are perfect, the

real systems have unavoidable growth-related impurities and imperfections, e.g. thickness fluctua-
tions of layers and/or small changes in the material composition. We model these effects phenome-
nologically by convolving our computed spectra with a Gaussian distribution of a fitted width.23 In a
way, we can interpret the resulting inhomogeneous broadening as a measure for the experimentally
realized sample quality.

Figures 3(c) and 3(d) present the computed PL calculations for both samples assuming car-
rier densities of 0.1 − 1 × 1012/cm2 at room temperature. Using an inhomogeneous broadening
of 25 meV for both samples, we obtain very good agreement with the experimental results. In
particular, the main peaks have the same shape and also the shoulder around 1.2 eV with its
relative decrease for increasing Sb content agrees well with the experiments. Looking at the
theory–experiment comparison for sample A with an Sb content of 17.3 % in Figs. 3(a) and 3(c),
we notice a slight difference in the energetic position of the main peak. This difference could be due
to a 1.7 % higher Sb content using the nominal well width or a 0.3 % higher In content when the
(GaIn)As well thickness is simultaneously increased by 1 nm. However, these deviations are well
within the typical uncertainties for real samples. Remarkably, for sample B, Figs. 3(b) and 3(d), we
find an excellent agreement with the nominal structure parameters even without any adjustments.

On the basis of our accurate reproduction of experimental PL, we can now use the optimized
structure parameters to compute the expected gain properties. For this purpose, we evaluate the
semiconductor Bloch equations,14,15

d
dt

pλ,ν,k(t) = − i
~


λ′,ν′

[Ee
λ,λ′,kδν,ν′ + E

h
ν,ν′,kδλ,λ′]pλ′,ν′,k(t)

− i
~
[1 − f e

λ,k − f h
ν,k]Uλ,ν,k(t) +

d
dt

pλ,ν,k(t)
�����corr

,

(3)
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with the microscopic polarization pλ,ν,k, the Coulomb renormalized energies E, and the Coulomb
renormalized fieldU ,

Ee
λ,λ′,k = ee

λ,kδλ,λ′ −

λ′′,q

V λ,λ
′′,λ′,λ′′

|k−q| f e
λ′′,q , (4)

Eh
ν,ν′,k = eh

ν,kδν,ν′ −

ν′′,q

Vν′,ν′′,ν,ν′′

|k−q| f h
ν′′,q , (5)

Uλ,ν,k = −dλ,ν(k)E(t) −

λ′,ν′


q

V λ,ν
′,ν,λ′

|k−q| pλ′,ν′,q . (6)

E(t) describes a weak probe pulse. Higher order scattering processes are summarized inside the last
term of Eq. (3). We treat electron–electron and electron–phonon scattering at the level of the second
Born approximation.19,21 From the microscopic polarization, we obtain the absorption/gain spectra
of the system via α(ω) ∝ ωIm

�
λ,ν,k dλ,ν(k)pλ,ν,k(ω)/E(ω)�.

Examples of the results are shown in Figs. 3(e) and 3(f) for carrier densities ranging from 0.1
to 3 × 1012/cm2. We obtain gain for carrier densities above 2 − 3 × 1012/cm2 with the gain maxima
reaching 500/cm for a carrier density of 3 × 1012/cm2. These values are in the same order of
magnitude as those of typical type-I structures24 indicating that the designed “W”-structures should
perform well in laser applications.

In conclusion, we designed and experimentally realized a type-II gain medium and theoreti-
cally analyzed the measured PL spectra. On the basis of these results, we can conclude that this
material system is very promising for laser applications.
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The excitonic transitions of the type-II (GaIn)As/Ga(AsSb) gain medium of a “W”-laser structure are

characterized experimentally by modulation spectroscopy and analyzed using microscopic quantum

theory. On the basis of the very good agreement between the measured and calculated photoreflectiv-

ity, the type-I or type-II character of the observable excitonic transitions is identified. Whereas the

energetically lowest three transitions exhibit type-II character, the subsequent energetically higher

transitions possess type-I character with much stronger dipole moments. Despite the type-II character,

the quantum-well structure exhibits a bright luminescence. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4935212]

Semiconductor lasers are essential devices for telecom-

munications and optical data transfer.1,2 In particular, the

near infrared spectral region with wavelengths exceeding

1.2 lm is of particular interest for data transfer through opti-

cal fibers. Unfortunately, devices emitting in this spectral

window typically suffer from significant Auger losses.3,4 In

an attempt to suppress this intrinsic loss mechanism, type-II

heterostructure designs can be utilized as the active region of

an infrared “W”-laser configuration.5,6 Here, the electrons

and holes are spatially separated into adjacent layers of

rather large bandgap materials and recombine across the

interfaces (see Fig. 1). Through proper choice of the constit-

uent materials, the “W”-design allows for an increased flexi-

bility in the design of devices with reduced Auger losses,

high gain, and an emission wavelength of k> 1.2 lm.7

In this paper, we present a (GaIn)As/Ga(AsSb)-based

“W”-multiple quantum well heterostructure (MQWH)

desired for use as active medium in a vertical-external-cavity

surface emitting laser (VECSEL) for the application in the

near infrared. The “W”-MQWH is investigated using photo-

luminescence (PL) spectroscopy and photomodulation re-

flectance (PR) spectroscopy. The results are analyzed using a

fully microscopic theory to reveal the complex structure of

electron and hole states and their type-I or type-II character

upon excitation.

The samples were grown by metal organic vapor-phase

epitaxy (MOVPE) on semi-insulating GaAs(001) substrates

with a growth rate of approximately 0.4 nm/s. A 250 nm

thick GaAs buffer layer was deposited on the substrate at

600 �C, while the “W”-MQWH was grown at 550 �C. The

“W”-MQWH is made up of a Ga(As1�ySby)�quantum well

(QW) surrounded by two identical (Ga1�xInx)As-QWs and

enclosed by a barrier consisting of GaAs and Ga(As1�zPz)

for strain compensation. This unit is repeated ten times.

Here, we investigate two samples. Layer thicknesses and re-

spective compositions presented in the following were deter-

mined very accurately using high resolution X-ray

diffraction (HR-XRD).8,9 The first sample has a Sb and In

content of 17.3% Sb and 22.0% In and the respective layer

thicknesses are 4.0 nm and 5.7 nm. A 10 nm GaAs layer and

a 144 nm Ga(As0.959P0.041) layer form the barriers. The sec-

ond sample contains 21.3% Sb and 21.6% In in the “W”-

MQWH layers, which are of the same thickness as in the first

sample. Its barriers are composed of a 10 nm GaAs layer and

a 140 nm Ga(As0.954P0.046) layer. In the following, the sam-

ples will be identified by their Sb content. The structure and

the resulting confinement potentials for electrons and holes

are depicted schematically in Fig. 1.

The PL was measured using a diode pumped solid-state

laser to excite the samples at 532 nm. The excitation laser

was chopped; so, the PL could be amplified using lock-in

technique. The detection was done by a standard setup con-

sisting of a 0.5 m grating spectrometer and a liquid-nitrogen

cooled germanium detector.

PR measurements are used to reveal the excitonic states.

This is advantageous, because in modulation spectroscopy

FIG. 1. Schematic depiction of the samples valence band and conduction

band edge over real space. The electrons (blue) are confined in the (GaIn)As

and the holes (red) are confined in the Ga(AsSb). This type-II band align-

ment leads to a radiative recombination across the interface in the infrared

(black and green arrow).a)Electronic mail: wolfram.heimbrodt@physik.uni-marburg.de
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the derivatives of the transition bands are enhanced com-

pared to conventional reflectance spectroscopy due to the

largely disappearing background. Furthermore, very weak

structures, such as type-II excitations, can be observed.10,11

The PR is measured in line-scan mode at room temperature.

The light from a standard tungsten-halogen lamp is dispersed

by a 1 m Czerny–Turner grating monochromator. The spec-

tral resolution of the system is set to 1.5 nm. Higher diffrac-

tion orders are suppressed by either a color glass long-pass

filter or a Si-wafer. The setup features metal-coated all-re-

flective optics to eliminate any chromatic errors. In particu-

lar, off-axis parabolic mirrors were used for all focusing

optics minimizing astigmatism. The light is focused on to

the sample to a diameter of about 0.5 mm under an angle of

about 30� to the sample’s surface normal. All reflected light

is then relayed on single-stage thermoelectrically cooled

(GaIn)As photodiode operating with a small bias. The sam-

ple was modulated by a weakly focused 532 nm diode-

pumped solid-state laser at a photon flux of approximately

1� 108=cm2, which was mechanically chopped. Due to the

above bandgap excitation, the modulation results from both,

a modulation of the built-in electric field near the surface of

the crystal12,13 as well as from changes in the population of

the conduction and valence bands.14 The absolute reflec-

tance and the modulated signal were electronically sepa-

rated by a passive frequency crossover and acquired

simultaneously by the same lock-in amplifier. Additionally,

a background including PL was recorded and subtracted

from the signal. The normalized differential reflectance

DR=R is then calculated straight forwardly from the in-

phase part of the differential reflectance (DR) and the

unmodulated absolute reflectance (R ¼ R� � PL) corrected

for the background PL.

In Fig. 2, the room-temperature PL (red lines) and the

PR (black lines) are depicted. Below 1.2 eV, the PR spectra

are scaled by a factor of 3 for better visibility. For both, the

17.3% Sb and the 21.3% Sb sample, several signatures in the

PR can be seen as indicated by the arrows. We can distin-

guish two energy ranges with very different oscillator

strengths. As we will elucidate below, the PR spectra below

about 1.2 eV (range “indirect”) are dominated by excitations

across the (GaIn)As/Ga(AsSb) interface, whereas range

“direct” is dominated by spatially direct transitions.

The strong features around 1.435 eV and 1.470 eV in

both samples can be attributed to the GaAs barrier and sub-

strate15 and the Ga(AsP) cladding layers, respectively.16

Furthermore, for both samples, a very strong type-II lumines-

cence is observed in the infrared, due to the recombination

of electrons in the (GaIn)As and holes in the Ga(AsSb).

Remarkably, the PR measurements allow for observing the

corresponding type-II excitation at 1.066 eV for the 17.3%

Sb sample and at 1.010 eV for the 21.3% Sb sample. This is

astonishing because the oscillator strength of the type-II tran-

sition is rather weak. It is most interesting to note that even

further excited type-II states marked by the blue arrows in

Fig. 2 in the “indirect” range could be identified. For the

17.3% Sb sample, one state can be observed at an approxi-

mately 1.180 eV, whereas the 21.3% Sb sample exhibits two

excited states around 1.112 eV and 1.160 eV, respectively.

For both the samples, three further transitions around

1.230 eV, 1.255 eV, and 1.325 eV can be observed, as indi-

cated by the blue arrows in Fig. 2. With the help of the theo-

retical analysis discussed below, these signatures can be

assigned to type-I transitions in the (GaIn)As. We will dis-

cuss the oscillator strength of the transitions in the frame-

work of the microscopic theory. In both samples, the direct

excitonic transitions are located almost at the same energy,

which can be explained by the fact that the In content in the

(GaIn)As differs only by 0.4%. The type-II transitions ex-

hibit different energies in both samples, because the Sb con-

tent is different by about 4%. This strongly influences the

bandgap and the respective valence-band energy of the

Ga(AsSb)17 and therefore eventually the type-II transitions.

To support the identification of the observed transitions,

we compare the experimental findings with the results

obtained from a fully microscopic model. To compute the

change of the reflectivity between excited and unexcited

semiconductor heterostructures, we apply the semiconductor

Bloch equations (SBE).18–20 This way, we access the com-

plex optical susceptibility vðxÞ whose imaginary part is

directly proportional to the absorption and the real part yields

the refractive index change. The SBE are evaluated at the

second Born level to properly account for the intrinsic micro-

scopic carrier scattering effects.21,22 To model the sample

inhomogeneities of the experimental samples, we apply an

FIG. 2. Room temperature PR (black) and PL (red) spectra for the samples

containing 17.3% Sb (top) and 21.3% Sb (bottom). The PR spectrum is mul-

tiplied by a factor of 3 below 1.2 eV to ensure visibility of the signals.

Observed signals are marked with arrows.
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inhomogeneous broadening to our theoretical spectra by con-

volving them with a Gaussian distribution of the bandgap

energies.23

After computing the refractive index spectra, we use

Fresnel’s formula to calculate the reflectivity.24 To obtain

the PR, we then use the reflectivity derived under unexcited

conditions and a second one where we take the modulation

via optical excitation into account.25 In addition to the PR,

our calculations yield the eigenenergies and the carrier wave

functions within the active region of the semiconductor het-

erostructure. Thus, we can identify whether a transition is of

type-I or type-II character.

In all our calculations, we use 8� 8 multiband k � p
theory for the band structure.21,26 To take care of local charge

separation, we solve the microscopic Schr€odinger–Poisson

equation.27 The confinement potentials, wave functions, and

band structure details are used to compute the optical and

Coulomb matrix elements needed in the evaluation of the

SBE. The material parameters used to evaluate the micro-

scopic and macroscopic response of the semiconductor sample

can be found in Ref. 8.

In the following, we perform a systematic comparison

of the experimental PR results with calculated spectra.

Figure 3 presents the PR spectra for both samples, where the

calculations were performed at low excitation carrier density

conditions of 1� 10�9=cm2 and a temperature of 300 K. For

the unexcited sample, we use an inhomogeneous broadening

of 4 meV. Due to excitation induced dephasing, the inhomo-

geneous broadening is increased to 12 meV for the excited

sample. For illustration, we also show the calculated absorp-

tion spectra for both samples. We notice a very good overall

theory–experiment agreement of the excitation peak posi-

tions. All of the main signatures in the PR have a corre-

sponding peak in the calculated absorption. Our theory

reproduces all small signals in “indirect” region between

1 eV and 1.2 eV very well, both in position and relative size.

Only the signatures for energies higher than 1.2 eV (“direct”

region) are slightly off with respect to the size of the experi-

mental signal. We believe that the origin of this deviation is

due to the assumption made in our theoretical evaluation that

the carriers are in fully relaxed quasi equilibrium Fermi dis-

tributions, whereas in the experiment, some of the carriers

are probably still in energetically higher states.

Based on the good agreement for the peak positions, we

use the corresponding electron and hole wave functions to

identify the nature of the observed signatures (see Fig. 4).

Electrons confined in the two (GaIn)As wells can be in one

of the two almost degenerate states e1 and e2. A type-II tran-

sition appears when the respective hole which recombines

with an electron from state e1 or e2 is confined in the

Ga(AsSb) well. Both samples with their different Sb concen-

trations in the quantum wells have three confined hole states

h1, h2, and h3 in the Ga(AsSb) well (see Fig. 4(a)). Every

possible transition between one of the first two electron

states and one of the first three hole states is, therefore, a

type-II transition through the interface between the (GaIn)As

and Ga(AsSb).

All possible type-I transitions are energetically higher

and exhibit also a higher dipole transition strength, as can be

seen in Fig. 3. Figure 4(b) presents the hole wave functions

participating in the transitions producing the strong features

in Fig. 3. All of them have a very similar shape belonging to

FIG. 3. Experimental and theoretical PR and theoretical absorption spectra.

Frame (a) presents the spectra for sample with 17.3% Sb and frame (b) for

sample with 21.3% Sb. Experimental PR spectra are plotted as black solid

lines. Corresponding theoretical PR spectra are plotted as red solid lines.

The respective theoretical absorption spectra are depicted as blue solid lines.

Vertical bars mark the single particle excitations between electron and hole

states. The numbers at the bars indicate the quantum number of the partici-

pating electron and hole states, respectively. Their size presents their relative

strength; only excitations with at least 10% strength with respect to the

strongest one are plotted.

FIG. 4. Confinement potentials of electrons and holes and their respective

wave functions of the 21.3% Sb sample. (a) All wave functions needed for

type-II transitions are presented. (b) The wave functions of the strongest

type-I transitions are plotted. Electron and hole confinement are plotted as

grey shaded areas. The electron wave functions are plotted as blue solid

(dashed) lines for the first (second) electron state. Hole wave functions are

presented as solid, dashed, and dotted line for the first, second, and third

state in frame (a) and for the fourth, fifth, and eighth state in frame (b).
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either e1 or e2, which explains that the respective dipole

transition probability is high and result in a significant contri-

butions to the PR spectrum. We marked all transition with a

relative strength of at least 10% in Fig. 3; the height of the

corresponding gray lines depicts the relative dipole transition

strength.

An interesting difference between both samples is

caused by the 4% difference in their Sb concentration. On

one hand, all type-II transitions have higher energies for the

sample containing 17.3% Sb due to a smaller valence band

offset. On the other hand, the type-II transitions are weaker

compared to the type-I transitions due to a stronger hole

localization for the sample with an Sb content of 21.3%.

In conclusion, we were able to explain the complex

structure of electron and hole states involved in the excitonic

PR spectra of (GaIn)As/Ga(AsSb) “W”-shape quantum-well

heterostructures. The energetically lowest three transitions

observed in the PR experiments all clearly exhibit a type-II

character with the holes in the Ga(AsSb) well and the elec-

trons in the cladding (GaIn)As wells. The comparison of ex-

perimental PR measurements and microscopic model

calculations reveals the first clear direct transition to be

caused by the h4 and h5 hole states. The dipole transitions of

the type-II signals are much smaller in comparison to the

direct transitions due to the reduced wave function overlap,

which explains the weaker experimental signatures. We

could also show that the type-II character can be varied by

changing the Sb concentration in the innermost Ga(AsSb)

quantum well. It is worth mentioning that the quantum effi-

ciency of these structures is very high despite the type-II

character, which makes this quantum well system a promis-

ing material for laser application in the near infrared.
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Semiconductor laser characteristics based on type-II band-aligned quantum well heterostructures

for the emission at 1.2 lm are presented. Ten “W”-quantum wells consisting of GaAs/(GaIn)As/

Ga(AsSb)/(GaIn)As/GaAs are arranged as resonant periodic gain in a vertical-external-cavity

surface-emitting laser. Its structure is analyzed by X-ray diffraction, photoluminescence, and reflec-

tance measurements. The laser’s power curves and spectra are investigated. Output powers at Watt

level are achieved, with a maximum output power of 4 W. It is confirmed that laser operation only

involves the type-II transition. A blue shift of the material gain is observed while the modal gain

exhibits a red shift. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942103]

Many applications have a demand for lasers in the infra-

red regime. Prominent examples are telecommunication and

optical data transfer where the wavelength of light sources

has to be adapted to the available propagation media.1 For

instance, a minimum absorption in optical fibers is around

1.3 lm.2 Other examples are frequency doubling for red

emitters in digital projectors, where wavelengths above

1.2 lm are of particular interest, or medical applications.3 In

the latter case, eye-safe emitters with wavelengths above

1.4 lm are desired where the corneal absorption can provide

a natural protection of the retina.4

In the infrared, above 1.2 lm, conventional semiconduc-

tor lasers with gain media based on type-I quantum well het-

erostructures suffer from significant non-radiative Auger

losses.5 In recent years, type-II band-aligned quantum wells

have become a promising alternative. Especially, “W”-

quantum well heterostructures have been considered which,

despite the spatial separation of electrons and holes, still pro-

vide sufficient overlap between the electron and hole wave

functions.6–9 In comparison to type-I systems, a type-II band

alignment enables a more flexible band structure engineering

in order to reduce intrinsic losses while the emission wave-

length can be kept constant. Thus, such type-II lasers are

promising candidates to surpass conventional type-I lasers

with respect to wavelength versatility and performance in

the infrared regime. To date, first lasers based on type-II

quantum well heterostructures have been reported based on

the InP, GaSb, and GaAs material systems with emission

wavelengths even in the mid infrared.10–13 Particularly, at an

emission wavelength of 1.2 lm, an edge emitter with a maxi-

mum output power of 50 mW at 20 �C was demonstrated.10

Recently, we have evaluated the potential of the GaAs/

(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs material system as gain

medium for vertical-external-cavity surface-emitting lasers

(VECSELs) with an emission wavelength of 1.2 lm.14

Photoluminescence (PL) spectra of such type-II multiple

quantum well heterostructures (MQWHs) were measured

and compared with the results from a fully microscopic

theory. The involved excitonic transitions could be identified

in an experiment–theory comparison for photomodulation re-

flectance spectroscopy measurements.15 Based on the good

agreement between the experimental and theoretical results,

also the absorption and gain properties were calculated using

the semiconductor Bloch equations. Gain values as high as

for type-I systems were predicted. Overall, it is expected that

the previously investigated “W”-design will perform well as

gain medium in optically pumped semiconductor lasers.

In this letter, we demonstrate a continuous wave pumped

type-II semiconductor disk laser with an emission wavelength

of 1.2 lm at room temperature. Therefore, we take on our

previous approach and implement a GaAs/ðGa0:8In0:2ÞAs

=GaðAs0:8Sb0:2Þ=ðGa0:8In0:2ÞAs/GaAs 10�MQWH as reso-

nant periodic gain structure. The sample growth is carried out

by metalorganic vapor phase epitaxy (MOVPE) using a com-

mercial horizontal AIXTRON AIX 200 Gas Foil Rotation

(GFR) system.14 In preparation for the growth of the laser

structure, a type-I ðGa0:8In0:2ÞAs=GaAs MQWH and a

GaðAs0:8Sb0:2Þ=GaAs MQWH are grown, in order to deter-

mine the individual growth conditions which are used for the

growth of the type-II MQWH. The laser structure is grown

bottom-up onto (001) GaAs substrate, starting with a

ðGa0:52In0:48ÞP capping layer and followed by the resonant

periodic gain containing the “W”-quantum wells separated

by Ga(AsP) strain compensating layers. The optical layer

thicknesses of the capping layer and the barriers are matched

to k/2 with respect to the lasing wavelength. Finally, a dis-

tributed Bragg reflector (DBR) is grown, with 22 1=2 pairs

of ðAl0:1Ga0:9ÞAs=AlAs.

As in our previous work, the MQWHs are characterized

using high resolution X-ray diffraction (HR-XRD). The deter-

mined In and Sb concentrations as well as the (GaIn)As and

Ga(AsSb) layer thicknesses are summarized in Table I.a)Electronic mail: christoph.moeller@physik.uni-marburg.de
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Furthermore, we record the PL spectra of all three structures.

Regular PL measurements are performed with the (GaIn)As/

GaAs and the Ga(AsSb)/GaAs MQWHs, where excitation and

detection are carried out perpendicular to the surface of the

sample. However, for VECSELs, it is more meaningful to re-

cord the edge PL, where the filtering by the Fabry–P�erot

resonances from the microcavity, which is formed by the cap-

ping layer and the DBR, is avoided.16 Therefore, we excite

through the ternary DBR using an 808 nm diode laser and

detect the PL under an angle of 90�, i.e., only the PL emitted

from the edge of the sample, with an optical spectrum analyzer

(Yokagawa AQ6370B). The normalized spectra are presented

in Fig. 1. It is observed that the characteristic PL of the type-I

transitions according to recombinations inside an individual

layer in the “W”-structure is suppressed. Overall, the HR-

XRD and edge PL measurement of the VECSEL show that a

MQWH very similar to the previously investigated structures

was realized. Hence, the observed luminescence can be related

to type-II transitions for which gain is expected.14,15

One important requirement for VECSELs is to match

the material gain peak wavelength and the microcavity reso-

nance. For type-I setups, it is known that the red shift of the

material gain is stronger than the red shift of the microcavity.

Thus, following the definition of Hader et al.,17 a negative

detuning is usually introduced for type-I VECSELs in order

to achieve an efficient laser operation. This detuning can be

used as design parameter to achieve a low threshold or high

output power.

Due to the importance of the microcavity, the reflectivity

of a processed laser chip is measured in order to evaluate the

longitudinal confinement factor, i.e., the average light field in-

tensity at the quantum wells. For the reflection measurement, a

sample from an adjacent wafer position of the edge PL sample

is flip-chip bonded onto a 350 lm thick chemical vapor deposi-

tion (CVD) diamond heat spreader via solid liquid inter-

diffusion bonding based on Au and In. Then, the substrate is

removed by selective chemical wet etching onto the Ga(InP)

capping layer. The processed VECSEL chip is mounted on a

temperature controlled copper heat sink. To measure the

reflectivity white light is focussed perpendicular to the proc-

essed chip and a beamsplitter is used to collect the reflected

light in a spectrum analyzer.

The reflectivity measurement is shown as grey-shaded

area in Fig. 2. An absorption dip within the DBR stop band is

observed at 1168 nm. For the reflectivity simulation, the bar-

rier and QW thicknesses are extracted from the HR-XRD

results. The capping layer and the DBR layer thicknesses are

varied in order to fit the experimental data by the transfer-

matrix method.16 Consequently, the intensity distribution of

the light field within the structure can be calculated, and the

longitudinal confinement factor is determined. It is found that

the drop of the measured reflectance at the short-wavelength

side of the stop band is in agreement with the maximum of

the longitudinal confinement factor. This also explains the

deviation of the simulated reflectivity where the absorption of

the QWs is not considered.

The comparison between the edge PL (cf. Fig. 1) and the

reflectance as well as the simulation of the longitudinal con-

finement factor reveals that a large positive detuning of about

35 nm is present in this particular type-II VECSEL structure.

This is in contrast to common type-I VECSELs where no laser

operation should be achieved with such a detuning.17

However, for type-II quantum wells the exact carrier density

and temperature dependent shift rates are not yet established.

Still, it has been reported that a significant blue shift is

obtained with increasing pump densities despite the simultane-

ous heating of the gain structure.10,18 These observations are

also consistent with our recent investigations concerning the

GaAs/(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs material system.14

An outcoupling mirror with �100 mm radius of curvature

is used to arrange a linear laser cavity with a length of 64 mm.

The VECSEL is driven by an 808 nm diode pump laser

(JenOptik JOLD-400-CAXF-6P2) under a 30� angle of inci-

dence. A CCD camera was utilized to record the pump spot

TABLE I. Measured In and Sb concentrations and layer thicknesses of the

investigated MQWHs (i) (GaIn)As/GaAs, (ii) Ga(AsSb)/GaAs, and (iii)

GaAs/(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs.

(i) (ii) (iii)

QW thickness (nm) 5.2 4.1 5.5/4.0/5.5

In concentration (%) 20.8 0 20.3/0/20.3

Sb concentration (%) 0 19.8 0/19.8/0

FIG. 1. Photoluminescence of the (GaIn)As/GaAs (red line) and Ga(AsSb)/

GaAs (dark red line) 10�MQWH test structures as well as the edge PL of

the laser sample with 10 GaAs/(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs “W”-

quantum wells arranged as resonant periodic gain (black line).

FIG. 2. Reflectivity measurement (grey-shaded area), reflectivity simulation

(black solid line), and simulated longitudinal confinement factor (red dashed

line) of the processed laser structure.
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profile, and a super-Gaussian fit is applied in order to estimate

the exact pump intensity. The complete procedure is described

in more detail by Heinen et al.19 At full width at half maxi-

mum (FWHM), the elliptical pump spot is of the size

750 lm� 870 lm, which implies highly multi-transverse

mode operation concerning the VECSEL. For comparison,

the TEM00 mode size at the VECSEL chip for this cavity con-

figuration is 270 lm at FWHM. It is found that the pump spot

exhibits a flat-top profile with a super-Gaussian order of

m¼ 3.00. Hence, it is valid to estimate the pump intensity

directly from the pump spot radius.19

Laser operation is achieved with output coupler transmis-

sivities of 0.2%, 0.7%, 1.0%, and 1.5%. The best performance

is observed with the 0.7% output coupler for which the laser

power curves are recorded with different heat sink tempera-

tures in 15 �C steps between �15 �C and 30 �C (cf. Fig. 3).

The net input power is denoted at the bottom x-axis, consider-

ing that measured 23.2% of the pump light is reflected. The

net pump intensity is denoted at the top x-axis. At �15 �C
heat sink temperature, the maximum output power of 4 W is

achieved, and the threshold pump intensity is 1:18 kW=cm2.

With increasing temperature, the threshold is continuously

increasing to 1:43 kW=cm2; 1:92 kW=cm2, and 2:54 kW=cm2

while maximum output powers are decreasing to 2.8 W,

1.6 W, and 0.6 W, for 0 �C, 15 �C, and 30 �C, respectively.

In comparison to a type-I VECSEL in the same wave-

length regime, the pump intensities at threshold are in the

same order of magnitude. On the other hand, the slope effi-

ciencies of less than 10% for the type-II structure are

clearly smaller as in type-I systems with 31%–34% slope

efficiency.20,21

The optical spectrum analyzer is used to record the laser

spectra while the power curve with 0 �C heat sink tempera-

ture is recorded. The measurement is shown as false color

plot in Fig. 4. The wavelength at lasing threshold is

1173 nm. A continuous red shift of the laser spectrum is

observed although a blue shift of the material gain must be

present due to the compensation of the large positive detun-

ing. At the peak output power, a maximum wavelength of

1182 nm is observed. This result indicates that the maximum

of the modal gain is dominated by the longitudinal confine-

ment factor. If a linear shift of 0.12 nm/K is assumed, which

is a common value for the spectral shift of the reflectivity of

such resonant periodic gain structures, temperatures of 60 �C
at threshold and 135 �C at the maximum applied pump inten-

sity are estimated. These values are similar to typical temper-

atures in type-I VECSELs.22

In conclusion, we have demonstrated the feasibility of a

VECSEL based on a type-II resonant periodic gain at 1:2 lm

emission wavelength. It emits up to 4 W at �15 �C and 1.6 W

at 15 �C heat sink temperature with an emission wavelength

between 1173 nm and 1182 nm. Measurements confirm lasing

at the type-II transitions. The detuning is estimated by a com-

parison of the edge PL and reflectivity measurement. In ac-

cordance to previous reports, we have observed a significant

blue shift of the material gain because the positive detuning of

35 nm between the low density PL peak wavelengths and the

microcavity resonance is compensated. However, the red shift

of the laser wavelength indicates that the modal gain is domi-

nated by the microcavity resonance. The observed characteris-

tic of decreasing thresholds and increasing slope efficiencies

for reduced heat sink temperatures cannot only be an indicator

for an increasing material gain but also for an improved over-

lap of material gain with the microcavity resonance. As for

type-I systems, it is expected that the performance of type-II

VECSELs is critically depending on the detuning. Therefore,

an optimized design concerning the detuning of a type-II setup

can potentially lead to a significant improvement of the laser

performance. The characteristic blue shift of type-II structures

with increasing carrier densities implies that the optimization

of type-II VECSELs is completely different from the well

established type-I VECSEL.

The presented results will facilitate the realization of

more efficient lasers based on the GaAs/(GaIn)As/Ga(AsSb)/

(GaIn)As/GaAs material system. In order to exploit the full

potential, optimizations can be performed in interplay of

experiment and theoretical quantum design,23 but also with

respect to optimized growth conditions. Furthermore, the

design based on this material system has the potential for

emission wavelengths up to 1.4 lm and beyond.
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ABSTRACT   

Since the invention of VECSELs, their great spectral coverage has been demonstrated and emission wavelengths in the 
range from UV to almost MIR have been achieved. However, in the infrared regime the laser performance is affected by 
Auger losses which become significant at large quantum defects. In order to reduce the Auger losses and to develop 
more efficient devices in the IR, type-II aligned QWs have been suggested as alternative gain medium for semiconductor 
lasers.  

We present the first room temperature VECSEL containing type-II aligned quantum wells arranged as resonant periodic 
gain. The quantum wells consist of (GaIn)As/Ga(AsSb)/(GaIn)As heterostructures. The structure was grown bottom-up 
on GaAs substrate and flip-chip bonded onto a diamond heat spreader. The device, pumped at 808 nm, emits >1 W of cw 
output power at an emission wavelength of 1.2 μm. A detailed study of the device is performed in order to investigate the 
potential of such novel type-II gain media for future applications. These investigations include the determination of the 
power and temperature dependent shift rates. The gain temperatures at laser threshold and at maximum output power are 
determined.  

 
Keywords: Vertical-external-cavity surface-emitting laser, VECSEL, type-II quantum well, semiconductor disk laser 
 

1. INTRODUCTION 
On the basis of the GaAs material system a great spectral range from 675 nm to 1550 nm is covered with VECSELs [1], 
[2]. Applying highly efficient intra-cavity frequency conversion, this range can be even extended into the ultraviolet [1], 
[3] or into the submillimeter regime [4], respectively. However, the performance of GaAs based devices critically 
dependents on the emission wavelength. At about 1 μm emission wavelength record output powers are achieved, even 
the mark of 100 W has been passed [5]. On the short wavelength side, the material gain decreases due to shallow 
quantum wells which may result in a poor quantum confinement and thermal escape of carriers. A good result is 
presented in [6] where 12 W of output power are generated at 920 nm. On the other hand, the realization of long 
wavelength devices comprises the growth of highly strained structures and, if an 808 nm pump is employed, large 
quantum defects. At 1180 nm the maximum output power exceeds 20 W [7], while hundreds of mW are achieved at 
1550 nm [2]. In a nutshell, devices at the edge of the accessible spectrum are more sensitive against non-radiative loss 
mechanisms and constitute a challenge. 

To decrease such inherent losses, mainly Auger losses, type-II quantum well structures for the use as gain medium in the 
infrared are investigated since the ‘90s [8], [9]. Type-II lasers have been demonstrated on the InP [10], [11], GaSb [12] 
and also the GaAs [13] material systems. In the latter case, a (Ga1-xInx)As/Ga(As1-ySby) arrangement has been employed 
which has been suggested in previous investigations as a promising gain structure [8], [14], [15].  

Recently, we have evaluated the potential of a (Ga1-xInx)As/Ga(As1-ySby)/(Ga1-xInx)As arrangement, also referred to as 
“W” quantum well, as gain medium for a VECSEL with an emission wavelength of 1.2 μm [16]. To observe the desired 
wavelength, well thicknesses of 6.6/4.2/6.6 nm and compositions of x=0.22 and y=0.17 are suggested. The 
corresponding band alignment of this design including the first electron and the first two hole states are shown in Fig. 1. 

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 03/16/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 
 

 
 

 
 
Figure 1. a) Band alignment of the (Ga1-xInx)As/Ga(As1-ySby)/(Ga1-xInx) “W”-Structure with x=0.22 and y=0.17. The first 
electron state is shown as well as the two first hole states. The blue lines indicate the first electron and hole wave 
function. b) Calculated emission spectra of the structure in comparison with the energetic levels of the e1h1 and e2h2 

The calculated photoluminescence spectra for a set of sheet carrier densities (0.10e12/cm² to 0.8e12/cm²) are shown in 
Fig. 1). Furthermore, the e1h1 and e2h2 transitions are indicated. 

In our previous work, a 10x “W” multiple quantum well heterostructure (“W”-MQWH) based on this design was grown 
by metal organic vapor phase epitaxy (MOVPE). Photoluminescence (PL) spectra were measured and compared with a 
fully microscopic theory. The involved excitonic transitions, as indicated in Fig. 1, were identified by photomodulation 
reflectance spectroscopy measurements [17]. Based on the good agreement between the experimental and theoretical 
results, also the absorption and gain properties were calculated using the semiconductor Bloch equations and gain values 
as high as for type-I systems were predicted [16].  

In this paper, a VECSEL is presented which comprises the previously investigated “W”-MQWH as a resonant periodic 
gain (RPG). The device is operated with heat sink temperatures between -10°C and 20°C. Power curves and laser spectra 
are shown. Furthermore, the thermal resistance is determined, which delivers insights into fundamental laser properties.  

2. VECSEL PREPARATION AND SETUP 
For the demonstration of the type-II VECSEL, we choose the approach of flip-chip bonding. Therefore, the VECSEL 
structure is grown bottom-up, starting with a half-wavelength (GaIn)P capping layer, followed by the RPG and 
terminating with a ternary (Al0.1Ga0.9)As/AlAs distributed Bragg reflector (DBR). The growth of the RPG is conducted 
similar to the growth of the previous MQWH structures [16], [17].  

Special care is taken for the layer thickness of the Ga(AsP) pump absorbing and strain compensating barriers. In order to 
achieve a high modal gain, microcavity thickness and spatial quantum well spacing have to match the Fabry-Pérot 
resonance at the laser wavelength. For type-I VECSELs, threshold densities and temperatures can be estimated and the 
detuning can be designed accordingly. It is found that a negative detuning is required in order to achieve efficient laser 
operation [18]. However, in the case of the investigated type-II system, a blue shift of the material gain can be expected 
due to charge-separation and band-distortion [16], [19]. As a consequence, an opposite sign of the detuning should be 
required in case of a type-II VECSEL. But yet, threshold densities and gain temperatures are not known. As a first 
approach the structure is realized with a positive detuning of about 30 nm, i.e. the microcavity resonance is designed for 
1170 nm at room temperature. 

A sample is bonded onto a 350 μm thick diamond heat spreader using solid liquid inter-diffusion bonding based on gold 
and indium. The substrate is removed by chemical wet etching. Finally, the sample is mounted onto a thermo-electrically 
cooled copper heat sink.  
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Figure 3. a) Power curves for heat sink temperatures of -10°C, 0°C, 10°C, and 20°C. b) Laser spectra at four 
different input powers and with a heat sink temperature of -10°C. The spectra (from left to right) correspond to the 
filled data points in a) (also from left to right).  

 
Figure 2. a) Scheme of the flip-chip bonded VECSEL in a linear cavity arrangement. The cavity length is 65 mm. b) 
The measured pump spot profile (left) and the super-Gaussian fit (right).  

A scheme of the linear cavity which is arranged using an output coupler with 0.2% transmission and a radius of 
curvature of -100 mm is represented by Fig. 2a). An exact knowledge of the pump spot size enables an accurate 
determination of the pump intensity, which is a characteristic quantity particularly at the VECSEL threshold. Therefore, 
a pump spot size much larger in comparison with the fundamental transverse mode is used to determine the pump profile 
and spot size more accurately. The measurement of the pump spot profile as well as the corresponding super-Gaussian fit 
is shown in Fig. 2b). The measurement and fitting procedure is similar to [20]. Due to oblique pumping an elliptical 
pump spot is observed with full-width at half maxima of 800 μm and 730μm. The super-Gaussian factor is m=2.6 which 
corresponds to a flat-top like distribution.  

3. EXPERIMENTAL RESULTS 
Due to the large pump spot, the alignment of the external cavity is not critical and lasing is observed readily at room 
temperature. As a first investigation, power curves for different heat sink temperatures between -10°C and 20°C are 
measured while laser spectra are recorded simultaneously. The power curves are shown in Fig. 3a) with net input power 
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at the bottom and pump intensity at the top x-axis. It is found that slope efficiencies are steadily increasing with 
decreasing heat sink temperature from 2.4% to 3.5%. Accordingly, the lowest threshold intensity (1.6 kW/cm²) and the 
highest output power, namely 1.3 W, are achieved at the lowest heat sink temperature of -10°C. The observed pump 
intensities at threshold are comparable to these of type-I devices [7].  

Exemplary spectra from this power curve are shown in Fig. 3b), demonstrating laser emission around 1180 nm. To 
obtain a more detailed analysis of the spectral properties, heat sink temperatures THs and dissipated powers Pd are varied 
systematically while the laser spectra are recorded. The measured data is shown as circles in Fig. 4. Each data point 
represents the maximum emission wavelength λ extracted from the spectrum at the long wavelength side and at a signal 
drop of 15 dBm. It is found that the laser emission wavelength can be well described by linear temperature (∂λ/∂T) and 
power dependent (∂λ/∂P) shift rates. This is illustrated by applying a linear regression to the measurement data. The 
procedure is identical to the thermal resistance (Rth) determination as described in [21]. The result is presented as lines in 
Fig. 4 and summarized in the table aside. The regression fits well for heat sink temperatures between -10°C and 5°C. For 
elevated temperatures considerable derivations occur only for the low dissipated losses. An explanation is that lasing is 
not established throughout the pumped region which results in an overestimation of the dissipated power with respect to 
the active region. For the applied heat removal design, and considering a pump spot radius of 380 μm, a regular thermal 
resistance of 1.62 K/W is observed [20]. Although a blue shift of the material gain is expected, the temperature and 
power dependent wavelength shifts are positive. However, it has to be considered that the microcavity exhibits a sharp 
resonance in comparison to the broad material gain of the type-II QWs [16]. As a consequence, the spectral shift appears 
to be dominated by the microcavity shift.  

Linear regression [21] 

 
Results 

Thermal resistance, Rth 1.62 K/W 

Temp. wavelength shift, ∂λ/∂T 0.16 nm/K 

Power wavelength shift, ∂λ/∂P 0.25 nm/W 

Threshold wavelength, λ0 
(0°C heat sink temperature) 1179 nm 

 

Figure 4. Illustration of the thermal resistance estimation based on the shift rate method [21]. The maximum emission 
wavelength (left y-axis) is plotted against the dissipated power (x-axis). The measurement data is denoted as circles 
whereas the result of the linear regression is shown as straight lines. The gain temperature is connected linearly to the 
emission wavelength (right y-axis). The table summarizes the results from the linear regression. 

4. SUMMARY 
A design for a type-II VECSEL with a (Ga1-xInx)As/Ga(As1-ySby)/(Ga1-xInx)As QW arrangement for the emission at 
1.2 μm was presented and implemented. The feasibility of the type-II VECSEL was demonstrated and first investigations 
were conducted including the measurement of the laser power curves. The proof-of-principle device generates 
considerable output powers of 1.3 W at -10°C heat sink temperature and 0.6 W at 20°C heat sink temperature, 
respectively. The emission wavelength is around 1185 nm. A thermal resistance measurement was performed which 
reveals the thermal and pump power dependencies. Threshold wavelengths and gain temperatures were measured which 
are important quantities with regard to an improvement of future type-II VECSELs in correspondence with the theory.  
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Highly efficient interface-dominated electrical injection lasers in the near-infrared regime based on the type-II
band alignment in (GaIn)As/Ga(AsSb)/(GaIn)As single “W”-quantum wells are verified. The structure is
designed by applying a fully microscopic theory, realized by employing metal organic vapor phase epitaxy,
and characterized using electroluminescence measurements and broad-area laser studies. The characteristic
blue shift of type-II material systems with increasing charge carrier density is observed and compared to
theoretical investigations. The experimental data yields a shift of 93meV/(kA/cm2). Low threshold current
densities of 0.4 kA/cm2, high differential efficiencies of 66%, optical output powers of 1.4W per facet, and
internal losses of only 1.9 cm−1 are observed at a wavelength of 1.16µm. No indication for type-I related
transitions for current densities up to 4.5 kA/cm2 is observed. A detailed atomic scale chemical analysis forms
the basis for future improvements in laser performance.

The development of highly efficient semiconductor
lasers in the near-infrared (NIR) wavelength regime is
of great interest due to their application, e.g. in fiber-
optic telecommunication systems1,2. While present-day
systems typically apply InP-based technology, the devel-
opment of GaAs-based devices is still desirable because
of the availability of the mature GaAs-based technology
as well as an improved carrier confinement. Lasers in
the 1.3µm wavelength regime were demonstrated using
(GaIn)(NAs)3 as well as Ga(AsSb)4 as active material.
However, the performance of NIR lasers is, among other
reasons, limited by Auger losses5.
As a result, type-II band alignments were suggested in

order to suppress Auger losses5–7 and to enable a more
flexible band structure engineering. The charge carrier
recombination in such quantum mechanical systems oc-
curs across an interface between two adjacent materi-
als. An example for such a type-II band alignment is the
(GaIn)As/Ga(AsSb) material system in which electrons
are confined in a (GaIn)As quantum well (QW) and holes
are confined in a Ga(AsSb) QW.
Type-II photoluminescence (PL) and electrical injec-

tion lasing from these structures was reported in the
NIR regime on GaAs substrates8,9 as well as in the mid-
infrared (MIR) regime on InP substrates10,11. However,
laser devices in the NIR regime exhibited a low output
power of 140mW per facet9 or laser emission from a
type-I instead of a type-II transition12. These results
highlight the necessity of a careful device design using
suitable microscopic models.
In addition to structures based on double QWs, an

approach employing a “W”-type structure in which a

a)Electronic mail: christian.fuchs@physik.uni-marburg.de

Ga(AsSb) QW is embedded in between two adjacent
(GaIn)As QWs was proposed for laser applications in
the NIR regime13. First broad-area laser devices with
threshold current densities of jth = 0.37kA/cm2 as well
as internal efficiencies of ηi=42% and internal losses
of αi=11 cm−1 at 1.3µm were realized using molecular
beam epitaxy14.

Our recent experiments applying metal organic vapor
phase epitaxy (MOVPE) have shown great promise due
to a strong PL from these structures as well as a good
agreement between experimental spectroscopic data and
a fully microscopic theory15. Furthermore, the theoret-
ical investigation predicted gain values which are com-
parable to type-I systems. Photomodulated reflectance
(PR) spectroscopy was used to extensively characterize
the quantum mechanical properties of these structures.
The measurements supported the theoretical model and
confirmed the predicted type-II transitions between the
electron and the hole ground state (e1h1), the first ex-
cited electron and the first excited hole state (e2h2), and
the electron ground state and the second excited hole
state (e1h3) in “W”-QWs16. In order to prove the via-
bility of this material system as active material for semi-
conductor lasers, an optically pumped vertical-external-
cavity surface-emitting laser (VECSEL) was fabricated.
The characterization of the VECSEL yielded a successful
demonstration of lasing from the e1h1 type-II transition
with a maximum continuous wave (cw) output power of
4W17.

In this publication, highly efficient electrical injection
(GaIn)As/Ga(AsSb)/(GaIn)As single “W”-QW (S-“W”-
QW) lasers are designed based on a fully microscopic the-
ory and realized using MOVPE. As interface characteris-
tics are particularly important in these type-II structures,
structural analysis by scanning transmission electron mi-
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croscopy (STEM) is performed. The electroluminescence
(EL) as well as the laser characteristics are evaluated in
detail.

The growth process is carried out in an AIXTRON
AIX 200 GFR (Gas Foil Rotation) reactor system using
triethylgallium (TEGa), trimethylindium (TMIn), and
trimethylaluminum (TMAl) as group-III, tertiarybuty-
larsine (TBAs) and triethylantimony (TESb) as group-
V, and tetrabromomethane (CBr4) and diethyltellurium
(DETe) as dopant sources, respectively. The reactor
pressure is set to 50mbar and high-purity H2 is used as
carrier gas. The native oxide layer is removed from the
n-GaAs (001) (± 0.1 ◦) substrate by applying a TBAs-
stabilized bake-out procedure.

While the (GaIn)As/Ga(AsSb)/(GaIn)As S-“W”-QW
active region is grown at a temperature of 550 ◦C, the
n-GaAs buffer, the n- and p-(AlGa)As claddings, the
undoped GaAs separate confinement heterostructures
(SCH), and the p+-GaAs cap are grown at a temper-
ature of 625 ◦C. The p-(AlGa)As layer is carbon-doped
by employing a decreased V/III ratio instead of using
CBr4 as dopant source.

The 1.4µm (AlzGa1-z)As (z=0.4) cladding layers to-
gether with the 0.2µm GaAs SCH layers serve as wave-
guide structure in order to confine the optical mode to-
wards the active region. The active region itself con-
sists of a 4 nm Ga(As1-xSbx) (x= 0.2) and two 6 nm
(Ga1-yIny)As (y=0.2) QWs. A highly doped p+-GaAs
cap serves as contact layer in order to ensure small con-
tact resistances. Gain guided devices are processed by
thinning the sample to 150µm, evaporating 100µm wide
gold strips onto the p+-GaAs cap, and a large-area gold
contact onto the n-GaAs substrate. Additionally, the re-
maining part of the p+-GaAs cap in between the top
metal contacts is wet chemically etched off in order to
prevent lateral current spreading. The resulting sample is
cleaved to laser bars with cavity lengths between 800µm
and 2070µm. A schematic illustration of the resulting
device structure can be found in the inset of Fig. 3.

An in-depth characterization is carried out using de-
vices with varying cavity length. All experiments are
performed using a pulsed excitation of 400 ns long pulses
at a repetition rate of 10 kHz. A large-area germanium
photodetector is used to measure the integral single-facet
output power as a function of the current. Spectrally re-
solved EL measurements are carried out using a Yoko-
gawa AQ6370B optical spectrum analyzer.

The detailed analysis of the active
(GaIn)As/Ga(AsSb)/(GaIn)As “W”-QW heterostruc-
ture (“W”-QWH) is performed by atomic resolution
STEM applying the high-angle annular dark field
(HAADF) technique using a double-aberration-corrected
JEOL 2200FS microscope.

The optical response of the “W”-QW active region is
modelled using the semiconductor luminescence18,19 and
Bloch19,20 equations. For the calculation of both the lu-
minescence and material absorption, the single-particle
band structure and wave functions are obtained from an

8×8 Luttinger k ·pmodel21,22. This treatment allows the
determination of dipole transition and Coulomb matrix
elements23. Additionally, the microscopic Schrödinger–
Poisson equation24 is solved to take care of local charge
inhomogeneities in the type-II “W”-QWH. Nevertheless,
all charge carriers are assumed to be in thermal equilib-
rium and therefore, to be Fermi distributed in their re-
spective bands. Higher order scattering terms are treated
on the level of the second Born approximation22,23.

FIG. 1. a) Theoretically calculated luminescence inten-
sity for different charge carrier densities (0.1 · 1012 cm−2 -
3.0 · 1012 cm−2) in the active region at a temperature of
300K. The single-particle transition energies of e1h1 and
e2h2 are indicated as arrows for a charge carrier density of
0.1 · 1012 cm−2. b) Theoretically calculated material absorp-
tion for the same charge carrier densities in the active region
and temperature.

The inhomogeneous broadening due to intrinsic sta-
tistical alloy fluctuations, layer thickness fluctuations,
and interface roughness is taken into account by con-
volving the resulting spectra with a Gaussian25. The
only input parameters required for this theoretical ap-
proach are the nominal material parameters like thick-
nesses and concentrations in the specific QWs which can
be extracted directly from high-resolution X-Ray diffrac-
tion (HR-XRD) measurements in combination with the
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FIG. 2. a) Atomic resolution HAADF STEM image of the “W”-QWH. In order to increase the visibility of the individual
layers, the intensity of the group-III and group-V sublattices are shown separately in b) and c), respectively.

atomic scale HAADF STEM analysis. A detailed descrip-
tion of this theoretical approach can be found in Ref. 15.

In comparison to earlier investigations of “W”-QWHs
employing the (GaIn)As/Ga(AsSb)/(GaIn)As material
system13, different compositions as well as a reduced hole
QW thickness are chosen to optimize the wave function
overlap. The theoretical analysis is carried out assum-
ing layer thicknesses of 6 nm for the (GaIn)As and 4 nm
for the Ga(AsSb) QWs and concentrations of 20% for
In and Sb, respectively. The resulting theoretical lumi-
nescence intensity and material absorption are presented
in Fig. 1 a) and b), respectively. Low excitation charge
carrier density (0.1 · 1012 cm−2) results in a luminescence
peak at 1.19µm while high excitation charge carrier den-
sity (3.0 · 1012 cm−2) generates a gain peak at 1.16µm.
The single-particle transition energies of e1h1 and e2h2
are indicated as arrows in Fig. 1 a) for a charge carrier
density of 0.1 · 1012 cm−2 .

In order to prove the successful realization of the “W”-
QWH atomic resolution HAADF measurements were car-
ried out as shown in Fig. 2 a). The MOVPE-growth
direction is from bottom to top in this image. As the
electron scattering is proportional to the atomic number
of the scattering material, the HAADF intensity is sensi-
tive to the chemical composition of the material. The vis-
ibility of the individual layers is increased by separating
the intensity of the group-III and group-V sublattices as
shown in Fig. 2 b) and c), respectively. In these maps, the
intensity of each atomic column is derived by averaging
the HAADF intensity in a circular region with a radius of
2 px (≈ 0.04nm) around its center. The slightly increased
intensity in the Sb-containing region with respect to the
GaAs barrier in Fig. 2 b) is most likely caused by “cross
scattering” between the the two sublattices26 rather than
In-diffusion into the Ga(AsSb) QW. The same behavior
can be observed in the In-containing region in Fig. 2 c).

In the future, a further quantitative chemical analysis
of the individual compositions in the “W”-QWH utiliz-
ing complementary contrast simulations27 can allow for a
precise determination of the actual hetero band structure
for each monolayer.

FIG. 3. Optical output pulse power per facet at room tem-
perature of a 930µm long (GaIn)As/Ga(AsSb)/(GaIn)As S-
“W”-QW laser as function of the injection current. The inset
schematically illustrates the device structure.

The optical pulse power measurements of a 930µm
long (GaIn)As/Ga(AsSb)/(GaIn)As S-“W”-QW laser re-
veal a distinct threshold behavior at a low threshold cur-
rent density of jth =0.4 kA/cm2 at room temperature as
shown in Fig. 3. Furthermore, an optical efficiency of
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ηλ =0.35W/A per facet is observed resulting in a differ-
ential efficiency of ηd=66%, and a pump-limited maxi-
mum optical output power of Pmax=1.4W at a current
of 4.2A.
In order to prove that the laser emission is based on

the e1h1 type-II transition spectrally resolved EL mea-
surements are presented in Fig. 4). The considerable blue
shift observed below laser threshold is in agreement with
the theoretical results presented in Fig. 1 a) as well as
those published in literature14,15. An average blue shift
of (93± 14)meV/(kA/cm2) is observed between 0.09A
(0.10 kA/cm2) and 0.35A (0.38 kA/cm2) due to the
charge carrier separation in type-II heterostructures13,15.
Furthermore, the theoretical investigation predicts sig-

nificant material gain above charge carrier densities of
1.5 · 1012 cm−2 as shown in Fig. 1 b). This is confirmed
by the low threshold laser operation starting from a cur-
rent of 0.39A. No type-I transitions are observed for
the entire current range in the LED or laser operation
regime up to current densities of 4.5 kA/cm2. A shoulder
on the high energy side of the spectra occurs as shown
in Fig. 4. This transition is several orders of magnitude
weaker than the actual laser mode. The spectral position
of this peak is in good agreement with the e2h2 type-II
transition indicated in Fig 1 a).

FIG. 4. Spectrally resolved electroluminescence mea-
surements at room temperature of a 930µm long
(GaIn)As/Ga(AsSb)/(GaIn)As S-“W”-QW laser for dif-
ferent currents in the LED regime (0.09A - 0.37A, red)
and directly above threshold (0.39A - 0.45A, blue). A
high resolution measurement of the laser mode at 0.45A is
presented in the inset.

Laser operation is confirmed by measuring the high-
resolution mode spectrum at 0.45A which is shown in
the inset of Fig. 4). The measurement reveals a laser
mode at 1.164 µm and a mode spacing of 0.193nm for

the chosen laser cavity length of 930µm.
In addition, the internal losses αi of these lasers are

determined by analyzing the cavity length dependence of
the differential efficiencies28. Therefore, devices of differ-
ent cavity lengths are characterized and the data is evalu-
ated assuming an end-mirror reflectivity of R=0.3. Mul-
tiple measurements of different laser devices are carried
out for each cavity length and the results are averaged.
The evaluation is performed using these average values
and results in internal losses of only αi =(1.9± 0.5) cm−1

and an internal efficiency of ηi =(66± 4)%.
In conclusion, the careful device design and optimiza-

tion using a fully microscopic theory has resulted in
highly efficient interface-dominated lasers in the 1.2µm
wavelength regime based on the type-II band alignment
in (GaIn)As/Ga(AsSb)/(GaIn)As “W”-QWHs. An av-
erage blue shift of 93meV/(kA/cm2) in the LED regime
was observed which is in agreement with theoretical mod-
elling. The MOVPE-grown S-“W”-QW edge-emitting
lasers exhibited a high differential efficiency of 66%, a
low threshold current density of 0.4 kA/cm2, a pump-
limited maximum optical output pulse power of 1.4W as
well as internal losses of only 1.9 cm−1. No indication for
type-I related transitions are observed in this optimized
single “W”-QW material system in the studied operation
regime up to 4.5 kA/cm2. The nanoscale analysis of the
local chemical compositions and the actual interface con-
figuration form the basis for the future optimization of
these type-II laser structures.
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In this work, gain dynamics of a novel VECSEL chip design based on type-II heterostruc-
tures is analyzed both theoretically as well as experimentally. For such a chip consisting of a
GaAs/(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs multi-quantum-well active region, optical transitions for laser
operation take place across the interface of the heterostructure, with holes and electrons separately confined.
In order to study the temporal evolution of gain in a type-II chip in comparison to conventional type-I struc-
tures, optical pump-probe spectroscopy is used. Our measurements in reflection geometry reveal a maximum
reflectance of 1.008 at 1168 nm for a delay of 1.3 ns between pump and probe pulse. Starting at 0.6 ns after
excitation, gain lasts for 1.5 ns. Here, the observed dynamics deviates from the earlier but shorter gain evo-
lution in a comparable type-I structure. Gain spectra of the laser chip are predicted by a fully microscopic
approach using the semiconductor Bloch equations, showing remarkable agreement with the obtained results.

Very recently, laser operation has been demonstrated
in a type-II vertical-external-cavity surface-emitting-
laser (VECSEL) structure1, promising further wave-
length flexibility in the infrared and reduced losses based
on Auger processes.2,3 For such staggered-alignment gain
structures, optical properties and carrier dynamics have
been investigated with great interest.4–7 Lately, type-II
semiconductor heterostructures with a “W”-type band
alignment of the conduction band, separating spatially
electron and hole confinement, were found to be a promis-
ing candidate for laser applications as reported in Refs.
8 and 9. Particularly, the combination of reduced intrin-
sic losses, a better access to emission wavelengths in the
infrared regime circumventing limitations set by direct
transition semiconductors, and room temperature oper-
ation make this material system attractive for applica-
tions, e.g. for optical data transmission.10

Especially surface emitters provide a suitable config-
uration for this kind of application and are in the fo-
cus of current research.11 Up to date, both edge emitters
as well as surface-emitting quantum-well lasers based on
type-II material systems have been realized.12,13 To ac-
quire a detailed understanding of carrier dynamics inside
such a laser medium, time-resolved reflectivity measure-
ments are of great concern. So far, gain measurements
on semiconductor laser structures were mostly based on
stationary methods. Techniques like the Hakki–Paoli
and variable-stripe-length method are prominent exam-
ples in literature.14–17 Complementary, ultrafast pump-
probe experiments have turned out to bring up a viable
method to unravel the transfer and cooling dynamics, re-
spectively, and has become the method of choice in order
to investigate gain dynamics.18

a)Electronic mail: christian.lammers@physik.uni-marburg.de

In this work, we present a systematic experimental and
theoretical investigation of reflectivity and gain proper-
ties of a type-II “W”-VECSEL. The sample studied in
comparison to a conventional type-I chip is composed of
a 10 x (GaIn)As/Ga(AsSb) “W”-MQWHs, which form
the resonant-periodic-gain (RPG) medium. Theoretical
calculations were performed over a wide range of carrier
densities to provide detailed insight into the gain char-
acteristics. These densities correspond to the situation
at different temporal delays in the experiment. A fully
microscopic theory enables us to do a thorough analysis
of the sample’s reflection properties. Starting from the
material composition obtained by high resolution X-ray
diffraction (HR-XRD), we calculate the optical proper-
ties of this system. Afterwards, we used the obtained
results to model the reflection spectra for the VECSEL
chip. Thereby, modal gain is predicted for the VECSEL
structure at a wavelength of about 1170 nm at 300 K.
To retrieve spectral and dynamical gain characteristics
experimentally, an optical-pump optical-probe setup in
reflection geometry is used. For each measurement, the
exhibited change of reflectivity ∆R was added to the re-
flectivity of the unexcited sample, which was measured
within the same setup.

The VECSEL chip was grown bottom-up on ex-
act GaAs (001) (± 0.1◦) substrate in a horizontal
AIXTRON AIX 200 GFR (Gas Foil Rotation) metal
organic vapor phase epitaxy (MOVPE) reactor sys-
tem. It consists of a lattice matched (GaIn)P cap-
ping layer, the RPG with 10 MQWHs and a distributed
Bragg reflector (DBR) consisting of 22 1/2 pairs of
(Al0.1Ga0.9)As/AlAs. Here, the MQWH consists of a
“W”-shaped (Ga1-yIny)As/Ga(As1-xSbx)/(Ga1-yIny)As
type-II band alignment, which forms the active region
separated by GaAs/Ga(AsP)/GaAs barriers, as can be
seen in the inset of Fig. 1 (b). In order to obtain a res-
onant structure, the optical layer thicknesses of the bar-
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riers as well as the (GaIn)P capping layer were matched
to λ/2 with respect to the lasing wavelength. The layer
thicknesses and compositions of the active region were
determined by fitting a fully dynamical simulation to
the high resolution X-ray diffraction (HR-XRD, (004)-
reflection) pattern of the VECSEL chip. This analysis
yields a Ga(As1-xSbx) (x = 0.198) and a (Ga1-yIny)As
(y = 0.203) layer thickness of 4.0 nm and 5.5 nm, respec-
tively.

We utilize the semiconductor Bloch equations (SBE)
to calculate the changes in absorption and refractive in-
dex induced by optical excitation of the sample.19–21

To achieve a sufficient level of accuracy in our calcula-
tions, we include all terms in the SBE up to the second
Born level and take into account homogeneous broaden-
ing, i.e. intrinsic microscopic carrier scattering inside the
semiconductors.22,23 Unavoidable and common growth
inhomogeneities in such MQWH samples are modeled by
an inhomogeneous broadening–a convolution of our the-
oretical spectra with a Gaussian distribution describing
the variation of the bandgap energies.24 Starting point
for our calculations are the band structure and the cor-
responding wavefunctions. All these single-particle prop-
erties are accessed evaluating an 8 × 8 multi band k · p
model.22,25 We assume all carriers to be in thermal equi-
librium and therefore be Fermi distributed in their re-
spective bands. Due to the type-II setup, local charge
inhomogeneities can arise and we solve the Schrödinger–
Poisson equation to obtain the changes to the confine-
ment potential.26 Based on the band structure and the
single-particle wavefunctions we compute the dipole and
Coulomb matrix elements.23

Having modeled the absorption and refractive index
changes induced by a certain carrier density, we can de-
rive the overall optical properties of the VECSEL struc-
ture. Reflection properties of the sample are calculated
using the transfer matrix method.21,27 A spectral filter
function describes the spatial overlap of the quantum-
well positions inside the RPG with the intensity maxima
of the longitudinal light modes of the optical cavity.28

In the following, we investigate the gain properties of
our type-II chip structure. Figure 1 (a) presents numer-
ical results for the material absorption at 300 K of the
“W”-type MQWH. Here, we assumed an inhomogeneous
broadening of 20 meV to account for growth impurities in
our simulation. As the carrier density is increased from
0.1 · 1012/cm2 up to 3 · 1012/cm2 (bright to dark) the ex-
citonic absorption peak vanishes and the absorption gets
negative. This means that a spectrally-broad gain re-
gion is formed for this material composition in the RPG.
Thereafter, we compute the modal gain for a carrier den-
sity of 3 · 1012/cm2, by multiplying the filter function
(represented as dashed line in Fig. 2) with the gain of
the full VECSEL structure. Thereby, the broad material
gain shown in Fig. 1 (a) evolves into a narrow modal gain
around 1170 nm, which is presented in Fig. 1 (b).

Next, we compare the simulated reflectivity to an ex-
perimental spectrum in Fig. 2. Here, the measured spec-
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FIG. 1. Theoretical material absorption and modal gain. (a)
Calculated material absorption for the active region of the
type-II “W”-laser structure is presented for carrier densities
ranging from 0.1·1012/cm2 up to 3·1012/cm2 (bright to dark).
(b) A simulation of the modal gain for the full type-II VEC-
SEL system is plotted for a carrier density of 3·1012/cm2. The
temperature is set to 300 K for both calculations. An inhomo-
geneous broadening of 20 meV is used. The inset illustrates
schematically the band alignment of the type-II heterostruc-
ture.
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FIG. 2. Theoretical reflectivity (lines) of the type-II gain
structure together with its calculated filter function (dashed
line). Measured reflectance at room temperature for an unex-
cited chip is shown as shaded area in the background, while
theoretical reflectivity spectra are presented for carrier densi-
ties between 0 · 1012/cm2 and 3 · 1012/cm2 (solid lines, bright
to dark). Here, the system is considered at a temperature of
300 K with an inhomogeneous broadening of 20 meV.

trum plotted in the background of the diagram rep-
resents the system under unexcited conditions (shaded
area). Thus, it can only be compared to the theoretical
spectrum with vanishing carrier density (0 · 1012/cm2).
A direct comparison between experiment and theory
shows a good qualitative agreement. Using our theory
as a predictive tool, we increase the carrier density up
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to 3 · 1012/cm2, which leads to a broad material gain.
Thereby, we observe a gradual increase of the reflectivity
at the absorption dip in the chip’s stop band. By in-
creasing the carrier density, we yield a vanishing absorp-
tion dip which evolves into a gain peak around 1171 nm.
Looking at the filter function corresponding to the RPG
and DBR (dashed line), we find the increase of the reflec-
tivity being strongly correlated to the peaks of the filter
function. As this configuration is spectrally not centered
in the middle of the stop band, we observe two peaks,
with the main peak exhibited around 1170 nm and a sec-
ond one at 1240 nm. Most clearly, we see that the laser
emission can only be expected at the maximum of the
filter function, as there is no material gain at the second
peak. This very narrow filtering of the spectrally-broad
type-II gain from Fig. 1 (a) leads to a small region where
the reflectivity reaches a level higher than 1. Overall, by
applying our theory we are able to predict gain for this
VECSEL setup at a wavelength of 1171 nm.

In the next part of our work, we will present gain
measurements performed with the optical pump-probe
technique. For the experimental studies, a 1 kHz, 5 mJ,
35 fs regenerative Ti:sapphire amplifier was used to ac-
quire time-resolved differential reflectivity ∆R-spectra.
The amplifier drives an optical parametric amplifier
(OPA) to provide fs-pump pulses, and generates a fs-
supercontinuum with which gain dynamics in the chip
can be optically probed. Those differential reflectiv-
ity spectra were added to the reflectivity measurements
of the unexcited sample in order to retrieve the time-
resolved reflectivity of the excited sample. The reflectiv-
ity was acquired by probing the sample first and then
replacing it by a silver mirror for a reference measure-
ment. The pump spot diameter was determined to 75µm
using a knife-edge measurement. An InGaAs-CCD line
cooled with liquid nitrogen was used as a detector in com-
bination with a Czerny–Turner monochromator with a
80 Gr/mm diffraction grating as dispersive element. The
excitation density of our pump pulse with a central wave-
length of 1000 nm was set to 5.6 · 1016/cm2 in order to
inject a sufficiently large amount of charge carriers. All
experiments were carried out at room temperature.

The experimentally measured reflectivity of the unex-
cited VECSEL chip is governed by an interplay of ma-
terial absorption with the filter function and features an
expected dip at 1168 nm for the employed material and
structure, as Fig. 2 and 3 indicate. However, by opti-
cal excitation of the sample with a short laser pulse, a
bleaching of the absorption dip is induced, and consec-
utively within 1.3 ns a reflectivity R > 1 is obtained as
a signature of gain. Thereafter, due to charge-carrier re-
combination on a timescale of several nanoseconds, the
carrier density continuously decreases, which is traceable
in time-dependent reflectivity spectra acquired at pump-
probe delays of 2.1, 4 and 7 ns, respectively. The vari-
able delay in this experiment allows one to monitor the
evolution of charge carrier density, which provides a con-
nection of experimental delay times and carrier densities
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FIG. 3. Experimental reflectivity spectra of a type-II chip for
pump-probe time delays ranging between 1.3 and 7.0 ns (solid
lines, bright to dark). The maximum gain is reached at a delay
of 1.3 ns with respect to excitation. The equilibrium situation
corresponds to the reflectivity measured by the probe pulse
without excitation.

used for theoretical modeling. One can presume that
the thermal carrier distribution in the sample beyond a
pump-probe delay of 1.3 ns approximately corresponds
to the lattice temperature as assumed in the microscopic
theory. Hence, a comparison between experimental and
theoretical data is possible. Transient gain spectra ex-
tracted from the experiment (see Fig. 3) show a very good
qualitative agreement with spectra arising from different
carrier densities in the microscopic analysis (see Fig. 2).
Nevertheless, there are some minor quantitative devia-
tions. Firstly, in the experiment the absorption dip is
located closer to the edge of the stop band in comparison
to theoretical calculations. Accordingly, the spectral po-
sition of the maximum gain value was found at 1168 nm,
which corresponds to the theoretically predicted maxi-
mum gain at 1171 nm. Secondly, the maximum gain value
of 1.008 is lower than the value predicted by our calcula-
tions for a chosen high charge carrier density, which can
be indeed overestimated. We assume that the reflectivity
of the non-ideal DBR with finite number of mirror-pairs
is lower at the edge of the stop band than its achievable
maximum at the Bragg wavelength, as common for those
structures. This circumstance limits the maximal gain
value. However, the overall trend is in very good agree-
ment. As a rule of thumb, a filter function centered in
the middle of the stop band produces more gain.

The spectral width of the gain at a delay time of 1.3 ns
amounts to 6 nm. This is a rather narrow gain spectrum
compared to the rather broad gain spectra of the pure
material gain (see also Ref.18), and is a direct result of
the spectrally-narrow filter function of the cavity.

Figure 4 illustrates the chronological evolution of gain
obtained from our measurement. For the type-II chip,
gain starts at times around 600 ps, reaches a maximum
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FIG. 4. Semilogarithmic plot showing the gain dynamics of
the type-II “W”-VECSEL chip (black line) in comparison to
a conventional type-I chip (grey line). For this plot, an off-
set of 2 ps was applied to the time axis in order to enable a
logarithmic illustration.

at 1.3 ns and disappears 2.1 ns after excitation. In order
to obtain these gain dynamics, we integrated transients
from a spectral region of 1.2 nm around the peak value.
For comparison, the same measurements were performed
on a type-I VECSEL, exploiting spatially direct transi-
tions. The respective chip, which emits at 1101 nm, fea-
tures an RPG comprising 10 (Ga0.71In0.29)As QWs in be-
tween GaAs barriers. Again, the filter function lies at the
edge of the stop band, providing a similar arrangement
as for the type-II VECSEL chip. In the case of the type-I
chip, gain appeared at 150 ps and lasted for 1.1 ns until
a delay time of 1.25 ns. By fitting exponential functions
to the decreasing reflectivity, we retrieve charge-carrier
lifetimes for both VECSEL structures. These lifetimes
amount to 3.3 ns and 7.3 ns for the type-I and type-II
chip, respectively. Although the type-I structure pro-
duces a higher peak value of 1.016, the time span of
gain provided by the material system lasts longer for
the type-II structure, accumulating to 1.5 ns. As men-
tioned above, this can be seen as a direct effect of the
spatial separation of charge carriers in type-II MQWHs,
which exhibit a reduced recombination rate. Hence, high
charge-carrier densities, which are a prerequisite for gain,
are conserved for a longer period of time in comparison to
a type-I heterostructure. It is reasonable to assume that
a lower radiative recombination rate in a type-II struc-
ture can be a limiting factor with regard to the maximum
amount of gain. The earlier beginning of measured opti-
cal gain in the type-I VECSEL structure is attributed to
a faster cooling of the hot carrier distribution, which can
be caused by a lot of parameters. For example, a lower
number of excited charge carriers and a lower excess en-
ergy can cause this behavior. However, it could also be a
hint towards an intrinsic difference in cooling dynamics

between type-I and type-II structures.
In conclusion, gain has been theoretically predicted for

a novel gain-structure design employing type-II MQWH
and the evolution of gain in such structures has been
confirmed by time-resolving experiments. Furthermore,
the gain dynamics of the type-II VECSEL chip have
been compared with the performance of a type-I chip.
For the type-II VECSEL, the time-dependent reflectivity
obtained in an optical pump-probe measurement reaches
a maximum of 1.008 at a wavelength of 1168 nm after
1.3 ns. The obtained gain spectrum is in very good
agreement with the theoretically predicted one having
its maximum at 1171 nm. Although a significantly
higher gain value was obtained for the type-I VECSEL,
reaching a maximum reflectivity of 1.016 delayed by
0.85 ns, the gain in the type-II chip lasted 0.4 ns longer in
this experiment. We attribute the later onset of gain to
slower carrier cooling dynamics in the type-II VECSEL
chip. Moreover, the spatially separated confinement
of electrons and holes in such type-II “W”-MQWH is
understood to play a key role in gain dynamics, since it
reduces the recombination rate. Owing to the fact that
a type-II chip can be successfully employed in VECSELs
and that the design allows for more wavelength flexibility
compared to type-I structures, further efforts will be
done in upcoming investigations in order to optimize the
MQWH design with respect to gain and laser output.
Thereby, type-II VECSELs may push available emission
wavelengths further to the highly desired telecom wave-
lengths.
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