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Abstract

Cavity quantum electrodynamic (cQED) systems have attracted extensive research

interest in the past decades as the main driving force of quantum optics. First

experimental demonstrations focused on the enhancement of spontaneous emission

and optical nonlinearities related to a single quantum emitter confined in a micro-

cavity. Major technological effort was needed to enter the strong coupling regime of

single emitter cQED to study for instance the non-harmonicity of resulting Jaynes-

Cummings ladder and to perform quantum non-demolition measurements at the

heart of quantum optics. Corresponding milestone experiments paved the way to-

wards the realization of a wide variety of non-classical light sources bringing the

concept of photonic quantum networks to a practical level.

cQED systems can be realized using atomic, superconducting and semiconductor

platforms. In view of future applications in the quantum information technology, the

solid state platform of microcavities with embedded quantum emitters is the most

attractive one as it promises low-cost mass production as well as interoperability

with the integrated electronic circuit technology of today. Therefore, quantum dot

(QD)-microcavity systems are very attractive for further investigations in this field.

Indeed, even though cQED effects have been studied for many years now, there are

still fundamental aspects remaining to be explored. One example is the exploration

of a strongly coupled cQED system under coherent optical excitation which is one

of the primary goals of this work.

The work presented in this thesis aims at a deeper understanding of cQED effects in

semiconductor based implementations of this central topic of quantum optics. It in-

cludes comprehensive spatially-resolved studies of the QD-micropillar system in the

both weak and strong coupling regime. For this purpose an advanced 90◦ excitation

and detection scheme, suitable for efficient wavelength-independent driving of the

coupled exciton (X) and cavity mode (C) system, was implemented. This flexible and

powerful technique enables access to the three-dimensional emission characteristics

of QD-micropillars providing important new insight into cQED effects which is the
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central aspect of the first part of this thesis. The performed studies show for instance

a pronounced anticorrelation (correlation) of the directional emission characteristics

down to the single emitter level in the weak (strong) coupling regime demonstrating

directly their fundamentally different nature. Related investigations of the lasing

regime present a straightforward characterization method to demonstrate lasing ac-

tion in high-β microlasers without the need for time consuming studies employing

photon statistics.

The second part of the thesis addresses another very important yet unexplored fun-

damental aspect of cQED. The main focus is on coherently-driven strongly-coupled

QD-microcavity systems. Of particular interest is the regime where the coherent

excitation dresses the X-C polariton at high excitation powers. This regime is found

at the crossover from a quantum (Jaynes Cummings) to a semi-classical (Mollow

Triplet-like) system and can be observed between the limiting cases of an anhar-

monic and a harmonic ladder solely by varying the excitation strength. An in-

dispensable condition for the first observation of this transitory regime is driving

the system through the matter (X) component, which distinguishes this work from

previous studies. Counterintuitively, significant cavity losses with respect to the cou-

pling strength are required to create the highly coherent state of the laser-dressed

polariton. Moreover, this work pioneers in resonance fluorescence (RF) studies of

strongly-coupled QD-microcavity systems and reveals that strong X-C coupling sup-

presses the RF substantially. Additionally, injection pulling of a single polariton is

observed for the first time in the QD-microcavity system, which links this classical

effect of injection locking, which is also found in macroscopic lasers, to the quantum

regime. Complementary studies on long range off-resonant X-C coupling, mutual

coupling of two QD Xs as well as temperature stability of the coherent coupling

regime deepen the fundamental understanding of the strong light-matter interaction

in semiconductor systems.
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Kurzdarstellung

Kavitätsquantenelektrodynamische (cQED) Systeme sind die treibende Kraft der

Quantenoptik und haben in den vergangenen Dekaden weitreichendes wissenschaft-

liches Interesse auf sich gezogen. Erste Experimente demonstrierten die verstärkte

spontane Emission und optische Nichtlinearitäten von einem einzelnen Quantene-

mitter, eingebettet in einer Mikrokavität. Großer technologischer Aufwand musste

betrieben werden, um das Regime der starken Kopplung eines einzelnen Emitters

zu erreichen und somit, unter anderem, die anharmone Jaynes-Cummings-Leiter zu

untersuchen und zerstörungsfreie Quantenmessungen durchzuführen, die den Kern

der Quantenoptik ausmachen. Dazugehörige experimentelle Meilensteine haben den

Weg für die Realisierung einer großen Bandbreite von nichtklassischen Lichtquel-

len bereitet, die die Umsetzung von photonischen Quantennetzwerken ermöglichen.

cQED Systeme können realisiert werden mithilfe von atomaren, supraleitenden oder

Halbleiter basierten Quantenemittern. Mit Blick auf zukünftige Quanteninformati-

onstechnologien sind Halbleitermikrokavitäten mit eingeschlossenen Quantenemit-

tern eines der vielversprechensten Festkörpersysteme, da diese kostengünstige Mas-

senfertigung als auch Kompatibilität zur derzeitigen Mikroelektronik versprechen.

Daher sind Quantenpunkt (QD)-Mikrokavitäten sehr attraktive Kandidaten für wei-

terführende Untersuchungen in diesem Teil der Quantenphysik. Auch wenn cQED

Effekte nun seit vielen Jahren untersucht werden, so gilt es doch noch einige funda-

mentale Aspekte zu beleuchten. Ein Beispiel ist die Untersuchung eines stark gekop-

pelten cQED Systems mithilfe kohärenter Anregung, was auch eines der primären

Ziele dieser Arbeit ist.

Der Inhalt dieser Arbeit zielt auf die Vertiefung des Verständnisses von cQED Effek-

ten in Halbleiter basierten Implementationen dieses zentralen Teils der Quantenoptik

ab. Sie beinhaltet umfassende ortsaufgelöste Studien von QD-Mikrosäulenresonator-

en sowohl in dem Regime der schwachen als auch der starken Kopplung. Zu diesem

Zweck wurde ein einmaliges 90◦ Anregungs- und Detektionsschema, welches sowohl

für kohärente als auch inkohärente Anregung von gekoppelten Exzitonen (X) und
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Kavitätsmoden (C) geeignet ist, implementiert. Diese flexible und mächtige Methode

ermöglicht Zugang zu den dreidimensionalen Emissionscharakteristiken von QD-Mi-

krosäulenresonatoren, was auch zu wichtigen neuen Erkenntnissen über cQED Effek-

ten führt. Dies ist das zentrale Thema des ersten Abschnitts dieser Dissertation. Die

durchgeführten Untersuchungen zeigen zum Beispiel eine deutliche Antikorrelation

(Korrelation) der direktionalen Emissionscharakteristiken bis hinunter zu einzelnen

Emittern im Regime der schwachen (starken) Licht-Materie-Wechselwirkung, womit

auch die unterschiedliche Natur dieser Kopplungsregime verdeutlicht wird. Verwand-

te Untersuchungen des Laserregimes führten zu einer stark vereinfachten Charak-

terisierungsmethode von Mikrolasern mit hohem β-Faktor ohne die sonst üblichen

zeitaufwendigen Studien der Photonenstatistik.

Der zweite Teil dieser Dissertation adressiert einen weiteren sehr wichtigen, bisher

unerforschten, fundamentalen Aspekt der cQED. Der hauptsächliche Fokus liegt

dabei auf kohärent-getriebenen stark gekoppelten QD-Mikrosäulenresonatoren. Von

großem Interesse ist das Regime, in dem die starke kohärente Anregung das X-C Po-

lariton bekleidet. Dieses Regime findet sich an dem Übergang von einem Quantensys-

tem (Jaynes Cummings) zu einem klassischen (Mollow Triplet förmigen) System und

kann zwischen den Grenzfällen der anharmonischen und harmonischen Zustandslei-

ter nur durch Variation der Anregungsstärke beobachtet werden. Die zwingende

Voraussetzung für die Beobachtbarkeit des Übergangs ist, dass die Anregung durch

die Materiekomponente des Systems erfolgt. Dies unterscheidet diese Arbeit von

vorangegangen Studien. Unerwarteterweise sind auch signifikante Kavitätsverluste

eine unabdingbare Voraussetzung für die Beobachtung des hochgradig kohärenten

Zustandes des bekleideten Polaritons. Des Weiteren ist diese Arbeit ein Vorreiter

in der Untersuchung von stark gekoppelten Systemen mithilfe von Resonanzfluores-

zenz (RF) und beschreibt, dass die starke X-C Kopplung das RF Signal deutlich

unterdrückt. Ferner wurde die Verzerrung des Polaritons durch Injektion von Licht

zum ersten Mal für QD-Mikrokavitäten beschrieben. Dies verbindet den klassischen

Effekt der Injektionskopplung, den man unter anderem in makroskopischen Lasern

findet, mit dem Quantenregime. Ergänzende Untersuchungen zu langreichweitigen

nicht-resonanten Kopplungsmechanismen, der gemeinsamen Kopplung von zwei QD

X als auch der temperaturstabilen kohärenten Kopplung vertiefen das grundlegende

Verständnis der starken Wechselwirkung von Licht und Materie in Halbleitersyste-

men.
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1 Introduction

Microcavities with embedded quantum emitters have attracted extensive research

interest in the past decades and resulted in creating a new experimental discipline,

namely cavity quantum electrodynamics (cQED). First microcavity systems em-

ployed the most natural form of quantum emitters: single atoms. Using these de-

vices, basic cQED effects such as the Purcell enhancement and vacuum Rabi splitting

as well as high-β-factor lasing have been investigated [Sch74, Hor89, Hoo98, McK03,

Boc04, Bir05]. More recently the focus shifted from atomic towards solid state sys-

tems, which allow much higher scalability at a small footprint and are, therefore,

highly attractive for practical devices based on cQED effects [Vah03, Vuč06, Wie11,

Rei12b]. cQED effects can also be observed in the related field of superconducting

circuit quantum electrodynamics [Wal04, Maj07, Bau09, Sil09, Kub10], which shares

many of the physical principles of optical systems.

Solid state cQED systems can be realized in numerous material systems. The most

prominent example are semiconductor-based quantum wells in the semi-classical

regime [Yok90, Wei92, Sav94] and embedded quantum dots (QDs) in the quantum

regime [Gér99, Mic00, Vuč03, Vah03]. Other solid state platforms include defects in

diamonds [Lar09, Alb13b] and colloidal QDs [Poi03, Wu07]. Semiconductor-based

systems are especially attractive since they are compatible with state of the art

electronic systems as well as enable low-cost and large scale fabrication of cQED-

based devices. In the past decades, cQED effects have been demonstrated in a

number of different solid state-based systems: Firstly, high-β lasing was observed

[McC92, Nod01, Rei06a] and described theoretically [Yok89, Yam91, Bjö94]. Sec-

ondly, vacuum Rabi splittings were demonstrated first in quantum well [Wei92] and

then in quantum dot-based microcavity systems [Rei04, Yos04]. Thirdly, the forma-

tion of photonic band structures (Purcell effect) has been demonstrated in various

configurations [Gér98, Gér99, Bor99, Gay01]. In contrast to atomic systems, elec-

tronic states in the solid state environment cannot be treated as isolated systems
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1 Introduction

as they interact with the host material. As a consequence, dephasing processes are

always present and have to be taken into account. In order to reduce the influence

of dephasing as well as to facilitate the observation of light-matter coupling effects,

a number of steps can be taken: Firstly, it is useful to energetically isolate the

quantum transitions from the electronic band structure of the host material - QDs

are good examples for this. Secondly, spatial confinement of the excitations in the

host matrix, as provided by QDs, enhances the light-matter coupling considerably.

Finally, the driving of defect states and generation of free carriers should be reduced

as much as possible, e.g. by selective driving of specific transitions. All of these

arguments lead to the conclusion that resonantly-driven QDs are very suitable can-

didates for the observation of pronounced cQED effects in solid state microcavities.

For this reason, coherent excitation experiments, presented in this work to study

advanced cQED effects, employ hiqh quality GaAs/AlAs micropillar cavities with

embedded InGaAs QDs [Rei04, Rei07, Sch16b].

In order to suppress the influence of dephasing and to observe quantum effects,

resonant excitation of semiconductor QD states has been developed in recent years

[Xu07, Mul07, Fla09, Vam09, Fal10]. The inherent challenge of resonant excita-

tion experiments is that the excitation and detection energies are degenerate and

therefore strict suppression of excitation stray-light is required. In order to achieve

this, two principal methods have been developed. One method uses cross-polarized

excitation and detection [Eng07, Kuh13a, Kim14, Gre15, Uns15, Din16], while the

other applies spatial separation of the excitation and detection directions in a 90◦

configuration [Ate09a, Hop16b]. The latter is especially useful for QD-micropillar

cavity geometries as its intrinsic lateral and axial symmetry axes can be exploited.

Coherent excitation of a bare quantum state does not only provide excitation at

low dephasing but can also influence the electronic structure of the state through

the AC Stark effect (Autler-Townes splitting) [Aut55]. This leads to dressing of the

matter states and to a harmonic ladder of hybrid light-matter states, which in-turn

results in the characteristic Molllow triplet spectrum [Mol69]. The Mollow triplet

has been investigated extensively in both atomic [Gro77] as well as in semiconductor

QD systems [Xu07, Fla09, Ulr11, Ulh12].

One of the fundamental goals of this work is to study how a combined system of
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mutually interacting coherent light field, fundamental cavity mode and QD exciton

behaves and evolves as a function of excitation strength. Of special interest is how

the two limiting cases of vacuum Rabi and the Autler-Townes splitting transform

into each other when the strength of the excitation light field is varied. It is worth

pointing out that this regime has neither been explored experimentally nor theoreti-

cally before and that the conditions for the dressing of the vacuum Rabi splitting by

the excitation laser are completely unknown. The unique approach of direct resonant

driving of the dipole transition and not the cavity mode turns out to be an indis-

pensable ingredient for the observation of this transition, which also explains why

in similar experimental studies on other resonantly-driven QD-microcavity systems

did not observe laser-dressed vacuum Rabi splittings [Eng07, Eng10, Kim14, Gre15].

By employing cavity mode driving, a seemingly similar transition from the vacuum

Rabi to the Autler-Townes-like splittings was observed simply by climbing Jaynes-

Cummings ladder to high excitation manifolds [Ber01, Fin10, Kas13]. This effec-

tively washes out the signature of the quantum system, i.e. the Rabi splittings.

Contrary to the transition observed under strict driving of the matter component,

the underlying physical system thereby retains its quantum character. Also no dress-

ing of the Rabi splittings is observed. Using resonant excitation through the matter

component also enabled observation of injection pulling of a single polariton. This

constitutes the ultimate quantum limit of the injection locking effect known from

macroscopic lasers [Tar95, Ern10].

By using the special 90◦ excitation and detection scheme first developed by [Ate09a],

and combining it with the capability of lateral detection, the investigation of direc-

tional cQED effects becomes feasible. This considerably enhances the understanding

of these effects - namely the Purcell enhancement, the vacuum Rabi spitting and

high-β lasing. Additionally, the use of the QD-micropillar as an on-chip beam split-

ter for single-photons emitted from a single QD transition is demonstrated. Fur-

thermore, the vacuum Rabi splitting is investigated statistically with respect to two

aspects: Its phonon-renormalization is investigated as a function of temperature,

while the mutual coupling of two QD excitons to a common cavity mode is studied

versus the energetic splitting between the two excitons.

The content of this work is organized as follows. First the fundamental physical prin-
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1 Introduction

ciples of microcavity modes, semiconductor QDs, light-matter interaction, statistics

of light and high-β microlasers are outlined in chapter 2. The employed sample

fabrication techniques of QD-micropillar cavities as well as the sample layout are

detailed in chapter 3. The subsequent chapter 4 presents the utilized measurement

methods while also providing details on the employed instrumentation. The pre-

sentation of actual experimental, and to some degree also theoretical investigations,

is divided into two separate parts. The first part is discussed in chapter 5 which

describes investigations of directional cQED effects performed using above-band ex-

citation and is subdivided into sections detailing the weak (Sec. 5.1) and strong

(Sec. 5.2) light-matter interaction regime. Resonance fluorescence experiments are

the principal subject of chapter 6. The content of this chapter is grouped into three

sections. Section 6.1 evaluates an innovative sample design, which is created in or-

der to enhance the resonant excitation stray-light suppression. Subsequently, the

off-resonant QD exciton and cavity mode interaction is explored in Sec. 6.2 for two

samples differing in their interaction strengths. Finally, the comprehensive experi-

mental and theoretical investigation of the coherent excitation through the matter

component of a strongly-coupled light-matter system of a QD-micropillar cavity is

detailed in section 6.3. A summary of all findings as well as an outlook of future

developments is found in chapter 7. Lists of references, abbreviations, symbols and

publications can be found in the appendices.
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2 Fundamentals

In this chapter the fundamental effects of quantum optics and basic properties of

semiconductor quantum dots and micropillar cavities, which are the principle sub-

jects of this work, are summarized. Additionally, principles of light-matter interac-

tion in this quantum electrodynamic system are presented. In order to support the

interpretation of the experimental findings, brief introductions to the statistics of

light and to microlasers are given.

The quantum theory of light provided the description of many quantum optical ex-

periments of past decades. A detailed introduction into quantum optics is beyond

the scope of this work, but can be found in textbooks such as [Lou05, Fox06, Wal07].

The bosonic field operators of creation a† and annihilation a are the quantum me-

chanical representation of the classical electromagnetic field E thereby forming the

foundation of the quantum theory of light.

This chapter is organized as follows: At first the confinement of light as well as

the photonic band structure in micropillar cavities are explored in Sec. 2.1. Semi-

conductor QDs, their characteristic level scheme and optical properties as well as

possible excitation schemes are introduced in Sec. 2.2, with a special focus on the

InGaAs/GaAs material system. A brief summary of the statistical properties of

light is given in Sec. 2.3. The basics of light-matter interaction in QD-microcavities

are presented in Sec. 2.4. Finally, a short introduction into high β-factor lasing in

microcavities is given in Sec. 2.5.

2.1 Micopillar Cavities

Optical resonators confine light. The confinement may be realized in one or multiple

spatial dimensions L. In an ideal lossless one-dimensional Fabry-Pérot resonator of

5



2 Fundamentals

length L, in which the resonator modes are stationary and vanish at the cavity

boundary, the resonance modes are given by N λN = 1
2Lnc . λN is the resonance

wavelength of the N th mode (N ∈ N) and nC the refractive index of the cavity

material. As a consequence, the frequency spacing ∆ω of the modes is given by

∆ω =
2πc

L
, (2.1)

where c = c0/nc is the speed of light in the resonator medium. Another property

describing the resonator modes is the quality factor (Q-factor). It is defined by the

ratio between the resonance energy Ec and the mode linewidth ∆Ec

Q =
Ec

∆Ec
= 2

Ec
~κ

, (2.2)

where ∆E is directly related to the cavity photon loss rate κ = 2∆Ec/~ via Heisen-

berg’s uncertainty principle ∆E∆t ≥ ~/2. In the context of this work κ is used to

refer to both energetic mode linewidth and cavity loss rate interchangeably as there

is a direct relation between the two. The maximal achievable Q-factor is limited in

reality not only by losses through the cavity mirrors, but also due to other mecha-

nisms such as optical absorption by the cavity material and scattering of light into

leaky modes, cf. Sec. 2.4.2.

By reducing the resonator dimensions L the mode splitting in Eq. (2.1) is increased.

If the resonator is made small enough so that its modes are discrete, i.e. the mode

splitting is larger than the mode linewidth ∆Ei−i+1 � κ, a photonic band gap

emerges. The interaction between these discrete modes with specific two-level emit-

ters is described in terms of cQED effects. Prominent examples are the Purcell

effect and the vacuum Rabi oscillations, these cQED effects are detailed in Sec. 2.4.

Resonators which feature mode volumes small compared to λ3
c , so that cQED effects

may be observed, are called microcavities [Vah04, Kav07].

In order to observe cQED effects in microcavities, an optically active medium needs

to be present within the cavity. A material is considered optically active when the

carrier ground states inside the material band structure may be pumped to excited

states which recombine by photon emission. This so-called optical gain may be

6



2.1 Micopillar Cavities

realized in various material systems, examples are electronic states in atoms and

electron-hole pairs (excitons) in semiconductors. Excitonic transitions, with special

attention to quantum confined carriers in semiconductors, are discussed in Sec. 2.2.2.

Regarding semiconductor microcavities, three main approaches, namely photonic

crystal, micropillar and microdisk cavities, have been developed in the past two

decades [Vah03]. In such structures, Q-factors beyond 105 [Bor05b, Rei07, Deo09]

and strong coupling between single excitons and cavity confined photons [Rei04,

Yos04] have been achieved. This work focuses on micropillar cavities with self-

assembled QDs, the latter may be described as two-level emitters and are introduced

in Sec. 2.2. The fabrication of micropillar cavity structures is detailed in Sec. 3.2.

2.1.1 Modes

This sub-section discusses the optical confinement in high quality micropillar cavi-

ties. At first, the properties of distributed Bragg reflectors (DBRs) are introduced.

Subsequently, basic descriptions of the vertical and lateral mode structures are de-

rived, which provide a fundamental understanding of the photonic band structure

present in micropillar cavities. The latter is essential for the interpretation of direc-

tional cQED effects explored in the experiments of this work, which are presented

in chapters 5 and 6.

Distributed Bragg Reflectors

Generally, DBRs consist of a sequence of alternating layers with different refractive

indices ni. In practice they are made of pairs of layers satisfying n1 > n2. If a

beam of light impends orthogonally on a stack of layer pairs, each layer interface

reflects a fraction of the beam according to the Fresnel equations. At the interface

from the low to the high n material (n2 → n1) the phase of the reflected beam

is shifted by ±π/2. As a consequence, the beams reflected from each interface

interfere constructively or destructively depending on the layer thicknesses li. For

fully constructive interference the condition
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2 Fundamentals

λNres =
li

N 4ni
(2.3)

for li, ni and the resonance wavelength λNres (of N th order) may be derived. If λres

is matched for each material layer, the stack of layer pairs acts as a mirror for

wavelengths close to the resonance. The reflectivity R of the mirror is given by the

number of layer pairs m, for a sufficiently large difference of ∆n = n1 − n2 between

the alternating layer materials R converges fast to 1 with increasing m as described

by

√
R ∼=

1− nb
na

(
n2
n1

)2m

1 + nb
na

(
n2
n1

)2m (2.4)

[She95]. Where na and nb are the refractive indices of the material adjacent to the

two sides of the layer stack. Using the transfer matrix method and the reflectivities

calculated from the Fresnel equations at the layer interfaces it is possible to model

the electromagnetic field distribution (Ψ) in a one dimensional DBR cavity [Kav07].

The axial (z-axis) layer structure of micropillar cavities consist of an upper and

lower DBR mirror with a central λ-sized cavity layer in-between. Details regarding

the micropillar samples are given in Sec. 3.2. The calculated intensity distribution

along the cavity (z) axis ∝ |Ψξ=0(z)|2 for the fundamental cavity mode (see below)

of a realistic micropillar structure is depicted together with an illustration of the

micropillar layer structure in Fig. 2.1(a).

Axial Modes

Optical modes of micropillar cavities can, in general, not be separated into axial

and lateral contributions. As a consequence, no analytical solutions for these full

three-dimensional (3D) modes Ψmlξ(r, φ z), characterized by the quantum numbers

m, l and ξ1 in cylindrical coordinates (r, φ and z), exist. It is possible to approxi-

mate the 3D modes using numerical methods. An example are the spatial domain

1 m,l and ξ are the azimuthal, radial and axial quantum numbers ∈ N0, respectively.

8



2.1 Micopillar Cavities

Figure 2.1: (a) Schematic illustration of the axial (z) layer structure of a micropil-
lar cavity. Details regarding the structure can be found in Sec. 3.2.
The distributed Bragg reflectors (DBRs) consist of alternating layers
of GaAs (green) and AlAs (blue). The intensity distribution of the
fundamental resonance mode (red solid line), which is calculated us-
ing the transfer matrix method [Kav07], is shown with respect to the
layer structure. (b) Bottom: Exemplary micropillar cavity emission
spectrum, the inset is a close-up of the 2nd order mode triplet. Top:
Calculated lateral mode intensity distributions I(r,φ) ∝ |Ψml(r,φ)|2 in
the approximation of linearly polarized LP modes. The cavity bound-
ary is indicated in green. The degeneracy of the LP and hybrid (HE
and EH) and transversal (TE and TM) modes of the vectorial wave
equations are indicated above the intensity maps.
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finite element method simulations (JCMWave [Bur08]) employed in Sec. 6.1. An

approximate analytical solution can be obtained if Ψmlξ(r, φ z) is described as the

superposition Ψmlξ(r, φ z) ∼= Ψml(r, φ) Ψξ(z) of axial Fabry-Pérot modes Ψξ(z) and

lateral modes Ψml(r, φ) of an ideal cylinder. The latter is discussed in the next

paragraph. Ψξ(z) may be represented approximately by the eigenfunctions of a

Fabry-Pérot resonator

Ψξ(z) ∝

sin ((z − z0) kξ nξ) ξ + 1 even

cos ((z − z0) kξ nξ) ξ + 1 odd
, (2.5)

which can be deduced using Eq. (2.1) and the relation kξ nξ = ωξ/c = 4πL (ξ + 1).

The approximation is twofold. Firstly, is assumed that Ψξ(z) vanishes at the cavity

boundary, which is, in general, not the case because R < 1, even though it can

be justified for the present DBR mirrors because their reflectivities are commonly

R ' 1. Secondly, the resonator length L is not well defined for DBR cavities

as the mirrors have a significant penetration depth with respect to the resonance

wavelength. This can be accounted for if an effective cavity length Leff > L is

introduced in Eq. (2.5). The intensity distribution for the fundamental (ξ = 0)

cavity mode (C) of a micropillar cavity is shown in Fig. 2.1(a) as a solid red line.

Lateral Modes

Lateral modes of a micropillar cavities may be approximated by the eigenmodes of

an ideal, i.e. infinitely long, homogeneous and charge free, cylinder. The eigenmodes

are provided by the solutions of vectorial wave equations and decouple into electric

and magnetic hybrid modes HE and EH, respectively, as well as transversal TE and

TM modes1 [Sny83, Bur09].

Further simplification of the equations may be achieved by employing the approxima-

tion of a scalar electromagnetic wave function. The condition for this approximation

is that the electrical and magnetic field can be separated into traversal and longi-

tudinal contributions: Ψ(r,φ,z) = et(r,φ) eiPz, where P = kξ nξ is the propagation

constant in axial direction. Without any loss of generality one can assume that the

1 TE0l and TM0l modes exist only for ν = 0, otherwise HEνl and EHνl modes. ν represents a
modified azimuthal quantum number ν 6= m.
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2.1 Micopillar Cavities

transversal contributions et and ht result in a field Ψ(r, φ) in which its components

are linearly polarized. Its eigenmodes are therefore also called linearly polarized

LPml modes. Since the azimuthal coordinate is cyclic, its contribution can also be

separated: Ψm(r, φ) = Ψt(r) e
±imφ. With this, it is now possible to deduce the

scalar wave equations:

(∇2
t + k2 n2(r)− β2) Ψm(r, φ) = 0 , (2.6)

(∂2
r +

1

r
∂r + k2 n2(r)− β2 − m2

r2
) Ψm(r) = 0 , n(r) =

nco r < r0

ncl r ≥ r0

. (2.7)

Where ∇2
t = ∂2

r + 1
r∂r + 1

r2
∂2
φ denotes the transversal Laplace operator, nco (ncl)

the refractive indexes of the core (cladding), r0 the radius of the cylinder and k the

absolute value of the wave vector k. The solutions of this wave equation are linear

combinations of the Bessel functions of first and second type Jm and Ym as well as

of the modified Bessel functions Im and Km

Ψm(r) =

AJm(Ur/r0) +B Ym(Ur/r0) r ≤ r0

C Im(Wr/r0) +DKm(Wr/r0) r ≥ r0

, (2.8)

U2 = r2
0(k2n2

co −P2) , (2.9)

W 2 = r2
0(P2 − k2n2

cl) . (2.10)

The constants B and C necessarily vanish, since otherwise Ψm(r) could not be

normalized. The two other constants A and D may be determined from the interface

conditions at r = r0. The eigenvalues1 of this solution may be determined through

the interface conditions of the derivative Ψ′m(r = r0)

Ψ′m(r) =


Jm(Ur/r0)
Jm(U) r ≤ r0

Km(Wr/r0)
Km(W ) r ≥ r0

, (2.11)

U
J ′m(U)

Jm(U)
= W

K ′m(W )

Km(W )
. (2.12)

1 In Eqn. (2.12) the energetic eigenvalue is represented by U(V =
√
U2 +W 2).
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The radial quantum numbers l may be determined through the lth solutions of this

eigenvalue equation. The calculated lateral intensity distributions of the LPml modes

∝ Ψ2
ml(r,φ) are presented in conjunction with corresponding HEνl and EHνl modes

in Fig. 2.1(b). Additionally, an exemplary cavity spectrum is shown for comparison.

The degree of energetic degeneracy is also indicated for the various modes. Note

that the solutions of the vectorial wave equations describe the spectral features of

micropillars, such as the triplet of the TE01, HE21 and TM01 modes versus just the

LP11 mode, better. The most important implication with respect to this work is

that the fundamental mode labeled by HE11 or LP01 is twofold degenerate in its

linear polarization and that it is the mode with the lowest lateral contributions - i.e.

it is located in the center of the cavity. Detailed calculations of the lateral modes

as well as the derivation of the equations can be found in [Sny83, Bur09].

2.2 Semiconductor Quantum Dots

When particles are spatially confined to lengths on the order of their de Broglie

wavelength λdB, their energetic spectrum is discretized just as would be expected

for standing waves in a resonator. In fact, in this quantum regime properties of

particles are indistinguishable from their matter wave counterparts. In semicon-

ductors excitations occur as electron-hole pairs, which are denoted as excitons (X).

These excitons may be described as quasi particles and feature - in analogy to the

Hydrogen atom - a Bohr radius of

rXB =
~2ε0εr
µe2

. (2.13)

ε0 (εr) is the vacuum (relative) permittivity, e the elementary charge and µ the re-

duced mass of the exciton. For III-V semiconductors rXB ≈ λdB is below 20nm. 3D

spatial and electronic confinement is achieved in semiconductors by the formation of

clusters of hundreds to thousands of atoms which are embedded in a host material of

larger band gap energy, these crystalline clusters are called quantum dots. Since QDs

feature a discretized electronic structure, they are sometimes also described as artifi-

cial atoms [Gér01]. Semiconductor QDs may be fabricated through self-organization

by exploiting a lattice constant mismatch between QD and host material, which can

be augmented by deterministic methods such as lithographic nanoholes [Sch09b].
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Details of the fabrication process of the self-assembled InGaAs QDs used in this

work are given in Sec. 3.1. In the following, at first the electronic structure of

InGaAs QDs is discussed in sub-section 2.2.1. Subsequently, the optical properties

of fundamental QD transitions with a focus on spectral broadening mechanisms are

described in sub-section 2.2.2. Different optical QD excitation schemes are detailed

in sub-section 2.2.3. Finally, the basic principles of the coherently driven two-level

system are outlined in sub-section 2.2.4.

2.2.1 Electronic Structure

The electronic confinement of semiconductor QDs is provided by the difference of

band gaps of the QD and host material. For InGaAs QDs embedded in a GaAs

matrix, as employed in this work, this translates to the formation of a QD potential

well of an idealized depth ≤ 0.5 eV due to the band gap energies of EInGaAs
g ≥

EInAs
g ≈ 0.36 eV and EGaAs

g ≈ 1.42 eV at 300 K. A simplified schematic diagram

of the band structure neglecting strain effects is shown in Fig. 2.2(a). Note that

due to the Stranski-Krastanow growth mode (cf. Sec. 3.1) a narrow 2D layer - the

so-called wetting layer (WL) - is formed at the GaAs/InGaAs interface during the

growth process. This wetting layer and the influence of strain on the band structure

drastically reduces the effective depth of the QD potential, typical values of the QD

confinement potential depth are on the order of 10 meV . Assuming the simplest

possible approximation of a potential well with infinite barriers, the solution to the

discrete energetic levels En of the QD are given by the solutions of the Schrödinger

equation:

En =
n2~2π2

2mL
. (2.14)

Where m is the effective carrier (electron e− or hole h+) mass and L the width of the

well. The spacing between the energetic levels is inversely proportional to L, which

in the case of QDs translates to the QD size. The energy of the fundamental QD

excitation, the exciton (n = 1), is therefore given by EX ' EQD
g +Ee

−
1 +Eh

+

1 +Eint.

Where Eint is the e− and h+ exchange energy, which is dominated by the Coulomb

interaction. Since the band gap is temperature-dependent due to the anharmonicity

of atomic bonding, i.e. the Lennard-Jones, potential, the QD X energy shifts with
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Figure 2.2: (a) Illustration of the simplified electronic band structure of a
InxGa1−xAs QD embedded into a GaAs host matrix including the wet-
ting layer (WL) quantum well structure. Electrons and holes are de-
picted as open and filled circles, respectively, with arrows indicating the
direction of their spin. (b) Discrete density of states DQD(E) of a QD
(blue solid line) shown in comparison to 3D-bulk material (black solid
line) D3D(E) ∝

√
E. Note that DQD(E) ∝ δ(E −En) is broadened by

the QD linewidth γX due to dephasing (see also Sec. 2.2.2).

temperature according to Varshni’s empirical formula [Var67]:

Eg(T ) = Eg(0)− aT 2

T + b
. (2.15)

a and b are material dependent constants which can be determined through fitting

of experimental temperature dispersions.

The density of electronic states D3D(E) ∝
√
E in a bulk (3D) matrix is greatly

modified by spatial confinement. Only when full quantum confinement is achieved,

as in a QD, D(E) becomes discrete: DQD(E) ∝ δ(E − En). This discretized elec-

tronic structure makes QDs ideal candidates for the spectroscopy of single excitonic

transitions in the solid state system. A schematic illustration of the QD versus bulk

density of states is presented in Fig. 2.2(b).

Besides the lowest excited state of a QD, excitonic complexes featuring more than one
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2.2 Semiconductor Quantum Dots

Figure 2.3: (a) Schematic illustration of a typical semiconductor QD energetic level
scheme of the QD exciton (X) and biexciton (XX) transitions. The X
state exhibits a fine structure splitting (FSS) into Xh and Xv sub-
states, details are given in the text. (b) Simplified QD emission spec-
trum of the X and XX emission lines corresponding to the QD level
scheme of (a). The XX binding energy, with respect to the X transition
energy, is denoted as EBind.

electron and/or hole are possible. Examples for such multi charge complexes would

be biexcitons (XX, two e− and two h+) as well as positively and negatively charged

trions X+ and X−, respectively. Due to a non-zero exchange (Coulomb) interaction

between the carriers and depending on the exact shape of the wave functions, which

is strongly influenced by the QD morphology, the complexes feature transition en-

ergies different from the QD X [Rod07, Sch07b]. Depending on the depth of the

confinement potential and the QD size also higher order levels - denoted in analogy

to atomic system as s, p, d, etc. shells - may be occupied [Mil97, Haw99, Gam00].

More details on optical transitions in QDs are given in the next section 2.2.2, while

different optical excitation schemes are discussed in Sec. 2.2.3.

2.2.2 Optical Properties

The emission of photons in semiconductors is a result of radiative recombination

of excitonic complexes. As the energy is conserved, the transition energy of the

emitted or absorbed photon is therefore given by the combined electron and hole ex-

citation energies, Eg as well as Eint. Due to the bosonic nature of light only excitonic
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states with a total spin of ±1 are optically active. The fermionic electrons have spin

Se = ±1/2 while the holes in the (In)GaAs system feature spins of Sh = ±3/2. The

latter is due to the dominant heavy-hole character of the valence band maximum

in Zincblende crystal structures [Ada93]. Excitons therefore may have total a spin

JX of ±1 or ±2. The former are denoted as bright and the latter as dark excitons.

The energetic degeneracy between bright and dark exciton is broken because of spin-

orbit coupling. Further splitting of the spin degenerate excitonic states takes place

in QDs due to symmetry breaking because of the anisotropic in-plane QD morphol-

ogy (cf. Sec. 3.1), the anisotropy in the crystal lattice [Bes03b] and strain-induced

piezoelectricity [Bes06]. These effects are the cause that the ideal in-plane isotropic

character of electron and hole wave functions of C∞V-symmetry is broken down to

pyramidal C4V-symmetry, in case of high In content QDs without piezoelectricity,

and ultimately into rhombic C2V-symmetry [Sch07b]. The anisotropy of QD electron

and hole wave functions influences the optical properties of the excitonic complexes

[Sch07b, Sch09a]. As a result the optical transitions of the bright and dark exci-

tons are split into two components, denoted by Xh and Xv, the energetic splitting

between these states is the fine structure splitting (FSS)1. Therefore, light emitted

from the corresponding optical transitions is linearly polarized along the axis of the

dominant in-plane symmetry breaking effect, often given by the shape of the QD.

Typical values of the FSS for InGaAs QDs are in the range of 0 to 100 µeV . A

schematic illustration of a typical QD level scheme as well as its emission spectrum

considering X and XX complexes is given in Fig. 2.3.

Unlike atomic systems, semiconductor QDs cannot be treated isolated from their

solid state environment. QD transitions are therefore broadened additionally to the

natural (homogeneous) linewidth γ0. The natural linewidth is a direct consequence

of Heisenberg’s uncertainty relation ∆t∆E ≥ ~/2 and therefore linked to sponta-

neous emission rate of the excited state. In QDs the spontaneous emission lifetime

is on the order of about 0.3 to 2 ns, which translates into γ0 values in the range of

1.1 to 0.2 µeV . The nature of the decay of the population, i.e. whether a photon is

radiated or some non-radiative decay mechanism takes place, is not relevant for the

natural linewidth. Examples of non-radiative decay processes at low temperatures

1 The FSS of the dark exciton is usually one order of magnitude smaller than that of the bright
exciton.
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would be the Auger effect or charge transfer to defects of the crystal lattice. A second

class of dephasing mechanisms are those which do not change the system occupa-

tion but instead destroy the phase coherence of the excited state. This so-called

pure dephasing may be caused by a number of interactions, prominent examples

are interaction with phonons (discussed separately below) and charge fluctuations

[Kam08]. In QDs even spin noise due to spin flips of single atoms (Overhauser effect)

may contribute to the pure dephasing [Ima03]. A simple approach to model these

various influences without describing each of them in detail is provided by introduc-

ing a characteristic dephasing time (T2). T2 measures how long (on average) there

is a well defined phase relation between the ground and excited state, before it is

destroyed by some interaction process. Maximizing this coherence time is of crucial

importance especially for quantum computing schemes, where extended coherence

times are needed in order to perform calculations through interaction of several co-

herent states. In the approximation of a Markovian two level system the dephasing

time T2 may be expressed in the relaxation time approximation:

1

T2
=

1

2T1
+

1

T ∗2
⇔ γX = γ0/2 + γpd . (2.16)

T1 is the characteristic excited state lifetime and T ∗2 (γpd) represents the pure de-

phasing time (rate). The total dephasing rate/linewidth of the two-level (excitonic)

system is denoted as γX .

One of the dominant processes leading to pure dephasing in solid state systems are

phonons. Phonons are crystal lattice deformations, in crystals consisting of multiple

elements both acoustic and optical phonons exist. Coupling between excitons and

phonons is a consequence of three different mechanisms, namely polarization of the

crystal lattice, induced piezoelectric fields and changes of the electronic band struc-

ture [Lin05]. Optical phonons are crystal lattice deformations in which the atoms

of different types, i.e. Ga versus As atoms, oscillate against each other. Their asso-

ciated energies (at all k-values) are much higher than for acoustic ones. For GaAs

optical phonons have energies of about 36 meV [Wau63], which means that at tem-

peratures below 100 K optical phonon modes are effectively unpopulated. Acoustic

modes, on the other hand, feature a linear energetic dispersion in k for small values

17



2 Fundamentals

of k and are therefore present even at very low temperatures. Besides the disper-

sion relation, also the spatial extension of the carrier wave functions determines the

phonon k-values which can effectively couple. The reason is that deformations much

smaller than the QD size effectively do not disturb the carriers, because the exciton

wave function averages over both deformation maxima and minima. This leads to a

cut-off towards large k-values and associated energies. As a consequence, the cou-

pling strength between phonons and QD excitons and the cut-off energy is effectively

determined by the size of the smallest spatial confinement direction - usually the

height of the QDs. For typical QDs heights of few nanometers, the cut-off energy

for acoustic phonons is in the range of 1 to 2 meV [Hoh10].

Characteristic spectral evidence of the interaction with optical phonons, in the case

of GaAs at cryogenic temperatures, are phonon replicas 36 meV below the QD X

transition and in the case of acoustic phonons, sidebands around the emission line

(zero phonon line - ZPL). For temperatures below 30 K the acoustic phonon side-

bands may be asymmetric, due to limited thermal occupation of phonon modes, i.e.

phonon emission is more probable than absorption. According to [Bay02, Bor05a]

the temperature-dependent QD exciton linewidth γX(T ) is approximately given by:

γX(T ) = γ0 + aT +
b

eE/kT − 1
. (2.17)

Where a and b represent material dependent constants, which may be determined

by modeling of experimental data. The second term denotes the elastic phonon

scattering, which results in broadening of the ZPL, while the third covers thermally

activated phonon-assisted transitions.

An additional (inhomogeneous) spectral broadening mechanism relevant for semi-

conductor QDs is the so-called spectral jitter, which is related to (dis-)charging of

charge traps in the spatial vicinity of the QD. The latter changes the electrostatic

field, which, due to the quantum-confined Stark effect, alters the electronic level

structure of the QDs. As a consequence, the emission energy fluctuates, which leads

to much larger linewidths in time-integrated spectra. This effect is especially pro-

nounced near material interfaces and is one of the reasons why high quality QDs are

usually placed far away from them.
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Figure 2.4: Illustration of different excitation schemes of semiconductor QDs. De-
tails regarding the band structure can be found in Fig. 2.2. Carrier
relaxation processes through phonon emission and/or Auger processes
are indicated by blue arrows. The different schemes are (a) above-band,
(b) quasi-resonant (p-shell) and (c) strict resonant excitation.

QDs are attractive for many application scenarios, such as laser diodes, as they en-

able tailoring of their discrete optical transition energies via the spatial dimensions of

the QDs. Additionally, the full spatial confinement enhances the quantum efficiency

to values above 90 %, which makes them suitable for applications demanding low

energy consumption (”Green Photonics”) [Qua12]. With regard to quantum optical

applications, QDs are ideal candidates for atom-like two-level systems in the solid

state [Gér01]. As such they have been used to very effectively generate indistin-

guishable single photons on demand [Din16, Tho16b] and are promising candidates

for the realization of quantum computing [Ima99, Lad10] and quantum logic archi-

tectures [O’B03, Li03] if embedded in high-quality microcavities.

2.2.3 Optical Excitation Schemes

Dephasing of QD X transitions is also strongly influenced by the excitation process.

The reason is that environmental charges and defects may or may not be excited

depending on the employed excitation scheme [Mul07, Kam08]. Generally, one dis-

tinguishes between three different excitation types: above-band, quasi-resonant and

strict resonant excitation. A schematic illustration of all three can be found in Fig.

2.4(a-c). The different excitation types are discussed below.
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Above-Band With the term above-band excitation creation of electron-hole pairs

above the band gap of the semiconductor QD host material, i.e. GaAs, is described.

Subsequent to their creation, the carriers relax to the band edge of the host ma-

terial individually on ps timescales using phonon, Auger and Coulomb interactions

[Ohn96]. Once the band edge has been reached the carriers may be captured by the

QD and another set of ps-timescale phonon or Auger processes lead to the relaxation

of the carriers down to the QD s-shell. Due to the nature of the pumping, also defect

states are populated, which increases the dephasing and spectral jitter of the QD

transitions. Additional dephasing is caused by the presence of a large number of

optically injected carriers which facilitate scattering due to Coulomb interactions.

Since the different carriers (electrons and holes) relax independently, not only bare

QD X but also charged complexes can be created. Due to the multitude of relax-

ation processes, the coherence of the initially generated electron-hole pair is lost.

Above-band pumping is therefore considered to be an incoherent excitation process.

Results of experiments employing an above-band excitation scheme are presented in

chapter 5.

Quasi-Resonant In quasi-resonant excitation higher order QD shells, such as the

p- or d-shell, are used to inject excitons directly into a single QD typically by em-

ploying a narrow bandwidth laser. Usually, only a single QD is addressed due to

the inhomogeneous broadening of the self-assembled QD ensemble (cf. Sec. 3.1),

because of the slight difference of the electronic level structure of each QD. The

injected carriers relax down to the QD s-shell on ps timescales [Ohn96]. The main

advantage with respect to the above-band excitation is that only single QDs are

excited, which significantly reduces dephasing processes induced by pumping of the

QD host material. Some limited dephasing due to the relaxation processes does

however remain. Experimentally, quasi-resonant excitation is easier to realize than

strict s-shell resonant excitation, because excitation and detection can still be sep-

arated spectrally. Typical s- and p-shell splittings of InGaAs/GaAs QDs are in the

range of 10 to 30 meV . Since only single relaxation processes is necessary to reach

the QD s-shell, quasi-resonant excitation is usually considered to be a coherent ex-

citation scheme [Ate11].
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Strict Resonant In resonant excitation, carrier pairs (excitons) are generated di-

rectly in the state from which also the QD luminescence is observed. Conceptually,

it is similar to the quasi-resonant scheme discussed above. The added advantage of

strict QD s-shell excitation is, however, that ideally all relaxation and environmental

dephasing processes are avoided [Mul07]. Nevertheless, two fundamental dephasing

processes inherent to all solid state systems remain even in the ideal case, namely the

Overhauser effect of nuclear spins [Ima03] and the quantum charge noise of the en-

vironmental electromagnetic field [Kuh13b]. Emission of light under strict resonant

excitation is denoted as resonance fluorescence (RF). Since emission and detection

energies are identical, RF experiments have the inherent challenge to separate the

injected excitation from the sample luminescence. The advanced experimental meth-

ods used to overcome this challenge are detailed in Sec. 4.2.2. Besides the reduction

of the dephasing of the QD transitions down to the fundamental limit, resonant

excitation features another advantage over above-band and quasi-resonant pumping

schemes. Since it addresses only single transitions the excitation efficiency is very

high. Additionally, the achievable excitation density is not limited by the saturation

of relaxation processes, i.e. the phonon bottleneck, cf. Sec. 6.2, which enables very

high driving strengths. The latter is exploited in the experiments of Sec. 6.3 to cre-

ate and investigate laser-dressed X-C polaritons. Results of experiments employing

strict resonant excitation are presented in chapter 6.

2.2.4 Coherently Driven Two-Level System

When a two-level system - such as a QD X - is resonantly driven one needs to

consider two limiting cases. In the Heidler regime of weak excitation well below the

saturation of the two-level system, with gL−X � γ0
1, coherent (elastic) scattering

dominates the RF. The RF spectrum is therefore given by a single spectral line

which features a linewidth determined by the coherence of the pump [Mat12]. In the

strong excitation regime, with gL−X � γ0, on the other hand incoherent (inelastic)

scattering is dominant [Xu07]. The strong coherent excitation light field dresses the

1 gL−X denotes the coherent driving strength.
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Figure 2.5: (a) Illustration of the origin of the Mollow triplet (MT) spectrum
through the Autler-Townes splitting, i.e. laser dressing of the QD ex-
citon through the AC Stark effect. The following Mollow triplet tran-
sitions are indicated: The central MT line (black), which is twofold
degenerate, the low energy MT sideband (red) and the high energy
sideband (blue). Note that the actual Autler-Townes ladder occupa-
tion, denoted by |n〉, does not influence the Autler-Towns splitting
(gray), which is only dependent on the excitation strength gL−X. The
ladder is therefore harmonic. (b) Theoretical calculations of Mollow
triplet spectra as a function of gL−X. The calculations are performed
according to [Val10] and include dephasing. Note that both energetic
scales are normalized to the homogeneous QD exciton (X) linewidth
γ0, X saturation is therefore reached at gL−X. Above the QD X satura-
tion the Mollow triplet emerges, which is also visible in the exemplary
spectra shown on the right for various values of gL−X/γ0. The eigenval-
ues of Mollow triplet transitions, neglecting dephasing, are indicated
by dashed lines.
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two-level system through the AC Stark effect which results in the so-called Autler-

Townes splitting ∆E = ±gL−X [Aut55], similarly to the vacuum Rabi splitting

(VRS) of a strongly interacting light-matter system in a microcavity discussed in

Sec. 2.4. The coherent excitation field itself cannot be dressed by the two-level

system, contrary to the case of the VRS, since there is no re-absorption of emitted

photons from the dipole, i.e. there are no flip-flops between light and matter states.

As a consequence the spectral response in the high excitation regime is the Mollow

triplet [Mol69]. The spectral form of this fingerprint consists of a central peak at

resonance which features twice the intensity of the two side peaks at ±2gL−X and

can be calculated analytically using a semi-classical approach [Lou05, Wal06]. The

Autler-Towns splitting as well as Mollow triplet spectra as a function of gL−X are

presented schematically in Fig. 2.5. Note that regarding the Autler-Townes splitting

the driving strength gL−X is equivalent to the Rabi frequency Ω, cf. Sec. 2.4, and

therefore also denotes the interaction strength between light and matter.

2.3 Statistics of Light

Coherence is a measure of uniformity and disturbance of a system and therefore a

fundamental aspect of physics. This incorporates, but is not limited to, the collec-

tive statistical correlation of an ensemble of particles. Commonly one distinguishes

between spatial and temporal coherence, though the origin of both is the coherence

time, which in case of moving particles, e.g. in a Bose-Einstein like condensate,

translates into a spatial coherence. In general, the uniformity can be described,

irrespective whether spatial or temporal coordinates are relevant, by the nth order

correlations functions g(n) introduced by R.J. Glauber [Gla63]. In this work the

discussion is limited to temporal coherence. The most general one of the correlation

functions is the one of first order g(1)(τ) since it represents the correlations between

vectorial electromagnetic fields E:

g(1)(τ) =
〈E∗(t)E(t+ τ)〉
〈E∗(t)E(t)〉

=
〈a†(t)a(t+ τ)〉
〈a†(t)a(t)〉

. (2.18)

Where 〈〉 denotes the ensemble mean and a steady-state, i.e. time independence of

g(1)(τ), is assumed implicitly. τ denotes the time (t) delay between the correlated
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fields E(t) and E(t + τ). g(1)(τ) can be expressed in both classical and quantum

electromagnetic form using E and the photonic field operators a and a†, respectively.

As shown explicitly in [Lou05], the Wiener-Khinchin theorem [Khi34] can be used

to relate the g(1)(τ) function of a light beam to its spectrum through a Fourier

transformation. The resulting spectral shape of a time-independent single light

mode is a Lorentzian. The solution of the g(1)(τ) function therefore yields

g(1)(τ) = e−iωcτe−|τ |/τc , (2.19)

which denotes the first order correlation as a function of the coherence time τc.

g(1)(τ) is commonly measured using a Michelson interferometer or high resolution

spectroscopy, e.g. through a Fabry-Pérot etalon. These examples and all other time

integrating (linear) spectroscopic methods have the disadvantage that they underes-

timate the T2 time as the spectral jitter cannot separated from the other dephasing

processes. The latter can only be achieved by nonlinear methods, such as four-wave

mixing.

The second order correlation function g(2)(τ) correlates the intensities I ∝ |E|2 ∝ a†a
and therefore does not contain phase information unlike g(1)(τ). It is defined as

g(2)(τ) =
〈E∗(t)E∗(t+ τ)E(t+ τ)E(t)〉
〈E∗(t+ τ)E(t+ τ)〉2

=
〈a†(t)a†(t+ τ)a(t+ τ)a(t)〉

〈a†(t)a(t)〉2
(2.20)

and describes how high the probability is to detect a photon at time t + τ if a

photon was detected at time t. In other words, it represents the probability density

of the photon coincidences as a function of τ , which is equivalent to the statistics of

the photons constituting a light beam. This becomes even more apparent if g(2)(τ)

is rewritten in terms of the photon number n and its variance (∆n)2 as shown in

[Lou05]:

g(2)(τ) =
〈n(n− 1)〉
〈n〉2

=
〈n2〉 − 〈n〉
〈n〉2

= 1 +
(∆n)2 − 〈n〉
〈n〉2

. (2.21)

Light with different statistical properties can be associated with different distribu-
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Figure 2.6: (a) Discrete photon occupation (n) distribution functions of thermal
(red), coherent (black) and non-classical (green) light for a mean value
of 〈n〉 = 10. (b) Calculated autocorrelation functions of second order
g(2)(τ) as a function of time delay τ for the distribution functions of
thermal (red), coherent (black) and non-classical (green) light.

tion functions of n, such that coherent, thermal and non-classical light sources are

related to Poisson, Boltzmann and Fock1 distributions, respectively. The shape of

the g(2)(τ) autocorrelation function and especially its value at g(2)(0) = g(2)(τ → 0),

can therefore be used to infer which distribution(s) the photons of a light beam

originate from. The properties of the distribution functions and their connection to

the g(2)(0) values are illustrated in Fig. 2.6(a) and Tab. 2.1.

Statistics Distribution (∆n)2 g(2)(0)

thermal Boltzmann 〈n2〉+ 〈n〉 2
coherent Poisson 〈n〉 1
non-classical Fock 0 1− 1

〈n〉 , 〈n〉 ≥ 1

Table 2.1: Values of g(2)(0) for thermal, coherent and non-classical light sources.
(∆n)2 denotes the variance of the photon number n distribution func-
tion, see also Fig 2.6.

Assuming a steady state, it can be shown that g(2)(τ) may be described through

g(1)(τ) according to [Lou05, Wal07]:

1 The Fock distribution is an example of a non-classical distribution of light, other distribution
functions are feasible.
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g(2)(τ) = 1 +
∣∣∣g(1)(τ)

∣∣∣2 , (2.22)

which together with Eq. (2.19) yields the shape of the autocorrelation function

g(2)(τ) = 1 + (g(2)(0)− 1) e−2|τ |/τc . (2.23)

This curve is illustrated for thermal, coherent and non-classical light as a function

of τ in Fig. 2.6(b). It is important to note that a g(2)(0) below 1 always indicates a

non-classical light source. In the case of g(2)(0) < 0.5 it proves that the light beam

consists (on average) only of single photons, which is exactly what is expected from

single quantum emitters such as QDs, cf. Sec. 2.2, since not more than one photon

may be emitted at any given time.

Besides the photon autocorrelation, where a beam is correlated with itself, one can

also correlate two different beams of light, denoted by i and j, and measure the so-

called cross-correlation function gi↔j(τ). In the case when photons in both beams

are (anti) correlated one would expect (anti) bunching at τ → 0: (g
(2)
i↔j(0) < 1)

g
(2)
i↔j(0) > 1. If no correlation is present, g

(2)
i↔j(τ) converges to 1. It is possible to

extend Eq. (2.23) to accommodate two different correlation timescales1 τ i→jcorr for

τ ≥ 0 and τ j→icorr for τ ≤ 0, depending on the direction of τ :

g
(2)
i↔j(τ) =

1 + (g(2)(0)− 1) e−2τ/τ i→jcorr τ ≥ 0

1 + (g(2)(0)− 1) e2τ/τ j→icorr τ ≤ 0
. (2.24)

The autocorrelation function g(2)(τ) is measured typically in a Hanbury-Brown and

Twiss interferometer, while in cross-correlation spectroscopy two independent single

photon detectors without a beam splitter are used. Spectral filtering is commonly

applied in order to reduce background contributions. The employed instruments and

methodology of the correlation experiments of this work are detailed in Sec. 4.4.

1 Note that τcorr is not equivalent to τc, since in gi↔j(τ) τcorr is not only related to the
coherence. This is because in cross-correlation there are two independent beams, the time
order of the correlation i→ j and j → i, denoted by the sign of τ , matters.
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Figure 2.7: (a) Illustration of the Jaynes-Cummings ladder as a function of exci-
tation energy. The excitation manifolds of order n are denoted as |n〉
and the Rabi splittings of the dressed states according to Eq. (2.26)
are indicated by gray arrows. Note that when dephasing is considered
(cf. Eq. (2.27)) the Rabi splittings are .

√
n 2g. (b) Vacuum Rabi

splitting (VRS) of the first excitation rung |n〉 = 1 as a function of
X-C coupling strength g. In the weak coupling regime (green shaded

region) g < |κ−γ0|
4 and in the strong coupling regime (blue shaded

region) g > |κ−γ0|
4 .

2.4 Light-Matter Interaction in Microcavities

In high Q-factor cavities with low losses single two-level emitters, e.g. excitons, and

resonator modes couple if they are in spatial and spectral proximity. In quantum

mechanics the idealized, i.e. lossless, coupling is described by the combination of

photonic |n〉 and excitonic |i〉 to polaritonic |i,n〉 states. Polaritons may be formed

by combining 2D, 1D and 0D quantum confined states (cf. Sec. 2.2) with a light

mode. In this work fully localized QD excitons are used and the term polariton

therefore refers to the one of 0D. The coupled system of a QD exciton with a single

mode of a light field in the absence of losses is described by the Jaynes-Cummings

Hamiltonian [Jay63, And99]:

H = Hph +HX +Hex = EC

(
a† a+ 1/2

)
+ EX σσσz + i ~ g

(
σσσ− a

† − σσσ+ a
)
. (2.25)

The coupling constant g can be expressed in the dipole approximation as g = |〈d·E〉|,
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where d is the dipole moment and E the electric field. Additionally, EC and EX are

the emission energies of the cavity mode (C) and the QD X, respectively. Hph and

HX represent the uncoupled photonic and excitonic Hamiltonians, respectively, while

σz = [σ+, σ−] denote the exciton pseudospin operators. The differences between the

eigenvalues of the exchange Hamiltonian Hex at EC = EX , when neglecting all losses

(κ = γX = 0), reduce to

∆E|X,n−1〉,|0,n〉 = ~Ωn = 2 g
√
n , (2.26)

where Ωn denotes the frequency of the so-called Rabi oscillations and ∆E|1,0〉,|0,1〉

the vacuum Rabi splitting (VRS) of the first excitation manifold n = 1. This

solution is also known as the Jaynes-Cummings ladder [Jay63]. This ladder features

anharmonic Rabi splittings with respect to n, i.e. ∆En =
√
n2g, as illustrated in Fig.

2.7(a). One can think of this idealized system as constantly undergoing consecutive

flip-flops where the excitation is transferred continuously between C and X at a rate

given by Ωn. In the presence of losses this oscillation is damped. A very interesting

property of polaritons is that they share both photonic and excitonic properties so

that both contributions become indistinguishable. The polariton can therefore be

viewed as a quasi-particle made up of light and matter. An extended solution of the

Jaynes-Cummings Hamiltonian for the non-resonant QD-microcavity system using a

master equation approach [And99], leads to equations, which include photonic losses

κ and homogeneous exciton broadening γ0:

E± = E0 −
i

4
(κ+ γ0)±

√
g2 −

(
κ− γ0

4

)2

. (2.27)

From this expression one can easily infer that a real energetic splitting is only

achieved if g > |κ−γ0|
4 , which denotes the condition of the strong coupling regime

described so far. In the regime of weak coupling (g < |κ−γ0|
4 ) on the other hand,

the polaritonic eigenenergies are degenerate. The coupling regimes are illustrated in

Fig. 2.7(b). Note that in the special case κ = γ0 the VRS equals to 2g.

It can be shown, that in the ideal case of a QD in the maximum of the electric
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field distribution of a microcavity mode, i.e. no spatial detuning, and at spectral

resonance the X-C coupling strength gmax can be estimated to [And99]:

gmax =

√
πe2fosc

4πε0εrm0Vm
. (2.28)

Where e is the elementary charge, ε0 and εr are the vacuum and relative permittiv-

ities, respectively, m0 is the free electron mass, Vm is the cavity mode volume and

fosc is the QD X oscillator strength. The figure of merit for the VRS is therefore√
foscV

−1
m ∝

√
fosc/r0. The QD X oscillator strength is related to the X dipole

moment d = |d| by fosc = 2m0EXd
2/(e2~2), while d in turn is dependent on the

spatial extension of the QD X wave function d2 ∝
〈
ρ2
X

〉
∝ fosc [Hil82, Mic09].

Since the wave-function extension is linked to the spatial dimensions of the QD, it

can be concluded that large VRSs can be achieved in high-Q cavities with centrally

embedded QDs of large spatial extension [And99]. This is exactly the combination

that has been employed in sample A, which is detailed in Sec. 3 and features VRS

for large fraction of its QD Xs.

2.4.1 Purcell-Effect

In the regime of weak X-C coupling, where the dissipation and therefore the sponta-

neous emission dominates, cavity enhanced light-matter interaction effects are also

present. The most prominent example is the Purcell effect. Regarding the resonant

interaction between a two-level dipole emitter and a light field three distinct possi-

bilities exist: The emitter absorbs a photon, the excited emitter emits a photon or

another photon induces the emission of an identical photon from the excited emit-

ter. These processes are called absorption, spontaneous emission and stimulated

emission, respectively. In thermodynamic equilibrium the transition rates of these

processes are described by the Einstein coefficients. The quantum mechanical de-

scription of the spontaneous emission rate Γsp = 1/τsp from state j to i is provided

by Fermi’s golden rule:
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τ−1
sp,j→i =

2π

~
ρi(ω)|〈j|H|i〉|2 . (2.29)

Where |〈j|H|i〉| ∼= |〈d ·E〉| is the transition matrix element and ρ(ω) is the photonic

density of states as a function of the transition frequency ω. In bulk (3D) material

ρ(ω) is given by

ρ3D(ω) =
~2

π2 c3
ω2 . (2.30)

In low-dimensional photonic systems, such as microcavities, different relations apply.

The spectral mode splitting, cf. Eq. (2.1), is enhanced significantly compared to the

bulk material, so that the mode density is strongly enhanced (quenched) in (out of)

resonance with a cavity mode. Analogues to carriers in semiconductors, described in

Sec. 2.2.1, the spectral splitting between the modes is called photonic bandgap. The

relation between the low dimensional 1/τcav and bulk 1/τ3D spontaneous emission

rates is described by the Purcell factor FP = τ3D/τcav. According to [Gay03, Mic09]

the following relations can be derived for QD-micropillar cavities:

ρcav(E) =
2

πκ

κ2

4∆2
C−X + κ2

, (2.31)

FP =
3Qλ3

c

4π2 n3
eff Vm

κ2

κ2 + 4Q∆2
C−X

|E(r)|2

|Emax|2
. (2.32)

Where λC is the cavity mode wavelength, neff the effective refractive index of the

cavity material, ∆C−X the energetic detuning between C and X and E(r) the electric

field inside the resonator. Assuming spectral and spatial resonance, i.e. ∆C−X → 0

and E(r)→ Emax, the maximal Purcell factor yields:

Fmax
p =

3Qλ3
c

4π2 n3
eff Vm

. (2.33)

The figure of merit for the resonant Purcell factor is therefore: Fmax
p ∝ Q/Vm ∝

Q/r2
0. Note the different r0-dependences of Fmax

p ∝ r−2
0 and gmax ∝ r−1

0 in the weak
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and strong coupling regime, respectively. Achieving high Purcell factors in QD-

micropillars requires a compromise between Q-factor and mode volume Vm. The

reason is that the Q-factor decreases non-trivially with the micropillar radius r0, cf.

[Rei09a] and Sec. 5.1.1, while Vm scales with r2
0. The strongest Purcell effect for the

QD-micropillar designs employed in this work is found in pillars of about 2.0 µm1

diameter.

For emitters embedded in macroscopic cavities the fraction of the spontaneous emis-

sion into the resonator mode, commonly denoted as the β-factor, is low due to the

high mode density. Typical values of β for macroscopic semiconductor lasers are on

the order of 10−5 to 10−3. In microresonators the β-factor is enhanced significantly

following the relation

β =
FP /3

NdegFP /3 + 1
=

FP,eff

NdegFP,eff + 1
(2.34)

[Yam91, Gér01]. The mode degeneracy is denoted as Ndeg. The β-factor may reach

values of tens of percent in microcavities [Rei06a, Ler13], these high values alter

the shape of the input-output characteristic of microlasers significantly as outlined

in Sec. 2.5. Note that the Purcell and β-factors are only defined in the regime of

weak coupling since in strong coupling the exchange between X and C is driven by

stimulated emission.

2.4.2 Directional Losses

Due to the Purcell effect described in Sec. 2.4.1, the spontaneous emission rate of a

QD exciton X inside a microcavity ΓC
sp is drastically different from a QD embedded

in bulk material Γ3D
sp . If the QD X is in resonance with C the spontaneous emission

is enhanced and Fp(∆X−C = 0) > 1, while for an off-resonant emitter the sponta-

neous emission is blocked Fp(|∆X−C| � κ) < 1 in the absence of coupling to into

leaky modes. Leaky modes are unbound modes and because of the photonic band

structure in microcavities, cf. Sec. 2.1.1, they propagate preferentially into the di-

1 The optimal diameter depends on the utilized fabrication technology and sample design,
which determine the sidewall roughness and the number of DBR layers, respectively.
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Figure 2.8: (a) Graphical and textual illustration of the fundamental cavity mode
(C) emission directionality of a bare micropillar cavity. The cavity
mode emission I is dominated by losses in axial direction IMode

C . In
addition, cavity stray-light (IMode

L ) is also emitted in lateral direction
due to scattering of the mode on the pillar side-walls. (b) Illustration
of emission directionality of gain (QD Xs) embedded in a micropillar
cavity. The QD Xs can either emit into the axial cavity (IX→C) or
into lateral lossy (IX→L) modes. A fraction (' ΓL

κ IX→C) of the QD
X emission into C contributes to IL due to scattering of the C on the
side-walls.

rection of the weakest optical confinement of the microcavity. This relation as well

as the emission directionality of (QD-)micropillar cavities is illustrated in Fig. 2.8.

Due to the geometry of the micropillar cavity, resonant modes are guided, similar

to optical fibers, along the axial direction (see also Sec. 2.1) while leaky modes

emit predominantly into the weakly-confined lateral micropillar direction. Because

of the non-zero cavity mode electric field1 at the lateral cavity-air boundary, scat-

tering of the cavity modes into the lateral direction is present. The two principal

edge loss mechanisms in lateral direction are the bending losses due to the circular

cross-section of the micropillar cavity [Kip04] as well as scattering due to surface

roughness2. The lateral losses of the fundamental micropillar high-Q cavity mode

C are illustrated in Fig. 2.8(a), while (b) shows the directionality of the emission

1 E ∝ |J0(kC ,r < r0)| for the fundamental pillar mode C, refer also to Sec. 2.1.1 and [Riv99].
kC is absolute value of the fundamental cavity mode wave vector |kC | and J0 is the 0th-order
Bessel function of first kind.

2 Surface roughness is dominated by structural imperfections created by the plasma-etching
process, cf. Sec. 3.2.
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intensity of a single QD X coupled to C. Each radiative recombination of a QD X

leads to the emission of only a single photon. It can either be emitted into the cavity

mode or into leaky modes. This leads to a pronounced anticorrelation between the

photons emitted into different directions which is characterized in Sec. 5.1.3 and

5.1.4 by investigation of the directional Purcell effect and photon statistics, respec-

tively.

2.5 Lasing in Microcavities

The input-output characteristic of microlasers differs from that of its macroscopic

counterparts significantly because a much larger fraction of the spontaneous emis-

sion is coupled into the lasing mode. The latter is characterized by the β-factor

introduced in Sec. 2.4.1. In macroscopic lasers with Vm � λ3 and β � 1 the

laser threshold is defined as the pump power at which the gain G, which is pro-

vided by stimulated emission, is just equal to the cavity losses κ: G − κ = 0, this

is also denoted as the transparency. In the case of non-vanishing β, as is the case

in microcavities, an equivalent relation may be deduced from the rate equations

[Yam91, Bjö94]:

G =
β VM
τsp

(η − ηt) , (2.35)

η = ηt
n

1 + n
(1 +

1

nt
) . (2.36)

Where η (ηt) is the carrier density (at transparency) and n (nt) the average photon

number in the cavity (at transparency). nt is only dependent on cavity properties:

nt = β ηt VM
τc
τsp

= β ηt VM
Q ~
Ec τsp

. (2.37)

Using these equations as well as the laser rate equations the cavity pump rate

I(n) =
qEc
βQ~

[
n

n+ 1
(1 + ηt)

(
1 + βn+

τsp
τnr

)
− ηt β n

]
(2.38)
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Figure 2.9: Average cavity occupation (photon number) n of a laser diode pre-
sented as a function of pump current I(A) for different β-factors, re-
produced from [Yam91]. The definition of the laser threshold [Bjö94],
nth = 1, is indicated by a horizontal line. Copyright (1991) The Japan
Society of Applied Physics.

can be inferred. Where q is the elementary charge and τnr the non-radiative lifetime

of the excited states of the gain. Figure 2.9, reproduced from [Yam91], depicts n as

a function of the pump strength and the β-factor.

The onset of the nonlinear regime typical for laser emission starts at nth = 1, which

supports definition of the threshold at nth = 1 as proposed in [Bjö94]. In contrast to

the transparency, this definition is also consistent for β → 1 and works even though

the laser input-output curve becomes linear and the onset of stimulated emission

is increasingly difficult to determine experimentally. Note that with increasing β

the threshold smears out and both stimulated and spontaneous emission coexist

in a region above and below the actual threshold. This can also be seen in the

investigations of Sec. 5.1.2, which aim at refining the assertion of the threshold in

microlasers using the directional detection method introduced in Sec. 4.3.
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In order to investigate light-matter interaction effects in quantum systems, high-

quality microcavities are combined with correlated electron-hole pairs (excitons)

confined in Indium Gallium Arsenide (InGaAs) QDs. The fabrication and basic

properties of these structures are detailed in this chapter in sections 3.1 and 3.2.

Section 3.3 describes the assembly of self-aligned metal apertures. For efficient

stray-light suppression the QD-micropillars are excited in lateral pillar direction,

which requires a special layout of the micropillars on the sample surface, which is

discussed in Sec. 3.4.

3.1 Self-Assembled InGaAs Quantum Dots

In this work self-assembled InxGa1−xAs1 QDs embedded in GaAs host material,

introduced in Sec. 2.2, are used and described in the following. The QD nano-

crystalline islands on top of the GaAs substrate are formed by partial relaxation of

the strained InxGa1−xAs material above a critical layer thickness via the Stranski-

Krastanow growth mode [Str39]. The reason for this relaxation is the strain caused

by the 7% lattice constant mismatch between InAs and GaAs. The In content x is

varied from about 0.6 to 0.3 which changes the size and morphology and thereby

the optical properties of the QDs [Sch09a]. QDs of high In content (x = 0.6) feature

isotropic in-plane dimensions of about (10 × 10 × 5 − 7) nm3 (length × width ×
height) [Sch07b]. In contrast, QDs of low In content (x = 0.3) have an increased size

(20− 50× 20− 30× 5− 7) nm3 and are elongated along the [1-10] crystal direction

[Löf06, Hop15a]. As a consequence of this anisotropy, the polarization direction of

the linearly-polarized components of the fine structure split QD X emission line,

cf. Sec. 2.2.2, is offset by about 45◦ to the orientation of the linearly-polarized

components of the fundamental micropillar cavity mode [Rei07, Mus14]. The ex-

1 x denotes the fractional In content of the InxGa1−xAs QDs resulting from the growth process
using molecular beam epitaxy (MBE).
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tension of the carrier wave function is primarily a consequence of the QD confining

potential and therefore the QD size. It also determines the oscillator strength (OS)

of the QD transitions, see also Sec. 2.4 and [And99]. For InxGa1−xAs QDs the

exciton OS is the range of 10 for high (0.6) to 55 for low (0.3) In content QDs

[Rei04, Löf06, Pre07, Rei09a, Sch09a, Kas10, Alb13a]. The QD confinement is not

solely dependent on the QD size, also the strain, the In content and composition

profile as well as the substrate crystal orientation influence the confinement in a

complexity beyond the scope of this work. Detailed studies can be found in ref-

erences [Löf06, Sch07b, Sch09a, Hop15a]. A scanning electron microscope (SEM)

image of elongated QDs of low In content is shown as an inset to Fig. 3.1.

3.2 High Quality Quantum Dot-Micropillars

QD-micropillar cavities, introduced in section 2.1, exhibiting high Q-factors are

based on a planar two dimensional (2D) microcavity wafers grown by molecular

beam epitaxy (MBE). The fabrication steps are schematically illustrated in Fig.

3.1, where (a.1-a.4) show the growth of the 2D planar microcavity structure and

(b.1-b.3) patterning of micropillars using reactive ion etching. The additional pro-

cessing steps for free standing QD-micropillars and QD-micropillars with self-aligned

metal apertures are depicted in (c.1) and (d.1-d.2; discussed in Sec. 3.3), respec-

tively.

In the following the growth of the 2D-cavity wafer material and etching of micropil-

lar structures is outlined. Material layers are deposited on top of a GaAs single

crystal substrate, which is cleaved in [110] direction, using MBE with atomic layer

precision. At first, alternating layers of AlAs and GaAs are grown, this forms the

lower DBR of the 2D microcavity (Fig. 3.1 (a.1)). Subsequently, a central GaAs λ-

cavity of thickness of the desired resonance wavelength (λC/nGaAs ≈ 266 nm) with

embedded InxGa1−xAs QDs of Stranski-Krastanow type, see Sec. 3.1, are grown

(Fig. 3.1 (a.2)). The layers of the upper DBR are deposited afterwards (Fig. 3.1

(a.3)). The details of the employed MBE growth methods of DBRs and InxGa1−xAs

QDs, its specific instruments and parameters are discussed in reference [Löf05]. The

thicknesses and number of AlAs/GaAs mirror pairs of the DBR cavities for samples
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3.2 High Quality Quantum Dot-Micropillars

Figure 3.1: Schematic illustration of the growth (a.1-4) and processing (b.1-3, c.1,
d.1-2) steps of QD-micropillars. A SEM image of QDs of low In content
is shown as an inset to (a.3). The image is reprinted from [Löf05],
with the permission of AIP Publishing. The processing of both free-
standing QD-micropillars and ones with self-aligned metal apertures is
the same up to (b.3) and differs after this step as shown in (c) and (d),
respectively.
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used in this work are summarized in Tab. 3.1. A fundamental description of the

functionality of DBR resonators is provided in Sec. 2.1.1.

After the epitaxial growth of the planar microcavity, it is further processed in order

to fabricate micropillar structures for 3D light confinement. On top of the 2D-cavity

wafer-stack an electron beam resist (PMMA) is deposited using spin-coating. Af-

terwards, electron beam lithography is used to define arrays of micropillars with

different cross-sections, the layout is detailed in Sec. 3.4, onto the sample (Fig. 3.1

(b.1)). PMMA acts as a positive resist, i.e. exposed areas are removed during de-

velopment. A barium fluoride (BaF2) mask of about 750 nm1 thickness is deposited

on the surface and unexposed areas of the resist are removed using a lift-off process

(Fig. 3.1 (b.2)). BaF2 acts as an etch mask for the electron cyclotron resonance

reactive ion etching process (Fig. 3.1 (b.3)). The employed etching technique was

optimized for smooth vertical sidewalls, thereby enabling micropillar cavities with

record Q-factors [Rei07, Sch16b]. For free-standing micropillars the remaining BaF2

mask is dissolved using water, thereby providing access to the micropillar top facet.

Additionally, the side-walls are passivated using a thin layer (several nm) of SiO2

to prevent oxidation of the AlAs layers (Fig. 3.1 (c.1)). Further processing steps

required to realize self-aligned metal apertures are discussed in Sec. 3.3.

This work encompasses experiments performed on two different samples of QD-

micropillars:

• Sample A consists of free-standing QD-micropillars featuring an areal density

of 1010 cm−2 of low (0.3 − 0.4) In content QDs, which exhibit QD oscillator

strengths in the range of 25 to 55. The fundamental cavity modes exhibit

Q-factors of about 15000 for a micropillar diameter of 2 µm. Strong QD X-C

coupling can be found in about 50% of 1.8 µm diameter pillars. SEM images

of this sample are shown in Fig. 3.2.

• Sample B consists of micropillars planarized by benzocyclobutene (BCB). The

QD-micropillars are covered by titanium metal apertures and feature high

(0.6) In content QDs, which exhibit oscillator strengths of about 10 and a low

areal density of 5 ·109 cm−2. The micropillar cavities of 2 µm diameter feature

1 A thinner BaF2 mask of about 250 nm is used for free-standing pillars.
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3.3 Self-Aligned Metal Apertures

fundamental modes with Q-factors in the range of 2500. Half of the sample

piece, with respect to the in-plane vertical direction, cf. Fig. 3.3, is covered by

titanium apertures while the other half is uncovered. The micropillar layout

was optimized for enhanced yield of laterally accessible QD-micropillars, cf.

Sec. 3.4. SEM images of this sample are presented in Fig. 3.3.

A summary of the structural properties of these samples can be found in table 3.1.

Sample

Structural Properties Optical Properties

Mirror Pairs Layer Widths (nm) Q-factor Quantum Dots

Upper Lower GaAs AlAs Cavity dC = 2µm
ρQD

109cm−2

γ532nm
X

µeV fosc

A 26 30 68 87 296 15000 10 50 25-55

B 15 25 69 83 277 2500 5 25 10

Table 3.1: Summary of the structural and optical sample properties. Abbrevia-
tions include the micropillar diameter dC , the spatial quantum dot (QD)
density ρQD, the QD exciton (X) linewidth under above-band excitation
γ532nm
X as well as the QD X oscillator strength fosc. Numbers in normal,

bold and italic fonts indicate nominal, measured and estimated values,
respectively.

All QD-micopillar cavity samples used for this work were fabricated by the team

surrounding S. Höfling, C. Schneider and M. Kamp from the Technical Physics

department of the University of Würzburg.

3.3 Self-Aligned Metal Apertures

The goal of the self-aligned metal apertures fabricated on top of the micropillars

is to enhance excitation stray-light filtering in resonance fluorescence experiments,

which is realized in Sec. 6.1. The fabrication of these apertures is an extension of

the processes described in section 3.2 and is illustrated in Fig. 3.1(d.1-d.2).

Instead of removing the remaining BaF2 mask as the last step of the QD-micropillar

fabrication (Fig. 3.1(c.1)), benzocyclobutene (BCB) is deposited and planarized
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3 Sample Properties

Figure 3.2: Scanning electron microscope (SEM) images of sample A taken for 1.9
µm (a,c) and 3.0 µm (b,d-f) diameter QD-micropillars. (a) and (b) are
close-up images with a tilt of 70◦. (c-e) and (f) are overview shots with
a tilt of 45◦ and 0◦, respectively. Areas on the micropillars with high
exposure (brightness) are a result of charging effects of the dielectric
pillar passivation layer. Horizontal h and vertical v directions as well
as the micropillar grid are indicated in (f).
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3.3 Self-Aligned Metal Apertures

Figure 3.3: Scanning electron microscope (SEM) images of sample B recorded for
2.0 µm (a, c.1, c.3) and 1.5 µm (b, c.2) diameter QD-micropillars
with and without metal apertures. (a) Zoom-in shot of QD-micropillar
covered with a metal aperture as viewed from the lateral direction. (b)
The border region between metal and non-metal in the center of the
sample. (c.1-c.3) Overview shots taken in axial pillar direction for both
sample parts with and without metal apertures as well as the border
between the two. Charging of the dielectric BCB in between the pillars
disturbs the SEM images, e.g. by inducing bright rings around the
pillars without metal apertures. Horizontal h and vertical v directions
as well as the rhombic micropillar grid are indicated in (c.1) and (c.3),
respectively.
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3 Sample Properties

with the micropillar top facets using oxidation (Fig. 3.1(d.1)). In the next step

a titanium (Ti) layer of 250 nm thickness is deposited on top of the sample (Fig.

3.1(d.2)). Note that the BCB leaves a ≈ 0.5 µm wide triangular trench at the BCB-

micropillar interface due to different thermal expansion and surface energies of these

materials. This gap is indicated in green in the SEM pictures of figure 3.3(a-b). The

trench is only partially covered by the metal, making the metal layer imperfect at

the interface and therefore limiting the stray-light filtering capability of the metal

apertures. In the final step the BaF2 is dissolved in water and thereby used as a

lift-off mask for the Ti, which results in a Ti layer covering all of the sample except

the micropillar top facets.

3.4 Structure Optimization for Lateral Excitation

In order to enable excitation of the QD-micropillars in the lateral direction a spe-

cialized layout of the micropillars on the sample has to be employed. The reason is

that micropillars may not be too far (i.e. & 20 µm1) from the cleaved edge in order

to prevent shadowing of the excitation beam. As shown as a cutout in Fig. 3.2, the

pillars are arranged in fields of 800×400 µm (vertical v × horizontal h) with a pillar

to pillar spacing of 10 µm. Additionally, one-half of such a pillar field is offset in

vertical direction by 5 µm, which is done to make sure that at least one-half of the

pillars in a field provide a clean edge when cleaved along the horizontal direction.

Several of these fields are stacked in the vertical (×5) and horizontal (×14) direction

covering an area of about 1 cm2. The pillar diameter of each field is usually varied

in the vertical direction. This sample is than cleaved vertically through the middle

of the pillar fields into 6 pieces with 2× 1 and 4× 2 cleaved edges with laterally ac-

cessible QD-micropillars. Special care has to be taken when cleaving these samples

as the micropillars may break if excessive force is applied to the sample.

In the layout presented above and in Fig. 3.2(f) the micropillars are directly behind

each other when viewed from the cleaved edge. This is problematic as only a small

fraction of the processed micropillars is available for lateral excitation since the

pillars shadow each other when viewed from the edge. In order to optimize the yield,

a different layout has been realized with sample B: As depicted in Fig. 3.3(c) each

1 Assuming a numerical aperture of the objective of 0.4 and a pillar height of 8 µm.
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vertical row is offset by 2.5 µm. This enables access to the first 4 rows, quadrupling

the number of available micropillars as confirmed by experimental investigations

presented in section 6.1.
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4 Experimental Methods

In this chapter the experimental methods employed in this work are outlined and the

experimental setup is described in detail. The content of this chapter is organized as

follows: In section 4.1 and 4.2 the methods of micro-photoluminescence (µPL) and

resonance fluorescence (RF) spectroscopy are described and the employed instru-

ments are presented. The specialized lateral excitation and axial detection scheme

used for resonance fluorescence spectroscopy on QD-micropillars is discussed in Sec.

4.3. Finally, the correlation spectroscopy and an overview of the combined experi-

mental setup are presented in Sec. 4.4 and 4.5, respectively.

The experimental methods of this chapter are mostly independent of sample char-

acteristics, however some aspects are strongly related to the geometry and spectral

properties of the investigated samples. These special aspects are detailed where nec-

essary. Besides the experimental methods the employed instruments and their most

relevant characteristics are presented. Since the implemented experimental setup

exhibits a high degree of complexity, the details given on the operation are limited

- this is especially true with regard to the advanced software implementation used

to simultaneously coordinate all the instruments.

4.1 Micro-Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy of semiconductor materials is an experimental

method in which the material under investigation is excited through optical pump-

ing and its emission is monitored. In common semiconductor structures electron

hole pairs - so-called excitons - are created by absorption of the excitation light with

energies above the band-gap. The excitons relax down to the ground state at the

band edge via phonon interaction on fast timescales (∼ ps) compared to the much

slower exciton recombination (∼ ns). As a consequence the PL of semiconductor
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materials, resulting from optical recombination of excitons, is dominated by emis-

sion from metastable ground states.

A high spatial resolution variant of PL is the micro-photoluminescence spectroscopy

(µPL), which is necessary to investigate single semiconductor QDs which feature

narrow spectral transition linewidths (& µeV ), cf. Sec. 2.2. To achieve this high

spectral resolution spectrometers consisting of grating monochromators in combina-

tion with high sensitivity charge-coupled devices (CCDs) are commonly employed.

The resolution is thereby determined by the monochromator focal length and the

grating dispersion as well as the CCD pixel size. It is important to note that the

grating transmission is strongly dependent on the wavelength and polarization of

the incident light. Luminescence of semiconductor nano-structures is commonly col-

lected by microscope objectives which are primarily characterized by their collection

angle given by the numerical aperture (NA) and their optical magnification. There

is a great variety of optical objectives specialized for various application scenarios, in

which the trade-off between working distance and NA, where high NAs require very

short working distances, is an important aspect. For high resolution spectroscopy

infinity corrected, achromatic and high-NA types are commonly employed. In the

case of a sample in a cryostat a decision has to be made whether the objective should

be inside, with high NA but low flexibility, or outside, with lower NA but high flex-

ibility, of the cryostat. As detailed in Sec. 2.2.1, the luminescence of InGaAs QDs

is strongly temperature dependent. Since the QD confinement potential is on the

order of 10 meV , the QD can not effectively capture excitons at temperatures above

≈ 60 K [Gru02]. Because of this as well as to reduce spectral dephasing, lumines-

cence experiments presented in this work were conducted at cryogenic temperatures.

A schematic illustration of a basic single beamline µPL setup is presented in Fig.

4.1(a). The actual µPL detection setup used in this work consists of two indepen-

dent and identical detection beam paths, see Sec. 4.5 for details.

The spectroscopic instruments employed are two spectrometers each consisting of an

Acton SP2750 monochromator in Czerny-Turner configuration and a PyLoN back-

illuminated CCD. The SP2750 features a focal length of 0.75 m and three different

dispersive gratings on a rotation turret: one with 300 lines per mm blazed at 1000
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4.1 Micro-Photoluminescence Spectroscopy

Figure 4.1: Schematics of (a) a basic µPL setup and (b) a (quasi-) resonant excita-
tion setup of a tunable diode laser as employed for µPLE and resonance
fluorescence experiments. Elements are not to scale.

nm, one with 1200 lines per mm blazed at 750 nm and one holographic grating with

1500 lines per mm blazed at 650 nm. CCDs of beam path 1 and 2 (see Fig. 4.5(a))

used in combination with the monochromators have the dimensions of 400 × 1340

and 100 × 1340 (vertical × horizontal) of 20 µm sized pixels, respectively. The

resulting combined maximum resolution of each spectrometer is about 25 µeV at

930 nm incident wavelength. In order to enable low-noise spectroscopy using long

integration times, the CCD detectors are cooled by liquid Nitrogen to about −120
◦C and are used with an analog gain of 1.5 e− as well as an ADC rate of 1 MHz.

For collection of sample luminescence two different Mitutoyo microscope objectives

featuring planar infinity correction, long working distances (≥ 10 mm) and high

NAs have been employed: a 20X Plan Apo NIR and a 50X Plan Apo NIR HR with

NAs of 0.4 and 0.65 as well as magnifications of 20 and 50 times, respectively. The

utilized continuous wave (cw) above-band excitation lasers are a 532 nm frequency

doubled neodymium-doped yttrium aluminum garnet (Nd:YAG) solid state (DPSS)

laser, a 632 nm Helium-Neon (HeNe) gas discharge laser and a 640 nm Indium

phosphide (InP) diode laser. The laser excitation power, which can be adjusted

continuously using an automatized variable density filter, is monitored by a power

meter (Thorlabs PM100D). It is placed behind the excitation/detection beam split-

ter as indicated in Fig. 4.1(a) and is capable of measuring powers in the range of

0.5 nW to 0.5 W . The detected linear polarization can be adjusted by usage of

linear polarizers and retarding waveplates. As shown in Fig. 4.1(a) a combination
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of λ
2 -plate and linear polarizer is employed. The advantage of this configuration as

compared to a single linear polarizer is that the output beam linear polarization axis

does not change when the detection angle is adjusted by rotating the λ
2 -plate. This

prevents changes in the detection efficiency e.g. through the monochromator disper-

sion grating. In order to facilitate orientation and micropillar selection, microscopic

images of the sample surface recorded by a CMOS-camera are used. These images

require illumination of the sample by a divergent beam of light provided by a white

light LED (Light Emitting Diode, not shown). In all experiments the samples were

cooled by a helium flow cryostat (Janis ST-500) to temperatures in the range of 5

to 60 K.

By employing this instrumentation, automated recording of above-band excitation

spectra in the near infrared regime as a function of temperature, excitation power

and detected polarization become feasible.

4.2 Resonance Fluorescence Spectroscopy

Besides the above-band excitation, also resonant excitation schemes can be realized

for semiconductor QD samples. As detailed in Sec. 2.2.3, coherent driving is very

desirable especially with regard to the strongly reduced dephasing of semiconductor

QD transitions. In this excitation scheme the laser emission energy is resonant to

the optically active transitions of the investigated semiconductor nano-structures

(see also section 2.2). In combination with narrow laser linewidths γL << γQD and

their continuous tunability this enables the study of individual transitions of single

QDs. PL Experiments using wetting layer or p-shell excitation schemes are referred

to as quasi-resonant excitation spectroscopy while investigations employing s-shell

resonant excitation are denoted as resonance fluorescence (RF) spectroscopy, the

latter is detailed in this sub-section.

In Fig. 4.1(b) the excitation setup employed for s-shell resonant driving experiments

is depicted. As continuously tunable excitation sources cw diode lasers, a DL 100

(860 to 935 nm) and a DLC CTL 950 (915 to 980 nm) from Toptica Photonics,

are used. The linewidth of these lasers is nominally smaller than 100 kHz (0.41

neV at 930 nm) which is significantly narrower than the InGaAs QD transitions
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4.2 Resonance Fluorescence Spectroscopy

(> µeV ). In order to monitor the emission wavelength of the tunable lasers a high-

resolution (200 MHz or 0.83 µeV at 930 nm) wavelength meter (High Finesse WS6)

is employed. Unfortunately, the emission of these tunable diode lasers exhibit a

spectrally broad (> 50nm) LED-like background, which especially encumbers the

measurement of the weak incoherent response of RF experiments. To suppress this

detrimental background emission, the laser is filtered by a fiber-coupled grating

monochromator, which is further referenced as excitation monochromator, featuring

a 0.3 m focal length and a 1200 lines per mm diffraction grating. The transmis-

sion bandwidth of the excitation monochromator is about 0.015 nm (or 21 µeV

at 930 nm). An advanced software was implemented to conveniently synchronize

laser emission wavelength, wavelength meter and excitation monochromator. Addi-

tionally, a laser power stabilizer (BEOC LPC) is used to compensate for fast (< 5

kHz) fluctuations of the laser emission, which is necessary because of the presence

of strong nonlinear effects in RF experiments of QD-microcavity systems.

4.2.1 Photoluminescence Excitation Spectroscopy

PL experiments conducted as a function of laser detuning are called photolumines-

cence excitation (PLE) spectroscopy. The response of the investigated semiconduc-

tor system may change drastically depending on whether PL or PLE is employed,

the reason is that in semiconductors excited carriers relax usually very fast (∼ ps) to

the ground state as compared to spontaneous optical recombination lifetime of the

excitons (∼ ns) [Ohn96]. As a consequence, at low excitation densities PL monitors

the fundamental exciton transition while the PLE intensity is proportional to the

density of electronic states at the excitation laser energy. With respect to QDs,

µPLE is commonly used to map the electronic states of the higher (e.g. p- and d-)

shells [Hei97, Zre00, Bes03a]. Experimentally, the employed setup is identical to that

of the RF, the difference is that the resonant excitation laser emission wavelength

is varied while sample luminescence at the ground state is recorded. The excitation

monochromator transmission is optimized and normalized for each laser emission

wavelength in order to keep the excitation conditions constant.

4.2.2 Resonance Fluorescence Stray-Light Suppression

Resonance fluorescence (RF) spectroscopy using s-shell resonant excitation is a pow-

erful tool for the characterization of quantum emitters under coherent excitation,
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refer also to section 2.2.3. The principal challenge of this method is that the exci-

tation and detection energies are identical. Thus, a highly sophisticated excitation

laser stray-light suppression scheme needs to be employed in order to detect lumines-

cence of single QD transitions - as the excitation is commonly six orders of magnitude

brighter than the QD luminescence. This can be accomplished using a crosspolarized

excitation and detection [Eng07, Kuh13a, Kim14, Gre14, Uns15, Din16] as well as by

an excitation-detection spatial separation scheme [Ate09a, Ate09b, Pro15, Hop16b].

In the crosspolarization approach, the polarization states of the excitation beam and

the detected signal are polarized orthogonally with respect to each other. The use

of both linear [Eng07, Kim14, Uns15, Din16] and circular [Kuh13a, Gre14] polar-

ization bases have been reported. This technique is typically used in experimental

configurations where detection and excitation paths share the same spatial axis.

The advantage is that in order to achieve suppression ratios of more than six orders

of magnitude [Kuh13a] only two polarization axes have to be orthogonalized with

respect to each other. This method suffers however if applied on nano-structures

with rough surfaces and non-orthogonal material interfaces. These issues reduce the

achievable suppression ratio significantly. Additionally, half of the detected sample

luminescence is lost due to the polarization filtering. With respect to microcavities,

this suppression method exhibits another drawback: If the incident beam excites the

active material through the cavity mirror, the transmission of the mirror modulates

the excitation beam intensity as a function of its detuning with respect to the cavity.

This can be problematic for characterization of QD-microcavity systems.

The second approach to laser stray-light suppression in RF experiments employs

spatial separation of excitation and detection beam paths by aligning them by a 90◦

angle with respect to each other. Ideally, this should prevent excitation stray-light

to be detected, except when it is scattered (in-)coherently by the investigated optical

transitions. In reality, light can also be scattered without polarization conservation

(predominantly at material interfaces) which contributes to a finite stray-light back-

ground signal. This approach has been used for RF experiments on InGaAs QDs

embedded in micropillar cavities [Ate09a, Ate09b, Pro15, Hop16b, Hop17]. Sim-

ilarly to the crosspolarization approach, this method decreases in efficiency when

applied to micro- or nano-structured surfaces, since scattering on material interfaces
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Figure 4.2: (a) Schematic configuration of the pinhole apparatus used to optimize
the suppression of excitation stray-light in resonance fluorescence (RF)
experiments. (b) Exemplary color-coded map of score values obtained
by numerical simulations of the RF stray-light suppression as a function
of pinhole entrance lens focal length and pinhole diameter employing
the Mitutoyo x50 HR objective. Further parameters that are used for
this simulation are: a pillar diameter of 1.8 µm, a wavelength of 930nm
and a pinhole entrance beam diameter of 40mm.

leads to increased stray-light collection. The magnitude of the detected stray-light

is strongly dependent on the size of the micro-structure and is expected to increase

with diminishing structure size down to the diffraction limit. This method shows

its full potential when used on QD-micropillar cavities: Here, the excitation is per-

formed in the lateral pillar direction, thereby directly accessing the QD gain, while

the gain emission is funneled into the micropillar cavity mode (enhanced by the

Purcell effect), the output of which is detected in axial direction. The disadvantage

of this method is that the excitation and detection objectives need to be aligned

to each other with sub-µm precision. Furthermore, both beam paths need to be

aligned with great angular accuracy with respect to each other and to the sample,

which is difficult to control experimentally. This method can be combined with the

crosspolarization approach in order to improve the stray-light rejection, however at

the cost of detection efficiency and flexibility.
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Objective Type NA Magnification Resolution de fe Score

Units µm mm mm Signal2

Stray-Light

Mitutoyo x20 0.40 20 1.16 > 48 500 52

Mitutoyo x50 0.42 50 1.11 > 24 300 105

Mitutoyo x100 0.50 100 0.93 > 48 500 600

Mitutoyo x50 HR 0.65 50 0.72 > 24 200 3000

Mitutoyo x100 HR 0.70 100 0.66 > 12 200 4000

Table 4.1: Results of different pinhole optimizations depending on the objective
type. The optimized parameters are pinhole entrance beam diameter
and entrance lens focal length, which are denoted by de and fe, respec-
tively. The values given were obtained assuring a wavelength of 930 nm,
a pillar diameter of 1.8 µm and a pinhole diameter of 20 µm.

Regardless of the principal method of RF, further stray-light suppression is com-

monly achieved by spatial filtering using a pinhole in the detection path. The ef-

ficiency of a pinhole to filter stray-light is dependent on the detection objective

resolving power (i.e. its diffraction-limited resolution), the scale of the projection of

the magnified sample image onto the pinhole image plane and the pinhole diameter

itself. An exemplary schematic outline of such a filtering scheme in combination

with excitation of a QD-micropillar in lateral direction is shown in Fig. 4.2(a). For

the detection objectives employed in this work the pinhole imaging optics have been

optimized using numerical simulations. The numerical optimization utilizes an Airy

disk point spread function and assumes idealized geometrical optics without aberra-

tions. Therefore, the results of performed calculations constitute an upper bound of

the experimental stray-light suppression. The optimization results are summarized

in Tab. 4.1. In Fig. 4.2(b) the figure of merit - the score ( Signal Intensity2

Stray-Light Intensity) - is

shown exemplary for the Mitutoyo x50 HR objective as a function of pinhole diam-

eter dph and pinhole entrance lens focal length fe. The graph shows a region of high

score exists for specific pairs of dph and fe values and that they depend linearly on

each other. Taking into account the results of the calculations as well as practical

limitations, i.e. available pinhole and lens sizes, the following optimized pinhole

configuration with a Signal2

Stray Light -value of 3000 was realized with the Mitutoyo x50 HR

objective: dph = 20 µm, entrance beam diameter (de) of 40 mm and fe = 200 mm.

All RF experiments presented in this work use this configuration.
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4.3 Lateral Excitation and Detection Scheme for

QD-Micropillars

Theoretical analysis of QD-microcavities under coherent excitation in Sec. 6.3.1

indicates that the physical behavior of a coherently driven QD-microcavity system

is susceptible to whether the system is excited/detected through the light (C) or

matter (X) component. Since the photonic confinement (cf. Sec. 2.1.1) in a specific

spatial direction depends on the cavity geometry, chosen excitation and detection

axis of the investigated microcavity therefore plays an important role. In this section

the consequences of the experimental geometry with respect to the model of three

interacting oscillators of a QD-microcavity subjected to resonant excitation are dis-

cussed. The three oscillator model describes the interaction between the coherent

excitation light field (L), the QD X and C, it is explored in detail by employing res-

onant driving of QD-micropillars in Sec. 6.3. All experiments presented in this work

employ QD-micropillars, the experimental configuration detailed below is therefore

focused on this system, the underlying principles are, however, of general nature and

can be extended to other QD-microcavity systems such as photonic crystal cavities.

In Fig. 4(a-d) schematics of possible excitation and detection geometries for QD-

mircopillars are depicted. The interaction between the oscillators in the three os-

cillator model is determined by how the laser field couples to both X and C. Two

limiting cases are feasible: the laser couples only to X or only to C. The mircopillar

cavity mode C is most strongly confined in axial direction, cf. Sec. 2.1.1. Therefore,

the two limiting cases of laser field coupling correspond to experimental configura-

tions of the QD-micropillar cavity system: laser coupling to C and X corresponds

to axial, Fig. 4.3(a) and (b), and lateral, Fig. 4.3(c) and (d), excitation schemes,

respectively. Fig. 4.3(e) and (f) illustrate the relation between experimental configu-

ration and resulting coupling scheme. The coupling strength between the oscillators

is given by parameters gL−C, gX−C and gL−X. Besides the excitation configuration

there are also two possible detection paths: in lateral, Fig. 4.3(b) and (c), and

axial, Fig. 4.3(a) and (d), micropillar direction. Ideally, in lateral direction only

dipole emission of the QD X and in axial direction the C losses can be monitored,

in reality however the axial cavity mode is also scattered into the lateral direction,

cf. Sec. 2.4.2. As a consequence, the geometrical configuration of the experimental
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Figure 4.3: Different possible resonant excitation and detection configurations (a)-
(d) of QD-micropillar cavities as well as relevant resonance fluorescence
excitation suppression schemes. Illustration of the cavity-driven (e)
and QD-exciton-driven (f) configuration of the three coupled oscillator
model corresponding to the experimental excitation and detection ge-
ometry. The coupling strengths between pairs {i, j} of laser excitation
field (L), fundamental mode (C) and QD-exciton (X) are denoted by
gi−j.
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setup determines the interaction between the three coupled oscillators as well as the

nature of the detected signal in RF experiments on QD-micropillars.

In literature, three different configurations of excitation/detection schemes of semi-

conductor QD-microcavities subjected to coherent excitation can be found: axial ex-

citation and detection on QD-micropillar cavities [Kuh13b, Din16], see Fig. 4.3(a),

lateral excitation and lateral detection on QD photonic crystal cavities [Eng07,

Kim14, Ota15], corresponding to Fig. 4.3(c), as well as lateral excitation and ax-

ial detection employing QD-micropillar cavities [Ate09b, Hop16b], cf. Fig. 4.3(d).

The latter is also the configuration employed in the RF experiments of this work.

The reasoning is that sufficient stray-light suppression has to be achieved using the

approach of spatial separation of excitation and detection beam paths suitable for

QD-micropillar cavities under coherent driving (see Sec. 4.2.2). The advantage of

choosing lateral excitation and axial detection, shown in Fig. 4.3(d), is that direct

(lateral) excitation of the QD embedded into the micropillar is very efficient and also

facilitates experiments employing energetic detuning of C and resonant excitation

in comparison to a configuration in which the excitation in modulated by passing

through the stopband of the resonator. Additionally, as is explored in Sec. 6.3, driv-

ing the system of three coupled oscillators through the fermionic matter component

as opposed to the bosonic cavity mode yields drastically different and previously

unexplored physics.

In contrast to RF, above-band excitation experiments use variable excitation and

detection schemes, depending on the details of the experiment. For example, exper-

iments investigating the directional Purcell effect (Sec. 5.1.3) and cross-correlation

spectroscopy between emission directions (Sec. 5.1.4) employ both lateral and axial

detection simultaneously while using lateral excitation.

4.4 Correlation Spectroscopy

Because of the time integrating nature of simple PL and PLE measurements they

are not suitable to measure the dynamical and statistical properties of light. Corre-

lation spectroscopy on the other hand is able to determine the coherence properties
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Figure 4.4: Schematic setup of (a) auto- and (b) cross-correlation spectroscopy.
Electrical and optical delays are described in the text.

defining the statistics of light. As detailed in section 2.3, the coherence of light is

represented by correlation functions g(n) of order n. Commonly, the first- and second

order autocorrelation functions are used to describe the light coherence characteris-

tics. While the g(1)(τ)-function, given by Eq. 2.18, represents interference between

two vectorial fields delayed by time τ and includes spatial information, in g(2)(τ)

(cf. Eq. 2.20) only delay-dependent intensity changes are relevant. The g(1)(τ)

autocorrelation function can be observed experimentally by double (or multi) slit

as well as Michelson interferometers [Mic87, Hec98]. The g(2)(τ) autocorrelation

function is measured by fast single photon detectors commonly employed in the

Hanbury-Brown and Twiss (HBT) configuration [HB56]. Correlation spectroscopy

experiments of this work are limited to measurements of g(2)(τ) using a HBT setup.

Since spontaneous emission lifetimes of fundamental transitions of InGaAs QDs are

in the range of 0.3 to 1 ns, it is necessary to employ single photon detectors of tem-

poral resolutions of at least the same order of magnitude to characterize the emis-

sion of these QD transitions using g(2)(τ). Detectors that fulfill these requirements

are avalanche photo diodes (APDs), photo multiplier tubes and superconducting
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quenching circuits. However, they all suffer from dead times between two conse-

quent detection events, which is longer than the spontaneous emission lifetime of

transitions of InGaAs QDs. In order to overcome this limitation, two detectors are

used in the HBT configuration, in which the incident beam is split by a 50/50 beam

splitter into two separate parts each coupled to one single photon detector. The

electronic output signal of the two detectors is then time-correlated by specialized

electronics. The input signal to the single photon detectors is commonly filtered

spectrally beforehand in order to reduce the signal background as the detectors are

not wavelength selective. When instead of the autocorrelation of one incident beam

the cross-correlation between two different beams is investigated, the beam splitter

in the HBT setup is no longer needed and the two incident beams are coupled each

to one detector and are correlated directly. Using this kind of experimental tech-

nique, emission of non-classical light sources such as single photon emitting diodes

[Mic00], twin [Tho16a] and highly indistinguishable single photon sources [Gaz13]

as well as feedback coupled microcavities [Alb11, Hop13b] can be characterized.

The correlation spectroscopy setups used in the experiments of this work are schemat-

ically shown in Fig. 4.4(a) and (b) for auto- and cross-correlation, respectively. The

employed HBT features a multi-mode fiber-coupled beam splitter and silicon APDs

as single photon detectors. Employed APDs (PicoQuant Tau-SPAD-100) exhibit

a temporal resolution of about 530 ps and a quantum efficiency of about 30 % at

900nm. The correlation of the electric output signals of the APDs is performed by

a PicoHarp 300. Spectral filtering is achieved by placing the entrance fiber coupler,

cf. Fig. 4.4, beyond the exit slit of the Acton SP2750 monochromator. The em-

ployed multi-mode fibers feature a core diameter of 50 µm. The fiber coupled beam

splitter causes a cross-talk, due to photons emitted from the APDs created by the

avalanche effect during a detection event. In order to shift the signal of the optical

crosstalk out of the detection window, which is determined by the correlation elec-

tronics, optical delays of about 20 m length are used at the beam splitter exit ports.

Additionally, a low loss BNC cable of about 15 m was inserted into one arm of the

electrical connection between APDs and correlation electronics in order to shift the

point of zero time delay to positive delay values, so that both positive and negative

delays can be measured.
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4.5 Combined Experimental Setup

Illustrations of the employed combined excitation and detection schemes used for

above-band and RF experiments are depicted in Fig. 4.5(a) and (b), respectively.

As indicated in (a), both the excitation and detection directions are flexible when

using above-band excitation. In fact, simultaneous detection of both lateral and

axial micropillar emission was used in experiments such as the directional Purcell

effect (Sec. 5.1.3) and cross-correlation spectroscopy between emission directions

(Sec. 5.1.4). For the implementation of the RF experiments (b) of chapter 6 the

approach of separation between excitation and detection beam paths was used in

the lateral excitation and axial detection configuration.
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4.5 Combined Experimental Setup

Figure 4.5: Schematic illustration of the complete setup configuration used for (a)
above-band and (b) resonance fluorescence experiments on quantum
dot-mircopillars. Elements are not to scale. 59
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5 Directional Light-Matter Interaction

Effects in Micropillar Cavities

The exploration of single emitter cQED effects in semiconductor microcavities has

attracted substantial interest in the past 20 years [Gér98, Pel02, Vah03, Kav07,

Rei10b]. The overwhelming majority of these investigations, such as the first ob-

servation of strong coupling [Rei04, Yos04] or lasing [Rei06a, Sri06, Ulr07], were

performed using a single excitation and detection axis. By employing the direc-

tional detection scheme introduced in Sec. 4.3, these effects can be reexamined with

respect to their three-dimensional characteristics. Even after almost two decades of

research important questions still remain to be answered, some of which are explored

in this chapter. The main goal of this chapter is to characterize how the microcavity

geometry affects the directional emission of QD-micropillars in the regime of weak

and strong light-matter coupling. Additionally, the influence of phonons and the

number of mutual coupling emitters on the coherent light-matter interaction effects

in QD-microcavities is discussed. It is worth pointing out that above-mentioned

examples as well as the investigations presented in this chapter employ above-band

excitation that is experimentally more accessible compared to (quasi-) resonant ex-

citation schemes discussed in sections 4.2 and chapter 6.

This chapter is grouped into two sections focusing on weak (Sec. 5.1) and strong

(Sec. 5.2) light-matter interaction effects. Section 5.1 discusses experiments in the

weak coupling regime with respect to emission detected in the lateral and axial mi-

cropillar directions. Sub-sections 5.1.1 and 5.1.2 explore the directionality of cavity

losses as well as QD-micropillar lasing, respectively. Moving on from collective QD

effects to light-matter interaction between single QDs and micropillar modes, the

directional Purcell effect (Sec. 5.1.3) and correlations between different emission

directions (Sec. 5.1.4) of single QD excitons are investigated.
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The basic characterization methods of strong coupling between single QD excitons

(QD Xs) and fundamental cavity modes (C) is presented in sub-section 5.2.1. Con-

trasting the directional Purcell effect observed in weak coupling, the emission di-

rectionality of the strongly coupled X-C system is explored in Sec. 5.2.2. Section

5.2.3 discusses the temperature dependent influence of phonons on the vacuum Rabi

splitting (VRS), while simultaneous coupling of multiple QD Xs to a single cavity

mode is studied in Sec. 5.2.4. All experiments of this chapter are based on sample A.

The main results of sections 5.1.1 - 5.1.2 as well as 5.2.2 have been published in

reference [Mus15]. While those of the temperature dependent renormalization of the

VRS due to interaction with phonons (Sec. 5.2.3) have been published as reference

[Hop15a].

5.1 Weak Coupling

Weak coupling effects in QD-micropillar cavities such as the Purcell enhancement

(cf. Sec. 2.4.1) and high-β lasing (cf. Sec. 2.5) have been studied extensively in a

excitation/detection geometry normal to the sample surface, i.e. in axial micropillar

direction. In these experiments predominantly the cavity mode emission of the QD-

micropillars is detected and information about emission into leaky modes can only be

obtained indirectly. Using the advanced 90◦ excitation/detection scheme, introduced

in Sec. 4.3, it is possible to directly monitor the emission of the QD excitonic transi-

tions into leaky modes, thereby gaining insight into the three-dimensional emission

characteristics, cf. Sec. 2.4.2. This insight is especially useful since in applications

such as single photon sources as well as micro- and nanolasers, for which emission

into leaky modes should be suppressed in order to optimize device performance.

The results of the weak-coupling experiments presented in this section are organized

as follows. In sub-section 5.1.1 emission into the leaky modes is studied as a function

of micropillar diameter and compared to finite-element simulations performed in the

spatial domain. 5.1.2 introduces the axial to lateral intensity ratio as a measure of

directionality and investigates the lasing threshold in high-β QD-micropillar cavi-

ties. The directional Purcell effect is studied as a function of detuning between QD

X and C (∆X−C) in sub-section 5.1.3. Photon statistics of emission of a single X
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Figure 5.1: Exemplary µPL spectra of laterally-excited QD-micropillar cavities de-
tected in axial (a,b) and lateral (c,d) direction. The spectra are shown
for two excitation powers: ”high excitation” (red), which corresponds
to the QD exciton (QD X) saturation power Psat on the order of 100
nW , and ”low excitation” (black) at about Psat/2. The pillar diameters
for (a,c) and for (b,d) are 2 and 4 µm, respectively.

coupled to both leaky and cavity modes is explored using auto- and cross-correlation

spectroscopy in sub-section 5.1.4.

5.1.1 Directional Losses

In order to enable a quantitative assessment of the lateral losses in micropillar cav-

ities, the 90◦ excitation/detection scheme, described in Sec. 4.3, is employed. An

above-band excitation laser emitting at 532 nm is used in the lateral excitation

configuration while the fluorescence signal is recorded in both axial and lateral di-

rections simultaneously. Exemplary spectra are shown in Fig. 5.1(a,c) and (b,d) for

a 2.0 and a 4.0 µm diameter (dC) pillar, respectively. Spectra depicted in (a,b) cor-

respond to axial and (c,d) relate to lateral detection. For each configuration shown

in Fig. 5.1(a-d) two spectral traces are shown. The spectra depicted as black solid
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5 Directional Light-Matter Interaction Effects in Micropillar Cavities

lines were recorded at about half the QD X saturation pump power (Psat), while red

ones correspond to a pump power of Psat
1. The spectral traces associated with the

axial direction show a prominent mode spectrum of the fundamental cavity mode C,

as well as higher order radial modes at higher energies. The radial mode spectrum,

discussed in Sec. 2.1.1, is dependent on the micropillar size, the energetic split-

ting between the modes therefore increases for pillars of smaller diameter. Emission

from QD transitions off-resonant to the cavity modes in axial direction is suppressed

by the low mode density in the spectral range of the DBR cavity stopband. The

contrary is true for spectra detected in lateral direction of (c) and (d) where the

QD emission lines are very well visible since there is no suppression by the cavity

stopband. From the spatial QD density of about 1 × 1010 cm−2 of sample A it

can be estimated that ensembles of about 125 and 500 QDs, distributed according

to the inhomogeneous broadening, are present in the active region of the 2 and 4

µm diameter micropillar cavities, respectively. Emission from these QDs constitute

the large background visible in the lateral emission spectra. Mode intensities in

the lateral emission spectra on the other hand are greatly reduced compared to the

axial direction, which is especially true for pillars of 4.0 µm diameter. This can be

explained by the fact that the modes of the micropillar cavity are confined in the

axial direction of the pillar and that the scattering of the modes in lateral direction

is proportional to the electric field amplitude at the edge of the pillar, given by

∝ |J0(kC ,dC/2)| for C. Section 2.4.2 discusses the principle lateral loss mechanisms

present in micropillar cavities. Since the scattering increases with decreasing dC ,

the cavity linewidth κ increases and the Q-factor decreases. Similar conclusions

have been derived indirectly from previous dC-dependent reflection measurements

in axial direction [Riv99].

1 Psat is determined for each QD-micropillar individually and depends on dC (i.e. number of
present QDs). Typical values are in the range of 50 to 200 nW .
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5.1 Weak Coupling

Figure 5.2: (a) Normalized experimental (black dots, IC→L/QD) and simulated
(brown trace, ΓL) lateral (L) cavity mode (C) losses (C→ L) as a
function of micropillar diameter dc. The simulated trace was obtained
by a finite element method (FEM) Maxwell equation solver [Bur08].
(b) Cavity Q-factor determined by µPL in axial (black dots) and lateral
(red dots) detection as well as by results of FEM simulations (brown
trace) are shown as a function of dc. Error bars correspond to statistical
errors, systematic errors are not considered. FEM simulation results
are provided by T. Heindel, TU Berlin.

To systematically study the diameter dependence of lateral losses, the emission of

micropillars, with diameters in the range of 1.7 to 4.0 µm, is evaluated. For a quan-

titative comparison, the lateral losses of various cavities are recorded at a pump

power equivalent to the average Psat of the QDs in a given micropillar. The lateral

losses are determined through the integrated mode intensity normalized by the in-

tegrated intensities of QD transitions over a fixed spectral range (see below). Both
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the mode intensity as well as the integrated QD transition intensities are determined

for lateral emission spectra. The spectral range for integrating the mode intensity

was determined by the respective κ derived from axial emission spectra through

fitting of the cavity mode emission. The range of integration for the QD transitions

remained fixed at 1 meV on the low energy side of the cavity mode. The result-

ing values provide a rather precise measure of the diameter-dependent lateral cavity

losses. The normalization of the integrated intensities is necessary since the absolute

values depend sensitively on the alignment of the detection optics. By choosing an

excitation power equal to the QD X saturation it is ensured that the microscopic

excitation density of the active region for each pillar is equivalent.

The mean normalized lateral cavity losses determined for 35 cavities (5 per diame-

ter, 10 for dC = 2.0 µm) in the diameter range of 1.7 to 4.0 µm are shown in Fig.

5.2(a) (black dots). The uncertainties indicated by the error bars correspond to the

statistical errors for each nominal diameter and are derived from the measurement

statistics and, therefore, do not include systematic errors. Since the normalization

procedure effectively suppresses the influence of the optical alignment, it can be con-

cluded that differences between the individual micropillar systems is the main reason

for the pillar to pillar deviation. The reason for these deviations is primarily related

to technology related imperfections, such as sidewall defects. Most of these pillar to

pillar variations can be monitored using the fundamental mode Q-factor determined

by fitting of the emission spectra. The mean Q-factors, corresponding to the lateral

losses plotted in Fig. 5.2(a), are depicted in Fig. 5.2(b). The determined axial

(black dots) and lateral (red dots) Q-factors are similar in both detection directions

for pillar diameters below dC . 3 µm. For larger diameters the detected lateral

signal of the cavity cannot be separated well enough from the QD background. The

interpretation of the lateral losses of Fig. 5.2(a) is supported by the decreasing trend

of the observed Q-factors towards lower dC .

In order to obtain better insight into the loss and scattering mechanisms of mi-

cropillar cavities, numerical simulations are performed using a finite element method

Maxwell-equation solver, JCMsuite by JCMwave [Bur08]. Details are given in ap-

pendix A. The micropillar cavities are modeled in a 2D rotational symmetric setup

using finite elements of third degree and three iterative refinements of the spatial
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discretization mesh without any structural imperfections. The cavity and DBR layer

thicknesses are modeled according to the values given in Tab. 3.1, the finite etch-

ing depth of the lower DBR mirror is taken into account. Based on SEM pictures,

10 unetched mirror pairs are assumed. By solving the eigenvalue problem of the

time-harmonic Maxwell equations, the micropillar fundamental cavity mode is de-

termined. Details of this method are discussed in [Kar09]. The relation of the total

cavity loss rate κ(dC) = 2 Im(EC)/Re(EC) ∝ Q−1, where EC is the complex funda-

mental mode eigenenergy, is used to determine the intrinsic lateral loss rate ΓL by

assuming that κ(dC) = ΓC + ΓL can be separated into the axial and lateral cavity

photon loss rates, respectively. ΓC is assumed to be equal to the loss rate of a 2D-

DBR mirror cavity ΓC w κ2D = κ(dC → ∞), which can be calculated as shown in

Sec. 2.1.1. The theoretical lateral loss rate ΓL is therefore given by ΓL = κ(dC)−κ2D.

Figure 5.2(a, b) presents the calculated lateral loss rates and cavity Q-factors as a

function of micropillar diameter as solid brown lines, shown as an overlay together

with the experimental data. ΓL increases as expected towards smaller diameters.

The axes of experiment and theory are scaled in a way that the experimental data

points correspond to the simulated trace. Even though the simulation only con-

siders bending losses, the increase of the lateral losses towards smaller diameters

is qualitatively very similar in both simulation and experiment. Thereby it can be

inferred that both bending losses and losses due to sidewall scattering have the same

diameter dependence1 as predicted by [Riv99]. The increasing trend of the Q-factor

towards larger diameters and a saturation for dC > 3 µm is qualitatively equiva-

lent for both experimental and simulated results. The quantitative offset between

the latter can by understood by taking the highly idealized parameters, i.e. perfect

layer dimensions, surfaces, etc. as well as the lack of absorption, of the simulation

into account. Besides the general trend of increasing lateral losses and diminishing

Q-factors towards smaller dC , both ΓL as well as the Q-factor traces show seemingly

random oscillations. These Q-factor oscillations have been reported before [Rei09a]

and are attributed to the impedance mismatch between the guided mode of the

central cavity layer and the Bloch modes of the upper and lower DBR mirrors. This

effect explains the observed variation of the mean experimental loss rates of pillars

in the range of 1.7 to 2.0 µm as indicated by the theoretical overlay. Enabled by

1 Determined by the cavity field strength at the lateral cavity-air interface.
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the unique experimental approach of lateral detection developed in the framework

of this thesis it is possible to verify the direct correlation between the Q-factor and

lateral losses of QD-micropillar cavities. This can be exploited in order to revisit

known cQED effects of micropillar structures and to explore their three-dimensional

characteristics, as is done in the following three sub-sections.

5.1.2 Emission Directionality in the Lasing Regime

In this section the channels of lateral and axial emission corresponding to the

recorded intensity of cavity and leaky modes are used to investigate the transition

from spontaneous to stimulated emission in high-β microlasers. Generally, because

of the diminishing threshold non-linearity in high β-factor microlasers (cf. Sec 2.5),

it is quite difficult to determine the lasing threshold from the input-output curves

alone. One approach to circumvent this problem employs the change of the photon

statistics reflected in the g(2)(τ)-function, cf. Eq. (2.20), as a function of pump

power [Ulr07, Alb11]. This is, however, problematic since photon coincidence mea-

surements need long integration times, especially for low detection powers as the

integration time scales with I−2 in a HBT-configuration, refer also to Sec. 4.4. In

this section, an alternative evaluation method is proposed. It employs the integrated

emission intensity ratio between cavity and lossy modes

r(P ) =
IC(P )

IL(P )
. (5.1)

The principle advantage of this figure of merit is that by monitoring both emission

channels it is possible to infer the threshold power Pth as well as the β-factor directly

from the input-output curve by using the increased funneling of the emission into

the cavity mode as a signature of stimulated emission. The β-factor measures the

fraction of spontaneous emission into the cavity mode. Stimulated emission pro-

cesses on the other hand can only arise from photons already present in the cavity

mode, thereby enhancing the fraction of total emission into the cavity mode - this

is the funneling effect of stimulated emission. It may be investigated by mapping

the emission intensity ratio r as a function of the excitation power. The intensities

of both emission channels of a 2 µm diameter micropillar cavity are plotted in Fig.

5.3(a) using double-logarithmic scales. IC and IL are normalized in a way that for
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Figure 5.3: Excitation power (P )-dependent investigations of the directional µPL
emission intensity (a) and the axial/lateral intensity ratio r (b) of a
QD-micropillar with parameters dc = 2.0 µm, Q = 15000 and T = 10
K. The emission intensity in (a) is shown for both axial and lateral
detection directions. Corresponding experimental values (open squares
and circles) and theory traces for β-factors of 0.10, 0.33, 0.57 and 0.76
(solid and dashed lines) are overlaid. The threshold power Pth, signaled
by the nonlinear increase of the intensity due to the onset of stimulated
emission in both (a) and (b), is determined to be equal to 100 µW
measured outside the cryostat. Experimental traces of (a) and (b)
are reproduced well by theoretical curves assuming a β-factor of 0.33
(red traces), further parameters are: g = κ = 0.15/ps, Γr,0 = 1/ps,
Γ′r = 18/ps, ΓL

κ = 19% and Γsp = ΓsL = ΓpL = 0.150/ps (see text for
details). The influence of the β-factor is especially pronounced when
the intensity ratio r (b) is considered, indicating that this figure of
merit is very suitable to determine the Pth as well as the β-factor when
investigating high-β microlasers. Theoretical calculations are provided
by C. Gies, University of Bremen.
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low powers P → 0, i.e. in the regime of spontaneous emission, the intensities of

both emission channels are equal. The normalization is necessary since the abso-

lute detection intensities cannot be directly compared, i.e. in lateral direction the

fraction of captured light is much lower than in axial direction. Another reason

for the normalization is the finite amount of scattered light from the fundamental

cavity mode into the lateral direction, as discussed in Sec. 5.1.3. Both curves show

the typical emission characteristic of a high-β microlaser, as seen by the s-shaped

input-output curve [Bjö94, Ulr07]. On close inspection one can observe that IL does

not increase as strongly after the onset of stimulated emission as IC does, which can

be attributed to the described funneling effect of stimulated emission into the lasing

mode. The threshold pump power Pth of ≈ 100 µW , measured outside the cryostat,

is determined by fitting the input-output characteristic according to equation (2.38).

The difference between the IC and IL curves becomes more apparent when the in-

tensity ratio r(P ) is considered as shown in Fig. 5.3(b). The ratio increases from the

baseline of 1 below Pth and saturates at a factor of about 1.8 at a power of approx.

4Pth. Beyond saturation of r(P ) a slight decrease is observed. This effect can be

attributed to the well-known excitation-induced dephasing of QDs at high excitation

conditions [Lor06]. The scattering efficiency of the QD states and the corresponding

dephasing is increased due to higher carrier density in the continuum of states of the

bulk material, which enables an increasing number of scattering processes, as more

states become available into which the carriers can scatter.

The interpretation of the experimental results is supported by theoretical calcula-

tions within a microscopic laser model provided by C. Gies of the University of

Bremen. This model uses an ensemble of N identical multilevel1 QDs emitting into

a high-Q lasing mode which is described by a Jaynes-Cummings-like dipole Hamil-

tonian

HD = g(b† + b)Ds , (5.2)

coupling the dipole moments Ds = X†s +Xs of N QD Xs to creation (annihilation)

operators b†(b) of the cavity mode with the X-C coupling strength g. Emission into

non-lasing lateral modes is taken into account by coupling the emitter to the contin-

1 Both s- and p-shells of QD confined electrons and holes are modeled.
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uum of free-space modes at rate ΓL via the Lindblad formalism, which ensures the

consistent reproduction of the s-shaped high-β input-output curves. The theoretical

model used is described in detail in [Gie07, Mus15], while consistent inclusion of

scattering and dephasing processes are detailed in [Lor06, Flo13].

In order to relate the calculations to the experiment, the axial and lateral emission

rates are extracted by IC = ΓC〈b†b〉 and IL = ΓsLfs + ΓpLfp + ΓL
κ ΓC〈b†b〉. The popu-

lation factors f are obtained by summing over all carrier configurations in the QDs

that allow for s- and p-shell transitions. The last term accounts for the coupling of

a percentage ΓL
κ of scattered light from the axial mode into the lateral detection.

Similarly to the experiment, the intensities, more precisely the axial and lateral cav-

ity loss rates ΓC and ΓL, respectively, are normalized in a way that they are equal

for P → 0. Calculated input-output curves for IC , IL and r are overlaid in Fig. 5.3

for different β-factors. Interestingly, it turns out that the shape of the r(P ) curve is

sensitively dependent on the β-factor, indicating this quantity is well suited for the

determination of the β-factor in microcavities. Best agreement with the experimen-

tal data is achieved for β = 0.33 and ΓL
κ = 0.19.

The saturation of r(P ) above threshold is introduced into the theoretical model

by assuming pump-dependent increase of the scattering rates modeled by Γr(P ) =

Γr,0(P = 0) +P 2Γ′r. This effect makes the definition of the β-factors of microcavity

lasers conceptually difficult. The reason is that spontaneous emission rate into the

lasing mode

ΓSP,C =
2|g|2

κ+
∑

i Γi
(5.3)

depends explicitly on all scattering and dephasing processes, denoted as the sum of

Γi. A meaningful definition is nevertheless possible in the limit of negligible carrier

scattering, which is given for small pump powers (P → 0) where the dominant

dephasing process of the QD gain is photon emission. In this limit the spontaneous

emission rate into the cavity becomes

ΓSP,C
P→0' 2|g|2

κ+ ΓL
, (5.4)

which leads to an alternative definition of the effective β-factor
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βeff =
ΓSP,C

ΓSP,C + ΓSP,L
(5.5)

in microlasers with the spontaneous emission rate into lossy modes being:

ΓSP,L
P→0'

2|
∑
gi,L|2

κ+ ΓL
. (5.6)

The sum over all coupling constants between exciton and leaky modes i is given by∑
gi,L. Using

βeff =
ΓSP,C/ΓSP,L

ΓSP,C/ΓSP,L + 1
(5.7)

and the relation β = FP
FP+1 , the effective Purcell factor of a QD-microcavity laser

can be defined as:

F eff
p =

ΓSP,C

ΓSP,L
(5.8)

P→0' |g|2

|
∑
gi,L|2

. (5.9)

The introduced terminology of βeff by Eq. (5.7) and F eff
p by Eq. (5.8) for single

mode microlasers refine the basic textbook definition of these quantities by gener-

alizing them to include pump strength dependences due to effects such as carrier

induced scattering. Equation (5.9) denotes F eff
p in the weak excitation limit. The

intensity ratio r(P ) in conjunction with theoretical calculations is suitable for the

determination of the lasing threshold Pth as well as of the β(P )- and Fp(P )-factors

for high-β microlasers. This is especially important as these values are difficult to

determine using conventional methods, which makes the synchronous axial and lat-

eral detection method very valuable tool in the ultimate quest of investigation of a

single-QD nanolaser [Nod06].

5.1.3 Single Exciton Directional Purcell Effect

Moving on from the observation of lateral losses of multiple QDs, in this sub-section

the investigation of a single QD X in the weak coupling regime with respect to
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Figure 5.4: Investigation of a weakly-coupled, laterally-excited (532 nm) QD-
micropillar system using axial (a) and lateral (b) detection as a func-
tion of QD exciton (X) and fundamental cavity mode (C) detuning
∆X−C. Control over the detuning is achieved by using the different
temperature dispersions of X and C, also detailed in Sec. 2.2.1. The
X and C traces are fitted and QD emission intensities IC(∆X−C) and
IL(∆X−C) are extracted. IL(∆X−C) is corrected for stray-light (see
text) so that the stray-light corrected lateral QD emission intensity
δIL(∆X−C) is obtained. The experimental IC(∆X−C) and δIL(∆X−C)
traces (c) show a pronounced anticorrelation and are fitted according
to Eq. (5.11) and (5.12), which yields Purcell factors of FP,C = 6.7±0.7
(black trace) and FP,L = 8.1± 2.1 (red trace), respectively.
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its directional emission is presented. Since a single QD exciton can only emit one

photon at a time, a pronounced anticorrelation is expected between the lateral and

axial emission channels. This characteristic of a single emitter to emit either into

the cavity (β) or into leaky (1 − β) modes in the weak coupling regime is given

by the X-C detuning (∆X−C) dependent β-factor β(∆X−C) =
Fp(∆X−C)
Fp(∆X−C)+1 . The Fp

dependence on ∆X−C can be modeled as a Lorentzian for excitation powers far below

the QD X saturation [Gay08]:

Fp(∆X−C) ∝ Fp(0)(κ/2)2/[(κ/2)2 + ∆2
X−C]. (5.10)

In order to investigate the directional emission channels experimentally, the spectral

emission in both the cavity IC and the leaky modes IL is recorded as a function

of detuning in a axial and lateral directions, respectively. The intensity of QD X

emission into the cavity mode as a function of ∆X−C is therefore

IX→C ∝ β(∆X−C) =
FP (∆X−C)

FP (∆X−C) + 1
, (5.11)

while emission into the leaky modes is given by

IX→L ∝ 1− β(∆X−C) = 1− FP (∆X−C)

FP (∆X−C) + 1
. (5.12)

Spectral detuning between X and C is achieved experimentally by changing the sam-

ple temperature T , enabled by a PID-controlled electrical heater inside the cryostat.

The origin of the different temperature dispersions of X and C is outlined in Sec.

2.2.1. In Fig. 5.4(a) and (b) the spectral emission of a weakly coupled, laterally

excited QD X-C system at pump power of about 0.1Psat is plotted versus the X-

C detuning and temperature for lateral and axial emission channels, respectively.

In accordance with the discussion in Sec. 5.1.1 the cavity mode emission intensity

is stronger in lateral (a) than in axial (b) direction while the opposite is true for

the X emission intensity. At the resonance temperature of about 19.2 K, where

∆X−C = 0, the combined (IX +IC) spectral intensity in (a) is significantly enhanced

compared to the off-resonant case. In (b), where the combined emission is expected

to decrease, counterintuitively, the emission remains almost constant. In order to

understand the latter one has to consider that in lateral detection not only the leaky

modes but also scattering of the cavity mode is observed. The fraction of scattered

cavity light is in principle only dependent on the geometry of the micropillar cav-
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ity, i.e. through pillar diameter, as well as surface defects and can therefore be

assumed to be temperate independent, even though IC is not. In order to subtract

the laterally scattered emission of the cavity mode, the intensity ratio between ax-

ial and lateral cavity mode signal is determined far (0.3meV ) off resonance. This

intensity ratio scales with the cavity intensity determined in axial direction and

is subsequently subtracted from the integrated lateral emission intensity obtained

through fitting. The normalized and stray-light corrected QD X integrated emission

intensities observed in axial and lateral direction are plotted in Fig. 5.4(c). The

resonant (maximal) Purcell factor is determined for the axial F res
p,C and lateral F res

p,L

emission channels independently by fitting the axial (black squares) and lateral (red

circles) intensity traces by Eq. (5.11) and (5.12), respectively. The fits have only

one independent parameter, namely the resonant Purcell factor F res
p,i , i = {C,L}.

The resulting values of F res
p,C = 6.7 ± 0.7 and F res

p,L = 8.1 ± 2.1 agree well with each

other within their statistical errors. This nicely illustrates the advantage of using

the directional emission characteristics of QD X in microcavities, as it enables an

alternative and accurate measurement of the Purcell effect of a single emitter.

It is worth pointing out that the maximal (theoretical) Purcell factor expected for

the microcavity structures of this mode volume and Q-factor (refer also to Sec.

2.4.1) is about 60. This value is almost one order of magnitude larger than the

experimentally observed one. Besides the argument that the maximal Purcell fac-

tor is overestimated due to the fact that the description of Fp breaks down at the

onset of strong coupling1, refer to Sec. 5.2 and [Khi06], also other physical effects

lowering F res
p need to be taken into account. Among the possible effects reducing

the observable Purcell factor are the spatial mismatch of the QD with the maximum

of the cavity field located in the pillar center (Fp ∝
|EC(rQD>0)|
EC,max(r0=0) < 1). Addition-

ally, it has been reported that the polarization axes of the employed QD Xs are

primarily oriented along the [1-10] and [110] crystal directions [Mus14], while the

deformation of the micropillar cross-section and therefore the preferred cavity polar-

ization axes are preferentially aligned with the [100] and [010] directions [Rei07]. As

a consequence, the QD X and C polarization axes are misaligned by 45◦ on average,

which reduces the coupling efficiency and therefore the achievable Fp by a factor of 2.

1 Sample A was used for this particular experiment. It shows strong coupling with
approximately 50 % of the QD Xs, thereby indicating that coupling strength g of the
observed weak coupling is close to the regime of strong coupling, i.e. g . κ/4.

75



5 Directional Light-Matter Interaction Effects in Micropillar Cavities

In conclusion, the specialized lateral and axial detection setup enables the observa-

tion of the directional Purcell effect and improves the accuracy of the experimental

determination of the Purcell factor significantly. The lateral and axial emission of

a single QD is strongly anticorrelated and modified via the β-factor. The same ex-

periment but with a single QD X in strong coupling with C, which yields drastically

different results, is investigated in section 5.2.2. Before that, directional auto- and

cross-correlation spectroscopic experiments employing a single off-resonant QD X

are presented in Sec. 5.1.4.

5.1.4 Directional Single Exciton Photon Statistics

In this section, experiments using correlation spectroscopy between axial and lateral

emission channels on an off-resonant QD X of sample A are presented. As demon-

strated in Sec. 5.1.3, the lateral and axial emission intensity of a QD-micropillar

cavity is strongly anticorrelated. An open question is, however, if this is also true on

a single photon level. If the latter is confirmed, it could be very attractive for appli-

cations such as the heralded single photon source proposed theoretically in [Kuh16],

which utilizes the anticorrelated emission channels in conjunction with the QD

exciton-biexciton cascade. The realization of such an advanced single photon source

could prove very beneficial for quantum communication devices [Bri12, Col13].

Figure 5.5(a) depicts the axial (a.1) and lateral (a.2) emission spectra when excited

using above-band excitation with a pump power of about 10% of the lateral QD X

saturation power Psat of 100 nW on a 2 µm diameter pillar. As discussed in Sec.

5.1.1 the mode emission dominates in axial emission, while in lateral direction it

is strongly suppressed. QD emission lines on the other hand are more pronounced

in lateral direction. Note that the collected emission signal of individual QDs may

depend drastically on the detection direction because of the rather narrow angular

emission (NA = 0.4) that is collected in the lateral isotropic emission plane. The

actual QD position inside the micropillar, i.e. whether the QD is located close to the

micropillar edge and in the lateral detection direction, therefore greatly influences

how much light is detected from its optical transitions in the lateral direction.
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5.1 Weak Coupling

Figure 5.5: (a) µPL spectra detected in axial (a.1) and lateral (a.2) direction of a
2.0 µm diameter QD-micropillar using above-band excitation in axial
and lateral directions, respectively. The excitation power measured
outside of the cryostat equals to about 10nW , which is approximately
10% of the lateral QD saturation power. (b) Scaled coincidences as a
function of delay τ of the axial (IC) (b.1) and lateral (IL) (b.2) emission
autocorrelation as well as the cross-correlation (b.3) experiments. The
coincidences are presented with a temporal bin width of 128 ps. Fits are
shown as overlays, for details refer to the text. Experimental conditions
and fit results are summarized in Tab. 5.1. (c) Illustration of the
use of the QD-micropillar directional emission channels of the cavity
mode as a single photon source (SPS), it thereby replaces the beam
splitter employed in a conventional HBT setup, refer to Fig. 4.4(a) for
comparison.
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Directional emission correlation spectroscopy is performed on an off-resonant QD

X. The reasons for not investigating a resonant X-C system (as in Sec. 5.1.3) are

as follows. Firstly, the sample has a moderate QD density which together with the

spectral cavity funneling effect1 drastically reduces the single-photon character of

the mode emission, refer to Sec. 6.2 and [Ate09b]. Secondly, due to the Purcell

enhancement in axial and suppression in lateral direction, signal levels IC and IL of

the QD X emission on resonance are very different, cf. Fig. 5.4(c) for ∆X−C → 0.

Since correlation measurements are limited by the channel of lower intensity, i.e.

the integration time is proportional to Min(IC ,IL)−2, on-resonant measurements

are impractical. Intensity correlation spectroscopy experiments performed on an

off-resonant QD X, ∆X−C ≈ 2 meV as indicated in Fig. 5.5(a), using a HBT setup

are presented in Fig. 5.5(b). Panels (b.1) and (b.2) represent autocorrelation exper-

iments performed in axial and lateral emission directions, respectively, while panel

(b.3) shows the result of a cross-correlation experiment between emission in perpen-

dicular directions with a temporal binning of 128 ps. All correlation experiments are

performed using an excitation power of about 0.1Psat. Fitting is performed using the

equations (2.23) and (2.24) for the auto- and cross-correlation traces, respectively.

In order to consider the finite temporal detector resolution of about δt = 0.53 ns

the equations are convoluted with a Gaussian of FWHM of δt before fitting. The

resulting convoluted (g
(2)
conv(τ), solid red lines) and deconvoluted (g

(2)
deconv(τ), dashed

green lines) traces of the second order correlation function are shown in Fig. 5.5(b)

as overlays. The parameters determined from the fits as well as the experimental

conditions are summarized in table 5.1. The fitting parameters are g
(2)
deconv(0) and

mean time delay τX between two emission events of the QD X (into the respective

detection channel). The convoluted g
(2)
conv(0) value is determined numerically using

the fitted curve.

Both autocorrelation traces show clear antibunching with g
(2)
deconv(0)-values of about

0.35, which are smaller than 0.5 (cf. Sec. 2.3) and therefore prove the single photon

emission character of the investigated QD X. The determined QD X lifetime τX is

about 1.5 ns which is about a factor of 3.3 larger than expected for these type of

QD Xs of about 350 ps in a 3D homogeneous medium [Rei09b, Syp13]. It can there-

1 Emission from off-resonant QDs is funneled into the cavity mode via cavity-assisted emission
and significant off-resonant X-C interactions.
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excitation pump power detection g
(2)
deconv(0) g

(2)
conv(0) τC→LX /ns τL→CX /ns

axial 4.86 µW axial IC 0.288+0.024
−0.024 0.542 1.674+0.084

−0.082

lateral 2.97 nW lateral IL 0.393+0.071
−0.068 0.640 1.38+0.23

−0.22

lateral 5.93 nW IC and IL 0.365+0.043
−0.041 0.422 4.91+0.79

−0.74 4.92+0.79
−0.74

Table 5.1: Summary of experimental conditions and results of the directional in-
tensity correlation experiments presented in Fig. 5.5(b). Excitation
powers, as measured outside the cryostat, correspond to about 10% of
the lateral quantum dot exciton (QD X) saturation power of about 100
nW , which is dependent on excitation direction and setup alignment.
Axial and lateral detection channels are denoted by C (cavity mode)
and L (leaky modes). Details of the fitting procedure are given in the
text. Errors of the determined parameters are statistical, systematic
errors are not considered.

fore be concluded that the increased QD X lifetime is a result of the suppression of

the spontaneous emission process due to reduced mode density in the microcavity

stopband, i.e. Fp(∆X−C ≈ 2meV )/Fp(∆X−C = 0) ≈ 0.2 < 1. Similar results have

been reported in [Gra99, Eng05, Ulh10]. The cross-correlation experiment (b.3) also

exhibits antibunching behavior similar to the results of autocorrelation experiments.

In contrast to the autocorrelation traces, however, the cross-correlation is in prin-

ciple asymmetric around τ = 0, cf. Sec. 2.3. In fact, the left (τ < 0) and right

(τ > 0) sides of the trace correspond to time ordered coincidences of IL → IC and

IC → IL and therefore to the correlation timescales of τL→CX and τC→LX , respectively.

In cross-correlation experiments the τL→CX and τC→LX do not directly correspond to

the single emitter lifetime of the autocorrelation experiments for non-Markovian

processes. The results shown in Tab. 5.1 indicate however that the X correlation

timescales of the time ordered coincidences τL→CX ' τC→LX ≈ 4.9 ns are equivalent

in the performed experiment. Interestingly, the X correlation time determined in

cross-correlation is significantly larger, by a factor of about 3.3, than its counterparts

in the autocorrelation experiments. The most likely explanation for this behavior

is that the there is a switching between the emission channels on a timescale longer

than the exciton lifetime, this implies that τL↔CX observed in the cross-correlation

experiment is the switching time between the emission channels and not the X

lifetime. This readily explains why this larger timescale would not be observable

79



5 Directional Light-Matter Interaction Effects in Micropillar Cavities

in the autocorrelation experiments. The implications of this observation would be

quite significant. The emission channel switching indicates a form of bistable sys-

tem which switches in-between its optically active states through quantum noise, as

provided by the QD X occupation [Dru80, Gar04]. In order for a two level system

to exhibit bistability, some form of memory, i.e. non-Markovian, process needs to

be present. Exploring the microscopic origin of this non-Markovian process in the

QD-micropillar cavity system is beyond the scope of this work.

It is noteworthy that in the cross-correlation experiment the QD-microcavity is ef-

fectively used in the same way as the beam splitter in the HBT setup. Since no

beam splitter is needed, the directional cross-correlation of a single QD X is more

efficient by a factor of 22 = 41 than autocorrelation experiments detected in a single

emission direction. The use of the QD-micropillar cavity as an on-chip beam splitter

is illustrated in Fig. 5.5(c).

The directional correlation experiments confirm the observed anticorrelation be-

tween the emission channels first discussed in Sec. 5.1.3 on a single photon level.

It is shown that the QD-micropillar cavity emission channels can be used as an

on-chip beam splitter, which replaces the one in the HBT-setup in autocorrelation

experiments, for characterizing single photons emitted by a single QD X. With some

certainty, bistability of the emission direction of a single QD X, hinting to a non-

Markovian process in the X-C system, has been observed. The microscopic origin

of the latter may be a topic of future explorations. Further investigations could

also involve using the exciton-biexciton cascade of a single QD in a micropillar as

a heralded single photon source, as theoretically proposed in [Kuh16]. The basic

idea of this proposal is that the QD X is resonant with the cavity mode and emits

in axial direction, while the XX is off-resonant and therefore emits predominately

in lateral direction. In this configuration a photon detected from the XX in lateral

direction would announce the photon emission in axial direction of the X. Heralded

single photons are potentially very beneficial for building blocks of quantum com-

munication systems such as spatial multiplexing [Col13] and background free [Bri12]

single photon sources.

1 Assuming all lateral emission can by detected. This could be realized by using deformed
micropillar cross-sections, i.e. by the Limaçon geometry [Alb12], which enable directional
in-plane emission.

80



5.2 Strong Coupling

5.2 Strong Coupling

In strongly interacting light-matter semiconductor systems polaritonic quasi parti-

cles are formed, which exhibit the combined properties of light and matter. Semi-

classical microcavity systems, with quantum wells as the optically active medium,

were used to create 2D-polaritons [Wei92, Kav03], which feature very low effective

masses and enable Bose-Einstein condensation [Den02, Kas06, Bal07] and even las-

ing from these condensates [Ima96, Sch13] with the promise of room-temperature

operation [Chr07, Tsi08]. In the quantum regime localized (0D-) polaritonic states,

introduced in section 2.4, have been observed in microcavities with embedded QDs

[Rei04, Yos04]. Detailed investigations of effects related to QD X-C polaritons are of

great interest for the fundamental understanding of the properties of these particles.

Even though many basic properties of these particles have already been established

in recent years, effects such as the emission directionality [Ota15, Mus15], the in-

fluence of phonons [Hop15a] as well as simultaneous coupling of multiple QD Xs

to a cavity mode are still open questions of strong light-matter interaction in QD-

microcavities. Exploration of the fundamental properties of these effects, which is

the primary goal of this chapter, would give more comprehensive insight and might

reveal new interesting effects which could be exploited in future applications.

At first, the basic parameters of strongly coupled X-C systems are investigated ex-

emplary in sub-section 5.2.1. Subsequently, the directional emission properties of

these systems are studied in sub-section 5.2.2. In sub-section 5.2.3 the VRS is exam-

ined experimentally as a function of the resonance temperature and is compared to

theoretical calculations involving phonon induced dephasing. Finally, the individ-

ual versus simultaneous coupling of two single QD Xs is explored in sub-section 5.2.4.

Results of sub-section 5.2.2 and 5.2.3 were published in references [Mus15] and

[Hop15a], respectively. Experimental studies in the strong coupling regime using

above-band excitation are performed on 1.8 or 2.0 µm diameter QD-micropillar

cavities of sample A.
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Figure 5.6: Case study of a strongly coupled QD exciton (X) and fundamental
cavity mode (C) using temperature controlled energetic X-C detun-
ing ∆X−C. (a) Spectral intensity map as a function of temperature
(∆X−C). The energy dispersions of the upper and lower polariton
branches extracted from the global fit using the model developed by
Laussy et. al. [Lau08] are shown as an overlay. The degree of X-
and C-contribution of the branches is indicated by black and blue line
coloring, respectively. (b) Extracted fit parameters form a sequential
fit using Lorentzian line shapes. The fit results of both methods are
summarized in Tab. 5.2.

82



5.2 Strong Coupling

5.2.1 Basic Parameters

In this section the measurement and extraction methods of the system parameters

of strongly coupled X-C systems are demonstrated exemplary on a 1.8 µm diameter

QD-micropillar system using axial excitation and detection. In order to prove that

the X-C system couples strongly, X and C are energetically tuned through each

other. Different methods such as temperature [Rei04], external electric [Kis08] or

magnetic fields [Rei09b, Kim11] may be employed in this context. The control of

the X versus C energetic detuning ∆X−C is easiest to realize experimentally in QD-

micropillar structures by utilizing the different temperature dispersions of X and C

(see Sec. 2.2.1), this method is employed for all strong coupling investigations pre-

sented in this work. Note that the homogeneous broadening of the QD X increases

with temperature [Bor05a] which could potentially affect the characterization of the

strong X-C coupling. The linewidth of the employed large QDs however is domi-

nated by spectral jitter, cf. Sec. 2.2.2 and 3.1, which effectively masks this effect in

the relevant temperature range of 5 to 60K.

Two methods of spectroscopic data analysis may be employed in order to deter-

mine the basic parameters of the strongly coupled X-C system, namely the coupling

strength g, the C FWHM κ and X FWHM γX , as a function of ∆X−C. The first,

more common method, is fitting the X and C spectral lines using Lorentzian line

shapes for a series of ∆X−C values (sequential fit). This straightforward approach

has a couple of disadvantages: Each spectrum (for a given detuning) is fitted inde-

pendently, the underlying system parameters have to be extrapolated from a mul-

titude of spectral fits each having their own free parameters thereby disregarding

the information contained in the relation between individual spectra. Also by using

Lorentian fits to extract the VRS the dephasing of the X-C system is not consid-

ered properly, i.e. the VRS given by Eq. (2.27) appears smaller than it would be

without dephasing (∆EVRS < 2g). Additionally, the spectral shape of the polariton

branches of the X-C system in resonance is generally not Lorentzian1. The second

method uses a quantum mechanical model developed by Laussy et. al. [Lau08]

which enables direct fitting of all spectra simultaneously, as well as properly consid-

ering dephasing through losses and thereby utilizing all available information. This

1 Though, empirically, the strong coupling spectra of QD-micropillars in resonance can be
approximated by Lorentzians reasonably well [Rei04].
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results in a more accurate extraction of the parameters of the strongly coupled sys-

tem. The two methods can be compared on the basis of their degrees of freedom

(DOF ): The DOF of method one is given by DOF1 = Np − nvar
1 N , where Np is

the sum of the number of data points over all N individual spectra and nvar
1 = 6 is

the number of fitting parameters1 per spectrum. For method two DOF2 equals to

Np − nconst
2 − nvar

2 N , nconst
2 = 3 represents the common fit parameters2 between all

spectra and nvar
2 = 2 the fit parameters3 which are determined for each spectrum

individually. Comparing the two DOFs yields DOF1 < DOF2, ∀N > 0, thereby

confirming that global optimization fit (second method) uses the information con-

tained in the measurement data more efficiently.

An exemplary series of spectra as a function of temperature (detuning) of a strongly

coupled X-C system of a QD-micropillar cavity is presented in Fig. 5.6. In (a) the

spectral emission intensity map, overlaid with the energetic dispersions of the up-

per and lower polariton branches UP and LP, respectively, is shown. The energetic

dispersions were extracted from the 2D-fit of the Laussy et. al. model [Lau08]. The

fraction of X- and C-contribution of the branches are indicated by the degree of

black and blue coloring, respectively. Note that on resonance - at a temperature of

Tres = 35.0 K - both UP and LP have the same degree of X- and C-contribution, as

expected from the X-C polariton state. UP and LP show a clear anti-crossing, with

the energy splitting on resonance (∆EVRS) equal to 127µeV . The panels of (b) show

the results of the sequential fitting of individual spectra (first method), the upper

panel shows the X and C energetic temperature/detuning dispersion, while the mid-

dle and lower panel depict the FWHM and intensity dependences of the polariton

branches, respectively. The energetic dispersion exhibits an anti-crossing equivalent

to (a), while both the FWHM and the intensity curves show a clear crossing behav-

ior. The latter is expected and is the required behavior of a strongly coupled system,

since the X- and C-spectral properties become indistinguishable from each other at

resonance. Note that the opposite, i.e. crossing energy and anti-crossing FWHM

and intensity dispersions, is true for a weakly-coupled system, see Sec. 5.1.3. The

values of strong coupling parameters extracted using both methods are summarized

in Tab. 5.2. Generally, parameters determined by the 2D-fit (Laussy et. al.) feature

1 Energy, FWHM and intensity of two Lorentzians.
2 γX , κ and g.
3 X and C pump rates may change with detuning as detailed in [Lau08].

84



5.2 Strong Coupling

uncertainties which are reduced by about one order of magnitude.

fit method g (µeV ) γX (µeV ) κ (µeV ) ∆EVRS (µeV ) Q

sequential 62.5± 2.1 34.9± 3.1 97± 16 120.9 14200± 2700

global 65.42± 0.19 51.67± 0.59 109.78± 0.37 127.4 12105± 41

Table 5.2: Summary of fitting and derived parameters of a case study of strong
coupling between a QD X and and a fundamental cavity mode (C). The
temperature-dependent series of spectra were analyzed using two dif-
ferent methods (see text), refer also to Fig. 5.6. Parameters extracted
from the fit are the X-C coupling strength g, the full width half maxi-
mum of X (γX) as well as of C (κ). Note that γX contains contributions
from both dephasing as well spectral jitter. Derived parameters are
the vacuum Rabi splitting ∆EVRS and the cavity Q-factor (= Eres/κ).
Eres = 1.32892 eV is the spectral resonance energy at a resonance tem-
perature of Tres = 35.0 K. ∆EVRS is related to g, γX and κ through Eq.
(2.27). Errors of the fit parameters are indicated and are derived from
statistical analysis of the fit optimization function and do not include
systemic contributions.

5.2.2 Directional Strong Coupling

Analogues to section 5.1.3, where the directional emission of a weakly coupled sys-

tem as a function of X-C detuning is investigated, this section studies the direc-

tional emission of a strongly coupled X-C system. It aims at answering the question

whether the coherent interaction of the strongly coupled X and C influences its direc-

tional emission characteristics. Since on resonance X and C merge into a polariton,

the integrated intensity trace of the QD X as a function of detuning, IX(∆X−C),

cannot be extracted and normalized independently as performed in Sec. 5.1.3. In-

stead the normalized, combined X and C integrated intensity curves, IX+C(∆X−C),

measured in both axial and lateral direction are used to infer the directional emission

behavior.

The results of a corresponding experiment on a strongly coupled X-C in a QD-

micropillar cavity of 2 µm diameter using lateral excitation at 532 nm are presented
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Figure 5.7: Temperature-induced detuning experiment of a strongly coupled single
QD exciton X and fundamental cavity mode C under lateral excitation
at 532 nm of about 50 nW . (a) and (b) show the observed spectral
emission intensities in axial and lateral directions, respectively, as a
function of temperature T (detuning ∆X−C). Panels (c) and (d) de-
pict the fitted relative emission energies and combined X-C emission
intensities IX+C of the upper and lower polariton branches versus T
(∆X−C) for axial and lateral emission directions, respectively. The
extracted fit parameters are summarized in Tab. 5.3.
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in Fig. 5.7. Panels (a) and (b) show the spectral intensity as a function of tem-

perature (detuning) detected in axial and lateral direction, respectively. The fitted

spectral energies of the branches are shown in (c) versus the X-C detuning, both ax-

ial and lateral detections show equivalent behavior. The extracted parameters using

the sequential fit of Lorentzian line shapes (see Sec. 5.2.1) are summarized in Tab.

5.3. Due to lower signal level in lateral direction the energetic dispersion trace and its

extracted parameters exhibit a higher degree of uncertainty as compared to the axial

curve. Interestingly, the normalized intensity curves, i.e. IX+C(∆X−C), depicted in

(d) do not show any indication of anti-correlated directional emission behavior, as

opposed to the weak coupling case. Since in the strongly coupled system the X and

C spectral properties are indistinguishable also the emission characteristics of both

are equivalent in all emission directions. Hence, the equivalent normalized intensity

dispersions in axial and lateral detection are a direct proof of strong coupling itself.

This interpretation is supported by an in-depth theoretical analysis found in [Car09]

(pp. 239-243), in which the expected emission spectra of an idealized light-matter

system are explicitly calculated. Carmichael finds that in principle the emission

spectra of lateral and axial emission are different, however the differences vanish as

the system transitions into strong coupling because of the fast Rabi flip-flops. In

contrast, Ota and coworkers claim [Ota15] that the VRS is significantly dependent

on the detection direction. These results are not confirmed in the presented experi-

ment. Furthermore, as X and C are interacting strongly on resonance, the efficiency

of the QD X emission into the cavity mode (ηSC) is given by [Pre07]

ηSC =
CP

1 + CP

κ

κ+ γ0
. (5.13)

Where CP is the cooperativity parameter from atomic physics, which defined as

CP =
4g2

κγ0
. (5.14)

Note that strong coupling quantities of CP and ηSC correspond to the FP - and β-

factor, respectively, of the weak coupling regime [Pre07], cf. Sec. 2.4.1. For the

given experimental parameters ηSC evaluates to about 0.97, which means that on-

resonance the emission into leaky modes is effectively marginalized, stray-light due

to axial cavity mode scattering on sidewalls is however not affected. This also ex-

plains the observed low signal levels in lateral detection.
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detection g (µeV ) γX (µeV ) κ (µeV ) ∆EVRS (µeV ) Q

axial 37.7 44.2± 3.5 82.6± 3.6 72.8 16040± 670

lateral 38.8 66± 6.3 88.5± 7.0 76.5 15000± 1200

Table 5.3: Summary of parameters, which are obtained through fitting or are de-
rived from the fit function, of a strongly coupled system of QD exciton
X and fundamental cavity mode C as a function of temperature-induced
detuning, refer also to Fig. 5.7. The extracted fit parameters are the
vacuum Rabi splitting ∆EVRS, the full width half maximum of X (γX)
as well as of C (κ). Derived parameters are the X-C coupling strength
g and the cavity Q-factor (= Eres/κ). Eres = 1.32266 eV is the spectral
resonance energy at a temperature of Tres = 16.7 K. ∆EVRS is related
to g, γX and κ through Eq. (2.27). Note that due the fact in lateral
detection direction the individual QD line cannot be isolated very well
against the background of other QD lines the measured γX is increased
compared to the axial detection. The method employed is the one of
sequential fitting using Lorentzian line shapes, refer to Sec. 5.2.1 for
details.

5.2.3 Phonon-Induced Renormalization of the Polariton

As QDs are realized in solid state systems, phonons, which interact with the strongly

confined carriers (excitons), are immanently present. The influence of phonons on

single QD transitions leads to a significant broadening of the QD X emission lines

with increasing temperatures, refer also to Sec. 2.2.2. Cavity modes, due to their

much larger confinement volumes, on the other hand do not directly interact with

phonons. This opens up the question how polaritonic systems are affected by the

phonon density increasing towards larger temperatures. Since the X-C properties

are intertwined in strong coupling one would expect that phonons increase the de-

phasing of the polaritonic system. This section aims at characterizing this influence

and is organized as follows. First a theory developed by the group of V. M. Axt,

University of Bayreuth, is presented and subsequently contrasted to experimental

results. Finally, the developed theory is modified to reproduce the experimental

findings.
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Basic Theory of Polariton Renormalization due to Phonons

In order to model the effect of phonon-induced renormalization of ∆EVRS as a func-

tion of temperature a real-time path-integral method developed by A. M. Barth, M.

Glässl, A. Vagov and V. M. Axt (University of Bayreuth) is employed [Vag11, Glä12].

An extension to this method uses a hybrid approach by combining the numerically

exact treatment of the coupling between the QD X and a continuum of longitudinal

acoustic phonons [Vag11] with a phenomenological treatment of the cavity photon

losses utilizing a Lindblad formalism [Vag14].

The theoretical model describes the QD as an electronic two-level system consisting

of a ground (empty QD) and an excited (X) state which is resonantly coupled to

a cavity mode, making the details of the cavity design and absolute energies irrele-

vant. Since this Jaynes-Cummings-type model does not account for cavity losses, it

has to be extended accordingly (see below). The coupling of the QD X to a contin-

uum of longitudinal (bulk) acoustic phonons is modeled via a deformation potential,

which is the dominant type of coupling in nonpolar materials without permanent

dipole moments such as GaAs. The confinement potential is taken to be spherically

symmetric and its characteristic spatial scale is assumed to be equal to the smallest

spatial extension, i.e. direction of strongest confinement, which is in the case of QDs

the height. This is justified since the smallest dimension restricts the k-space of the

effectively interacting phonons. Further, the wave functions of the electron and hole

forming a QD X are assumed to be Gaussian, the different localization lengths of

the carriers, due to their distinct effective masses, are taken into account. This de-

scription of the QD-phonon interaction is determined - besides material constants -

only by one parameter, namely the QD size. This model has been used successfully

in the description of the interaction dynamics of phonons coupled to InGaAs/GaAs

QDs [Vag04, Qui15, Bou15].

Results of theoretically calculated phonon-renormalized ∆EVRS(T ) in the experi-

mentally relevant temperature range of 5 to 60 K provided by A. M. Barth are

presented in Fig. 5.8. The calculations assume a gmax(T → 0) of 56 µeV (solid
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Figure 5.8: Calculated theoretical phonon-renormalized vacuum Rabi splittings
(VRS) as a function of resonance temperature Tres for gmax(Tres → 0)
of 25 µeV (dashed lines) and 56 µeV (solid lines). In (a) the QD size is
varied from 3.0 to 7.5 nm and an ideal cavity (Q→∞) is considered.
In (b) the VRS(Tres) curves are shown for a finite cavity dephasing
(κ ∝ Q−1) given by Q-factors in the range of 9000 to 18000 and a QD
size of 4.5 nm. Theoretical calculations are provided by A. M. Barth
et al., University of Bayreuth.

lines) and 25 µeV (dashed lines) corresponding to the maximum and minimum

expected coupling strength, respectively. The minimum and maximum g can be

estimated using known experimental parameters of the employed QD-micropillar

system by employing Eq. 2.27 (see below). In panel (a) the phonon-renormalized

∆EVRS(T ) are shown for QD sizes in the range of 3.0 to 7.5 nm without considering

photon losses. The latter is included in the ∆EVRS(T ) traces shown in (b), in which

the cavity Q-factor is varied between 18000 and 9000 for a constant QD size of 4.5

nm. All theoretical curves show a clear trend of ∆EVRS(T )-values decreasing with

temperature, up to about 20 K the trend is linear, while above 20 K is becomes

sub-linear. Over the relevant temperature range the calculated VRSs decrease (de-

pending on Q-factor and QD size) by values in the range of (20−50)% for gmax = 56

µeV . Smaller QD sizes lead to stronger renormalization due to phonons, because

of the increased k-value cut-off, cf. Sec. 2.2.2. Lower Q-factors reduce the VRS

as expected from Eq. (2.27). Note that for gmax = 25 µeV the strong coupling

collapses for Q-factors below 18000.
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Experiments

For X-C strong coupling cases in QD-micropillar cavities, for which the tempera-

ture is used as an energetic tuning mechanism, each case has a seemingly random

resonance temperature Tres
1. This is due to the inhomogeneous broadening of the

QD ensemble of about 62 meV [Löf06], which implies that the emission energies of

individual QD Xs are distributed practically randomly around C. As a consequence,

a statistical approach, i.e. study on an ensemble of strong coupling cases, is needed

in order to characterize the dependence of the VRS on temperature.

For a multitude of strong coupling cases of sample A the values of ∆EVRS, γX , κ

as well as the derived values of Q-factor and g are determined using the method

of sequential fitting of Lorentzian line shapes (see Sec. 5.2.1). All investigated

micropillars have the same nominal diamerter of 1.8 µm which is optimal for the ob-

servation of large VRSs. The axial excitation and axial detection scheme was used in

order to enhance the measurement throughput due to easier optical alignment. The

excitation conditions are adjusted for each strong coupling case, ensuring excitation

strengths far below QD X saturation while maintaining a practical C and X signal

level. The main question that is being addressed in this section is the dependence

of the ∆EVRS and g on temperature, in the accessible range of 5 to 60 K.

The dependence of g and ∆EVRS on QD X-C system parameters is discussed in

section 2.4 and the relations are given by Eq. (2.27) [Rei04]. The dependence of

the maximal expected coupling strength g → gmax, achievable in the case of perfect

spatial and polarization overlap of QD and C, is given by Eq. 2.28, while the relation

of ∆EVRS and g can be approximated to

∆EVRS ' 2

√
g2 − (κ− γ0)2

16
, (5.15)

if considering dephasing only due to C and X lifetimes. In the latter relation the

intrinsic, homogeneous QD X FWHM of γ0 can be neglected since the FWHM of κ

equates typically to about 100 µeV which is about two orders of magnitude larger

than the lifetime limited γ0 ≈ 1 µeV of the low In content QDs at low temperatures

1 The temperatures are limited to values below . 60 K for which the QDs are able to
effectively confine carriers (cf. Sec. 2.2.1).
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[Rei09b, Syp13], refer also to Sec. 2.2.2.

As detailed in the theory above, the vacuum Rabi splitting ∆EVRS(T ) is also af-

fected by the temperature beyond the simple approximation of Eq. (5.15) due to

phonon-induced dephasing which leads to a renormalization (reduction) of the VRS

as a function of temperature. Besides the influence of phonons, the temperature de-

pendence of gmax, which is discussed in the following, needs to be taken into account.

Since the change of Vm due to thermal expansion of the micropillar resonator in the

relevant temperature range is negligible, the temperature dependence of gmax(T )

of Eq. (2.28) is governed by that of the QD oscillator strength fosc(T ). The OS

in-turn is related to the wave function extension of the carriers confined in the QD

as detailed in Sec. 2.4.1. The relation between OS and in-plane, with respect to the

growth direction, QD size is shown explicitly in Fig. 2 of reference [And99]. For

InGaAs/GaAs QDs both regimes of strong and weak confinement can be realized

depending on the In content, cf. Sec. 3.1. High In results in small strongly-confined

carrier wave functions, whereas low In content facilitates large QD sizes and leads

to much weaker confinement. For the large QDs employed in sample A the OS

therefore rises with increasing carrier (exciton) wave function extension. The tem-

perature dependence of the OS for these QDs, measured through the diamagnetic

coefficient, has been reported in [Mus14] and attributed to a thermalization of QD

sub-potentials towards increasing temperatures.

Since ∆EVRS(T ) is investigated statistically, the possible deviations from the ideal

gmax(T ), κ and γ0 need to be considered. Spectral mismatch between X and C is

not relevant, because the investigation of each strongly coupled system is performed

as a function of detuning and the relevant parameters are extracted at resonance.

The mode volume, which is estimated by FEM spatial domain simulations (cf. Sec.

5.1.1) to about 0.43 µm3 for 1.8 µm diameter pillars, is not expected to change signif-

icantly, because all investigated micropillars are of the same nominal diameter. The

light-matter coupling constant g on the other hand is dependent on the overlap of

QD dipole moment d and transversal electrical field EC of C, given by g = |〈d ·EC〉|.
This term can be separated into the spatial and polarization direction mismatch of

QD X and C. The position of the QDs inside the micropillar is random and since the

spatial QD-density is assumed to be uniform it can easily be deduced that the radial
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(d/2) QD distribution ρQD(d/2), d ∈ 0, dC/2 is given by ρQD(d/2) ∼ 0.5πd2. The

polarization mismatch between X and C is on average about 45◦ [Rei07, Mus14] re-

ducing the maximum achievable gmax by a factor of two as discussed in section 5.1.3.

The largest reported QD to QD scattering of the polarization axis of asymmetric

self-assembled QDs is 20◦ [Ohn11], which translates into a change of only 6% of the

coupling constant. Since this effect is small compared to other contributions - such

as the spatial mismatch - it is neglected in the further discussion. The variation of

the loss rate κ of micropillar cavities of the same diameter is related primarily to

surface defects, as discussed in Sec. 5.1.1. Through Eq. (5.15) the influence of the

κ scattering around the typical value of 100 µeV of the employed 1.8 µm diameter

pillars on the expected statistical distribution of ∆EVRS-values can be considered

directly. The QD lifetimes associated with γ0 may scatter by a factor of up to 3.5

between individual QDs [Syp13], but since their contribution can be neglected in

equation (5.15) the variation of this value is not expected to influence the ∆EVRS-

distribution significantly. The observable ∆EVRS-values are also dependent on the

QD oscillator strength, which empirically1 may be estimated to a range of 25 − 55

[Rei04, Rei09b] for the employed QDs of low In content. Since the fundamental cav-

ity mode emission energy EC is approximately constant for all QD-micropillars with

nominally the same diameter, it is expected that the QD morphology, i.e. material

composition, shape and size, are similar for all experimentally investigated cases,

because only a small fraction of the inhomogeneously broadened QD ensemble in-

teracts strongly with the cavity mode C. Still, since the interdependence between

morphology of the QD carrier wave functions and the spectral QD properties is very

complex, the statistical scattering of g(fosc) due to these factors cannot be included

reasonably into the modeling of the ∆EVRS-distribution at a given temperature.

From the above analysis of possible sources of variation in g and ∆EVRS from QD-

micropillar to QD-micropillar for a given temperature, it is expected that the spatial

mismatch, followed by κ variation, has the strongest influence on the distribution of

∆EVRS-values. Unfortunately, the variation of fosc due to QD morphologic proper-

ties remains unknown. Using all available information on the QD and C properties

the maximal achievable coupling strength gmax can be estimated to be 56 µeV using

equation (2.28). Also a minimum gmin ≈ κ/4 ≈ 25 µeV , just at the transition from

1 Using Eq. (2.28) and measured values of g.
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weak to strong coupling, can be obtained by utilizing Eq. (5.15). By employing the

spatial electric field distribution in C of Eq. (2.8), the distribution of g ≤ gmax due

to the random spatial mismatch of QDs can be approximated through

g ∼ gmaxA
J0[B

ρQD(d/2)
dC

]

J0[0]
. (5.16)

The real constants of A and B may be determined from imposing continuity con-

ditions of the (fundamental) pillar mode wave function across the lateral cavity

boundary as detailed in Sec. 2.1.1. ρQD denotes the radius d/2 ≤ dC/2 dependent

QD density along the lateral direction inside a QD-micropillar cavity of diameter dC .

In figure 5.9(a) the ∆EVRS-values of N = 89 experimental strong coupling cases are

shown as a function of the resonance temperature Tres (left panel) and as a histogram

of the VRS-values irrespective of Tres (right panel). At first glance it may seem that

∆EVRS(Tres) is not dependent on Tres, a linear model fit (orange solid line) however

yields ∆EVRS(Tres) = (0.36 ± 0.18)µeV K−1 Tres + (0.6 ± 5.6)µeV . The statistical

p-Value calculated from the fit equates to 0.049, thereby indicating that the linear

increasing trend, versus the null hypothesis of no temperature dependence, has a

significance of 95.1% (or about 2σ). The latter validates the conclusion that the

measured ∆EVRS(Tres)-dependence shows indeed an increasing trend. As a guide

to the eye the maximum achievable VRS, i.e. without considering any dephasing,

∆EVRS,max = 2 gmax is indicated in green, while the detector spectral resolution limit

of 25 µeV 1 is indicated by the red shaded area. Based on equations (5.15) and (5.16)

as well as the variance of the observed κ, see also Fig. 5.9(b), the ∆EVRS distribu-

tion can be estimated using a numerical Monte-Carlo simulation2. The probability

density function (PDF) of this estimate is shown in the right panel of (a) as a solid

blue line. Qualitatively the measured and estimated distributions agree well with

each other: both show a rather constant probability below ∆EVRS,max. Notable

exceptions are the observed densities for ∆EVRS-values just below 80 µeV and just

above 60 µeV which show unusual bunching. This bunching effect is unexpected

1 Below (close to) this value the VRS cannot be resolved. It is still possible to detect below the
spectral resolution limit if the Rabi oscillations are monitored in the temporal domain, i.e.
through pump-probe experiments.

2 Monte-Carlo simulations are based on drawing of random variables according to their
distribution functions, 108 drawings were used in the presented case.
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Figure 5.9: (a) Left: Vacuum Rabi splittings (VRS) of N = 89 experiments
(black dots) on strongly coupled QD excitons Xs and fundamental
cavity modes Cs on resonance depicted versus the X-C resonance
temperature Tres. Additionally, a linear fit to the experimental data
= (0.36±0.18)µeV/KTres+(0.59±5.6)µeV (orange line) is shown as an
overlay. Right: Statistical distribution of the experimental VRS values
of all measured cases. For comparison an estimated distribution func-
tion based on the spatial distribution of QDs in the micropillar cavity
employing Monte-Carlo methods, details are given in the text, is drawn
as a solid blue line. (b) Distribution of Q-factors of the N = 47 inves-
tigated micropillars of (a). On average each pillar exhibits about two
strong X-C coupling cases. A normal distribution’s probability density
function (PDF) based on the distribution mean and standard devia-
tion (12900 ± 2000) is shown in orange. (c) Experimentally observed
diamagnetic coefficient of a single-QD as a function of temperature as
published in Ref. [Mus14] (Fig. 5(b):QD1). The solid orange line rep-
resents a square-root fit, while the dashed ones indicate extrapolations
towards high T , details are given in the text.
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and its origin is unclear. The decreasing tendency of the experimental VRS density

below 50 µeV can be attributed to a decreased detection probability of small VRSs.

Q-factor statistics of 47 strongly coupling QD-micropillars are shown in Fig. 5.9(b).

These samples correspond to the ∆EVRS(Tres)-values presented in (a), implying that

each QD-micropillar cavity exhibits on average about two strongly coupled QD Xs

which can be tuned into resonance for T < 60 K. The PDF of a normal distribution

of the mean and standard deviation (12900 ± 2000), determined from the Q-factor

ensemble, is shown as an overlay. The related distribution of κ = EC/Q is used in

the estimation of the ∆EVRS-distribution of Fig. 5.9(a).

In order to explain the increasing trend of the VRS at elevated temperatures, one

has to consider which of the different parameters exhibit a temperature dependence.

First of all, the excitonic losses (γX) increase towards larger temperatures because

of the activation of non-radiative recombination channels as well as increased pure

dephasing due to acoustic phonons, details are given in Sec. 2.2.2. According

to Eq. (5.15) the increase of γX may lead to larger ∆EVRS(T ) values towards

higher temperatures. The strength of this effect can be estimated by comparison to

temperature-dependent measurements of the homogeneous linewidth on QDs of the

same material system [Bay02]. Since these measurements of the reference paper were

performed on QDs of smaller spatial dimensions of higher In content, the reported

phonon-related homogeneous linewidth broadening from 2 to 30 µeV in the relevant

temperature range constitutes the absolute upper limit of the γ0 increase of the low

In content QDs. Using a typical value of κ = 100 µeV the increase of ∆EVRS(T )

can be estimated to < 2% for temperatures up to 60 K, which is much lower than

the value determined from the fit of the ∆EVRS(T ) statistics. The cavity linewith

κ is not influenced significantly by the temperature. A possible explanation of the

increasing trend of Fig. 5.9(a) is found in (c): it depicts the diamagnetic coefficient

for a single QD as reported in Fig. 5(b)(QD1) of reference [Mus14]. The lateral mean

extension 2
√〈

ρ2
X

〉
of the excitonic wave function can be probed by the diamagnetic

coefficient αmag [Mus14, Hop15a] according to:

2
√〈

ρ2
X

〉
=

2
√

8µαmag

e
, (5.17)

where µ is the reduced effective mass of the exciton and e is the elementary charge.
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Since according to Sec. 2.4.1 the oscillator strength is also proportional to the mean

spatial wave function extension, the relation between g and αmag is given by

g2 ∝ fosc ∝
〈
ρ2
X

〉
∝ αmag . (5.18)

This dependence immediately makes clear that an increasing αmag leads to an in-

creasing g. And indeed the observed αmag of Fig. 5.9(c) depicts such a trend. It

is attributed to a temperature induced carrier redistribution (i.e. thermalization)

within closely spaced electronic sub-levels related to confinement potential fluctu-

ation within large QDs. Similar effects have been observed in quantum dashes

[Mus12], featuring even larger volumes in the range of 4.5×20−30×100−150 nm3.

For large QDs the observed αmag increases from (29.6± 0.6) to (40.9± 1.5) µeV/T 2

from 12 to 35 K, respectively. This corresponds to an increase of the respective

in-plane extension of the wave function from (15.7 ± 0.8) to (18.4 ± 2.2) nm. The

relative increase of the mean wave function extension and fosc therefore equates to

1.17, which translates to a similar increase of the ideal VRS (neglecting dephasing).

This effect, which has its origin in the confinement potential fluctuations of large

QDs, explains the observed relative increase of the ∆EVRS(Tres)-values from 12 to

35 K of 1.083± 0.041 quite well, despite the expected quenching of the VRS due to

increased phonon-induced dephasing at elevated temperatures.

Comparison of Experiment and Theory

The theoretical decreasing ∆EVRS(T )-curves of Fig. 5.8 do not agree with the

experimental results depicted in Fig. 5.9(a), which show an almost temperature

independent - if not increasing - behavior. According to the discussion of the ex-

perimental results the increasing temperature dependence can be attributed to the

rising oscillator strength, cf. Fig. 5.9(c), as reported in [Mus14]. In order to verify

this conclusion and to reproduce the experimental results with the theoretical model,

the g(T )-dependence, due to expansion of the carrier wave functions by thermaliza-

tion of its shallow sub-potentials in the large QDs, needs to be included into the

theoretical description. The dependence of the diamagnetic coefficient can be mod-

eled by a square-root dependence above a certain critical (activation) temperature

Tcrit [Mus14]. The αmag measurements are however limited to temperatures below

35 K, beyond which the expansion of the wave function is expected to saturate. In
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order to extrapolate the observed αmag-dependence towards temperatures of up to

60 K, relevant for the presented measurements, two different assumptions A and

B constituting the upper and lower limit, respectively, are used. A assumes that

the αmag-curve does not saturate and B expects that the square-root dependence

saturates at the level of 35K. The limiting cases of A and B are indicated in 5.9(c)

by dashed lines with a shaded area in-between. Using these two limiting cases and

assuming a Tcrit of 12K, g(T ) can be modeled according to Eq. (5.18).

The comparison between experimental ∆EVRS(T )-values (black dots) and theoret-

ical curves (solid and dashed lines) featuring temperature-dependent modeling of

g(T ) (all lines but orange) for three different QD sizes of 4.5 (red) 6.0 (purple) and 7.5

(blue) nm are presented in Fig. 5.10. For all theoretical curves a g(T → 0) = gmax of

56 µeV is assumed. The splitting beyond 35 K of the theoretical curves is due to the

limiting cases A and B of the QD OS extrapolation (see above). Solid and dashed

lines mark the upper and lower limiting cases, respectively. The orange theoretical

curve (QD height of 4.5 nm) is shown for comparison to a temperature independent

g(T ) = g(0) case.

The theoretical curves describe the upper limit of the experimental distribution of

∆EVRS(T )-values quite well if the theory is modified by including a temperature

dependent g(T ). This result is contrasted by the case of a constant g (solid orange

line), in which the theoretical model clearly underestimates the experimental values

at temperatures above 20 K. The differences arising by the limiting cases of A and B

of the fosc(T > 35K) extrapolations do not alter the calculated curves significantly.

It is also worth mentioning that the theoretical curve for the QD height of 7.5 nm

seems to describe the upper limit of the experimental VRS better than the smaller

values of 6.0 and 4.5 nm. This indicates that the vertical QD carrier wave function

extension, approximately given by the sum of QD height (ca. 5 nm) and wetting

layer width (ca. 2.7 nm) of 7.7 nm as determined by AFM and SEM microscopy, is

given by the effective width of the InGaAs material layer. In summary, this analysis

strongly supports the conclusions drawn from the experimental results, in that the

∆EVRS(T )-values are almost temperature stable in the relevant range of 5 - 60 K,

because the effects of renormalization due to phonons and increasing QD OS largely

cancel each other out. At even higher temperatures the VRS is expected to decrease
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Figure 5.10: Experimental (black dots) and calculated phonon-renormalized the-
oretical (solid and dashed lines) vacuum Rabi splittings (VRS) as a
function of QD exciton X and fundamental cavity mode C resonance
temperature Tres. For the calculated theoretical curves a Q-factor of
13000 is assumed and QD sizes (heights) of 4.5 nm (red, orange), 6.0
nm (purple) and 7.5 nm (blue) are chosen. Additionally, they include
(except the orange solid line) a temperature dependent renormaliza-
tion of gmax(T ) due to fosc(T ), for details refer to the text. The
limiting cases A and B of the extrapolation of fosc(T ) above 35K
are indicated by solid and dashed lines for the upper and lower limit,
respectively. The orange solid line represents the theoretical phonon-
renormalized VRS curve obtained using a temperature independent
gmax(T ) = gmax(0). Theoretical calculations are provided by A. M.
Barth et al., University of Bayreuth.
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as the QD X oscillator strength saturates. Temperature stable operation is a unique

feature of the large QDs of low In content, which could extend the applicability of

strong light-matter interaction effects towards higher temperatures.

5.2.4 Mutual Coupling of Two Excitons to a Common Cavity Mode

The spectral signature of a strongly coupled system is the VRS. In practical real-

izations the achievable splitting is restricted by the single QD X to cavity mode

coupling strength g due to the dependence on the QD OS, cf. Sec. 5.2.3, and the

mode volume through Eq. (2.28). In order to use the strongly coupled light-matter

system for quantum computing schemes, e.g. by QD X spin-spin coupling [Ima99] or

by using the cavity as a photonic bus for excitonic quantum states [Rei06b, Alb13a],

achieving coherent coupling between multiple qubits is indispensable. Also in the

quest for the ultimate single-QD nanolaser [Nod06, Str06] strong interaction between

Xs and C would be very desirable.

Besides changing g, the strength of the coherent interaction (VRS) can also be

modified by increasing the number of interacting excitons, this was employed very

successfully to reach strong coupling and Bose-Einstein condensation in 2D-exciton

polaritons by embedding many quantum wells into a planar microcavity. This ap-

proach can also be realized for strongly coupling QD-micropillar systems with a

low number of energetically closely spaced QD excitons. This system has been

studied by using continuous wave [Rei06b] as well as four-wave mixing experi-

ments [Kas10, Alb13a]. Additionally, observations hinting at the occupation of

up the second order rung of the Jaynes-Cummings ladder has been reported in

[Eng07, Far08, Fin08, Kas10, Rei12a, Alb13a, Kas13]. In order to systematically

study the influence of the energetic splitting between two strongly coupling QDs

(δX) - which for a given QD-micropillar is a constant - on the coherent interaction

of the combined system, statistical investigation of an ensemble of strongly interact-

ing two QD X-C cases is employed in this section.

Two exemplary µPL intensity maps as a function of temperature-induced detuning

between two strongly coupled QD Xs, namely X1 and X2, and C are shown in Fig.
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5.2 Strong Coupling

Figure 5.11: Exemplary µPL intensity maps of two QD X, X1 and X2, strongly
coupling to a fundamental cavity mode (C) as a function of tempera-
ture. (a) For a large QD X1-X2 splitting (δX) of about 334 µeV and
(b) for a small splitting of about 100 µeV . The respective vacuum
Rabi splittings, ∆E1 and ∆E2, obtained by a fit using the modified
three oscillator model are indicated, cf. Eq. (5.20) and (5.21) as well
as Fig. 5.12(a) and (b).

5.11. Panel (a) depicts the case where the energetic splitting between first X1 and

second X2 QD exciton, δX ' 334 µeV , is much larger than the individual coupling

strengths, so that both QD Xs couple independently to C. In panel (b) on the other

hand δX ' 100 µeV is on the order of the VRS of the X1-C and X2-C couplings. As

a consequence, the X1-C and X2-C couplings cannot be treated separately anymore.

In order to model this combined coupling of three oscillators, namely X1, X2 and

C, and extract the system parameters, the theoretical description of the single X-C

coupling case, cf. Sec. 5.2.1, needs to be extended. This is provided by the three

oscillator model published in [Rei06b]:

H =
∑

i=C,X1,X2

Eib
†
ibi −

1

2

∑
i=X1,X2

gi

(
b†Cbi + b†ibC

)
+

1

2
(EC + EX1 + EX2) . (5.19)

Where b† and b represent the cavity photon creation and annihilation operators and

EC , EX1 and EX2 the eigenenergies of the cavity mode, as well as the first and
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5 Directional Light-Matter Interaction Effects in Micropillar Cavities

second QD Xs, respectively. The eigenvalues of the coupled 2X-C system may be

determined through diagonalization of the Hamiltonian [Rei06b]:

∣∣∣∣∣∣∣
E − EC g1 g2

g1 E − EX1 0

g2 0 E − EX2

∣∣∣∣∣∣∣ = 0 . (5.20)

Where g1 and g2 denote the light-matter coupling constants of the X1-C and X2-

C couplings, respectively. Since the three oscillator model adopted from [Rei06b]

neglects all dephasing, i.e. ∆EVRS = 2g, the equation is modified by introducing

effective coupling constants geff
i = {geff

1 , geff
2 }

gi →

√
(geff
i )2 − (κ− γ0)2

16
, (5.21)

which model the dephasing due to C and X excitation decay according to Eq. (5.15)

[Rei04]. The specific solutions to the energetic dispersions of the three branches

EC(E, g1, g2), EX1(E, g1, g2) and EX2(E, g1, g2) are not given explicitly, but can

easily be obtained through standard calculus.

In order to fit the experimental dispersions to the extended three oscillator model

and extract the coupling constants g1 and g2, the experimental emission spectra of

each branch (Ei(T )) are fitted by Lorentzian line shapes. The continuous energetic

temperature dispersion of each branch is determined by modeling the obtained Ei(T )

values to Varshni’s empirical formula, cf. Eq. (2.15). Using this procedure the three

energetic dispersion branches of Fig. 5.11 (a) and (b) can be fitted simultaneously

according to the modified three oscillator model. The only fitting parameters are g1

and g2, while κ and δX are determined independently from the experimental data

beforehand. Two exemplary modeled energetic dispersion traces as well as their

corresponding Ei(T ) values are shown in the upper panels of Fig. 5.12(a) and (b)

representing a large (' 334 µeV ) and a small (' 100 µeV ) value of δX, respectively.

The model describes the experimental data exceptionally well, indicating that the

underlying assumptions of the theoretical description are fulfilled in good approx-

imation by the investigated systems. The lower panels of (a) and (b) depict the

evolution of the FWHMs of the branches as they are tuned through each other. In
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5.2 Strong Coupling

Figure 5.12: Comparison between exemplary cases of individual (a) and coherent
(b) strong coupling of two QD excitons. Upper panel of (a) and (b)
depicts the measured and fitted (see text) energetic dispersions of
the QD Xs and the cavity mode C. The related raw intensity maps
are shown in Fig. 5.11. The lower panels show the corresponding
measured FWHMs of the branches. The estimated resonance tem-
peratures are indicated by gray dashed vertical lines. Panel (c) con-
trasts the normalized minimum total vacuum Rabi splittings (VRS),
〈V RS〉min/2g0, of 36 experimentally investigated cases (black dots)
to theoretical curves (see text). Limiting cases of one (red line) and
two (dark blue line) Xs for δX → 0 are shown as a guide to the eye.
The exemplary cases shown in (a) and (b) are indicated by a blue
and red dot, respectively. 103



5 Directional Light-Matter Interaction Effects in Micropillar Cavities

the case of (a), where the QD X transitions are well separated with respect to the

energetic detuning, two distinct crossings are observed. The resonance temperatures

are indicated by dashed vertical lines, at about 18 K and 27 K corresponding to

the transitions between C and X2 as well as C and X1, respectively. This repro-

duces well the case of two independently coupling QD Xs. Panel (b) shows a case

in which the energetic splitting between the QD Xs is comparable to κ, so that

the individual crossings may not be separated and a combined treatment becomes

necessary. The minimum total splitting of the outer branches 〈V RS〉min consists

in this case of contributions of the vacuum Rabi splittings of both coherent cou-

pling QD Xs and is therefore enhanced compared to the case of separate coupling

of the two Xs, a detailed analysis is found below. The FWHM traces presented in

(b) support the interpretation of the coherent mutual interaction of two QD Xs as

in-between the individual resonances of X1 and X2 they drop below the expected

value of (κ + γX1,X2)/2 ' 70 µeV to about 64 µeV . Note that the FWHMs of

all three branches are practically indistinguishable in-between the two QD X reso-

nances. This is in contrast to the on-resonance FWHMs values observed in (a) of 76

and 77 µeV , which are close to the expected values of 68 and 78 µeV at resonances

of X1 and X2 with C, respectively. These results indicate that in (b) indeed coherent

mutual coupling plays an important role. Similar conclusions have been derived in

[Alb13a], where the dispersions of linewidths of three independent QD Xs, which

exhibited (almost) simultaneous strong coupling to a cavity mode, were analyzed.

Since a statistical comparison between a multitude of strongly coupled cases as a

function of δX is intended, the significant variation of the specific coupling param-

eters between each case needs to be taken into account. The underlying individual

system parameters are predominantly expressed by g1 and g2. In order to eliminate

the impact of individual system parameters on the statistical comparison an effective

coupling constant

g0 =

√∑NQD
i g2

i

NQD
(5.22)

is introduced, where NQD represents the number of interacting QD excitons. In the

present case NQD equals to 2, thereby reducing g0 to
√
g2

1 + g2
2/
√

2.
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5.2 Strong Coupling

The results of the statistical analysis of an ensemble of 36 cases of two strongly

coupling QD Xs are presented in Fig. 5.12(c) (black dots) as a function of the nor-

malized energetic QD X splitting δX/2g0. The exemplary cases of (a) and (b) are

indicated as a blue and red dot, respectively. The quantity used for indication of

the mutual versus individual coupling of the two QD X with C is the normalized

minimum vacuum Rabi splitting 〈V RS〉min/2g0. In the ideal limiting case δX → 0,

which does not include dephasing, 〈V RS〉min/2g0 converges to
√
NQD and in the

present case of NQD = 2 therefore to
√

2 (dark blue line). The latter is distinct

from coupling of a single QD X, which converges for δX → 0 to 〈V RS〉min/2g0 → 1

(dark red line). The case of two QD Xs not coupled to C, i.e. g0 = 0, is indicated

in Fig. 5.12(c) by a green solid line, whereas theoretical curves with κ → 2g and

without dephasing directly extracted from the extended three oscillator model are

depicted in light blue and dark yellow, respectively. As expected in the limiting case

of large δX/2g0, both theoretical curves asymptotically approach the case of two

uncoupled QD Xs. Towards small splittings, however, the theoretical curves exhibit

significantly larger 〈V RS〉min/2g0 values than the uncoupled and singular coupling

cases, thereby indicating a pronounced effect of coherent interaction of the two QD

Xs with C. The theoretical curve, which includes dephasing, exhibits a smaller VRS

than the one without, because of the spectral broadening induced by dephasing,

cf. Eq. (5.15). The experimental results agree well with the theoretical curves,

especially with the one considering dephasing. No experimental values are available

significantly below δX/2g0 . 1 due to limited spectral resolvability of two separate

QD Xs, limited by γX . Still, the experimental results clearly indicate that in the

limit of vanishing δX/2g0 the coherent interaction starts to make a significant con-

tribution to the total VRS of the system.

In summary, it was verified that the transition from individual to coherent coupling

of two QD Xs to a common C can be accurately described by the three oscillator

model (Eq. 5.19) originating from [Rei06b]. The agreement between experiment and

theory can be improved additionally by including dephasing through Eq. (5.15) into

the description of g. Even though data for δX/2g0 → 0 is limited by γX , recorded

splittings for low δX indicate that the coherent interaction of two QD Xs with C

indeed enhances the VRS compared to the case of a single QD X. The enlarged

VRS could be very valuable for the realization of quantum computation schemes
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5 Directional Light-Matter Interaction Effects in Micropillar Cavities

based on strong X-C coupling, such as the QD X spin-spin interaction proposed in

[Ima99]. The additional gain provided by the added exciton could also prove ben-

eficial for ultra-high β-lasers as recent results indicate that a single QD X might

not be sufficient to drive a QD-micropillar system into lasing [Gie16]. To experi-

mentally investigate the coherent interaction of multiple QD Xs in the limit of small

δX/2g0, samples of large light-matter coupling strength and low γX , which is limited

in the present sample by spectral jitter, would be required. The latter could also

be achieved by employing a quasi-resonant excitation scheme. Another interesting

topic of future investigations would be the characterization of the evolution of the

polarization directions between the cavity mode and the two QD Xs as a function

of δX.
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Dot-Micropillar Cavities

The term resonance fluorescence (RF) in the context of solid state quantum optics

implies resonant driving of single optical transitions. For the case of semiconductor

QDs, as employed in this work (cf. Sec. 3.1), RF denotes resonant excitation and de-

tection of QD s-shell transitions. As detailed in Sec. 2.2.3, using RF on QDs has two

main advantages, firstly that the transition exhibits the lowest achievable decoher-

ence (linewidth) and secondly that the excitation efficiency is the highest possible.

It has been shown that these properties of resonant QD s-shell excitation are very

beneficial for applications such as close to ideal single photon sources [Uns15, Din16]

and all optical control of quantum states [Bon98, Ber08, Fus08, Vam10].

The primary goal of this chapter is the investigation of a coherently-driven strongly-

coupled QD-micropillar system, which includes the observation of a laser-dressed

polariton state as well as its evolution with respect to the driving strength. Further

points of fundamental interest are the conditions for the observation of laser-dressed

polaritons as well as the unique features of driving the system through the matter

component. To support the interpretation of these all-resonant investigations as well

as to advance the fundamental understanding of X-C coupling mechanisms, also the

off-resonant QD X-C systems are investigated for two samples featuring different

off-resonant coupling strengths.

Besides the advantages of RF regarding the study of properties of fundamental (s-

shell) transitions of QDs, there are also significant challenges complicating its appli-

cability. The principal challenge of RF is that the excitation and detection energies

are equal, implying that they cannot be separated spectrally. In order to suppress

the excitation light and separate it from the RF signal two principal methods have

been developed. Both methods are discussed in detail in Sec. 4.2. In this work
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

the approach of spatial separation enhanced by polarization and spatial (pinhole)

filtering is employed, thereby aiming at exploiting the unique micropillar geometry

to optimize excitation and collection efficiency. In order to improve the RF excita-

tion suppression performance, self-aligned metal micro-apertures at the micropillar

top facets may be utilized. The enhanced RF excitation suppression of sample B,

which features these metal micro-apertures, is evaluated in section 6.1. Additionally,

experimental characterization of the layout of sample B, which aims at maximizing

the number of available micropillar structures for the spatial suppression scheme,

is presented. The subsequent section of 6.2 demonstrates that RF experiments on

QD-micropillars with metal apertures are feasible. A special focus is thereby on

long range off-resonant QD exciton and cavity mode coupling mechanisms. These

investigations are contrasted to studies of off-resonant X-C coupling performed on

sample A which features a much stronger cavity feeding effect because of high cavity

Q-factors and QDs of high oscillator strength. Finally, section 6.3 investigates the

case where excitation laser, X and C are resonant while X and C couple strongly.

These studies reveal that the excitation laser does not just probe the coupled X-C

system but actually modifies the nature of the system (i.e. dresses the X-C polari-

ton). In order to understand the complex experimental results a theoretical model

is developed and the corresponding calculations are contrasted to the experimental

observations. It was possible to qualitatively - and to some extend quantitatively -

model investigated system in terms of three coupled oscillators already introduced

schematically in Sec. 4.3.

Sections 6.1 and parts of 6.2 are published in [Hop16b], while the results of Sec. 6.3

are reported in [Hop17].

6.1 Advanced Scheme for Resonant Excitation Suppression

The sample used in this section - sample B - was designed in order to enhance the

suppression of the resonant excitation by employing self-aligned micro-apertures,

which are positioned on top of the micropillar top facets. Additionally, the layout

(Sec. 3.4) of the micropillars is arranged in a way that the number of pillars accessible

from the lateral direction, as required for suppression by spatial separation (cf. Sec.
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6.1 Advanced Scheme for Resonant Excitation Suppression

4.2.2) is optimized. The goal of this section is to evaluate how well the self-aligned

micro-apertures suppress the resonant excitation as well as to demonstrate that the

proposed layout of the sample indeed improves the yield of laterally accessible mi-

cropillar structures. Results of actual RF experiments are presented in section 6.2.1.

In order to characterize the basic optical properties of the sample, exemplary emis-

sion spectra of two micropillars of 2.0 µm diameter, one with (red) and one without

(black) metal apertures, are depicted in Fig. 6.1(a). All results of Fig. 6.1 are

obtained using above-band excitation at 532 nm in lateral direction. The upper

panel shows broad-range overview spectra while in the lower high resolution spec-

tra in the vicinity of the fundamental cavity mode are presented. Even though the

energetic position of Cs are different1 in the two cases, the general spectral fea-

tures of the two micropillars are similar. Both feature fundamental and higher order

modes, a wetting layer as well as an ensemble of (seemingly) randomly distributed

low-density QD emission lines. There is however an important difference between

the intensity ratios of the observed features: In the spectrum of the micropillar with

aperture all features which are not in the vicinity of the fundamental mode reso-

nance are quenched. This illustrates qualitatively the desired effect of the metal

apertures, which cuts off all light that does not go through the micropillar top facet,

thereby suppressing all non-C-resonant spectral contributions. Emission of higher

order modes is also reduced by the apertures due to their substantial in-plane, i.e.

parallel to the metal layer, angular contributions, cf. Sec. 2.1. The lower panel of

(a) also illustrates that QD emission close to the resonance of C is enhanced, which

is related to the Purcell effect discussed in sections 2.4 and 5.1.3. Figure 6.1(b)

shows the C emission energy as a function of position in mm along the cleaved edge

of the sample for various pillar diameters. The layout of the sample with respect

to the orientation of the cleaved edge is detailed in Sec. 3.3 and Fig. 3.3. When

comparing micropillars of nominally the same diameter, i.e. the same expected cav-

ity resonance, it becomes clear that there is a strong redshift along the position of

the sample edge. This tendency can be attributed to the systematic variation of

the MBE growth rate along the wafer radius. As a consequence, the resonances of

1 The energetic difference can easily be explained by the inhomogeneous DBR layer thickness
across the sample surface as the distance between the two pillars is about 2 mm, see also Fig.
6.1(b).
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Figure 6.1: Spectral properties of exemplary QD-micropillars with (red) and with-
out (black) metal apertures obtained using above-band excitation at
532 nm in lateral direction. (a) Exemplary low (upper panel) and high
(lower panel) resolution spectra recored at the QD saturation power
of 41 and 55 µW , respectively. The upper panel depicts low resolution
overview spectra in which the typical mode structure (cf. Sec. 2.1)
of the micropillar cavities as well as the QD wetting layer is apparent.
The lower panel shows high resolution spectra around the fundamental
cavity modes (C), in which single QD transitions are clearly visible. (b)
Emission energy of C as a function of position along the cleaved edge
(cf. Fig. 3.3) for various micropillar diameters. Only one half of the
sample is covered with metal. (c) Quality (Q-)factors of C recorded at
QD X saturation power versus micropillar diameter. (d) QD X satura-
tion power as a function of micropillar row number counting from the
cleaved edge (refer also to Sec. 3.4) for pillars of 2.0 µm diameter.
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the DBR cavities and therefore the C resonance energies change across the wafer.

Because of this energy shift of C with respect to the inhomogeneously broadened

QD ensemble (cf. Sec. 3.1), the QD density (gain) that is available for C is not

constant across the wafer, which in-turn requires careful choice of the figure of merit

for the comparison of the suppression characteristics of pillars with and without

metal apertures. This is why for quantitative comparison gain-dependent quantities

- such as the emission intensity - cannot be used.

Figure 6.1(c) summarizes the determined Q-factors of both micropillar types as a

function of micropillar diameter. No significant influence of the metal apertures on

the pillar Q-factor can be observed, it can therefore be concluded that the quality

and shape of the resonator structures are not affected by the additional fabrication

steps required to synthesize the apertures. For 1.5 and 2.0 µm pillar diameters

the mean Q-factor is about 2500, while for 3.0 µm diameters it increases to about

4000. The typical increasing trend of the quality factor towards larger micropillar

diameters is observed, cf. sections 2.1 and 5.1.1. Panel (d) depicts the QD exciton

saturation power for 2.0 µm diameter pillars as a function of row number, i.e. dis-

tance from the cleaved edge, for both micropillar types with and without apertures.

The staggered layout of the micropillars used in this sample, detailed in Sec. 3.4, is

designed in a way that the micropillars in the first four rows do not overlap when

viewed from the lateral direction via shifting them with respect to each other by 2.5

µm per row. The functionality of the layout is confirmed by the observation that

the first four rows exhibit similar QD X saturation powers below 100µW , while the

5th, which is shadowed by the first, exhibits a significantly increased value of about

700 µW . This illustrates that the optimized layout indeed increases the yield of

laterally accessible micropillars by a factor of four. Also with regard to the QD X

saturation power no significant difference between pillars with and without apertures

is observed, thereby underlining that the apertures and the underlying BCB do not

negatively impact the lateral excitation efficiency.

Conceptually, the metal apertures on top of the micropillars should suppress any

optical signal which does not go through the pillar top facet. Without metal mask

also scattering of the laser light, including reflection on the pillar sidewalls, can

be detected. In order to quantitatively evaluate the effect of the metal apertures
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Figure 6.2: (a) Three exemplary laser scans across the energy of the fundamen-
tal cavity mode (C) for 3.0 µm diameter QD-micropillars with (red)
and without (black) metal apertures. The employed excitation power
is 5 µW , curves with additional QD-induced upward scattering at C-
resonance are marked by full symbols while curves without QD scat-
tering are depicted by open symbols. (b) Statistical evaluation of at
least five micropillar samples per diameter and type. The upper panel
depicts the logarithmic average, including their statistical errors, of the
minimum scattered intensity of curves alike those shown in (a). The
lower panel of (b) presents the ratio between the minimum scattered
intensities without and with apertures - the suppression enhancement
factor, which is a quantitative measure of the effectiveness of metal
apertures as excitation stray-light filters.
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on the stray-light suppression independently from the QD gain the laser emission

energy is varied in the range of ±1.5 meV across the resonance energy of C and the

photon leakage (intensity) in axial direction of the micropillar cavity is recorded.

The expected excitation scattering on C into the axial detection is minimal due to

the 90◦ orientation of the excitation with respect to the axial mode propagation

direction. All resonantly scattered light detected in this configuration can therefore

be assumed to consist of stray-light. Scans of the resonant laser energy are performed

for cavities with and without metal apertures for each available pillar diameter (1.5,

2.0, 2.5 and 3.0µm) using lateral excitation and axial detection for at least five

micropillars of each type. In order to avoid the influence of individual QD transition

resonances, which are off-resonant with respect to C, on the detected scattering of the

excitation light a constant excitation power P of 5 µW , far above the QD X resonant

saturation of Psat ≈ 150 nW , is chosen. Resonant scattering of the excitation laser

energetically tuned to C is enhanced by scattering due to QD transitions in case

some QD emission lines overlap spectrally with C. Three exemplary laser scans for

micropillars of a nominal diameter of 3.0 µm are shown in Fig. 6.2(a), two without

metal apertures (black symbols) and one with a metal aperture (red symbols). For

two of the curves (full symbols) a maximum at the C-resonance can be observed and

attributed to QD emission lines overlapping with the cavity. In the case of open

symbols no enhanced scattering can be observed, which can be explained by the

absence of QD transitions energetically close to C. The effect of the metal apertures

is illustrated by the off-resonant (base) intensity of vertically scattered light in Fig.

6.2(a): In presence of the metal mask the amount of scattered laser light is reduced

by about one order of magnitude.

In order to quantitatively determine the enhancement of the suppression of excita-

tion light due to the presence of metal apertures, the minimum of the intensity of

vertically scattered light, which disregards any resonant effects, as a function of the

laser energy is taken for each investigated micropillar. Logarithmic means including

statistical errors of these minimum values for each micropillar diameter and for both

cases with and without metal apertures are presented in the upper panel of figure

6.2(b). The statistical deviations of the logarithmic mean values are quite signifi-

cant. The reason is that the scattering of light is very sensitive to any structural

imperfections of the micropillar resonators - especially on its sidewalls and DBR-

layer interfaces. The deviations are generally larger for pillars with metal apertures,
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indicating that the metal layer introduces an additional source of micropillar-to-

micropillar variation. In the lower panel of (b) the suppression enhancement factor

of the metal mask, defined as the ratio of the mean minimum scattered intensity

for micropillars without apertures to the one with apertures, is presented. Both

graphs of (b) show that for all investigated diameters the suppression enhancement

factor is in the range of 3 to 15, thereby quantitatively proving that the apertures

indeed increase the excitation suppression significantly. However, not all undesired

stray-light is blocked. One might think that the metal (Titanium) layer is too thin

to effectively filter all light. This is however not the case as already a thickness of

120 nm would be enough to attenuate transmitted light by 7 to 8 orders of magni-

tude [Wer09], thereby exceeding by far the target of about 6 orders of magnitude

needed for RF. The employed thickness of the metal mask is about 250 nm which

should be able to filter stray-light well beyond the detection limit. When inspecting

SEM pictures of Fig. 3.3 it becomes clear that the apertures are slightly larger

than the pillar top facets and that there is a gap between the pillar sidewalls and

the apertures, in which no or much less Titanium is deposited. These trench-like

imperfections are probably the main reason for the limited filtering capability of the

metal apertures. The trench is about 500nm wide, which is larger than the relevant

wavelength of λ/n ≈ 260nm in GaAs and therefore allows some stray-light to pass

through the aperture. Since the width of the trench is not expected to depend on

the micropillar diameter it explains why smaller pillar diameters, where the trench

is larger relative to the micropillar size, exhibit reduced suppression enhancement

factors as shown in Fig. 6.2(b).

Metal apertures are proven to enhance the suppression of resonant excitation light,

which makes them attractive for RF spectroscopy of single QDs in micropillar res-

onators (Sec. 6.2.1). It is shown that they do not have any detrimental effects on

the quality of neither the microresonator nor the emission properties of QDs. Ad-

ditionally, the excitation efficiency of metal-covered micropillar structures in lateral

direction is not significantly affected, in contrast to excitation in axial direction (not

shown). Due to a trench in the metal layer around the micropillar top facets the

performance of the apertures is not optimal. Improvements in the fabrication tech-

niques might be able to considerably reduce the detrimental effects of the trench.

Additionally, it is shown that the staggered layout, with respect to the cleaved edge
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(cf. Fig 3.3), of micropillars on the sample surface enhances the yield of laterally

accessible micropillars by a factor of four.

6.2 Off-Resonant QD-Mode Coupling

Besides the direct resonant coupling between QD excitonic complexes and micro-

cavity modes, off-resonant QD X-C coupling for detunings as large as 10meV has

been reported [Ate09b, Ulh10, Hoh10, Maj11]. The underlying mechanism of the

off-resonant coupling is not fully understood, but it is usually attributed to pro-

cesses such as phonon, Auger or Coulomb interactions. Thanks to the off-resonant

coupling, resonant driving of a detuned QD X-C system may be used to separate

the resonant excitation at the QD X energy from the detection through the mode

[Ulh10, Maj11]. The mode can therefore be used as a monitor of the occupation

of the coherently-driven QD X. It is, however, important to investigate (I) how the

interaction between QD X and C affects the QD state occupation, (II) the behavior

of the interaction as a function of QD excitation density as well as (III) how well

the X-C excitation transfer process preserves the coherence. Also of interest is how

these effects are affected by parameters such as the Q-factor or the QD X-C coupling

strength gX−C
1.

A basic experiment used to explore the off-resonant QD X-C coupling is the so-called

laser scan: A continuous wave narrow bandwidth laser (L) is scanned across a QD

excitonic transition, i.e. by changing the L-X detuning ∆L−X at constant output

power, while the RF spectrum is recorded. The RF spectrum contains information

about both the signal resonantly scattered at the QD X energy as well as the mode

intensity. In another experiment, which employs the same observables, the resonant

excitation power (P ) is varied while the laser is resonant with the QD X. The ob-

served mode intensity is a consequence of the transfer of QD excitation to the mode

and is therefore a measure of the QD X-C off-resonant coupling strength, while the

resonant scattering measures the QD state occupation. As will be shown in the

following sections, the mode intensity and the amplitude of the resonantly scattered

excitation are anti-correlated.

1 In this chapter the coupling strength of X-C interaction is explicitly denoted in order to
separate it from the coupling between the resonant excitation laser (L) and QD X or C
introduced in Sec. 4.3 and applied in Sec. 6.3.
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To study off-resonant QD X-C coupling effects in both the weak and strong inter-

action limit, samples B and A are investigated and compared in sub-sections 6.2.1

and 6.2.2, respectively. The very different properties of the QD Xs as well as the

cavity mode Q-factors of both samples make a quantitative comparison difficult, but

qualitative tendencies may still be inferred.

6.2.1 Weak Off-Resonant QD-Mode Coupling

Section 3.3 introduces sample B, which features enhanced suppression of the resonant

excitation laser due to metal apertures above the top facets of its QD-micropillar

structures of moderate Q-factor and QD oscillator strength. Because of the latter,

the on-resonant X-C coupling is in the weak coupling regime, see also Sec. 5.1. In

order to demonstrate the usefulness of this QD-micropillar sample for actual QD

RF experiments as well as to further explore the underlying mechanisms responsible

for the off-resonant QD X and C coupling, RF investigations as a function of laser

energy as well as output power are performed. During these investigations a weak1

(� 1nW ) above-band background excitation is applied to facilitate the observation

of the RF signal of the QD X. The background illumination is believed to fill charge

traps in the QD vicinity, which in turn greatly reduces the spectral jitter of the QD

emission lines [Ngu12].

In Fig. 6.3 results of laser scan experiment are shown. The nominal resonant ex-

citation power (measured outside the cryostat) is kept constant at about 60 nW ,

which corresponds to about 1/3 of the QD X saturation (see below). The 2D in-

tensity map in Fig. 6.3(a) depicts the spectral response of the system as a function

of detuning ∆L−X1 between the QD X1 and the excitation laser. The intensity of

the laser, its energy is indicated by a gray solid line, is cut out for scaling reasons

as the coherent scattering is much brighter than other spectral contributions. By

comparison to the above-band excitation spectrum shown on the right side of the

2D map, a number of spectral features may be identified. Four distinct QD emission

lines, labeled as X1 to X4, are visible at lower energy side of the X1 reference with

1 The above-band background illumination is too weak to produce detectable amount of
sample luminescence by itself.
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Figure 6.3: Results of a resonance fluorescence (RF) experiment as a function of
laser detuning (∆L−X1) relative to the emission energy of a QD exciton
(X1) transition. The nominal excitation pump power is constant at
about 60 nW and additional weak above-band background excitation
(see text) is employed. (a) Color-coded intensity map of the RF spectra
versus ∆L−X1, the region around the excitation laser energy, indicated
by solid gray line, is cut out due to scaling reasons. An overview
spectrum (red solid line) obtained by above-band excitation at 532
nm is shown for comparison on the right side. The four relevant QD
X transitions are labeled as X1 to X4. (b) RF signal of the QD X1
transition (gray dots) obtained from a Voigt profile fit of scattered
excitation spectra as a function of ∆L−X1. (c) Integrated emission
intensities of the fundamental cavity mode (C, blue dots) and the QD
X3 (pink dots) versus ∆L−X1. The sample nominal temperature is
15K.
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

respect to which the detection energy scale is defined in Fig. 6.3(a). Additionally, a

broad spectral feature may be identified in the range of about −600 to −200 µeV as

the cavity mode C. The intensity of C as well as X3, which is almost resonant with

C, is significantly enhanced if the laser is resonant with X1 (∆L−X1 → 0), while the

intensities of X2 and X4, which are not in resonance with C, are unaffected. The

resonant scattering with coherent and incoherent contributions of the laser on X1

further referred to as ”RF signal”1 is depicted in panel (b). The intensities of C and

X3, obtained by integration over areas indicated by colored boxes, are presented in

panel (c). All three curves of (b) and (c) show a clear maximum for ∆L−X1 → 0.

Whereas the RF signal relates directly to the occupation of the X1, the resonances of

C and X3 are a result of an assisted emission process from X1. Several processes, be-

sides the direct spectral overlap, may contribute to this cavity feeding effect. While

the amplitude of the X1 RF signal resonance of (b) is about 2, the increase of the

integrated intensities of X3 and C is only 1.5. This is the first indication that the

assisted emission process is not a linear function of the X occupation, as would be

expected if this process is purely related to direct QD X and cavity mode coupling.

While this direct X-C interaction due to spectral overlap of X1 and C explains well

the observed X3 and C resonance at ∆L−X1 → 0, it does not describe how QD X2

and X4 are excited regardless of the laser detuning, thereby giving yet another indi-

cation that there is an nonlinear off-resonant excitation transfer mechanism involved.

The influence of the X1 occupation on the involved assisted emission processes is

further investigated by excitation power-dependent measurements at ∆L−X1 → 0.

In Fig. 6.4(a) the normalized RF signal curves of X1 are shown for excitation levels

of 0.4, 1.0, 1.3 and 6.7 Psat, Psat is the QD X1 saturation power of about 150 nW .

An above-band excitation spectrum (red solid line) is shown for comparison above

the RF intensity curves. The RF signal exhibits a maximum signal to background

ratio of about 2.6 at Psat. The reason for the drop towards higher excitation powers

is that the (off-resonant) background level is limited by the excitation stray-light

suppression. Once the QD emission is saturated only the background increases,

thereby limiting the signal to background ratio. Assuming that the off-resonant

signal level consists purely of stray-light, it can be deduced that at P → Psat on

1 The RF signal is determined through a Voigt profile fit to the RF spectrum.
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Figure 6.4: Pump power (P )-dependent resonance fluorescence (RF) experiments.
(a) Top: Above-band excitation spectrum (red solid line). Relevant
QD exciton (X) transitions are labeled X1 to X7. Bottom: Exemplary
RF signal curves as a function the detuning (∆L−X1) between the laser
emission energy (L) and X1 shown for different excitation powers of
0.4, 1.0, 1.3 and 6.7 Psat. Psat is the QD X1 saturation excitation power
of about 150 nW . (b) Upper panel: Excitation power and intensity
normalized integrated emission intensity curves of quantum dots X2-X7
as a function of P/Psat. Lower panel: Comparison of the mean values
of the normalized integrated intensities of the QD X2-X7 transitions,
the fundamental cavity mode (C) as well as the X1 RF signal versus
P/Psat. Details regarding the normalization procedure are given in the
text. The sample nominal temperature is 15 K.
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average more than 2.6 photons are detected from the QD X1 transition for every

background photon.

The upper panel of Fig. 6.4(b) shows the normalized integrated intensities of QD X2

to X7. The normalization procedure is multistage: Firstly, the integrated intensity

is divided by the excitation power in order to disregard any linear contributions.

Secondly, to directly compare all curves, for each of them the intensity offset for

large P is determined and subtracted as well as the intensity maximum is normal-

ized to 1. In this representation a constant as a function of P corresponds to a linear

response, while increasing and decreasing curves indicate super- and sub-linear be-

havior, respectively. All normalized intensity curves of the QD Xs, interestingly

even for X3 which is almost resonant to the mode, show a similar saturation trend,

independent of their spectral detuning with respect to the mode. This is surprising

as in the discussion of the laser scan above, emission of X3 is significantly enhanced

if the laser is tuned onto the X1 transition. Another consequence of the similar

behavior of all QDs is that direct X to X scattering through Coulomb interaction

can be excluded, as it is highly dependent on the spatial distance between the QDs

- which is unknown and certainly not the same for all QDs as they are randomly

distributed in QD layer (see Sec. 3.1).

The same saturation behavior of the QDs can be explained if two kinds of assisted

emission processes are considered: One which is purely linear - such as the X-C

coupling due to spectral overlap - and at least one nonlinear process with a bot-

tleneck (see below) at high occupation of QD X1. Due to the normalization, only

the nonlinear effect is visible in (b). In order to understand what kind of processes

could be responsible for the observed behavior one needs to consider the relevant

energy range. In the presented case the effect can be observed for QD transition

detunings from +0.5 to −1.7 meV , which fits well to acoustic phonon side bands

of about ±2 meV around the zero phonon QD X1 line at 15 K [Hoh10], see also

Sec. 2.2.2. Even though other processes cannot be excluded rigorously, in order to

simplify the further discussion it is assumed that the excitation transfer process is

dominated by interaction with phonons. It is known that in semiconductor nanos-

tructures phonon-assisted transitions may exhibit bottlenecks, which is the case if

specific transitions, i.e. for given k-values, deplete a finite reservoir faster than it is
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refilled1 [Li99, Hei01]. At which excitation level, i.e. initial state occupation, the

assisted scattering to a final state saturates depends on whether there are enough

phonons of suitable2 k-values available in the case of phonon absorption.

The efficiency of the phonon-assisted emission process therefore depends on the spec-

tral width of the final state as well as the spectral density of phonons at a given

k-value. In case of off-resonant QD transitions the bottleneck is expected at much

lower P values than for the cavity mode, since the X and C linewidths are very dif-

ferent (γX � κ). This effect is depicted in the lower panel of Fig. 6.4(b) where the

averaged normalized QD X intensities are compared to the normalized intensities of

the integrated mode and the RF signal of X1. The latter represents the saturation

of the occupation of the QD X1 transition and is effectively the upper limit of all

indirectly pumped transitions. The mode follows the occupation of X1, only at high

pumping the mode saturates faster than X1. The other QD Xs saturate at much

lower pump power. This effect is qualitatively explained well by the different spec-

tral widths of the QD Xs and the mode. The absolute intensity of the X1 RF signal,

which is not visible in Fig. 6.4(b) due to the normalization, is about four orders of

magnitude larger than the emission of the mode or other QD Xs. This shows that

only a small fraction of the QD X occupation is lost to emission at other energies

through an excitation transfer processes.

To summarize, the suitability of QD-micropillar structures with self-aligned metal

apertures for RF experiments using the lateral excitation and axial detection spatial

suppression scheme has been demonstrated. For this purpose studies with respect

to the energetic detuning and pump strength of the resonant excitation have been

performed. Resonant scattering of a single QD X, which is off-resonant with respect

to the cavity mode, has been observed at a multitude of excitation strengths and

allowed to determine the maximal achievable signal to background level of at least

2.6 at the QD X saturation power of about 150 nW . Additionally, it was found, in

accordance with [Ate09b, Ulh10, Maj11], that there is an off-resonant cavity feeding

process present. Furthermore, detailed studies of the excitation power dependence

of emission from other QD Xs, indirectly pumped through from QD X1, revealed

1 This effect is analogous to the optical phenomena of spectral hole burning [Agr88].
2 Restricted by the energy and momentum conservation requirements.

121



6 Coherently-Driven Quantum Dot-Micropillar Cavities

that a direct power-dependent interaction between single QD Xs is present. A

likely source of this interaction is identified as acoustic phonons, which experience

a bottleneck behavior at high excitation strengths, as the phonon population of

certain k-values is depleted through the scattering processes [Li99, Hei01] analogues

to the effect of spatial hole burning [Agr88]. In order to unambiguously proof the

nature of this interaction process, further temperature dependent investigations of

the bottleneck behavior are necessary. Since the population density of the phonons

changes with temperature, a significant shift of the saturation curves of Fig. 6.4(b)

and an energetic asymmetry at low temperatures is expected. It has been shown

that the cavity feeding effect may be used to pump a QD X transition resonant to

the mode via resonant excitation of an off-resonant QD X. This would vastly simplify

resonant excitation experiments if only the energetic detuning between the two QDs

is large enough to separate the signal spectrally, i.e. the energetic detuning between

excitation and detection is � γX , while still achieving high feeding efficiencies.

In the ideal case of a single QD coupled off-resonantly to the cavity, the (single)

phonon-assisted emission processes conserves the coherence of the laser-dressed QD

X system [Ate09b], thereby enabling off-resonant coherent driving [Qui15].

6.2.2 Strong Off-Resonant QD-Mode Coupling

In this section the strong off-resonant X-C interaction achieved in sample A is stud-

ied. The spectral response of the system changes significantly in comparison to the

weakly interacting off-resonant X-C system of sample B. The first difference is that

more efficient excitation transfer between the QD transitions and C makes the mode

a better monitor of the QD state occupation as well as increases the energetic range

of this transfer process. Secondly, this effect also quenches the RF signal, i.e. the

resonantly scattered excitation, of the QD transitions since their states are quickly

emptied through the mode. The latter makes it very difficult to experimentally

record a RF signal of the QD X compared to the weakly interacting case (cf. Fig.

6.4(a)). Interestingly, additional above-band background excitation, as commonly

employed in QD RF experiments to reduce spectral jitter and therefore enhance the

response [Ngu12], cf. Sec. 6.2.1 , does not significantly influence the RF signal in

the case of QDs strongly interacting with the microcavity mode.
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Figure 6.5: (a) Upper panel: µPL above-band excitation spectrum at low pump
power of 5 nW , which is far below QD X saturation. Lower panel: In-
tegrated intensity of the fundamental cavity mode (C) as a function of
the detuning ∆L−C between the resonant laser (L) and C at a constant
pump power of 10 nW . The spectral region around C was cut out
for scaling reasons. Corresponding QD emission lines in the spectra of
(a) are indicated by vertical arrows. (b), (c) Integrated mode inten-
sity (upper panels) as well as integrated RF signal (lower panels) as a
function of ∆L−X with respect to a single QD X line, marked by the
light blue region in (a), for pump powers of 0.4nW (b) and 5 nW (c).
Superimposed to the mode signals the fit functions of the fine structure
split (FSS ' 25 µeV ) QD X states (Xh and Xv) are shown. The Xh

and Xv fit functions are obtained by polarization-resolved above-band
excitation measurements. Possible classifications of the resonances (see
text) are indicated in the graphs.
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In order to explore the off-resonant X-C coupling in more detail, the excitation laser

energy is detuned with respect to the cavity mode (∆L−C) over a large range of ap-

prox. ±4 meV and the integrated mode intensity is analyzed. Such an experiment

is presented in Fig. 6.5(a), where the upper panel depicts an above-band excitation

reference spectrum (red) and the lower panel shows the integrated mode intensity

(blue) as a function of its detuning with respect to the laser. Both the above-band

and RF spectra were recorded at the temperature of 10 K and nominal excitation

powers of 5 and 10 nW , respectively. The correspondence between individual QD

transition lines (mostly excitons) are indicated by arrows. It is worth noting that

not all QD resonances observed under above-band excitation are also visible in the

mode signal, a similar result is obtained when contrasting above-band excitation

and QD wetting layer excitation of the same sample (not shown). Even the QD

lines which can be identified in both resonant and above-band spectra are shifted by

few tens of µeV with respect to each other. This may be attributed to the extended

carrier wave functions and shallow confinement potential of the employed large QDs

[And99, Löf05](cf. Sec. 3.1), which enhances the influence of their semiconductor

environment, such as charges trapped by defects. It has been reported that the

solid state environment plays an important role in the behavior of QD transitions

subjected to resonant excitation [Ngu12].

From the integrated mode RF spectrum in the lower panel of 6.5(a) the range of

the off-resonant X-C coupling can be identified to be below 3 meV . The interac-

tion strength decreases significantly at large ∆L−C. A detailed investigation of the

off-resonant coupling between the cavity mode and an individual QD exciton1 is

presented in Fig. 6.5(b) and (c) at two different nominal excitation powers of 0.4

and 5 nW , respectively. The mode signal shows a clear triplet structure with re-

spect to the laser detuning. According to references [Ate09b, Ulh10, Maj11] doublet

structures related to the QD X fine structure splitting (FSS) are typically expected.

The FSS of investigated QD X, determined from polarization-resolved measurements

under above-band excitation, equals to 25 µeV . The fits of the two FSS QD X2,

1 This particular QD X couples strongly to C at a resonance temperature of about 35K (cf.
Fig. 5.2.1) and was employed for the resonant X-C experiments presented in section 6.3.

2 The declaration of horizontal (h) and vertical (v) excitonic emission lines is purely based on
the detected intensities. This is because the detection polarizer is fixed horizontally due to
stray-light suppression (cf. Fig. 4.5(b)), the more h-polarized X component therefore exhibits
higher detected intensities.
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Xh and Xv, emission spectra obtained through analysis of such an experiment are

superimposed to the mode signal in the upper panels of Fig. 6.5(b) and (c) as red

and orange traces, respectively. Polarization- and power-dependent measurements

on many QD lines revealed that most of them have excitonic character as indicated

by their non-zero FSS. In the same sample the charged excitonic complexes, with

no FSS, were rather rare and exhibited much lower intensities. Based on that it can

be concluded that all QD transitions observed at low excitation origin from neutral

excitons. At higher excitation powers biexcitons (XX) can be observed with typical

binding energies of about 200 µeV .

In the upper panels of Fig. 6.5(b) and (c), interestingly, both splittings in the triplet

structure equal to about 23 µeV , which matches the measured X FSS of this QD

well. The excitation power of the laser detuning dependent experiment is about a

factor of 10 larger for the results presented in (c) in comparison to (b). All lines

are significantly broadened for higher excitation. The integrated intensities of the

two leftmost resonances remain constant, while the intensity increases by about a

factor of 1.5 for the right resonance suggesting a different physical origin of the lat-

ter. The two left resonances are therefore attributed to the FSS X states Xh and

Xv. An explanation for the rightmost resonance could be the XX excited via a

two-photon absorption process (XX2p) feeding the cavity mode, as this is the only

way to directly pump the XX under resonant excitation [Bou15]. It is important to

note that in this case the mode signal is observed when the laser energy equals to

the two-photon resonance1 and not to the XX emission energy, which also means

that this resonance does not exhibit a FSS. It is rather unlikely that this resonance

is caused by charged complexes as their emission is very low for this sample and

they exhibit saturation powers similar to that of the neutral exciton. As a result

the intensity ratio of the neutral and charged QD X related resonances should be

preserved as a function of excitation power, which is not the case here. Also the

dark QD exciton can be ruled out due to its lower saturation power compared to

the bright excitonic states [Sch15b]. This is why the most likely explanation for

the triplet structure is the FSS QD X and the two photon resonant XX excitation.

This might be a distinctive feature of the large QDs as a third resonance has not

1 This resonance is a result of two photons directly exciting the QD biexciton via the virtual X
state, cf. Fig. 2.3.
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been reported for QDs with strongly confined carriers of high In content in the same

material system [Ate09b, Ulh10, Maj11]. In the lower panels of Fig. 6.5(b) and (c)

the respective RF signals are depicted. On close inspection one can identify faint

resonances corresponding to the triplet structures of the upper panels. The reason

for the much worse signal to background ratio of the RF signal as compared to the

experiments shown previously in Fig. 6.3 and 6.4 is the efficient excitation trans-

fer from the QD X to the C, as discussed above. As the efficiency of this transfer

increases towards smaller ∆X−C, the signal to background ratio is expected to be

below the detection limit for X-C resonant RF experiments, as performed in Sec. 6.3.

In order to investigate if a strongly-coupled X-C system can be pumped through

another off-resonant QD X, a laser scan experiment on a different QD-micropillar

structure, in which two QD Xs - X1 and X2 - couple independently and strongly to

C, is performed. The result of such a study is depicted in Fig. 6.6. Section 5.2.4

examines this kind of system when subjected to above-band excitation with respect

to the energy difference between X1 and X2 (δX) and as a function of ∆X−C. The

corresponding fitted energetic dispersion curves of C, X1 and X2 are shown in Fig.

6.6(a) on top of an emission intensity map of measured spectra under above-band

excitation. The VRS of the first X (X1) is about 70 µeV , while for the second

(X2) it is ca. 83 µeV . Based on the measured κ = 82 µeV and using Eq. (5.21) the

light-matter coupling constants of both strongly-coupled systems can be determined:

gX1−C = 40 µeV and gX2−C = 46 µeV , respectively. The RF experiment of Fig.

6.6(b) is a laser scan on X2, which is indicated in Fig. 6.6(a) by a semi-transparent

orange bar, and is performed at the resonance temperature of X1 and C of 29.7 K.

The corresponding RF spectra are depicted in the upper panel of 6.6(b) versus the

L-X2 detuning ∆L−X2. The RF signal (gray solid line) is cut form the RF spectra

for scaling reasons. The integrated intensities, shown in the lower panel of (b), of

the upper (UP - red) and lower (LP - black) branches of the X1-C polariton exhibit

two clear resonances when the laser hits the FSS split states of X2, namely X2h

and X2v. The integration ranges are indicated in the 2D intensity map by colored

boxes, while the energetic positions of the X2h and X2v FSS states are indicated in

green. The intensity difference between the UP and LP branches is most likely a

result of a slight unintentional detuning between X1 and C. Interestingly, the third

resonance, as observed in Fig. 6.5(b) and (c) and attributed to the two-photon
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Figure 6.6: (a) Above-band excitation µPL spectra versus sample temperature at a
pump power of 2 µW . The fitted dispersion curves of the fundamental
cavity mode (C) and two QD excitons X1 and X2 (red, blue and black
dots) are overlaid. The fitting procedure is detailed in Sec. 5.2.4. The
spectral range used in (b) is indicated in semi-transparent orange. (b)
Upper panel: Resonance fluorescence (RF) spectra as a function of the
detuning ∆L−X2 between the excitation laser (L) and X2 for a X1-C
resonant system, with a resonance temperature of about 29.7 K and
at a coherent pump power of 10 nW . The emission laser (gray), the
FSS X2 states X2h and X2v (green) as well as the upper (UP, red)
and lower (LP, black) polariton branches are indicated. Lower panel:
Integrated UP and LP branches versus ∆L−X2. The integration ranges
correspond to the colored boxes of the upper panel of (b).
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XX resonance, is absent in this case (Fig. 6.6). One possible explanation is that

XX binding energy, due to QD-QD variations, is much larger than in the previ-

ous case so that the XX2p resonance is located outside the investigated detuning

window. The results presented in Fig. 6.6(b) clearly demonstrate that pumping of

a X-C polariton through resonant driving of a different off-resonant QD X is feasible.

In conclusion, the cavity mode can be used as a monitor of a coherently-driven X oc-

cupation for X-C detunings up to ±3 meV . The range of efficient excitation transfer

is determined by the mechanism of the off-resonant X-C coupling and its strength.

This interaction range is about 50 % larger for sample A than for B, thereby confirm-

ing an increased off-resonant QD X-C coupling strength for this sample. The latter

can be attributed to the larger cavity feeding effect of sample A due to higher res-

onator Q-factors and higher light-matter interaction strengths because of large QD

OS. Additionally, in the case of weakly interacting X-C the transfer process, which is

likely mediated by phonon interactions, exhibits a bottleneck behavior at high pump

rates. For strongly interacting off-resonant X-C systems this effect was not observed

as a much higher pump power - likely exceeding the experimental limitations - is

required in order to reach the bottleneck conditions. Investigations of the RF signal

revealed that efficient excitation transfer from X to C limits the scattering of the

coherent excitation (RF signal amplitude) significantly, even up to a point where

the QD X resonance is no longer detectable. Further study of the strongly inter-

acting off-resonant X-C systems (sample A) revealed an unreported spectral triplet

signature of which two resonances are the expected FSS X states and the third one

may be explained in terms of a two-photon XX excitation resonance. Finally, it is

shown that a X-C polariton can be pumped by coherent excitation of another off-

resonant QD X, which could possibly be exploited in future RF experiments aiming

at coherent excitation of X-C polaritons.

6.3 Coherently-Driven Exciton Polariton

Coherent driving of a two-level system has been target of intense research activity

for more than three decades. Experiments on atomic systems were the first to show

that resonant driving leads to dressing of the two-level system eigenstates and re-
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sults in the Mollow triplet (MT) spectrum at strong driving fields [Mol69, Gro77],

see also Sec. 2.2.4. Since then, this effect has been confirmed in other realizations

of a two-level system - such as superconducting circuits [Bau09, Sil09] and semicon-

ductor QDs [Xu07, Fla09, Ulr11].

Another coherent interaction that has attracted over a decade of research interest is

the cQED regime of strong coupling of a two-level system with a microcavity mode.

Similar to the previous case, the first systems under study where single atoms in

microcavities [Sch74, Hor89, Hoo98, McK03, Boc04, Bir05], well before supercon-

ducting circuits [Wal04, Kub10] and semiconductor QD-microcavities [Rei04, Yos04]

were employed. As outlined in Sec. 2.4, such a strongly interacting system may be

described by a Jaynes-Cummings Hamiltonian and the resulting anharmonic ladder

of states is called Jaynes-Cummings (JC) ladder.

Transitions between the excitation manifolds in the JC-like system are anharmonic

whereas the MT sideband splitting does not depend on the excitation manifold - i.e.

the corresponding ladder is equivalent to that of a harmonic oscillator. It is also

interesting to note that both JC and MT spectra are a result of strong interaction

between a two-level system and a field of light, the fundamental difference between

the two is the nature of the light field. In the JC-type system both cavity mode and

two-level system are quantized and the coupling partners are equally contributing

to the mutual state. In the semi-classical MT-type system the external light field

behaves like a classical field, which cannot be influenced by the two-level system,

i.e. with no re-absorption after emission from the dipole, and therefore only the

dipole is dressed. The yet unexplored transition between the anharmonic (quan-

tum) and harmonic (semi-classical) ladders of JC- and MT-type systems, which is

the principle topic of this section, could therefore be achieved simply by varying the

strength of the light field confinement. Experimentally however, it is not possible to

change the character of the light field from that of a strongly confined one of a mi-

crocavity mode to that of an externally impending light-field of the excitation laser.

In order to circumvent this limitation the present work applies a strongly-coupled

QD-micopillar cavity system (detailed in Sec. 5.2), which is subjected to coherent

optical excitation. In this kind of system the coupling strength of the excitation

light field gL−X with respect to that of the X-C polariton gX−C can be adjusted
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via the excitation power. This effectively mimics the change of the confinement of

the light field and therefore enables the observation of the transition described above.

Resonant driving of two-level system in a microcavity has been realized before for

atomic [Sch74, Cir97, Hoo98, Nog99, Rau99, Mon02, Bir05, Fel06, Moe07, Kim08],

superconducting [Wal04, Sch07a, Fin08, Sil09, Bis09] as well as QD-microcavity sys-

tems [Eng07, Ate09a, Kas10, Vol12, Kim14, Gre15, Din16]. However, in all of these

cases the resonant driving strength gL−X of the external light field remained much

weaker than the light-matter coupling strength gX−C. As a consequence, the co-

herent driving does not influence (dress) the strongly-coupled light-matter system.

As will be discussed in more detail in this section, there are two conditions for the

observability of the transition between a JC- to a MT-type system, namely direct

excitation through the two-level dipole (as opposed to the cavity mode) and the

gX−C/κ ratio. Cavity-driven systems are both experimentally and theoretically eas-

ier to realize and are therefore the main target of studies so far. In these systems

a transition from the anharmonic to a quasi harmonic ladder may be achieved by

climbing the JC ladder up very high excitation manifolds so that
√
n+ 1 '

√
n

[Ber01, Fin10, Kas13]. Details are given in Sec. 6.3.3. This kind of quantum to

(quasi) classical transition is fundamentally different from the one described in this

section as the underlying system retains its quantum character while only the optical

response is similar to that a classical system. Also no dressing of the X-C polariton

takes place.

Characterizing above-mentioned unexplored transitory regime is the primary objec-

tive of this section, which is organized as follows: Sub-section 6.3.1 introduces the

dipole-driven theoretical three oscillator model and contrasts it to the cavity-driven

case. Additionally, calculated emission spectra as a function of excitation strength

are analyzed in order to gain insight into the transition between the regimes of low

and high excitation strength. Corresponding detuning and excitation power depen-

dent experimental studies are presented in sub-section 6.3.2. Finally, the comparison

of experimental and theoretical results (sub-section 6.3.3) leads to the development

of a qualitative description of the transition from a JC- to a MT-type system. Its

boundary conditions and further implications are also discussed.
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6.3 Coherently-Driven Exciton Polariton

6.3.1 Theoretical Model

When modeling the coherent driving of a X-C polariton theoretically one needs

to make an assumption on how the system is driven: either through the cavity

mode or through the dipole. The important difference between them is that the

fermionic dipole (two-level system) saturates at some excitation level, while the

bosonic cavity mode does not. Consequently, the selected driving scheme has a sig-

nificant impact on the physical behavior of the system at high excitation strengths

[Ham16, Hop17]. The difference is evaluated in more detail below. Interestingly,

up till very recently the impact of different driving schemes was not considered an

important factor, therefore all relevant publications in this field, with the exception

of [Ham16, Hop17], considered cavity driving for simplicity. As detailed in Sec.

4.3, the excitation/detection scheme is experimentally linked to the geometry of the

employed microcavity system. The reduced complexity of the experiment is the

main reason that previous experimental studies of resonantly-driven X-C systems

in micropillar cavities [Gre15, Uns15, Din16] use the axial excitation and detection

scheme, in contrast to the lateral excitation and axial detection scheme employed in

the experiments of this section.

The theoretical description presented in the following was developed in cooperation

with A. Carmele and A. Musia l, whereas all calculations presented in this section

were performed by A. Carmele. In order to model the dipole driven X-C polariton

a Hamiltonian

H =H0 +HL−X +HX−C (6.1)

H0 =~σ++ ∆L−X + ~ b†b∆L−C (6.2)

HL−X =gL−XN (γat,∆L−X) (σ−+ + σ+−) (6.3)

HX−C =gX−C

(
b†σ−+ + σ+−b

)
, (6.4)

written in the dipole approximation and rotating frame of the laser, is employed.

The detunings of X and C with respect to the driving laser are denoted as ∆L−X

and ∆L−C, respectively. The transition and occupation operators between excited

|+〉 and ground |−〉 state and of X are expressed with |i〉 〈j| = σij . The system

is driven through X by a coherent laser field of strength gL−X, which is related to
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

the excitation power P by gL−X ∝
√
P . N (γat,∆L−X) is an envelope function of

a normal distribution of a FWHM of γat which models the excitation laser atten-

uation as a function of the ∆L−X detuning. It attenuates the excitation efficiency

when not in resonance with the uncoupled X state, i.e. for ∆L−X 6= 0. This function

is introduced phenomenologically to describe the experimental observation that the

polariton states are not efficiently pumped by the resonant laser in QD-micopillar

cavities (cf. Fig. 6.8(a)). This effect may be related to the geometry of the micopil-

lar cavity and the resulting k-vector mismatch, i.e. orthogonality, between coherent

laser field in lateral direction and cavity mode propagating in axial direction. Ge-

ometrical effects and polarization are not considered in the theoretical model and

extending the theory to include a microscopic origin of this effect is beyond the

scope of this work, but could be a goal of future investigations. These investigations

could employ a full three-dimensional description of the vectorial X-C polariton

eigenmodes through numerical simulations, such as the FEM detailed in appendix

A. The width γat of the attenuation envelope function N (γat,∆L−X) was chosen

to match the FWHM of the experimentally determined value of γX = 0.24 gX−C.

Theoretical spectra are calculated from two-time correlations of the cavity opera-

tors obtained via a master equation in the standard Lindblad form. Cavity losses,

decoherence and radiative decay are taken into account in the dissipative part of the

Hamiltonian H. All theoretical data is obtained via a numerical evaluation of the

master equation up to very high-orders1 to include multi-photon scattering events,

which are crucial for the description of a coherently-driven cQED setup. Details

regarding the theoretical approach are given in [Hop17].

In order to investigate the transition between a JC- to a MT-like system the response

of a dipole-driven system as a function of excitation strength gL−X of an all-resonant

(∆L−X = ∆L−C = 0) system is studied. The excitation power-normalized incoher-

ent2 part of the spectral response versus gL−X is depicted in Fig. 6.7(a) as a color

coded intensity map. Three exemplary spectra corresponding to the three different

gL−X regimes (see below), indicated in the intensity map by colored arrows, are

1 In the calculations the maximum included order is determined by using convergence criteria.
2 The theory treats coherent and incoherent scattering of the excitation laser on the X-C

system separately. The coherent response consists of a delta function at the laser emission
energy, while the incoherent response has spectral characteristics.
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6.3 Coherently-Driven Exciton Polariton

Figure 6.7: (a) Calculated resonant driving strength (gL−X)-dependent incoherent
emission spectra normalized by g2

L−X. QD exciton (X), fundamental
mode (C) and laser (L) are in resonance with each other. The eigen-
states (neglecting dephasing) of X-C polariton = ±gX−C, L-X Mollow

triplet = ±2 gL−X and laser-dressed polariton = ±
√
g2

X−C + 4g2
L−X are

drawn as a guide to the eye. Three exemplary spectra of the three dif-
ferent excitation regimes are shown to the right of the intensity map.
Relevant transitions between eigenstates and the ground state are in-
dicated by dashed lines. (b) Comparison of theoretical resonance fluo-
rescence (RF) signal integrated over detuning range of ±0.1gX−C as a
function of gL−X for direct excitation of X (red) and C (black), respec-
tively. The RF signal includes both coherent and incoherent contribu-
tions. The slope changes (indicated by arrows) in the case of X-driving
correspond to the occupation of higher order rungs.
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

shown on the right side of the intensity map for comparison. The parameters used

for the calculations are extracted from above-band excitation experiments employing

temperature-induced detuning. Details regarding the utilized parameters are given

in Sec. 6.3.2. The normalization by P ∝ g2
L−X ensures that only the nonlinear re-

sponse of the system is shown. Three distinct regimes of the system as a function of

excitation strength may be identified. For excitation strengths gL−X � gX−C (blue)

the spectral response is that of the X-C polariton, practically equivalent to the one

obtained via above-band excitation, cf. Sec. 5.2.1. It therefore can be concluded that

in this regime the laser probes the X-C polariton system but does not significantly

influence the polariton eigenstates. For gL−X � gX−C (red) the spectral response

is that of a Mollow triplet. The energetic separation of the outer MT branches is

given by ∆EMT = ±2gL−X as shown in Sec. 2.2.4, while the VRS of the low exci-

tation limit is independent of gL−X. For values around gL−X ≈ gX−C/2 (dark gray)

the system shows a transitory regime in which the spectral broadening apparently

exceeds both the VRS as well as the MT separation. It is a strong indication that

in this transitory regime the coherent driving field dresses the X-C polariton as only

in that case a splitting beyond that of the limiting cases is expected. To support

this argument one can compare the calculated spectra with the eigenenergies of the

Hamiltonian of Eq. (6.1) with respect to the first excitation manifold, which can be

solved analytically if all dephasing is neglected. In this special case the Hamiltonian

can be written as

H =

 0 0 2gL−X

0 EC gX−C

2gL−X gX−C EX

 .

The solution of this 3x3 matrix is explicitly shown in [Hop17]. In the all-resonant

case (∆L−X = ∆L−C = 0) the eigenenergies λUP and λLP of the upper and lower

polariton branch of the first excitation manifold UP and LP, respectively, reduce to

λUP = +
√
g2

X−C + 4g2
L−X , (6.5)

λLP = −
√
g2

X−C + 4g2
L−X . (6.6)
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6.3 Coherently-Driven Exciton Polariton

The simplified eigenenergies of the uncoupled L-X and X-C as well as the mutually

coupled L-X-C system of the upper and lower branches are shown in Fig. 6.7(a) as

dashed lines. In the three exemplary spectra the respective eigenenergies are shown

as well. While in the limiting cases of low and high excitation strength the spectral

features correspond well to the X-C and L-X eigenenergies, this is not the case in the

transitory regime. The reason is that transitions between higher order manifolds are

superimposed to the signal of the first manifold. A detailed analysis can be found in

section 6.3.3 where also a level scheme (Fig. 6.10) of the system of three oscillators

and its evolution with excitation power is presented.

The Hamiltonian HL−X of Eq. (6.3) denotes dipole driving of the system, ana-

logues a cavity driven system may be realized simply by replacing HL−X with a

term HL−C = gL−C b
†b. The physical response of the system, however, is modified

drastically by the change of excitation channels. The difference between the dipole

and cavity excitation channels becomes clear when the power-normalized RF signal

of an all-resonant system is considered (in Fig. 6.7(b)) as a function of gL−X for a

X- (red dots) and a C- (black dots) driven system. The term RF signal, as defined

previously, denotes here the resonant scattering of the coherent excitation, which

includes both the incoherent and coherent scattering contributions around the res-

onance energy. It is obtained by numerical integration of coherent and incoherent

spectral response in the range of ±0.1 gX−C. The cavity-driven RF signal shows a

monotonous super-linear increase proportional to
n∑
g2n
L−X , where n denotes the rung

of the excitation manifold. This is a clear sign that the occupation of the cavity

mode diverges rapidly. This interpretation is supported by the fact that at a gL−X

of 2gX−C already more than 100 excitation manifolds have to be included in order

for the calculations to converge. The dipole-driven RF signal shows a very different

response. It increases up to a maximum at gL−X ' 0.18 gX−C. This maximum can

be attributed to the saturation of the first excitation manifold of the mutually cou-

pled L-X-C system, it can only be observed in the configuration of X-driving. For

both higher and lower driving strengths gL−X it drops down towards 0. The decrease

of the RF signal beyond the transitory regime can be attributed to the formation

of MT sidebands, which transfer excitation away from the central resonance where

the RF signal is obtained. Towards large gL−X, two distinct changes in the slope,

which are marked by red arrows in Fig. 6.7(b), can be observed and attributed
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to occupation of higher excitation manifolds of the laser-dressed polariton system.

They are similar to the first maximum but with lower contributing amplitude. In

the calculations contributions up to the 6th manifold have to be included in order

to achieve convergence. The drastically divergent behavior of the two curves as a

function of gL−X can be explained in terms of the different character of the state

through which the system is pumped, i.e. X and C exhibiting fermionic and bosonic

character, respectively. As a consequence, in X-driving the occupation and therefore

the maximum occupied manifold is limited by the X lifetime-governed saturation of

the electronic state and the cavity loss rate. While in C-driving the occupation is

only limited by the cavity loss rate and, therefore, diverges with increasing excita-

tion strength.

6.3.2 Experiments

The theory, described above, predicts that there is an intermediate regime (gL−X ≈
gX−C/2) in which the coherent excitation influences the strongly-coupled X-C polari-

ton, but not yet dominates the mutually coupled system. In the theoretical analysis

of the incoherent RF of the mutually coupled all-resonant system of Fig. 6.7(b) it

becomes clear that in the intermediate regime the spectral response of the system

is ”washed out” due to several overlapping transitions and high dephasing. In this

sub-section the experimental investigations of the coherently-driven X-C polariton

system in the transitory regime, which employ laser detuning and excitation power

dependent studies, are presented. A basic characterization of the strongly-coupled

system investigated here can be found in Sec. 5.2.1. The strong coupling parame-

ters determined by a global optimization approach after Laussy et. al. [Lau08] are

summarized in Tab. 5.2. Note that the determined above-band QD X linewidth of

γ532nm
X = 52 µeV is decreased to about γX = 15 µeV under resonant excitation due

to reduced dephasing and spectral jitter [Ben05, Ate12], see also Sec. 2.2.3. The

fundamental mode, which is ideally twofold degenerate (see Sec. 2.1), exhibits a

mode splitting δC of about 16 µeV 1, which can be attributed to slight asymmetry

of the micropillar cross-section [Ate07, Rei10a].

1 δC is determined by above-band polarization resolved measurements (not shown).
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6.3 Coherently-Driven Exciton Polariton

Figure 6.8: (a) 2D-map of RF spectra as a function of the detuning ∆L−X between
the excitation laser (L) and the QD exciton (X) at X and fundamental
mode (C) resonance (∆X−C = 0) using 2 nW excitation power as
measured outside the cryostat. The RF signal is cut from the spectra
(white area) for scaling reasons, while the laser energy is marked with a
gray solid line. On the right to the 2D-map a spectrum measured with
above-band excitation is shown for comparison. (b) RF signal (gray,
(b.1)) and lower (black) as well as upper (red) integrated intensities of
the polariton branches (b.2) versus ∆L−X. Corresponding theoretical
curves are shown as an overlay, i.e. no fitting parameters, with solid
lines. (c) Upper (red dots) and lower (black dots) polariton energetic
shifts and their linear fits (red and black solid lines, respectively) as a
function of ∆L−X together with theoretical predictions for gL−X in the
range of 0 − 3 gX−C (solid gray to cyan lines). By comparison with
theory the gL−X corresponding to the experiment is determined to be
equal to 0.14 gX−C, cf. solid brown and dashed blue lines.
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In order to investigate the influence of the coherent excitation light field on the

strongly-coupled system experimentally, an excitation level at the onset of the tran-

sitory regime of gL−X . 0.3 gX−C, in which the characteristic feature of the X-C

polariton - the VRS - can still be identified clearly, is chosen. To this end, the exci-

tation laser is scanned across the resonant X-C system and the RF emission spectra

are recorded. The 2D map of recorded intensities as a function of energetic X-L

detuning ∆L−X is shown in Fig. 6.8(a). Using the above-band excitation spectrum

shown on the right side of the intensity map the upper and lower polariton branches

UP (red) and LP (black), respectively, can be identified. The RF signal, determined

through a fit of the scattered incoherent and coherent laser signal, was subtracted in

the 2D map for scaling reasons. The subtracted RF signal is shown in Fig. 6.8(b.1)

(gray dots). Even though this curve does contain contributions from incoherent

scattering, the RF signal is dominated by coherent scattering [Bos12, Fis16] and

does not show any resonances near ∆L−X = 0. This indicates that neither the UP

and LP branches nor the bare uncoupled X and C states significantly scatter the

excitation laser. The reason why the uncoupled X state does not scatter the reso-

nant excitation can be traced back to the fast excitation transfer from the uncoupled

state to the polariton. This interpretation is analogous to the argument used for

the interpretation of the strongly interacting off-resonant X-C RF signal of Sec. 6.2.

It is also supported by theoretical calculations (black solid line) where no X-related

resonances are visible. Detuning-dependent studies performed theoretically1 (not

shown here) indicate that the QD X has to be detuned by about 25 gX−C in order

to restore the RF signal response of a dipole, which is similar to that of the weakly

interacting off-resonant QD X RF signal shown in Sec. 6.2.1.

Strong resonances at the polariton energies are visible in (a) if the excitation laser

is tuned to the bare (uncoupled) X state ∆L−X → 0. This indicates that the exci-

tation laser pumps the polaritonic system very efficiently through the bare X state.

In panel (b.2) of Fig. 6.8 the integrated2 UP (red dots) and LP (black dots) in-

tensities of the branches are shown as a function of detuning. In agreement with

1 The theoretical calculations do not include off-resonant long range interactions, discussed in
Sec. 6.2, and therefore underestimate the off-resonant X-C interaction strength. The realistic
detuning range at which the X RF response is restored should therefore be larger than 25
gX−C.

2 The spectral integration ranges are indicated by the colored boxes in Fig. 6.8(a).
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the RF signal of (b.1) neither UP nor LP shows a resonance if the laser is tuned

to the opposing branches LP and UP, respectively. This clearly demonstrates that

the system cannot be pumped efficiently through the polariton states, which is not

expected from theory. Therefore, this finding is related to an effect which is not

considered in the theoretical model. One possible explanation can be found when

examining the geometric effect of orthogonality between lateral excitation and cav-

ity mode propagation directions (kk ), which is discussed in Sec. 6.3.1. On close

inspection the resonance of the UP and LP intensity curves of Fig. 6.8(b.2) reveals

a substructure with 15.6 µeV splitting matching the mode splitting δC determined

independently. As a result it can be concluded that the two mode components of C,

C1 and C2, couple independently to the QD X. Which mode couples strongly to the

exciton is determined by the detuning of the laser with respect to the modes, whereby

the mode component of C exhibiting the smaller detuning dominates the interaction.

Since the theoretical model only considers one mode, two independent theoretical

curves (solid lines) spaced by the experimentally determined δC are plotted in Fig.

6.8(b.2). In other words the theoretical curves shown in (b.2) are not fitted, but

overlaid with the experimental data using parameters determined independently. In-

terestingly, on close inspection of the central polariton resonances injection pulling

of the UP and LP branches can be observed. Injection pulling is an effect known

from macroscopic systems such as semiconductor lasers [Tar95, Ern10], in which

a master laser influences the emission energy of a slave laser through optical in-

jection. Analogous but physically different effect is measured here in the ultimate

single quantum state limit thereby bringing the two fields of nonlinear dynamics and

quantum optics together. The measured energetic shift of the polariton branches is

illustrated in Fig. 6.8(c) and also overlaid in (a) by red and black dots using mea-

sured energetic detunings of the UP and LP branches, respectively. The UP and LP

energetic shifts are determined by fitting the corresponding spectral resonances by

Lorentzians as a function of ∆L−X. The experimental slopes of the injection pulling,

which are obtained by linear fits to the dispersions of these detuning-dependent en-

ergies, are contrasted to theoretically determined slopes (gray to cyan solid lines)

for excitation strengths gL−X in the range of 0 to 0.3 gX−C. By using this compari-

son a theoretical slope of 0.39 (brown solid line) can be determined which matches

the mean value of the slope of the UP and LP branches (blued dashed line). This
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enables the identification of the effective microscopic excitation strength gL−X of

0.14 gX−C of the system during the experiment, which is a much better measure of

the excitation power than the 2 nW determined outside the cryostat. Comparison

between the external and microscopic powers yield an external quantum excitation

efficiency of about 2.6×10−6, which is a measure of how high the chance of a photon

of the excitation beam is to excite the system of three coupled oscillators. Assuming

that all excitation is emitted and collected in axial direction, this quantity is equiv-

alent to the intensity ratio between the excitation and detection beams. It therefore

represents the excitation suppression factor that needs to be achieved in RF when

signal and stray-light intensities are the same, a similar value has been reported for

stray-light suppression using cross-polarized excitation and detection [Kuh13a].

In order to gain further insight into the intermediate regime where gL−X ≈ gX−C/2

and the polariton branches merge into a more complex spectrum, excitation strength

dependent experiments are performed analogues to the theoretical investigations dis-

cussed in Fig. 6.7. Experimental power-normalized intensities as a function of gL−X

are shown in Fig. 6.9(a) and (b) for an off-resonant and an all-resonant system,

respectively. In the off-resonant system of (a) C is detuned with respect to X and L

by about 15 gX−C. The upper panels (a.1 and b.1) show the 2D power normalized

intensity maps, while the lower panels (a.2 and b.2) depict the extracted RF signals.

The power normalization by g2
L−X is necessary in order to compare experiment with

theory, as in experiment there is a finite contribution of stray-light (∝ P ∝ g2
L−X),

which is not considered in the theoretical description. The most striking difference of

experimental and theoretical intensity maps is that experimentally it is not possible

to separate the coherent from the incoherent contributions as well as potential sig-

nal from excitation stray-light. Since the dynamic range of the detection is limited,

it is not possible to resolve both the RF signals and the incoherent RF spectrum

simultaneously. The large intensity difference of latter is also why the RF signal in

Fig. 6.8(a) is subtracted. Even with the subtracted spectra it is still not possible

to resolve the Mollow triplet towards high excitation powers, due to high linewidths

of both κ and γX which results in broad MT sidebands (cf. Fig. 6.7). As a conse-

quence, all of the intensity of the MT is distributed over a large spectral range and

it is therefore more difficult to actually extract the sideband intensity with respect

to the background, e.g. from laser stray-light. This is related to the fact that large
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Figure 6.9: Experimental power-normalized emission spectra under resonant exci-
tation of a quantum dot exciton (X) strongly-coupled to a fundamental
cavity mode (C) as a function of excitation power

√
P ∝ excitation

strength gL−X. In (a) C is detuned by about −15 gL−X from the X
and the excitation laser (L), in (b) X, C and L are on resonance. (a.1)
and (b.1) depict the resonance fluorescence (RF) spectra recorded as a
function of

√
P . In order to enhance the visibility of the C response its

signal is multiplied by a factor of 90 in (a.1), while in (b.1) the signal to
noise ratio-limited background is shown. (a.2) and (b.2): Comparison
of experimental and theoretical excitation power-normalized RF sig-
nals as a function of gL−X for the C-detuned and all-resonant systems,
respectively.
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QDs typically feature increased linewidths due to spectral jitter. The latter can be

attributed to their increased QD oscillator strength because it makes them more

susceptible to charge fluctuations of their environment compared to smaller QDs,

see also Sec. 2.4.1. No observation of a MT with this type of low In content QDs

has been reported so far.

In the intensity map of the off-resonant system in 6.9(a.1) the response of C is

shown by magnifying the intensity by 90 times in its spectral vicinity. Similarly to

the discussion in Sec. 6.2.1 of Fig. 6.4 a saturation of the cavity mode is visible,

which can be interpreted as a saturation of the resonantly-driven QD X. This con-

clusion is supported by analysis of the off-resonant and all-resonant systems, the

respective extracted RF signals are depicted by open dots in panels (a.2) and (b.2).

These traces also enable a direct comparison with theory. Similarly to the inves-

tigations using the energetic detuning discussed above, by fitting the experimental

results with theoretical curves one can determine the actual microscopic excitation

strength of the experiment. The curves of the off-resonant case of Fig 6.9(a.2) show

saturation at a P of about 0.45
√
nW , which corresponds to a gL−X of 4.5 × 10−3

gX−C. Experimental and theoretical traces of (b.2) on the other hand exhibit a

maximum equal to 0.22
√
nW and 0.18 gX−C, respectively. The saturation in the

off-resonant theoretical trace of (a.2) takes place at a two orders of magnitude lower

excitation strength gL−X than suggested by comparison between the occupation of

the first excitation manifold of the dressed X-C system of (b.2) and the measured

external intensities. The reason is that no off-resonant coupling mechanisms - as

discussed in Sec. 6.2 - are considered. This drastically enhances the exciton lifetime

and lowers the saturation power in theory when compared to the experiment. As

discussed above, the maximum of the normalized RF signal of the all-resonant case

is attributed to the saturation of the first excitation manifold of the laser-dressed

X-C polariton, while the formation of the MT sidebands accounts for the decrease

towards increasing gL−X. The comparison of the cavity detuned (off-resonant) case

to the otherwise identical1 all-resonant system nicely illustrates that the maximum

found in the all-resonant case is indeed an effect of the mutually coupled system.

Interestingly, the position of the maximum is robust against specific system pa-

rameters. It can be traced back to the unnormalized photon correlation functions,

1 Except the sample temperature which was used as the X-C tuning mechanism.
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from which the spectra are calculated, cf. [Hop17]. These functions feature max-

ima at gL−X values corresponding to the splittings of the laser-dressed JC-ladder

of
√
n g2

X−C + 4 g2
L−X (see below), the contributions of which decrease in amplitude

with each occupied manifold. Since in the theoretical calculations excitation mani-

folds up to the 6th rung had to included to achieve agreement between theory and

experiment, it can be concluded that also in experiment higher order manifolds up

to the 6th rung contribute to the RF signal.

6.3.3 Interpretation

Based on the performed investigations a simplified level scheme of the system under

study can be generated to better explain the characteristics of the transition be-

tween JC- and MT-like ladders of states. This scheme is depicted in Fig. 6.10. The

equations used to calculate the energy levels neglect dephasing and are an extension

of Eq. (6.5) and (6.6), which describe the eigenenergies of the mutually coupled

system as a function of gL−X, for an arbitrary rung n of the excitation manifold.

The relevant formulas in the respective color-coded regimes - low (blue), intermedi-

ate (dark gray) and high (red) excitation - are denoted in the level scheme. If the

mean system occupation, indicated qualitatively in the level scheme by a green solid

line for κ > 0, is taken into account (see below) the level scheme is able to qualita-

tively reproduce the calculated incoherent spectra, which are presented already in

Fig. 6.7(a) and shown above the level scheme for comparison. For small excitation

powers the system occupation is so low that only transitions E1→0 from the first ex-

citation manifold n = 1 to the ground state n = 0 give a non-negligible contribution

to the emission. This reproduces the limiting case of vanishing laser influence on

the X-C polariton system with a VRS equal to ∆E1 = 2gX−C. In the high excita-

tion limit, the likelihood that a photon leaves the cavity in a given timespan, which

is given by κ1, increases with each rung of the excitation manifold, this effectively

limits the maximal possible mean occupation of the system and as a result leads

to a finite value nmax. Since the anharmonic splitting of the low excitation regime

scales with
√
n the JC ladder can evolve into an effective harmonic ladder (MT-like

1 The loss rate of each cavity photon is given by κ, as the number of system excitations
increases so does the total cavity loss rate.
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

Figure 6.10: Level scheme of the laser (L) dressed X-C system neglecting dephas-
ing as a function of gL−X. Above the level scheme three exemplary
theoretical spectra, already presented in Fig. 6.7(a), are shown to
demonstrate the connection between the level scheme and the spec-
tral response of the coherently-driven system. The system mean oc-
cupation is indicated as a guide to the eye in green. The possible
transitions between two consecutive excitation manifolds are depicted
by arrows (e.g., from manifold n to n − 1 are denoted by En→n−1).
The splittings of states within the nth manifold ∆En(gL−X) in the
different regimes are given by formulas at the top of the level scheme.
The limiting cases of low and high excitation simplify to pure an-
harmonic Jaynes-Cummings (blue) and harmonic Mollow triplet-like
(red) ladder states, respectively. The green curves indicate climb-
ing up the Jaynes-Cummings ladder for negligible dephasing (dashed
green line, κ = 0), and the transition from the anharmonic ladder
to the harmonic ladder when dephasing is present (solid green line,
κ > 0).
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6.3 Coherently-Driven Exciton Polariton

system) in two distinct ways. In the limit of κ = 0, which is indicated by a green

dashed line in Fig. 6.10, the system occupation diverges with increasing gL−X. In

the limit of large n� 1 the difference in the energetic level splitting ∆En ' ∆En−1

between n and n − 1 becomes negligible and the ladder becomes practically har-

monic. This kind of transition is the same as the one observed under cavity driving

[Ber01, Fin10, Kas13] and does not represent a real evolution from a quantum to

classical system as the quantum nature of the system is retained even at occupation

of high excitation manifolds. The other kind of transition can only be observed if

the mean occupation saturates for gL−X � gX−C, in which case the energetic level

splitting is governed by ∆Enmax ∝ 4gL−X, thereby reproducing (∆Enmax→nmax−1)

the MT spectrum. The actual value of nmax is dependent only on κ. The condition

for presence of the transitory regime on the other hand is that both anharmonic

(∝
√
n gX−C) and harmonic (∝ 4gL−X) contributions are of similar magnitude. Or

in other words, the excitation laser coupling strength gL−X needs to overcome the

X-C coupling strength gX−C at finite occupation levels to initiate the transition.

The figure of merit of the transitory regime is therefore the ratio gX−C/κ. In the

intermediate regime the splitting is enhanced compared to the bare anharmonic and

harmonic limiting cases, which could in principle be a way to obtain large coherent

splittings. But because of the non-negligible occupation, transitions between multi-

ple excitation manifolds, e.g. E2→1 and E1→0, as indicated in the level scheme and

the respective calculated incoherent spectrum, are observed, which severely limits

the spectral resolvability of the enhanced splitting.

One might think that decreasing the dephasing with respect to gX−C would enable to

spectrally resolve the transitions related to different excitation manifolds in the in-

termediate regime. The spectral widths associated with X (γX) and C (κ) are about

0.24 gX−C and 1.68 gX−C, respectively. In order to spectrally resolve individual con-

tributions in the transitory regime the condition
√
κ2 + g2

X � gX−C would need to

be fulfilled, which implies system parameters of Q > 250000 and γX < 5 µeV . It has

been demonstrated that in principle these values can be obtained [Kuh15, Sch16b],

though with a lower QD OS due to the high QD In content. In order to overcome the

latter further refinement of the InGaAs/GaAs QD fabrication technique is required.

Since the presence of transitory regime is determined by the gX−C/κ-ratio, reducing

κ would shift the onset of the transition towards larger gL−X, which in-turn would
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

limit its observability in both experiment and theory1. This assessment changes

the view on the role of cavity losses significantly, as only a finite κ actually enables

the formation of the coherent state of the laser-dressed polariton in the case of a

coherently X-driven X-C polariton system.

Using the description developed above, it becomes possible to deepen the under-

standing of the results obtained by excitation strength dependent investigations.

The maximum observed in the RF signal in both theory and experiment, cf. Fig.

6.9(b), is the result of two effects. Firstly, the increase of the occupation of the first

rung of the dressed polariton ladder is responsible for the initial increase. Theoret-

ical analysis shows that the occupation of the first rung saturates at about 1 gL−X.

The decrease at higher excitation strengths is a result of the formation of the MT

sidebands, which effectively transfer emission out of the spectral integration window

of the RF signal. The combination of both effects leads to a maximum in the RF

signal. It can therefore be concluded that the RF signal maximum is a very good

indicator of the transition between a JC- and MT-like system and is also a finger-

print of the laser dressing of the X-C polariton. An additional sign of the transitory

regime is the enhanced splitting of the eigenstates (cf. Fig. 6.10). Based on the

eigenstates of the simplified system, cf. Eq. (6.5) and (6.6), it can be determined

that the strongest deviation from the limiting cases of the laser-dressed X (MT) and

the strongly-coupled X-C (JC) systems can be found at gL−X = gX−C/2. In these

conditions the splitting is enhanced by a factor of
√

2. Another question that is

worth investigating is whether this coherently-driven X-C system can be driven into

(single-QD) lasing [Nod06, Str06]. According to [Bjö94] the laser threshold may be

defined as the pump power when the cavity photon occupation reaches 1. The latter

can be estimated analytically in the dressed polariton system to 0.5 g2
X−C/(κ

2+g2
X−C)

[Hop17], which for given parameters evaluates to 0.4 < 1. This indicates that the

dressed polariton system under investigation does not reach the regime of lasing.

Interestingly, even for an ideal κ = 0, the mean cavity photon occupation is limited

to 0.5. Thus, a single-QD laser is not possible in the presented QD-microcavity

system. This assessment is supported by recent results of [Gie16] in which a second

excitonic transition and a few background emitters had to be included in order to

1 The number of spectrally contributing transitions, as well as power-induced secondary effects
(e.g. two-photon absorption) in experiment and the number of excitation manifolds that need
to be included in the theoretical calculations increase with gL−X.
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reach the lasing regime.

In conclusion, comprehensive theoretical and experimental studies focusing on the

previously unexplored regime of the transition between the well-known limiting cases

of the strongly-coupled X-C polariton system (anharmonic JC ladder) and the co-

herent X-driving (harmonic MT-like system), in which a mutually coupled system

of laser-dressed X-C polaritons is formed, are presented. The dressed X-C polari-

ton system of a QD-micropillar cavity system may be described by a three oscillator

model. In this model the mutual coupling between the coherent light field, the QD X

and the cavity mode is described. Driving the mutually coupled system through the

QD X is of critical importance in order to observe the transition from an anharmonic

(JC-like) to a harmonic (MT-like) ladder system as the excitation strength increases.

The unique approach of dipole driving distinguishes the presented theoretical and ex-

perimental studies from earlier publications on resonantly-driven QD-microcavities

[Eng07, Ate09a, Kas10, Vol12, Kas13, Kim14, Gre15, Din16]. In excitation strength

dependent investigations of the RF signal it is possible to identify a characteris-

tic maximum which indicates the saturation of the first rung of the laser-dressed

and mutually coupled X-C polariton. At higher excitation contributions of higher

order rungs are identified theoretically. Good agreement between theoretical and

experimental findings suggests that contributions of up to the 6th rung are also

present in the experiment. The gX−C/κ-ratio is identified as the figure of merit

that determines at which excitation strength gL−X the transition takes place. It

is the only control parameter of the transition between the JC- and MT-like lad-

ders. Experimental detuning-dependent studies imply that efficient excitation of the

X-C system can be achieved by tuning the laser to the bare (uncoupled) excitonic

transition. Unexpectedly, the results show that the coupled X-C system cannot be

excited through its polaritonic states, which is attributed to the orthogonality of the

propagation direction of excitation laser light field and micropillar cavity mode. The

lack of a significant response of the RF signal as a function of laser detuning can

be attributed to the fast excitation transfer between QD X and C. Furthermore, a

quantum mechanical injection pulling effect of the UP and LP branches is observed

experimentally and confirmed theoretically. This effect constitutes the quantum

mechanical analogue of the classical effect of injection pulling and injection locking

of macroscopic semiconductor lasers [Tar95, Ern10]. An interesting aspect of the
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6 Coherently-Driven Quantum Dot-Micropillar Cavities

injection pulling effect is that it enables one to determine the microscopic excitation

strength of the system corresponding to the externally measured excitation power.

Future experiments could exploit the fast cavity photon lifetime limited switching on

the ps timescale between anharmonic and harmonic ladders in order to deterministi-

cally prepare and manipulate specific transitions utilizing pump-probe spectroscopy.

Additional investigations on this subject could encompass a microscopic model of

the blocked excitation of the polaritonic states in laterally excited QD-micropillar

cavities, a detailed description of the injection pulling effect as well as theoretical

separation of contributions of higher order dressed X-C polariton states to the RF

signal. Experimental confirmation of the evolution of the transitory regime with

varying cavity losses κ might also be of interest.
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In this work comprehensive studies of cQED effects of the QD-micropillar system

in both weak and strong QD exciton (X) and cavity mode (C) coupling regime

are presented. The state of the art of this field and understanding of these effects

is thereby advanced considerably. A special focus of this work is the exploration

of cQED effects using directional excitation, emission and detection enabled by an

unique experimental approach developed specially for resonance fluorescence (RF)

experiments on QD-micropillar cavity structures. This 90◦ scheme of lateral excita-

tion and axial detection can be used not only for RF experiments but also for novel

investigations of cQED effects under non-resonant excitation, if the possibility of

synchronous lateral and axial detection is exploited.

Using this specialized setup, full three-dimensional access to cQED effects such as

the Purcell enhancement, high-β lasing, vacuum Rabi splitting (VRS) and correla-

tions of single photons is enabled. Results on Purcell effect and photon correlations

in the weak coupling regime show that the emission of single photons from a single

QD X in the lateral and axial micropillar directions is strongly anticorrelated and

that the fraction of emission into a specific direction can be adjusted by changing the

detuning between X and C. This feature could potentially be exploited in the future

to generate heralded single photon sources as predicted theoretically in [Kuh16]. The

synchronous lateral detection is further employed in the improved assessment of the

β-factor in high-β microlasers, as the ratio between the lateral and axial emission

intensities provides a sensitive measure of the onset of stimulated emission. Another

interesting aspect of using the intensity ratio between the emission intensities in

different directions is the study of the dependence of the Purcell effect as well as

the β-factor on pump power, which is not accessible otherwise. Exploration of the

emission directionality of a strongly coupled X-C system reveals that, opposed to

the case of weak coupling, the fraction of emission into a specific channel cannot be

modified by changing the detuning between X and C. The reason is that in strong
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coupling QD X emission is governed by stimulated and not spontaneous emission.

Observed lack of tunability is therefore compelling proof of the coherent interaction

between QD X and C itself.

A second focus of this work is the study of phonon influence on the VRS as well

as the mutual coupling of two QD X to a common mode using statistical methods.

Investigations of the VRS revealed that for the employed laterally extended QDs of

low In content the VRS splitting is almost temperature independent in the range

up to 60 K. The reason is that the effect of phonon-induced renormalization is

counteracted by the increase of the oscillator strength of QD X transitions due to

thermalization of its sub-potentials. This regime of inherent temperature stability of

the VRS could prove useful for future applications of strong coupling such as quan-

tum computing [Ima99, Lad10]. Experiments on the mutual coupling of two QD Xs

confirmed that the VRS is indeed enhanced by up to a factor of
√

2 in the limit of

vanishing energetic splitting between the excitons as predicted in [Rei06b]. Mutual

coupling of more than one QD X could prove very beneficial for the quest of the

ultimate nanolaser [Nod06] as recent investigations reveal that one QD X might not

be enough to drive a QD-micropillar system from strong coupling to lasing [Gie16].

Furthermore, a QD-micropillar with multiple strongly coupling QD Xs to a common

C has the potential to be used as a photonic bus for excitonic qubits [Alb13a].

Moving on from incoherently to coherently driven cQED systems, one encounters

the inherent difficulty of excitation stray-light suppression. To meet this challenge a

specialized experimental setup employing a 90◦ excitation and detection geometry as

well as spatial and polarization filtering is created. Additional excitation stray-light

suppression of up to a factor of 15 is achieved by using samples with self-aligned mi-

cro apertures on top of the pillar top facets. Future optimization of the fabrication

process has the potential to enable much larger suppression enhancement factors.

Experimental RF investigations of off-resonant QD Xs employing samples of weak

and strong off-resonant X-C interaction provide insight into the long range X-C cou-

pling mechanisms. Not only is the usability of the emission from the cavity mode as

a monitor of X RF, as proposed in [Ulh10], confirmed, also C-mediated QD X to QD

X off-resonant scattering is observed. Detailed pump power-dependent analysis of

this effect reveals that the mechanism responsible for X and C off-resonant coupling
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saturates, i.e. exhibits a bottleneck, at high excitation powers. Exploration of the

regime of strong off-resonant interaction reveals that in that case the QD X RF

response is significantly suppressed, which can be attributed to the efficient occupa-

tion transfer between cavity mode and QD X. Additionally, it is demonstrated that

the X-C polariton system may be pumped directly by another off-resonant QD. The

latter discovery could pave the way for future RF experiments on strong coupling

as it enhances the accessibility to this kind of coherently-driven system significantly,

i.e. the conditions of the excitation stray-light suppression are relaxed considerably.

Coherent excitation of a X-C polariton through the QD exciton is demonstrated in

this work for the first time. Extensive theoretical analysis of this system reveals that

the chosen excitation scheme, i.e. whether the system is driven through the X or

C, alters the system response drastically. Only when it is excited through the mat-

ter component a transition between the anharmonic Jaynes-Cummings (VRS) and

harmonic Autler-Townes (Mollow triplet) ladders may be observed. This transition

is fundamentally different from the one observed in cavity driven systems, where

no dressing of the X-C polariton takes place and quantum nature of the system is

retained up to high excitation manifolds [Kas13]. A figure of merit of the onset of

the transitory regime - where all three oscillators, namely the coherent excitation

field L, the QD X and C, are mutually coupled - is identified as the ratio between

X-C coupling strength and cavity loss rate. This ratio determines at which excita-

tion the transition and therefore the laser dressing of the polariton takes place. The

counterintuitive consequence is firstly, that cavity losses are indispensable for the

creation of highly coherent dressed polariton states and, secondly, that these states

cannot be resolved spectrally. In order to circumvent the latter and still prove the

occupation of dressed polaritonic states, another figure of merit is found. It is the

excitation power-normalized RF signal, which is defined as the integrated RF around

the mutual resonance energy and exhibits a characteristic maximum with respect

to the pump power just at the occupation of the first excitation manifold of the

dressed polariton system. This maximum may be attributed to an interference ef-

fect between the RF response of the VRS and the Mollow triplet. With increasing

excitation powers occupations of higher order rungs of the dressed polariton system

can be inferred by comparison between theory and experiment. This first demon-

stration of the switching from an anharmonic to a harmonic ladder by only one
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parameter - the excitation strength - could be attractive for future investigations.

One interesting possibility would be a pump-probe experiment which first prepares

a certain system occupation by using the harmonic ladder and then switches to the

anharmonic one before it decays on a ps-timescale. Using this scheme deterministic

preparation of a wide range of anharmonic states would become feasible, which in

turn might be used for all-optical quantum logic architectures [O’B03, Li03].

Additional studies of the mutually coupled X-C-L system under resonant excitation

reveal that the polariton is most efficiently excited through the bare QD X state and

that excitation through the eigenstates of the polaritonic system is not possible at

all. This can possibly be explained by the orthogonality between the cavity mode

and excitation light-field propagation directions. A substructure of the resonance,

observed when the excitation is resonant with the bare QD X, reveals that both

linearly polarized components of C may couple to the QD X. Which of the two C

components couples is determined by the laser detuning. Detailed analysis of the

RF as a function of the X-L detuning reveals injection pulling of the X-C polariton.

An analogues effect is known from macroscopic laser systems. In this work it is

presented for the first time in the ultimate limit of a single (quasi) particle. This

demonstration has great potential for future investigations, which could provide de-

tailed studies of the quantum mechanical adaptation of the classical injection locking

effect.

In conclusion, the results of this work significantly advance the field of cQED, es-

pecially with respect to the first demonstration of a laser-dressed strongly-coupled

light-matter system.
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J. Vučković, Resonant excitation of a quantum dot strongly coupled to a

photonic crystal nanocavity, Phys. Rev. Lett. 104(7), p. 073904 (2010).

[Ern10] T. Erneux and P. Glorieux, Laser dynamics, Cambridge University Press

(2010).

[Fal10] P. Fallahi, S. Yı̂lmaz and A. Imamoğlu, Measurement of a heavy-hole hy-
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mediated off-resonant quantum dot–cavity coupling under resonant exci-

tation of the quantum dot, Phys. Rev. B 84(8), p. 085309 (2011).

[Mat12] C. Matthiesen, A. N. Vamivakas and M. Atatüre, Subnatural linewidth
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A. Forchel, P. Yao and S. Hughes, Polarization-dependent strong cou-

171



Bibliography

pling in elliptical high-Q micropillar cavities, Phys. Rev. B 82, p. 235313

(2010).

[Rei10b] S. Reitzenstein and A. Forchel, Quantum dot micropillars, J. Phys. D:

Appl. Phys. 43(3), p. 033001 (25pp) (2010).

[Rei11] S. Reitzenstein, T. Heindel, C. Kistner, F. Albert, T. Braun, C. Hopf-

mann, P. Mrowinski, M. Lermer, C. Schneider, S. Höfling, M. Kamp and
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List Of Abbreviations

As Arsenide.

C Fundamental (axial) mode of a micropillar cavity.

DBR Distributed Bragg reflector.

EH Hybrid magnetic mode.

FSS Fine structure splitting.

FWHM Full width at half maximum.

Ga Gallium.

HBT Hanbury-Brown and Twiss interferometer.

HE Hybrid electrical mode.

In Indium.

JC Jaynes-Cummings.

L Resonant excitation laser.

LED Light emitting diode.

LP Linear polarized mode.

MT Mollow triplet.

PDF Probability density function.

QD Quantum dot.

TE Transversal electric mode.

TM Transversal magnetic mode.

VRS Vacuum Rabi splitting.

X Quantum dot exciton.

XX Quantum dot biexciton.
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List Of Symbols

b Annihilation operator of a photon in a cavity.

b† Creation operator of a photon in a cavity.

β Fraction of the total spontaneous emission of an emitter into the cavity mode.

λ Wavelength.

c Speed of light with respect to the medium.

Cp Cooperativity parameter of strong light matter coupling.

∆E Energy difference.

∆i−j Energetic detuning between i and j.

di Diameter/thickness of i.

D(E) Electronic density of states.

δX Energetic separation between two quantum dot excitions.

EC Transversal component of the electric field of a fundamental cavity mode.

ηSC Couping efficiency between light and matter in strong coupling.

E Electromagnetic field.

Eg Band gap transition energy.

e Elementary charge.

εi Dielectric constant of material i, i = 0 in vacuum.

E Complex eigenenergy.

Eres Resonance energy.

g Light-matter coupling strength, between the quantum dot exciton and the funda-
mental cavity mode if not indicated otherwise.

g0 Effective light-matter coupling strength of two coherently interacting quantum dot
excitons with a common cavity mode.

G Laser gain.

Γi Cavity photon loss rate into direction i.

ΓSP Spontaneous quantum dot exciton emission rate.

γX Spectral full width at half maximum of a quantum dot excition.

γ0 Lifetime-limited full width at half maximum of a quantum dot exciton.
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List Of Symbols

~ Reduced Plank constant.

In nth-order Bessel function of the second kind.

IC Intensity of quantum dot-micropillar emission detected in the axial direction.

IL Intensity of quantum dot-micropillar emission detected in the lateral direction.

Jn nth-order Bessel function of the first kind.

k Wave vector.

k Absolute value of the wave vector.

κ Spectral full width at half maximum of a cavity mode or lifetime of a photon in a
cavity.

Kn nth-order modified Bessel function of the second kind.

L Spatial length.

m Mass of a particle, m0 is the free electron mass.

µ Reduced exciton mass.

η Carrier density.

n Photon occupation number (= b†b) of a mode.

ni Refractive index of material i.

P Excitation power.

Psat Quantum dot exciton saturation power.

Pth Lasing threshold power.

P Propagation constant along the axial direction of an infinite cylinder.

Fp Purcell factor.

Q Quality factor of a cavity mode.

r Radius.

ρ Photonic density of states.

R Reflectivity.

T Temperature of the sample.

t Time.

τ Time delay.

〈V RS〉min Minimum of the total vacuum Rabi splitting of two strongly coupling quantum dot
excitons to a single cavity mode measured as a splitting between the outer most
branches.

Tres Resonance temperature.

Vm Mode volume.

Ψ Wave function.

Yn nth-order modified Bessel function of the first kind.
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Figure A.1 illustrates the application of a finite element method (FEM) Maxwell-

equation solver, used in Sec. 5.1.1 to calculate the directional losses of a QD-

micropillar cavity. The employed FEM solver is JCMsuite by JCMwave [Bur08]

and the calculations are provided by T. Heindel of the TU Berlin. The micropillar

cavities are modeled in a 2D rotational symmetric setup using finite elements of third

degree and three iterative refinements of the spatial discretization mesh without any

structural imperfections or absorption. The cavity and DBR layer thicknesses are

modeled according to the values given in Tab. 3.1, the finite etching depth of the

lower DBR mirror is taken into account. Based on SEM pictures, 10 unetched mirror

pairs are assumed. By solving the eigenvalue problem of the time-harmonic Maxwell

equations, the micropillar fundamental cavity mode is determined. Details of this

method are discussed in [Kar09]. In order to obtain the emission directionality,

the fundamental cavity mode far-field of the simulations is integrated for a given

numerical aperture of the employed microscope objective of NA = 0.4. This way the

curve of the lateral losses shown in Fig. 5.2(a) is obtained. The Q-factor, depicted

in panel (b) of the same figure, can be calculated by comparing the integrated mode

intensity inside the resonator to the one of the evanescent field outside the cavity.
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Figure A.1: Illustration of the application of the finite element method (FEM)
Maxwell-equation solver used in Sec. 5.1.1 to calculate the directional
losses of a QD-micropillar cavity. The simulation employs a 2D ro-
tational symmetry in order to reduce the computational cost. The
right half of the figure shows the spatial triangulation mesh that was
used to produce the finite elements. The color of the regions is re-
lated to the employed materials, respective colors and the material
refractive indexes n: are red for air (vacuum, n = 1), gray for GaAs
(nGaAs = 3.496) and green for AlAs (nAlAs = 2.9664), the refractive in-
dexes are taken from [Kar09]. The employed FEM solver is JCMsuite
by JCMwave [Bur08]. Further material parameters of the employed
micropillar cavity design of sample A are summarized in Tab. 3.1. (b)
Simulated fundamental cavity mode axial (z) intensity distribution of
the eigenmode problem. FEM simulation results are provided by T.
Heindel, TU Berlin.
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M. Kamp and S. Reitzenstein, cqed effects in resonantly excited quantum dot-

micropillar cavities, in 80th Annual Meeting of the DPG and Spring Meeting

(2016) - Own contribution: Measurement, data analysis, discussion and pre-

sentation of presented results.

2. C. Hopfmann, A. Musia l, M. Strauß, C. Schneider, S. Höfling, M. Kamp and
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